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methylation and enhances
neurodevelopment in preterm infants
Camilla Fontana1†, Federica Marasca2†, Livia Provitera3, Sara Mancinelli4,5, Nicola Pesenti3,6, Shruti Sinha2,
Sofia Passera3, Sergio Abrignani1,2, Fabio Mosca1,3, Simona Lodato4,5, Beatrice Bodega2*† and Monica Fumagalli1,3*†

Abstract

Background: Preterm birth affects almost 9–11% of newborns and is one of the leading causes of childhood
neurodevelopmental disabilities; the underlying molecular networks are poorly defined. In neurons,
retrotransposons LINE-1 (L1) are an active source of genomic mosaicism that is deregulated in several neurological
disorders; early life experience has been shown to regulate L1 activity in mice.

Methods: Very preterm infants were randomized to receive standard care or early intervention. L1 methylation was
measured at birth and at hospital discharge. At 12 and 36 months, infants’ neurodevelopment was evaluated with
the Griffiths Scales. L1 methylation and CNVs were measured in mouse brain areas at embryonic and postnatal
stages.

Results: Here we report that L1 promoter is hypomethylated in preterm infants at birth and that an early
intervention program, based on enhanced maternal care and positive multisensory stimulation, restores L1
methylation levels comparable to healthy newborns and ameliorates neurodevelopment in childhood. We further
show that L1 activity is fine-tuned in the perinatal mouse brain, suggesting a sensitive and vulnerable window for
the L1 epigenetic setting.

Conclusions: Our results open the field on the inspection of L1 activity as a novel molecular and predictive
approach to infants’ prematurity-related neurodevelopmental outcomes.

Trial registration: ClinicalTrial.gov (NCT02983513). Registered on 6 December 2016, retrospectively registered.
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Background
Prematurity, which is defined as birth before 37 weeks of
gestation, affects 9–11% of neonates globally, and it is
the second leading cause of death in children below 5
years of age and the most important in the first month
of life [1, 2]. Among preterm infants, about 16% are born
very preterm (< 32 weeks of gestation) [2]. This condi-
tion is associated with a considerable risk to develop
acute and chronic postnatal morbidities and long-term
neurodevelopmental disabilities [3]. Indeed, up to 15% of
very preterm infants suffer from severe neurologic disor-
ders, mainly related to the occurrence of acquired brain
lesions [4], and up to 50% of preterm infants experience
other neurocognitive impairments in different areas of
development (e.g., language, behavior, visual processing,
academic performances, and executive functions) [5] or
neuropsychological problems, including attention def-
icit/hyperactivity disorder (ADHD) or autism spectrum
disorders (ASD) [6, 7].
Besides the documented role played by gestational age

(GA) at birth and by the occurrence and severity of post-
natal morbidities, the impact of early exposure to the
hazards of extrauterine life has been recently empha-
sized. Indeed, during their stay in neonatal intensive care
unit (NICU), preterm infants face early environmental
stress, mainly represented by deprivation of physiological
intrauterine sensory experiences [8–10], excessive, po-
tentially harmful, neurosensory stimulation, and pro-
longed separation from their parents [11]. Overall, these
environmental stressors act in critical a window for the
developing brain (corresponding to the last trimester of
pregnancy or early postnatal life in case of premature
birth) [12], in which cognitive and emotional processing
development relies on the proper assembly of cerebral
cortex circuits (which includes both the neocortex and
the hippocampus) [13–16]. Alterations of such develop-
mental programs have been associated to prominent
long-term consequences in childhood and adulthood
[17–19].
In this framework, developmental care, conceived as

a strategy to reduce NICU stressful factors and pro-
mote maternal engagement, has been demonstrated to
improve brain maturation, as assessed by magnetic
resonance imaging (MRI), and neurodevelopmental
outcomes [20, 21]. Interestingly, recent findings have
highlighted the crucial role of maternal care on
modulating the detrimental effects of early life expos-
ure [22]. Based on these observations, more active
and modulated stimulations during NICU stay have
been recently proposed; these early intervention strat-
egies, through the enhancement of sensory experi-
ences, as provided by infant massage or maternal
voice or music listening, could contribute to promote
infants’ neurobehavior and brain development [23,

24]. How these early life experiences can modulate at
molecular level the brain development and, ultimately,
child’s behavior is still an unsolved issue.
Mobile DNA elements have the ability to change their

genomic position, either by a DNA-based (transposition)
or RNA-based (retrotransposition) mechanism. Retro-
transposition is one of the main forms of somatic mosai-
cism in the brain [25]. Among Transposable
Elements (TEs), LINE-1 (L1), which cover about 18% of
the human genome [26], have been extensively described
to retrotranspose in neurons from fly to humans [27–
29], a mechanism taking place during neural progenitor
development and differentiation [30, 31]. L1 can move
to different locations (de novo insertion sites) by the ac-
tivity of a reverse transcriptase (RTase), encoded by L1
itself, which reverse-transcribes and integrates a L1
cDNA copy, which is usually 5′ end truncated [26]. L1
activity is finely modulated at the level of its endogenous
promoter, where a CpG island demethylation is associ-
ated with L1 somatic mobilization in the brain [32]. The
deregulation of L1 activity has been described in neur-
onal models of debilitating neurological diseases as Rett
syndrome [32], schizophrenia [33], autism spectrum dis-
order [34], and bipolar and major depressive disorder
[35, 36]. Notably, early life experience and maternal
deprivation has been reported to drive variability in L1
methylation and copy number variations (CNVs) within
the mouse hippocampal neuronal genome of the pro-
geny, influencing their behavior [37].
In the current study, we sought to document for

the first time in humans whether enhanced maternal
care could modulate neurodevelopment in preterm in-
fants and whether this clinical aspect could be
reflected by L1 methylation levels in perinatal stages.
In order to precisely assess the perinatal window in
which L1 epigenetic setting is established in the brain,
we leveraged on comparative analysis in developing
mouse brain and further dissected L1 dynamics
(methylation and CNVs).

Methods
Study cohort
All the preterm infants consecutively born between 25+0

and 29+6 weeks of gestational age (GA) at the same insti-
tution were eligible. Exclusion criteria include multiple
pregnancy (triplets or higher), genetic syndromes and/or
malformations, and infants who developed severe neo-
natal comorbidities including severe brain lesions. Inclu-
sion and exclusion criteria were designed to enroll a
homogeneous cohort of preterm infants. The full study
protocol is described in [38]. Adherence to the early
intervention protocol was required and documented in a
parental self-report diary.
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Study design
Infants were randomly assigned either to receive (i)
standard care or (ii) an additional early intervention
protocol based on maternal care. Standard care, ac-
cording to the routine clinical protocol of the NICU,
included kangaroo mother care, minimal handling,
and non-pharmacological pain management. The
early intervention protocol included, over routine
clinical care, the PremieStart [39], which is based on
parental involvement, and enriched multisensory
stimulation proposed by parents after a period of
training. This intervention included both tactile
stimulations, through infant massages performed
twice a day, and visual interaction provided at least
once a day with a black and white toy or parents’
face. A complete detailed description of the interven-
tion is available in [38].
The randomization was performed using sealed enve-

lopes prepared in groups of 10 through computer-
generated randomization. The randomization sequence
was concealed until the group allocation was assigned,
and the examiners (both biologist and psychologist that
performed the follow-up examination) remained blinded
for the entire study period.
The present study is a post hoc analysis of a larger

randomized controlled trial (RCT) that included 70
very preterm infants born between 25+0 and 29+6

weeks of gestational age (GA), recruited between
April 2014 and January 2017. The trial aimed at
assessing the effectiveness of an early intervention
program, based on early parental involvement in neo-
natal care, in promoting visual function and neurode-
velopment in preterm infants. A positive effect of
early intervention on visual function maturation [40]
(as primary outcome) and on full oral feeding acquisi-
tion (as short-term secondary outcome) was demon-
strated [38]. Within this context, exploratory analysis
has been performed in a sub-group of infants to in-
vestigate the effect of preterm birth and early inter-
ventions on L1 modulation. The sub-group of infants
included for L1 methylation analyses is representative
of the overall cohort enrolled in the larger RCT.

Sample collection
In preterm infants, cord blood samples were collected at
birth and peripheral blood samples were harvested at
hospital discharge (around term equivalent age (TEA)).
Peripheral blood was obtained during blood sampling
performed for routine blood examination, according to
clinical practice. In healthy full-term infants’ cord blood
samples were collected at birth only in infants born by
cesarean section after uneventful pregnancies. Each
sample consisted of 0.5 mL of cord/peripheral blood.

FACS analysis and isolation of granulocytes and
lymphocytes populations
Fresh cord blood samples derived from full-term and
preterm infants were subjected to erythrocytes lysis fol-
lowing the manufacturer’s instruction (BD lysis buffer).
Nucleated blood cells were then stained with anti CD45
for 30 min at 37 °C, different subpopulations were identi-
fied gating on CD45 and SSC as described in [41, 42].
Most abundant populations as granulocytes and lympho-
cytes were then sorted to be further subjected to DNA
methylation analysis. Granulocytes were sorted as the
population CD45 high with the highest SSC while lym-
phocytes were sorted as the population CD45 high with
the lowest SSC.

Neurodevelopmental assessment
Neurodevelopment was assessed as a post hoc analysis
of the larger RCT. At 12 months corrected age and at
36 months chronological age the preterm infants under-
went the Griffiths Scales to assess neurodevelopment
(the Griffiths Mental Development Scales (GMDS-R)
[43] at 12 months corrected age and its updated version
(Griffiths-III) at 36 months [44]). These evaluations
comprise five subscales (score range 50–150): locomotor,
personal-social, hearing and language, eye and hand co-
ordination, and performance (named Foundation of
Learning in the Griffiths-III). Standardized scores are de-
fined as 100 ± 12 (mean ± SD) for the general quotient
and 100 ± 16 (mean ± SD) for each domain in the
GMDS-R; 100 ± 15 (mean ± SD) for both the general
quotient and the subscales in the Griffiths-III. For both
scales, a standardized score > 2 SD below the mean indi-
cates severe impairment, and a standardized score > 1
SD below the mean indicates mild impairment.

Animals
CD-1 mice were housed under controlled conditions for
temperature and humidity, using a 12:12-h light-dark
cycle. Mice were mated overnight, and females were sep-
arated the following morning and checked for vaginal
plugs (embryonic day, E 0.5). CD-1 animals deliver pups
between day E19 and E20. Cesarean sections (C-secs)
were performed at embryonic days E15.5, E18.5, and P0.
Pups were sacrificed by decapitation at different time
points: at embryonic day E15.5, E18.5, and at postnatal
day P0, P3, and P14. At each developmental stage, 4
mice were sacrificed and brains collected to manually
microdissect hippocampal, cortical, and cerebellar tissue
under a stereomicroscope in sterile conditions. From the
same mice, also blood samples were collected at E18.5
and at postnatal day P0, P3, and P14. We excluded
E15.5 from blood samples given the low amount of ma-
terial that was not sufficient for the subsequent molecu-
lar analysis; we excluded one sample at P0 because not
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usable. Blood and microdissected tissues were store at −
80 °C until gDNA extraction was performed.

DNA extraction
Genomic DNA was isolated with standard phenol-
chloroform extraction techniques from human whole
cord or peripheral blood that is all the circulating nucle-
ated cells; genomic DNA was isolated from mouse
blood, hippocampus, cortex, and cerebellum and was
isolated with standard phenol-chloroform extraction
techniques.

Bisulfite conversion
Five hundred nanograms of genomic DNA from each
sample were bisulfite-treated using the MethylEdge™ Bi-
sulfite Conversion System (Promega, Madison, USA) fol-
lowing the manufacturer’s protocol.

Methylation assay in human samples
The methylation analysis of CpG island within the hu-
man L1 promoter was conducted as reported in [31]
with minor modifications. The primer sequences are the
following:

hL1-5′UTR For: 5′ - AAGGGGTTAGGGAGTTTT
TTT – 3′
hL1-5′UTR Rev: 5′ - TATCTATACCCTACCCCC
AAAA – 3′

In each PCR, 40 ng of bisulfite-converted DNA were
combined with primers at 0.5 μM final concentration
and GoTaq™ Hot Start Green Master Mix (Promega) in
a final volume of 50 μL. PCR conditions were as follows:
95 °C for 2 min followed by 30 cycles of 95 °C for 45 s,
56 °C for 1 min and 72 °C for 30 s, followed by a final
step of 72 °C hold for 4 min.
The product of amplification is 363 bp of length and

contains 19 CpGs. The resulting PCR products were
checked by agarose gel electrophoresis and then purified
by PureLink™ Quick Gel Extraction & PCR Purification
Combo Kit (Invitrogen-Thermo Fisher Scientific, USA).
They were then cloned into pGEM-T Easy Vector Sys-
tem I (Promega) using a molar ratio insert: vector of 6:1.
Sanger sequencing was performed by GATC Biotech,
using the reverse sequencing primer pGEM Seq Rev: 5′-
GACCATGATTACGCCAAGCTA – 3′. Resulting chro-
matograms were examined for sequencing quality using
FinchTV software. At least 10 sequenced clones per
sample were analyzed in Fig. 3 and Additional file 1: Fig.
S1, as suggested in [45].

Analysis of Sanger sequencing in human samples
To analyze the conversion efficiency and the methylation
status of the CpG sites, FASTAQ files were analyzed by

QUMA (QUantification tool for Methylation Analysis)
software (CDB, Riken, Japan) [46]. For the L1 promoter
methylation, we excluded from the analysis three (CpG
2, 6, and 9) of the 19 CpGs due to the high degree of
variability among the analyzed sequences compared to
the consensus sequence used (L19092.1 Human LINE1
(L1.4)). Sequences with a > 90% of cytosine residues con-
verted were used for subsequent analysis. Total percent
methylation was calculated as the number of methylated
CpGs divided by the number of total CpGs (both meth-
ylated and unmethylated) multiplied by 100. To deter-
mine the methylation status of each CpG site, we
calculated the percentage of methylation of each CpG
site as the number of methylation events at a specific
CpG site divided by the total number of sequenced and
analyzed clones.

Methylation assay in mouse samples
The methylation analysis of CpG island within the mur-
ine L1MdTf monomer and IAPLTR1a were conducted
as reported in [37] with minor modifications. Given the
peculiar monomeric and highly repeated nature of the
mouse L15′UTR, we performed this methylation analysis
with a Next Generation sequencing approach. A detailed
list of primer sequences used for the amplification is re-
ported in Additional file 2: Table S3. Briefly, both for
L1MdTf monomer and IAPLTR1a, we used primers with
Illumina barcode index (Illumina Truseq LT 6-mer indi-
ces): each organ in each developmental stage was associ-
ated to a distinct couple of Forw and Rev primers 5′
- end tagged, in order to be unambiguously identified in
the sequencing analysis step (see Additional file 2: Table
S3).
Each PCR was performed with 16–40 ng of bisulfite-

converted DNA were combined with primers at 0.5 μM
final concentration and GoTaq™ Hot Start Green Master
Mix (Promega) in a final volume of 50 μL. PCR condi-
tions were as follows: 95 °C for 2 min followed by 30 cy-
cles of 95 °C for 45 s; 56 °C for 1 min and 72 °C for 5 s,
followed by a final step of 72 °C hold for 4 min.
For L1MdTf monomer the product of amplification is

191 bp of length and contains 13 CpGs while for IAPL
TR1a the product of amplification is 205 bp of length
and contains 10 CpGs. The resulting PCR products were
checked by agarose gel electrophoresis and then purified
by Agencourt AMPure XP beads (Beckman Coulter) ac-
cording to the manufacturer’s instructions. DNA con-
centration was quantified using a Qubit dsDNA HS
Assay kit. All the L1MdTf and IAPLTR1a amplicons
were then pooled in equimolar quantities to obtain a
final pooling concentration of 2 ng/μL. Library for DNA
sequencing was produced on the pooled PCRs. Paired-
end 2 × 150 bp sequencing was performed on a HiSeq
platform (Illumina) by Eurofins GATC Biotech.
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Analysis of NGS sequencing in mouse samples
A total of 22,481,000 reads were obtained from bisulfite
sequencing and were assigned to samples based on the
primers with Illumina barcode index. Briefly, no mis-
match was allowed for the barcode index and a max-
imum of 5 mismatches were allowed for the target
primer. None of the reads assigned to IAPLTR1a
target aligned on L1MdTf and vice versa. Prior to map-
ping, reads were trimmed for low quality using Trimmo-
matic [47] (parameters: ILLUMINACLIP:TruSeq3-PE.fa:
2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:
4:15 MINLEN:75). 15,368,000 reads were obtained post
trimming with an average of 80,000 reads for each sam-
ple. The paired reads were mapped using Bismark [48]
(parameters: --local -N 1 -L 15 --non_directional) with
an average mapping efficiency 99.05%. DNA methylation
data was called using MethylDackel (https://github.com/
dpryan79/MethylDackel). Sample correlation analysis
was performed using methylKit [49] and all biological
replicates of a given organ within a developmental stage
showed a correlation higher than 95%. Methylation ana-
lysis for L1MdTf was focused on the YY1 binding site,
corresponding to the CpG sites 8 and 9, as reported by
[37] and on four CpG sites for IAPLTR1a, as reported
by [37]. Briefly, the methylation status of each CpG site
was calculated as the number of methylation events at a
specific CpG site divided by the total number of ana-
lyzed sequences. Sample methylation level was calculated
as the number of methylated CpGs divided by the num-
ber of total CpGs (both methylated and unmethylated)
multiplied by 100.

TaqMan PCR for L1 expression and CNVs analysis
For L1 CNVs, 300 ng of genomic DNA was treated with
Exonuclease I, following the manufacturer’s instructions
(40 U of Exonuclease I in reaction buffer (67 mM
glycine-KOH (pH 9.5 at 25 °C), 67 mM MgCl2, 1 mM
DTT) were used at 37 °C for 30 min and inactivated at
85 °C for 15 min). Efficiency of digestion was proved on
300 ng of gDNA pooled with 300 ng of a 120 bp ssDNA
oligonucleotide (Additional file 1: Fig. S3 c). Digested
DNA was further subjected to phenol-chloroform purifi-
cation. Extracted DNA was quantified using Qubit HS
DNA kit (Invitrogen) and diluted to a concentration of
80 pg/μL and used for subsequent experiments.
Quantitative PCR experiments were performed on a

StepOne Plus (Thermo Fisher Scientific) with minor
modifications to the method reported in [31]. In each
multiplexed PCR, two TaqMan probes, labeled FAM and
VIC, were combined; 80 pg of genomic DNA was com-
bined with gene-specific primers, TaqMan-MGB probes,
and 10 μL of iQ multiplex PowerMix (Biorad) in a total
volume of 20 μL. Primers’ concentration was 0.4 μM and
TaqMan probes’ concentration 0.4 μM. PCR conditions

were as follows: 95 °C for 2 min followed by 40 cycles of
95 °C for 10 s and 59 °C for 60 s.
Standard curves of genomic DNA ranging from 200 ng

to 0.2 ng were performed to verify that the 80 pg dilution
was within the linear range of the reaction. For CNVs,
the quantification includes from five to eight technical
replicates. For assays on mouse genome, we adapted a
TaqMan probe for the same amplicon reported in [32,
37]. Probes’ and primers’ sequences are reported below:

mL1 ORF2 F: 5′ – CTGGCGAGGATGTGGAGAA -
3′
mL1 ORF2 R: 5′ – CCTGCAATCCCACCAACAT - 3′
mL1 ORF2 Taqman probe: 5′ – TGGAGAAAGA
GGAACACTCCTCC - 3′
mL1 5S F: 5′ – ACGGCCATACCACCCTGAAC - 3′
mL1 5S R: 5′ – AGCCTACAGCACCCGGTATTC - 3′
mL1 5S Taqman probe: 5′ – GATCTCGTCTGATC
TCGGAAGCTAAG - 3′

Study approval
The present study was approved by the Ethics Commit-
tee Milano Area B. The trial is registered at
ClinicalTrial.gov (NCT02983513). Written informed
consent was signed by both parents before inclusion in
the study (both for preterm and full-term infants). All
experimental procedures were performed in compliance
with national and EU legislation, and Humanitas Clinical
and Research Center, approved by the Animal Care and
Use Committee (6B2B3.N.8EK).

Accession number
The data from bisulfite sequencing has been submitted
in NCBI GEO (GSE136844).

Statistical analysis
The present study reports the results of a post hoc
analysis of a larger randomized controlled trial
(NCT02983513). The power calculation and sample size
analysis were performed according to the primary out-
come aimed at assessing the effectiveness of an early
intervention program in enhancing visual function as a
short-term neurodevelopmental outcome in very pre-
term infants [40]. Demographic and baseline characteris-
tics were described as mean ± SD, median and range or
number and percentage. Independent t test and Mann-
Whitney U test were used in the comparison of continu-
ous variables with normal distribution and non-normal
distribution respectively. For the comparison of qualita-
tive data, Fisher’s exact test was used. Shapiro-Wilk test
was used to test the normal distribution of the data. To
assess the differences between full-term and preterm in-
fants, and between treatment groups in total L1 methy-
lation and on each CpG, unpaired t test and two-way
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ANOVA model with Tukey’s HSD post hoc tests were
used. Linear regression model was used to study the re-
lationship between L1 methylation at NICU discharge
and the intensity of care (mean number of massages per
week) and independent t test and Mann-Whitney U test
were used to assess the difference in neurodevelopmen-
tal outcome between standard care and early interven-
tion groups at 12 and 36 months.
Mouse brain regions’ methylation at different stages of

development were analyzed using one-way ANOVA and
Tukey’s HSD post hoc tests. All tests were two-tailed,
and p < 0.05 was considered significant for all tests. Stat-
istical analyses were performed using R version 3.5.3 (R
Foundation for Statistical Computing, Vienna, Austria).

Results
Characteristics of study participants
To investigate the effects of preterm birth and early in-
terventions on L1 modulation and neurodevelopmental
outcomes, a post hoc analysis was conducted on 34 very
preterm infants born between 25+0 and 29+6 weeks of
gestational age (GA). A schematic representation of the
study timeline, sample collection, and of the molecular
and clinical analysis performed is provided in Fig. 1.
Among the 34 infants, 19 cord blood samples were
collected at birth (Fig. 2).
One week after birth and only in condition of clinical

stability, all the enrolled infants were randomized to
either receive standard care or early intervention (Fig. 1).
Standard care, in line with NICU routine care protocols,
included kangaroo mother care and minimal handling.
Early intervention, in addition to routine care, included
a parental training program together with enriched
multisensory stimulation (infant massage and visual

interaction, see the “Methods” section) promoted by par-
ents as fully described in [38]. A daily diary was given to
parents to record all interventions performed and to retro-
spectively quantify the effects of maternal care and multi-
sensory stimulation. The study was conducted in a NICU
with open access to parents (24 h a day for 7 days a week).
At NICU discharge peripheral blood samples were

collected, named as standard care (n = 16) and early
intervention (n = 17) (Figs. 1 and 2). For nine infants in
each group, both cord blood at birth and peripheral
blood at discharge were collected (Fig. 2).
Baseline and perinatal characteristics for the stand-

ard care and early intervention groups are described
in Table 1, and no differences were observed among
the groups in terms of maternal and infant character-
istics, or incidence of postnatal morbidities during
NICU stay. Of note, infants enrolled in the study were
discharged around term equivalent age (TEA) with no
significant differences between the two groups (Table 1).
In the early intervention group, the massage therapy

was started by parents at 31.7 ± 1.8 (mean ± SD) weeks
of GA and carried out on average 10.0 ± 2.1 times a week.
Visual interaction was proposed from 34.9 ± 0.8 weeks of
GA and performed on average 7.1 ± 1.8 times a week.
In addition, 20 cord blood samples from healthy full-

term infants (named “full-term”) were collected at birth.
Mother and infants’ characteristics of the full-term
group are presented in Additional file 2: Table S1.

L1 promoter is hypomethylated in preterm infants at
birth and its methylation level is restored upon early
maternal care
To assess L1 methylation level, we analyzed a region
within the promoter of L1Hs, the evolutionary youngest

Fig. 1 Timeline of the study. Preterm infants born between 25+0 and 29+6 weeks gestational age (GA) were recruited. At birth, cord blood
samples were collected. One week after birth, preterm infants were randomized to either receive standard care or early intervention during NICU
stay. At term equivalent age (40 weeks GA), before NICU discharge, peripheral blood samples were harvested. At 12 months corrected age and at
36months chronological age neurodevelopmental assessment was performed. L1 promoter methylation analysis was performed on genomic
DNA extracted from cord blood and peripheral blood
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and most active L1 subfamily in the human genome
[50], containing the CpG island already reported to
modulate L1 transcription and activity [31]; this CpG is-
land is constituted of 19 CpGs, of which CpG 11–19 are
specifically involved in L1 regulation in the brain (Fig. 3a,
Neural specific CpG 11–19) [31]; this CpGs subset

comprises YY1 transcription factor binding site (CpG
17), required for neural-specific L1 expression [51]
(Fig. 3a).
L1 promoter methylation level was analyzed as

described in [31] (see the “Methods” section) in whole
cord blood of full-term (n = 20) and preterm (n = 19)

Fig. 2 Flow chart of the study. CONSORT flow diagram showing patient enrollment, allocation to standard care and early intervention groups,
blood samples collection, subsequent L1 promoter methylation analysis, and neurodevelopmental evaluation
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infants at birth and in whole peripheral blood of pre-
term infants at NICU discharge, subjected either to
standard care (n = 16) or early intervention (n = 17)
(Figs. 1 and 2, Table 1, Additional file 2: Table S1).
We found that L1 promoter methylation was sig-
nificantly lower in all preterm compared to full-term
infants at birth (Fig. 3b and Additional file 1: Fig. S1
a-b) and that at NICU discharge, the early inter-
vention group restored L1 methylation to a level
comparable to full-term (Fig. 3b and Additional file 1:
Fig. S1 a-d).
Notably, L1 methylation recovery in early interven-

tion group was more specific for the neural region of
the promoter (CpG 11–19) (Fig. 3c and Additional
file 1: Fig. S1 e) and in particular for CpG 17

corresponding to YY1 binding site (Additional file 1:
Fig. S1 f). This is particularly evident in the paired
comparison of L1 methylation levels, birth versus
NICU discharge; indeed, the subgroup subjected to
early intervention displayed increased L1 promoter
methylation (Additional file 1: Fig. S1 g-h). We asked
whether the different L1 methylation levels could de-
pend on different compositions in whole blood cell
types between full-term and preterm infants at birth.
Therefore, we analyzed both the proportion and the
L1 methylation levels in granulocytes and lympho-
cytes, the two most abundant blood cell types (up to
80% of nucleated cells) that are known to differ in propor-
tion in whole blood composition among full-term and
preterm infants [52, 53]. We found that L1 methylation

Table 1 Baseline characteristics of the population: descriptive statistics and comparisons between early intervention and standard
care groups

Demographic feature Standard care (n = 16) Early intervention (n = 18) p value

Maternal characteristics

Maternal age (years), mean ± SD 35.1 ± 6.1 33.1 ± 4.8 0.293^

Socio-economic status, mean ± SD 47.8 ± 15.8 51.3 ± 9.3 0.627*

Maternal smoking before or during pregnancy, n (%) 2 (12%) 1 (6%) 0.591°

Maternal alcohol abuse during pregnancy, n (%) 0 (0%) 0 (0%) > 0.999°

Maternal Body Mass Index, mean ± SD 20.9 ± 4.5 21.8 ± 2.1 0.473

Clinical chorioamnionitis, n (%) 8 (50%) 5 (28%) 0.291°

Infant characteristics

Gestational age at birth (weeks), mean ± SD 27.9 ± 1.1 28.1 ± 1.4 0.318*

Birth weight (g), mean ± SD 1089 ± 347 1005 ± 296 0.453^

Male, n (%) 9 (56%) 9 (50%) 0.744°

Singleton, n (%) 6 (38%) 8 (44%) 0.738°

Small for gestational age, n (%) 3 (19%) 4 (22%) > 0.999°

Cesarean section, n (%) 14 (88%) 18 (100%) 0.214°

Apgar score at 1′, median (range) 7 (2–8) 6 (4–8) 0.832*

Apgar score at 5′, median (range) 8 (5–9) 8 (6–9) 0.409*

Clinical Risk Index for Babies (CRIB) II score, mean ± SD 8.0 ± 2.5 8.1 ± 2.1 0.903*

Days of hospitalization, mean ± SD 79.4 ± 30.7 83.9 ± 27.6 0.654^

Gestational age at discharge (weeks), mean ± SD 39.4 ± 3.7 40.1 ± 3.7 0.567^

Days in the incubator, mean ± SD 51.9 ± 21.9 55.7 ± 18.8 0.589^

Postnatal morbidities

Days of invasive mechanical ventilation, mean ± SD 4.2 ± 6.3 6.1 ± 8.8 0.914*

Days of non-invasive ventilation (NCPAP + nHFT), mean ± SD 31.9 ± 20.4 49.1 ± 36.1 0.220*

Sepsis, n (%) 5 (31%) 11 (61%) 0.101°

Severe bronchopulmonary dysplasia, n (%) 2 (12%) 8 (44%) 0.063°

Germinal matrix hemorrhage - intraventricular hemorrhage (GMH - IVH) 1–2, n (%) 2 (12%) 2 (11%) > 0.999°

Retinopathy of prematurity (ROP) any grade, n (%) 2 (12%) 2 (11%) > 0.999°

Values are shown as count (percentage) for categorical variables and means ± standard deviations or median (range) for continuous variables. P values were
obtained using t test (^), Mann-Whitney U Test (*), or Fisher’s exact test (°) - For definition of postnatal morbidities refer to [38]. NCPAP: nasal continuous positive
airway pressure; nHFT: nasal high flow therapy
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levels did not differ among granulocytes and lymphocytes
(Additional file 1: Fig. S2 a,b), indicating that cord blood
cell composition cannot affect the results.
Noteworthy, L1 promoter methylation level increased

proportionally to the maternal care received upon early
intervention, quantified as the average number of mas-
sages received per week, recorded by parents in a daily
diary (Fig. 3d), a trend specific for the neural region of
L1 promoter (CpG 11–19) (Fig. 3e) and not for CpG 1–
10 (Additional file 1: Fig. S2 c).

L1 activity is fine-tuned during hippocampus and cortex
development in mice
We next analyzed L1 methylation in brain and blood
mice tissues to inspect L1 dynamics during mammalian
brain development and across tissues.
We performed L1 methylation analysis as reported

in [37] (see the “Methods” section) on the L1MdTf
family that, as human L1Hs, is the most active and
evolutionary young L1 subfamily in mice [54];
L1MdTf 5′UTR is constituted by several monomers,

Fig. 3 L1 promoter is hypomethylated in preterm neonates and its methylation is restored upon Early Intervention at NICU discharge. a
Schematic representation of human (Hs) LINE-1 (L1): 5′ untranslated region (5′UTR) that contains the internal promoter, open reading frame 1
(ORF1), and open reading frame 2 (ORF2). ORF2 includes endonuclease (EN), reverse transcriptase (RT), and cysteine-rich domains (C); poly (A)
tract (An). Within the L1 promoter are highlighted: CpG island (CpG 1–19), the neural-specific CpG (CpG 11–19, as reported in [31]), and YY1-
binding site. b, c Methylation analysis of b L1 promoter and c L1 promoter neural-specific CpG 11–19 performed on genomic DNA extracted
from whole cord blood of full-term (n = 20) and preterm neonates (n = 19) at birth and from whole peripheral blood of preterm infants at NICU
discharge treated with standard care (n = 16) or early intervention (n = 17). In b, ***p < 0.001, full-term vs preterm; *p = 0.015, full-term vs standard
care; **p = 0.008, preterm vs early intervention. in c, **p = 0.001, full-term vs preterm; ***p < 0.001, preterm vs early Intervention; *p = 0.015,
standard care vs early intervention, unpaired two-tailed t test. d, e Scatter plot and linear regression line with 95% confidence band of weekly
infant massages vs d L1 promoter methylation level (estimate: 1.8, p = 0.017) and vs e L1 promoter neural-specific CpG 11–19 methylation level
(estimate: 2.0, p = 0.005) in the early intervention group (n = 17)
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each containing a CpG island of 13 CpGs with a YY1
binding site corresponding to the CpG 8 and 9 [55]
(Fig. 4b).
We dissected presumptive somatosensory cortex,

hippocampus, and cerebellum from the mouse brain
at prenatal (E15.5 and E18.5), early postnatal (P0, P3),
and late developmental stages (P14) (Fig. 4a); from all
these data points, we collected also matched blood
samples (with the exception of the E15.5, for material
limitation). We observed waves of L1 promoter
methylation during development both in blood and in
brain tissues (Fig. 4c). In particular, in blood, we
found that L1 methylation dynamic is similar to that
observed in humans, being the L1 promoter more
methylated in early postnatal stages (P0–P3 in mice
and full-term at birth in humans) compared with the
prenatal window (E18.5 in mice and preterm at birth
in humans). These data suggest a concordance be-
tween preclinical and clinical data. L1 methylation
level was further reduced later postnatally (P14). In
brain, we observed similar L1 methylation and de-
methylation dynamics, although the peak occurred
earlier at E18.5 prenatal stage, a developmental win-
dow corresponding to that of prematurely born in-
fants (25–29 GA, see the “Discussion” section) [56].
We further analyzed the methylation level at YY1
binding site, already demonstrated to specifically regu-
late L1MdTf activity in mouse hippocampus [37]; this
region displayed a remarkable trend specifically along
hippocampus and cerebral cortex developmental tra-
jectories, showing a wave of methylation at E18.5
followed by progressive demethylation soon after birth
and postnatally (Fig. 4d upper panels).
To assess whether these methylation dynamics were

specific for L1 promoter, we analyzed IAPLTR1a (TEs
belonging to ERV superfamily) methylation as reported
in [37] (see the “Methods” section) and found no
changes both in hippocampus and cortex (Additional file
1: Fig. S3a). Conversely, IAPLTR1a methylation level de-
creases postnatally in the cerebellum (Additional file 1:
Fig. S3 a, right panel), being L1 methylation unchanged.
These data suggest that different regions of the brain
display specific methylation dynamics of different TEs
during development.
We next investigated whether the reduction in L1

methylation observed postnatally in mouse hippocampus
and cortex could correspond to an increased L1 CNVs,
as L1 are reported to retrotranspose in the brain [57].
We measured L1 CNVs in genomic DNA as reported in
[31] (Additional file 1: Figure S3b), treating the gDNA
with Exonuclease I in order to avoid the amplification of
L1 cDNA intermediates [37] (Additional file 1: Fig. S3
c). Interestingly, we observed a statistically significant in-
crease in L1 CNVs in the hippocampus and cerebral

cortex postnatally (P0, P3, P14) that corresponds to a
decrease in L1 promoter methylation (Fig. 4d). Cerebel-
lum samples did not show any change in L1 CNVs (Fig.
4d lower panels).
Overall, these results suggest that L1 activity is fine-

tuned and specifically regulated during hippocampus
and cerebral cortical development, and identify E18.5 as
a sensitive and “vulnerable” developmental stage for the
epigenetic setting of L1 methylation and activity regula-
tion in these brain regions.

Early maternal care enhances neurodevelopmental
outcomes in preterm infants
Based on the hypothesis that L1 modulation in the peri-
natal period may represent one of the molecular mecha-
nisms involved in the modulation of the infant’s long-
term neurodevelopment, we report the results of the
post hoc analysis on neurodevelopmental assessment
performed with the Griffiths Scales at 12 months cor-
rected age and 36 months chronological age in this sub-
group of the larger RCT cohort [43, 44] (Fig. 1). At 12
months corrected age, one infant in the standard care
group was lost to follow-up, due to severe illness that re-
quired prolonged hospitalization after NICU discharge,
and one infant in the early intervention group was ex-
cluded from the follow-up evaluation as non-cystic white
matter damage was observed at brain MRI performed at
40+ 0 GA (Fig. 2). In addition, 3 infants in the early
intervention group did not undergo the 36-month
assessment as they were lost at follow-up (Fig. 2).
On average, all the preterm infants showed develop-

mental scores within the normal range; however, sta-
tistically significant differences were observed between
the 2 groups with the early intervention group show-
ing higher scores (Table 2), both at 12 and 36
months, in the general quotient and in 4 out of 5
subscales: personal-social (that measures proficiency
in the activities of daily living, level of independence
and interaction with other children), hearing and
language (that assesses hearing, expressive language,
and receptive language), eye and hand coordination
(that tests fine motor skills, manual dexterity, and
visual monitoring skills), and performance (that evalu-
ates the ability to reason through tasks including
speed of working and precision) (Table 2). No differ-
ences were observed in the locomotor subscale that
measures gross motor skills, including the ability to
balance, coordinate, and control movements (Table 2).
Overall, these results show that in this cohort the early

intervention ameliorates the neurodevelopmental outcomes
of premature infants already at the short-term (12months
corrected age) and, importantly, this trend is maintained
later in childhood (36months), suggesting a positive long-
lasting modulation of their neurodevelopment. These
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Fig. 4 (See legend on next page.)
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findings were confirmed by the post hoc analysis performed
on the whole cohort enrolled in the RCT (Additional file 2:
Table S2).

Discussion
Here we report that preterm infants born before 30
weeks of GA display L1 promoter hypomethylation at
birth compared to healthy full-term newborns; this re-
sult is in line with previous observations [58], and we
further demonstrated that L1 methylation status in pre-
term infants can be restored by the beneficial effect of
early maternal care and positive multisensory experi-
ences. The L1 methylation results could be affected by
clinical and/or other confounding factors; however, the

potential of such confounders might have been limited
by the fact that the cohort represents a homogeneous
population of a larger cohort that derived from a ran-
domized trial (see the “Methods” section). In addition,
we documented that the early intervention strategy posi-
tively modulates infants’ neurodevelopment.
The early intervention we have adopted lays its the-

oretical basis on environmental enrichment that refers
to positive active experiences enhancing a functional
and structural brain reorganization in infancy [59,
60]; here we have combined both protective effect of
an empowered maternal care with a positive multi-
sensory experience during a critical period for brain
development [20, 61].

Table 2 Neurodevelopmental outcome at 12 months corrected age and 36 months chronological age

Standard care Early intervention p value

12 months follow-up n = 15 n = 17

General quotient, mean ± SD 90.5 ± 3.3 93.9 ± 4.4 0.017^

Locomotor, mean ± SD 96.3 ± 5.7 94.9 ± 9.8 0.894*

Personal-social, mean ± SD 87.5 ± 4.6 93.9 ± 5.1 0.001^

Hearing and language, mean ± SD 91.0 ± 4.2 94.8 ± 3.8 0.024*

Eye and hand coordination, mean ± SD 89.5 ± 6.2 94.7 ± 4.8 0.014^

Performance, mean ± SD 91.1 ± 3.9 94.8 ± 5.6 0.026*

36 months follow-up n = 15 n = 14

General quotient, mean ± SD 86.5 ± 4.7 90.7 ± 4.8 0.026^

Locomotor, mean ± SD 91.3 ± 4.0 91.9 ± 5.5 0.744^

Personal-social, mean ± SD 85.0 ± 5.3 89.8 ± 4.1 0.009*

Hearing and language, mean ± SD 86.1 ± 7.4 92.3 ± 5.2 0.014^

Eye and hand coordination, mean ± SD 86.8 ± 5.9 92.4 ± 4.7 0.009^

Foundation of learninga, mean ± SD 89.0 ± 5.3 93.7 ± 3.4 0.008^

Means ± standard deviations are shown. P values were obtained using t test (^) or Mann-Whitney U test (*). aThis subscale corresponds to “Performance”
in GMDS-R

(See figure on previous page.)
Fig. 4 L1 promoter methylation levels and CNVs are dynamic in mouse hippocampus and cortex development. a Schematic drawing
representing sagittal sections of mouse brain at different stages of embryonic-perinatal (E15.5, E18.5, P0) and postnatal (P3, P14) development.
The micro-dissected regions (hippocampus, cerebral cortex, and cerebellum) are highlighted in different colors. b Schematic representation of
mouse (Mm) LINE-1 (L1) Tf subfamily (L1MdTf): 5′ untranslated region (5’UTR), monomeric repeats (grey triangles), open reading frame 1 (ORF1),
and open reading frame 2 (ORF2) (ORF2 includes endonuclease (EN), reverse transcriptase (RT), and cysteine-rich domains (C)), poly (A) tract (An).
Within the L1 5′UTR monomer are highlighted: CpG island (CpG 1–13) and YY1 binding site (red), as reported in [37]. c Heat-map showing
methylation levels of L1MdTf promoter in blood, hippocampus, cortex, and cerebellum at different stages of embryonic (E15.5, E18.5) and
postnatal development (P0, P3, P14). For each organ and developmental stage, samples from 4 different embryos/mice were analyzed. For blood
P0 (n = 3) (see the “Methods” section). On an average, 80,000 reads were analyzed for each sample. d Matched L1MdTf methylation and L1 CNV
analysis in hippocampus, cortex, and cerebellum at different stages of embryonic (E15.5, E18.5) and postnatal development (P0, P3, P14). Upper
panels: methylation analysis of L1MdTf promoter at YY1 binding site in the hippocampus, cortex, and cerebellum at different stages of embryonic
(E15.5, E18.5) and postnatal development (P0, P3, P14). On an average, 80,000 reads were analyzed for each sample. Hippocampus: E15.5 vs P14,
p = 0.003; E18.5 vs P0, p = 0.047; E18.5 vs P3, p = 0.009; E18.5 vs P14, p = 0.000; P0 vs P14; p = 0.027. Cortex: E15.5 vs P14, p = 0.003; E18.5 vs P3,
p = 0.031; E18.5 vs P14, p = 0.000; P0 vs P14, p = 0.001; P3 vs P14, p = 0.017, ANOVA with Tukey’s post hoc test. Data are represented as the mean
percentage of methylation ± S.E.M. Lower panels: L1 CNV assay performed on mouse hippocampus, cortex, and cerebellum at different stages of
embryonic (E15.5, E18.5) and postnatal development (P0, P3, P14), obtained from the same 4 mice above. mL1-ORF2 was normalized on m5S.
Hippocampus: E15.5 vs P3, p = 0.006; E15.5 vs P14, p = 0.000; E18.5 vs P3, p = 0.012; E18.5 vs P14, p = 0.000; P0 vs P14, p = 0.004. Cortex: E15.5 vs P3,
p = 0.018; E15.5 vs P14, p = 0.000; E18.5 vs P3, p = 0.047; E18.5 vs P14, p = 0.000; P0 vs P14, p = 0.000; P3 vs P14, p = 0.005, ANOVA with Tukey’s post
hoc test. Data are represented as mean ± S.E.M
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Maternal separation and excessive sensory exposure,
related to NICU environment, represent early adverse
life events that can affect the epigenetic regulation and
impact gene expression in prematurely born infants [62].
This is, to our knowledge, the first study that documents
an epigenetic modulation, specifically on L1 repetitive
sequences, induced by maternal care and multisensory
stimulation in humans.
It is very well demonstrated that de novo L1 inser-

tions are a fine-tuned, developmentally regulated
phenomenon that contributes to genomic somatic
mosaicism of the brain [63]. However, L1 deregulated
activity could have detrimental effects as reported for
several mental disorders including schizophrenia
(SCZ), autism spectrum disorders (ASD), and major
depression [36], which often occur in adulthood of in-
dividuals born preterm [64]. In this context, we dis-
sected L1 dynamics in the developing mouse brain,
by sampling distinct regions (cerebral cortex, hippo-
campus, and cerebellum), and we detected increased
L1 CNVs at birth (P0 in the mouse) that paralleled
the progressive reduction in L1 promoter methylation
(starting from E18.5) in specific brain areas, such as
the hippocampus and cerebral cortex. Quantifying
copy number variation for transposable elements is
challenging due to the low frequency of de novo in-
sertions in respect to the baseline of the preexisting
copies. While early developmental insertions are likely
to be clonally expanded resulting in several cells own-
ing the insertions, very rare somatic insertions can be
distinguished only with accurate tools. Although
methodologies with SYBR Green have been exten-
sively adopted [32, 33], the use of Taqman probes
[31] and the advent of droplet digital PCR (dPCR)
[37] have improved the sensitivity of LINE1 CNVs
measurement. In particular, dPCR represents the most
sensitive tool to detect very rare somatic CNVs, fur-
ther, as it can distinguish single nucleotide polymor-
phisms and so specific L1 subfamilies, it is suitable
also for diagnostic purposes [65].
In the current work, we have identified a susceptible

prenatal time window in mice, peaking around E18.5
(2–3 days before natural birth) in which L1 epigenetic
regulation is set (Fig. 4). Interestingly, the hippocampus
and the interconnected cerebral cortex, as well thalamus,
are known to be affected by preterm birth in humans to
an extent proportional to the degree of prematurity [66].
Therefore, it is tempting to speculate that similarly to
mice, L1 dynamics could occur also in human brain de-
velopment and that premature extrauterine life exposure
can have an impact on these fine-tuned phenomena.
The fundamental differences in pregnancy duration, as
well as the human-specific characteristics of neocortical
development, such as cortical expansion, protracted

neuron maturation (i.e., neoteny) [67], and genetics, pose
a significant challenge in directly comparing neuronal
development between species. Recently, comparative
transcriptomic studies—at single cell resolution—of the
cortex and hippocampus [68–70] indicate species-
specific differences in the cellular makeup of human
brain [71, 72], while identifying divergent molecular and
functional features of conserved neuronal classes [73].
However, the general principles underlying cortical de-
velopment and basic cortical architecture appear to be
conserved across mammals, including humans [74].
Common developmental milestones have been described
in particular during the stages prior to birth in both the
human and mouse cortex and hippocampus that might
determine the correct assembly and functioning of
neural circuits in both species, such as, for example,
local and commissural connectivity dynamics. Indeed, in
utero functional MRI studies have shown that functional
connectivity is established in human already before birth
(GA 21–38), and particularly synchronicity increases at
the transition from the second to the third trimester,
with the peak around GA 26–29, mainly due to short-
range intrahemispheric and interhemispheric/commis-
sural connections [75]. Similarly, in mouse cortex
around E17.5 commissural axons from neurons of the
cingulate cortex begin the process of midline crossing
acting as pioneers for neocortical callosal neurons, which
begin to cross only 1 day later (E18.5), eventually estab-
lishing the first interhemispheric connections [76, 77].
Furthermore, GABAergic synaptic responses in rodents
can be already recorded at late embryonic stages (i.e.,
E18) in the mouse neocortex [78] and hippocampus
[79], supporting the notion that also short-range func-
tional networks, albeit still immature, have been estab-
lished by then [80].
Thus, even without directly aligning the human and

mouse neurodevelopmental trajectories, a defined pre-
natal time window in each species (GA 26–29 for hu-
man and E17.5–E18.5 for mouse) that hosts critical
events shaping brain architecture and networks mat-
uration has been identified [75]. Alterations of these
connectivity patterns and/or of the underlying epigen-
etic settings (as potentially induced by premature
birth) may lead to long-lasting neuronal deficits.
However, further studies are required to precisely dis-
sect the mechanisms that subtend neurological alter-
ations in prematurity and their consequences both at
molecular level on L1 activity and to investigate po-
tential species-specific mechanisms at play in particu-
lar on human brain development.
Importantly, we further demonstrated that the early

intervention program, compared to standard care, en-
hances neurodevelopment up to 36months of age, which
is considered a crucial milestone in the preterms’ follow-
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up assessment to detect neurodevelopmental disabilities
[4]. However, follow-up at school age is still ongoing to
ultimately confirm these beneficial effects of early
intervention.

Conclusions
In conclusion, we are providing evidence that L1 methy-
lation is fine-tuned at prenatal stages in humans and in
mouse brain; we can speculate that this developmental
window is therefore extremely sensible in preterm in-
fants to the effects of maternal care on the regulation of
the L1 epigenetic setting.
This work shed light on a possible molecular function

for L1 activity in shaping the developing brain connec-
tions with potential impact on infants’ neurodevelop-
ment. Besides this mechanistic role of L1, this study
supports a so far unexplored translational approach to
prematurity-related disorders: L1 methylation analysis
on an extended cohort of preterm newborns would be
required to define its predictive value as a molecular
proxy for neurodevelopmental outcomes.
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