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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
36 months 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.Pvalues were
obtained usingt test (^), Mann-WhitneyU 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 ofb L1 promoter andc 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). Inb, ***p < 0.001, full-term vs preterm; *p = 0.015, full-term vs standard
care; **p = 0.008, preterm vs early intervention. inc, **p = 0.001, full-term vs preterm; ***p < 0.001, preterm vs early Intervention; *p = 0.015,
standard care vs early intervention, unpaired two-tailedt test.d, e Scatter plot and linear regression line with 95% confidence band of weekly
infant massages vsd L1 promoter methylation level (estimate: 1.8,p = 0.017) and vse 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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