
RESEARCH Open Access

IGF1 gene is epigenetically activated in
preterm infants with intrauterine growth
restriction
Masato Kantake1* , Naho Ikeda1, Hirofumi Nakaoka2,3, Natsuki Ohkawa1, Toshitaka Tanaka4, Kazuki Miyabayashi1,
Hiromichi Shoji5 and Toshiaki Shimizu5

Abstract

Background: IGF1 is a key molecule in the regulation of growth and metabolism. Low IGF1 secretion is known to
cause growth restriction in childhood, as well as deregulated lipid metabolism, cardiovascular disease, and diabetes
in adulthood. The IGF1 gene P2 promoter is highly methylated, resulting in low secretion of IGF1 in small infants
and children. However, it is unknown when this methylation occurs. The aim of study was to clarify the point when
this epigenetic program occurs during intrauterine development.
We analyzed 56 preterm infants born before 32 weeks of gestation, including 19 intrauterine growth restriction
(IUGR) infants whose birth weights were lower than − 2SD calculated by the Japanese datasets. We extracted
genomic DNA from whole blood at birth; methylation of the six CpG sites in the IGF1 P2 promoter was analyzed by
the bisulfite amplicon method using the MiSeq platform.

Results: In contrast to term infants and children, the methylation of all six CpG sites positively correlated with body
weight and body length at birth. IGF1 P2 promoter methylation levels were significantly reduced in all six CpG sites
in infants with IUGR.

Conclusions: These findings indicated that the IGF1 gene is epigenetically activated before 32 weeks of gestation in
infants with IUGR and that the activated gene may become suppressed after this time point. This study may
provide new insights to prevent the onset of adult diseases and to aid in nutritional management for preterm birth
infants in neonatal intensive care units.
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Background
The early-life environment has long-term effects on
health and development in later life. According to the
Developmental Origins of Health and Diseases hypoth-
esis, when the antenatal environmental conditions are
adverse for a growing fetus, the fetus adapts to this

environment to survive in utero and ex utero life [1].
These adaptations include reduced production of and
sensitivity to IGF1. IGF1 is a mitogenic hormone that is
produced by most organs (mainly by the liver), which
stimulates systemic body growth [2–4]. Animal studies
and analysis of genetic defects in humans have reported
IGF1 expression in placental and fetal tissues and identi-
fied an essential role for IGF1 in fetal growth [3–5].
Serum IGF1 is also known to regulate postnatal growth
in childhood [6–8]. In addition, associations between
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low IGF1 and deregulated lipid metabolism, cardiovascu-
lar disease, diabetes, and altered metabolic profile of dia-
betic patients in adulthood have been reported [9].
IGF1 is detectable in many fetal tissues from the first

trimester, suggesting that it plays a role in early fetal de-
velopment. However, increased levels of circulating IGF1
during the period of fetal life that corresponds to the
third trimester, especially after 32 weeks of gestation,
suggest that IGF1 is more important in the later months
of fetal growth [10].
Although parental height correlates with offspring

height [11], research on the association between the
IGF1 gene and human stature indicated that associated
genetic factors, such as allelic polymorphism and DNA
mutations, only explained a minor part of the expected
heritable fraction [12]. On the other hand, epigenetic
modifications, such as DNA methylation, can contribute
to alteration of gene expression in a heritable manner
without affecting the underlying genomic sequences.
This hypothesis may explain instances of heritable adap-
tations to changing environmental conditions, such as
human stature [13].
There are several transcripts of the IGF1 gene from

different transcriptional start sites. Class 1 transcripts
have initiation sites on exon 1 and are driven by the P1
promoter, while class 2 transcripts use exon 2 as a leader
exon and are driven by the P2 promoter [14–16]. IGF1
transcripts initiating at P1 are constitutively expressed in
many tissues, while transcripts initiating at P2 are
expressed primarily, but not exclusively, in the liver [17].
Ouni et al. examined whether CG methylation of the

two promoters (P1 and P2) of the IGF1 gene is a poten-
tial epigenetic contributor to the individual variation in
circulating IGF1 and stature in growing children. Their
observations introduced epigenetics as an individual de-
terminant of child growth and serum IGF1 level. Six
CpG sites, CG108, CG137, CG207, CG218, CG224, and
CG232 in the P2 promoter of the IGF1 gene, especially
CG137, are the first epigenetic quantitative trait loci re-
ported in humans [17]. The methylation of these six
sites is associated with growth hormone responsiveness
of children presenting with short stature at 8–9 years of
age [18]. Moreover, Stunff et al. reported that CG137
methylation is associated with birth length in term new-
born infants [19].
To determine whether individual variation in CpG site

methylation is determined in the postimplantation em-
bryo at the time of primary shaping of the methylome or
as a result of maternal signals transmitted through the
placenta at a postembryonic stage of intrauterine life, we
investigated the methylation status of the IGF1 P2 pro-
moter including CG137 in preterm (< 32 weeks of gesta-
tion) infants with and without intrauterine growth
restriction (IUGR).

Methods
Participants
This study was approved by the Juntendo University
Ethics Committee and conducted in accordance with the
principles of the Declaration of Helsinki. We analyzed
56 preterm infants born before 32 weeks of gestation, in-
cluding 19 infants with IUGR whose birth weights were
lower than − 2SD calculated by the Japanese datasets
(http://jpse.umin.jp/taikakubirthlongcrossv1.xlsx); all were
admitted to the neonatal intensive care unit (NICU) of
Juntendo University Shizuoka Hospital between July 2017
and August 2019, and their parents had provided written
informed consent for inclusion in the study.

Sample collection
A sample of 10 μL of whole blood was taken and frozen
immediately at the time of admission to the NICU as
part of routine blood sampling and stored at − 80 °C
until analysis. Genomic DNA was extracted from the
samples in August 2019.

Methylation analysis
Genomic DNA was extracted from 10 μL of frozen
whole blood using a DNeasy Blood & Tissue Kit (Qia-
gen, Hilden, Germany); bisulfite-treated DNA was ob-
tained using an EZ DNA Methylation-Lightning Kit
(Zymo Research Corp., Irvine, CA, USA). After bisulfite
conversion, the IGF1 P2 promoter was amplified by PCR
as described previously [18]. Methylation analyses of
CG108, CG137, CG207, CG218, CG224, and CG232
(chr12: 102873145-102873269 in GRCh37/hg19) were
performed (Fig. 1). Briefly, a 5 μL aliquot of the resulting
10 μL bisulfite-treated genomic DNA solution was sub-
jected to polymerase chain reaction analysis to amplify
the IGF1 P2 promoter (hg18: chr12: 101396974-
101397934), using the following primers and thermal
conditions: Forward, 5′-AAT TTG GTT GTT GTT
GTT AGT GTA T-3′, Reverse, 5′-AAT TAA ACC CTC
AAA CAA TTA AAT C-3′; 95 °C for 10 min, [95 °C, 30
s; 54 °C, 1 min; 73 °C, 1 min] × 45 cycles, 73 °C for 5
min. TaKaRa Epi TaqTM HS (Takara Bio Inc., Shiga,
Japan) was used for amplification. The 175-bp amplicons
were purified using gel-based clean up by MinElute Gel
Extraction Kit (Qiagen). The purified amplicons were
subjected to a NEBNext Ultra II DNA Library Prep Kit
for Illumina (New England Biolabs Japan, Inc., Tokyo,
Japan), including dual indexing. These libraries were
multiplexed and sequenced on an Illumina MiSeq sys-
tem (Illumina Inc., San Diego, CA, USA). The reads
were aligned to an in silico converted reference using
Bowtie2, and variant calling was used to identify the per-
centage of methylated cytosines using the Bicycle soft-
ware [20]. The depth of sequencing reads ranged from
140–14682.
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Statistics
The results were analyzed by chi-square test, Mann–
Whitney U test, and Spearman’s correlation analysis.
Hierarchical cluster analysis of individual methylation
patterns of six CpG sites on each haplotype was per-
formed. All statistical analyses were performed using
SPSS Statistics, version 24∙0 (IBM Corp., Armonk, NY,
USA). In all analyses, p < 0.05 was considered to indicate
statistical significance. The z scores of birth weight and
length were calculated by subtracting the mean from the
raw score, then dividing the difference by the population
standard deviation using the Japanese datasets (http//
jpse.umin.jp/taikakubirthlongcross1.xlsx).

Results
Participant characteristics
The backgrounds of participants are shown in Table 1.
All participants were Japanese. The gestational age
ranged from 25 weeks + 1 day to 31 weeks + 6 days
among infants in the IUGR (29.4 [28.0, 30.7] weeks, me-
dian [25%, 75%], here and below), and from 23 weeks +

5 days to 31 weeks + 5 days among infants in the non-
IUGR group (29.3 [26.0, 31.1] weeks). These ages did
not significantly differ between groups (p = 0.869). The
body weight ranged from 342 to 1006 g among infants in
the IUGR group (720 [547, 987] g), and from 696 to
1900 g among infants in the non-IUGR group (1226
[858, 1496] g). Body weight at birth is significantly lower
among infants in the IUGR group (p < 0.001). The body
height ranged from 25.8 to 37.7 cm among infants in the
IUGR group (31.1 [29.1, 35.8] cm), and from 27.0 to
44.0 cm among infants in the non-IUGR group (37.0
[33.8, 39.0] cm). Body height at birth was significantly
shorter among infants in the IUGR group (p = 0.003).
Fourteen of 19 infants in the IUGR group and 24 of 37
infants in the non-IUGR group were boys; there was no
significant difference in sex distribution between groups.
Regarding maternal contribution to intrauterine growth,
the following factors were analyzed: maternal informa-
tion; frequency of pregnancy by in vitro fertilization
(IVF), frequency of twin pregnancy (twin), and frequency
of hypertensive disorders of pregnancy (HDP) diagnosed

Fig. 1 The IGF1 gene promoters (P1 and P2). Broken arrows show the transcription start site (TSS) of each promoter. The six analyzed CG sites are
shown with their locations on the chromosome. CGs are denominated according to their distance from the P2 promoter major TSS

Table 1 Patient characteristics

IUGR (n = 19) Non-IUGR (n = 37) P value

Gestational age (weeks), median [25%, 75%] 29.4 [28.0, 30.7] 29.3 [26.0, 31.1] 0.869

Body weight (g), median [25%, 75%] 720 [547, 987] 1226 [858, 1496] < 0.001

Body height (cm), median [25%, 75%] 31.1 [29.1, 35.8] 37.0 [33.8, 39.0] 0.003

Sex (male, n) 14 24 0.290

In vitro fertilization (n) 1 6 0.241

Hypertensive disorders of pregnancy (n) 9 3 0.001

Twin pregnancy (n) 1 10 0.202

Broncho pulmonary dysplasia (n) 12 18 0.086

Abnormal MRI findings(n) 1 10 0.241

Retinopathy of prematurity (n) 2 5 0.749

The differences between groups were analyzed by Mann-Whitney U test or chi-square test
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by an obstetrician. HDP was diagnosed by hypertension
(systolic BP ≥ 140 and/or diastolic BP ≥ 90mmHg) and
proteinuria (spot urine protein/creatinine ratio ≥ 30mg/
mmol). Among infants in the IUGR group, one IVF, one
twin, and nine HDP were observed. Among infants in
the non-IUGR group, six IVF, 10 twin, and three HDP
were observed. There were no significant differences in
frequency of IVF and twin pregnancies (p = 0.241, p =
0.202, respectively). Nine of the 19 infants in the IUGR
group had HDP, which was significantly higher than the
rate in the non-IUGR infant group (p = 0.001).
To assess the postnatal influence of IGF1 secretion, we

investigated the frequency of infantile complications that
may be associated with low IGF1 concentration, such as
bronchopulmonary dysplasia (BPD; defined as the need
for additional oxygen after the age of 28 days), retinopathy
of prematurity (ROP; defined as the need for treatment by
an ophthalmologist), and poor brain development (defined
as abnormal brain magnetic resonance imaging findings
(MRI) at the time of discharge). BPD was observed in 12
infants in the IUGR group and 18 infants in the non-
IUGR group. ROP was observed in two infants in the
IUGR group and five infants in the non-IUGR group.
Abnormal MRI findings were observed in one infant in
the IUGR group and 10 infants in the non-IUGR group.
There was no difference between the two groups with re-
gard to clinical complications during the neonatal period
(BPD p = 0.086, ROP p = 0.749, MRI p = 0.241).

Methylation analysis of IGF1 P2 promoter
The results of methylation analysis are shown in Table 2
and Figs. 2, 3, 4, 5, and 6. The methylation states of
CG108, CG137, CG207, CG218, CG224, and CG232
were highly correlated (range, 0.861–0.983, Fig. 2). The
correlation coefficients of CG108 with other CG sites
were 0.93, 0.78, 0.83, 0.88, and 0.84 (vs CG137, CG207,
CG218, CG224, and CG232, respectively). CG137 correl-
ation coefficients were 0.86, 0.86, 0.90, and 0.87 (vs
CG207, CG218, CG224, and CG232, respectively).
CG207 correlation coefficients were 0.93, 0.94, and 0.93
(vs CG218, CG224, and CG232, respectively). Those of
CG218 were 0.97 and 0.98 (vs CG224 and CG232, re-
spectively), and CG224 vs CG232 was 0.97. All these re-
sults were statistically significant (p < 0.001). The
methylation of six CpG sites positively correlated with
body weight (CG108: r = 0.506, p < 0.001; CG137: r =
0.547, p < 0.001; CG207: r = 0.354, p = 0.007; CG218: r
= 0.310, p = 0.020; CG224: r = 0.373, p = 0.005; CG232:
r = 0.348, p = 0.009) (Fig. 3) and body length at birth
(CG108: r = 0.453, p < 0.001; CG137: r = 0.515, p <
0.001; CG207: r = 0.333, p = 0.012; CG218: r = 0.311, p
= 0.020; CG224: r = 0.375, p = 0.004; CG232: r = 0.346,
p = 0.009) (Fig. 4). As shown in Fig. 5, methylation was
significantly lower at all six CG sites in the IUGR group

compared with the non-IUGR group (CG108, 0.63 [0.54,
0.69] vs 0.71 [0.65, 0.75], p < 0.001; CG137, 0.67 [0.58,
0.73] vs 0.77 [0.70, 0.80], p < 0.001; CG207, 0.45 [0.39,
0.51] vs 0.52 [0.46, 0.55], p = 0.012; CG218, 0.65 [0.60,
0.72] vs 0.73 [0.65, 0.76], p = 0.028; CG224, 0.64 [0.56,
0.69] vs 0.70 [0.64, 0.76], p = 0.010; CG232, 0.69 [0.60,
0.74] vs 0.75 [0.67, 0.79], p = 0.028, median: [25%, 75%],
IUGR group vs non-IUGR group, respectively).
To assess the influence of maternal HDP on CG

methylation, we performed subgroup analysis with and
without maternal HDP and IUGR. As shown in Table 2,
there was no significant difference in methylation of all
six CGs in IUGR, non-IUGR, and whole group infants.
Figure 6 shows the methylation haplotype pattern of

each individual. CCCCCC represents the methylated
haplotype at CG108, CG137, CG207, CG218, CG224,
and CG232, respectively. However, TTTTTT means that
all 6 sites were unmethylated. Hierarchical cluster ana-
lysis revealed a cluster surrounded by green where IUGR

Table 2 Subgroup analysis of methylation with and without
IUGR and HDP

CG108 CG137 CG207 CG218 CG224 CG232

HDP (−) median 0.70 0.75 0.51 0.71 0.68 0.72

25% 0.64 0.67 0.44 0.63 0.61 0.65

75% 0.74 0.78 0.55 0.76 0.75 0.79

HDP (+) median 0.65 0.69 0.46 0.69 0.65 0.71

25% 0.57 0.59 0.42 0.63 0.58 0.62

75% 0.70 0.76 0.53 0.75 0.70 0.76

p value 0.13 0.17 0.27 0.76 0.33 0.61

IUGR (−) HDP(-)
median

0.71 0.77 0.52 0.72 0.71 0.74

25% 0.65 0.70 0.46 0.65 0.64 0.67

75% 0.75 0.80 0.55 0.76 0.76 0.79

IUGR (−) HDP(+)
median

0.71 0.77 0.53 0.75 0.70 0.76

25% 0.55 0.63 0.40 0.58 0.57 0.60

75% 0.76 0.84 0.63 0.83 0.80 0.83

p value 0.98 0.86 0.90 0.60 0.90 0.82

IUGR (+) HDP(-)
median

0.59 0.67 0.44 0.64 0.63 0.68

25% 0.52 0.50 0.36 0.56 0.53 0.56

75% 0.69 0.74 0.52 0.71 0.68 0.71

IUGR (+) HDP(+)
median

0.63 0.67 0.45 0.67 0.65 0.69

25% 0.57 0.59 0.42 0.63 0.58 0.62

75% 0.67 0.72 0.49 0.72 0.68 0.74

p value 0.86 1.00 0.86 0.55 0.70 0.60

The methylation of each CpG site in infant subgroups is shown as median,
25%, 75%. p was calculated by Mann-Whitney U test
HDP: Hypertensive disorders of pregnancy
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infants were dominant and relatively high TTTTTT and
low CCCCCC were seen. There were 2 clusters sur-
rounded by blue where non-IUGR infants were domin-
ant and relatively high CCCCCC and low TTTTTT
were seen.

Discussion
In contrast to term infants and children, IGF1 P2 pro-
moter methylation levels were significantly reduced in
infants with IUGR. Our findings suggested that preterm
infants can adapt to intrauterine adverse nutritional en-
vironments via epigenetic modification of DNA in the
early developmental stages, and that > 32 weeks of

gestation is the critical time window for programming of
later body growth through IGF1 gene methylation.
Children’s heights are known to be highly correlated

with their parents’ heights [11]. Therefore, programming
of growth-related genes, including IGF1, may occur at
least in part in the early embryonic stage, such as the
postimplantation stage. The results of the present study
showed that IGF1 secretion is epigenetically regulated to
be high in IUGR infants born at < 32 weeks of gestation,
in contrast to term newborn infants and children. This
finding indicated that methylation of the IGF1 gene has
the ability to respond to in utero malnutrition before 32
weeks of gestation and may be reset at 32–37 weeks of
gestation. Epigenetic reprogramming has been

Fig. 2 Correlation of methylation status between the six CG sites. Correlation coefficients were calculated by Spearman’s correlation analysis. All
correlations were significant (p < 0.001)
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demonstrated in mammals at distinct, key developmen-
tal stages, such as in the zygote, in the primordial germ
cells, and during early body development. There have
been a few reports that epigenetic reprogramming oc-
curs after organogenesis, such as glucocorticoid receptor
gene methylation by the postnatal environment in pre-
term infants [21].

HDPs are associated with low birth weight and repre-
sent a major cause of maternal and/or perinatal mortal-
ity and morbidity. The mechanisms underlying HDP-
associated complications are poorly understood, but
epigenetic patterns contribute to the pathogenesis of
fetal complications. Epigenome-wide DNA methylation
analysis in cord blood of term infants revealed that

Fig. 3 Correlation between methylation of six CpG sites and birth weight. Methylation of six CpG sites showed positive correlations with birth
weight (CG108: r = 0.506, p < 0.001; CG137: r = 0.547, p < 0.001; CG207: r = 0.354, p = 0.007; CG218: r = 0.310, p = 0.020; CG224: r = 0.373, p =
0.005; CG232: r = 0.348, p = 0.009) analyzed by Spearman’s correlation analysis

Fig. 4 Correlation between methylation of six CpG sites and birth length. Methylation of six CpG sites showed positive correlations with birth
length (CG108: r = 0.453, p < 0.001; CG137: r = 0.515, p < 0.001; CG207: r = 0.333, p = 0.012; CG218: r = 0.311, p = 0.020; CG224: r = 0.375, p =
0.004; CG232: r = 0.346, p = 0.009) analyzed by Spearman’s correlation analysis
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Fig. 5 Methylation of six CpG sites of infants in the IUGR and non-IUGR groups. Methylation was significantly lower in the IUGR group than in the
non-IUGR group in all six CG sites (CG108, 0.63 [0.54, 0.69] vs 0.71 [0.65, 0.75], p < 0∙001; CG137, 0.67 [0.58, 0.73] vs 0.77 [0.70, 0.80], p < 0.001;
CG207, 0.45 [0.39, 0.51] vs 0.52 [0.46, 0.55], p = 0.012; CG218, 0.65 [0.60, 0.72] vs 0.73 [0.65, 0.76], p = 0.028; CG224, 0.64 [0.56, 0.69] vs 0.70 [0.64,
0.76], p = 0.010; CG232, 0.69 [0.60, 0.74] vs 0.75 [0.67, 0.79], p = 0.028, median [25%, 75%], IUGR group vs non-IUGR group, respectively)

Fig. 6 Haplotype methylation analysis of individuals. C represents a methylated CpG site, and T represents an unmethylated CpG site. CCCCCC means CG107,
CG137, CG207, CG218, CG224, and CG232 were methylated, respectively. The frequency of each haplotype was shown as a heatmap. Hierarchical cluster
analysis revealed a cluster surrounded by green where IUGR infants were dominant and relatively high TTTTTT and low CCCCCC were seen. There were two
clusters surrounded by blue where non-IUGR infants were dominant and relatively high CCCCCC and low TTTTTT were seen
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HDP were associated with DNA methylation at 43 CpG
sites [22]. The IGF1 P2 promoter region was not cov-
ered by the analysis. Thus, it is unclear whether it was
differentially methylated in infants with maternal HDP.
The present study indicates that maternal HDP may
not have a large effect on IGF1 P2 promoter
methylation.
Haplotype methylation analysis revealed that methyla-

tion change tended to occur simultaneously at several
CpG sites. It seems to be important for future study.
A limitation of the present study was its lack of data

regarding serum IGF1 concentrations. This was due to
the large sample volume required from infants with a
low body weight of 342–1900 g and the risk of postnatal
hypovolemia. It is known that serum IGF1 concentra-
tions have been positively correlated with birth weight
and length in preterm infants [23]. Therefore, the IGF1
concentration may have been lower in the IUGR group
than in the non-IUGR group in the present study due to
intrauterine malnutrition status, despite epigenetic acti-
vation of the IGF1 gene.
After preterm birth, there is a decline in serum IGF1

concentration that is induced by undernutrition, defi-
cient nutrition utilization [24], hypoxia [25], inflamma-
tion [26], and genetic factors, as well as hormones (e.g.,
thyroid hormone and cortisol). A prolonged duration of
low serum IGF1 in extremely premature infants is
strongly associated with increased risks of multiple
major neonatal morbidities, which have a significant im-
pact on long-term health [27–29], including BPD, ROP,
and poor brain development. There were no differences
in rates of these complications between the two groups
in the present study. Therefore, the effect of low methy-
lation of the IGF1 gene may have been reduced by se-
vere conditions to produce IGF1 after preterm birth.
Tissue differences in epigenomic status represent the

most important limitation of epigenetic studies in human
subjects, including the present study. However, the tissue
differences in IGF1 gene methylation are relatively well
characterized. It has been shown that the methylation
levels were comparable in white blood cells, peripheral
blood mononuclear cells, and CD4 T lymphocytes. The
methylation levels were approximately 50% lower for most
P2 CGs in the liver and growth plates, which are the main
sites of IGF1 production [17]. Therefore, the use of white
blood samples in the present study was presumed to cause
few problems related to tissue differences.
The evaluation of IGF1 gene methylation after 32

weeks of gestation in the uterus or after preterm birth
may be important for perinatal management of infants
with IUGR. Further, longitudinal investigations are
needed along with the development of methods for ana-
lyzing the fetal epigenome using cell-free DNA in mater-
nal blood.

Studies examining the epigenetic status of the IGF1
gene in deregulated lipid metabolism, cardiovascular dis-
ease, and diabetes are limited. IGF1 P1 promoter methy-
lation levels were increased in type 2 diabetes patients
compared with normal glucose tolerance subjects, while
serum IGF1 levels were lower in type 2 diabetes [30].
Additional epigenetic studies of IGF1 P2 promoter
methylation dynamics are needed to understand these
interactions further.

Conclusions
It has been suggested that > 32 weeks of gestation may
be the critical time window for programming of later
body growth through IGF1 gene methylation.
This study may provide new insights to prevent the

onset of adult diseases and to aid in nutritional manage-
ment for preterm birth infants in neonatal intensive care
units.

Abbreviations
IGF1: Insulin-like growth factor 1; IUGR: Intrauterine growth restriction; IVF: In
vitro fertilization; HDP: Hypertensive disorders of pregnancy;
BPD: Bronchopulmonary dysplasia; ROP: Retinopathy of prematurity

Acknowledgements
We thank Mrs. Chiho Shirai for the technical assistance and Mrs. Eriko
Matsushita for the administrative support. This paper is dedicated to Dr.
Yutaka Takeuchi.

Authors’ contributions
M.K. and N.I. conceived and designed the study. M.K. wrote the manuscript.
H.N. was responsible for data analysis. N.O. and K.M. were responsible for
data collection of infants. T.T. was responsible for data collection of mothers.
H.S. and T.S. organized the study. The author(s) read and approved the final
manuscript.

Funding
This work was supported by the Ministry of Education, Culture, Sports,
Science and Technology (MEXT)-Supported Program for the Strategic
Research Foundation at Private Universities, 2015–2019, Japan (M.K.), and by
Grants-in-Aid for General Scientific Research, No. 17 k16309, Japan (N.I.). The
funders were not involved in the study design, in the collection, analysis and
interpretation of data, in the writing of the report, or in the decision to sub-
mit the paper for publication. The corresponding author had full access to all
the data in the study and had the final responsibility for the decision to sub-
mit for publication.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
This study was approved by the Juntendo University Ethics Committee and
conducted in accordance with the principles of the Declaration of Helsinki.
All were admitted to the neonatal intensive care unit (NICU) of Juntendo
University Shizuoka Hospital between July 2017 and August 2019, and their
parents had provided written informed consent for inclusion in the study.

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Kantake et al. Clinical Epigenetics          (2020) 12:108 Page 8 of 9



Author details
1Neonatal Medical Center, Juntendo University Shizuoka Hospital, 1192
Nagaoka, Izunokuni, Shizuoka 410-2295, Japan. 2Human Genetics Laboratory,
Department of Genomics and Evolutionary Biology, National Institute of
Genetics, 1111 Yata, Mishima, Shizuoka 411-8540, Japan. 3Department of
Cancer Genome Research, Sasaki Institute, Sasaki Foundation, 2-2
Kandasurugadai, Chiyoda-ku, Tokyo 101-0062, Japan. 4Perinatal Medical
Center, Juntendo University Shizuoka Hospital, 1192 Nagaoka, Izunokuni,
Shizuoka 410-2295, Japan. 5Department of Pediatrics and Adolescent
Medicine, Juntendo University, 3-1-3 Hongo, Bunkyo-ku, Tokyo 113-8431,
Japan.

Received: 23 April 2020 Accepted: 8 July 2020

References
1. Barker DJP. The origins of the developmental origins theory. J Intern Med.

2007;5:412–7.
2. D’Ercole AJ, Stiles AJ, Underwood LE. Tissue concentrations of somatomedin

C: further evidence for multiple sites of synthesis and paracrine or autocrine
mechanisms of action. Proc Natl Acad Sci USA. 1984;81:935–9.

3. Han VK, D’Ercole AJ, Lund PK. Cellular localization of somatomedin (insulin-
like growth factor) messenger RNA in the human fetus. Science. 1987;236:
193–7.

4. Bondy CA, Werner H, Roberts CT Jr, Le Roith D. Cellular pattern of insulin-
like growth factor-Ӏ (IGF- Ӏ) and type Ӏ IGF receptor gene expression in early
organogenesis: comparison with IGF-II gene expression. Mol Endocrinol.
1990;4:1386–98.

5. Woods KA, Camacho-Hübner C, Savage MO, Clark AJ. Intrauterine growth
retardation and postnatal growth failure associated with deletion of the
insulin-like growth factor Ӏ gene. N Engl J Med. 1996;335:1363–7.

6. Rogers I, Metcalfe C, Gunnell D, Emmett P, Dunger D, Holly J. Insulin-like
growth factor- Ӏ and growth in height, leg length, and trunk length
between ages 5 and 10 years. J Clin Endocrinol Metab. 2006;91:2514–9.

7. Han VK, Lund PK, Lee DC, D’Ercole AJ. Expression of somatomedin/insulin-
like growth factor messenger ribonucleic acids in the human fetus:
identification, characterization, and tissue distribution. J Clin Endocrinol
Metab. 1988;66:422–9.

8. Roberts CT Jr, Lasky SR, Lowe WL Jr, Seaman WT, Le Roith D. Molecular
cloning of rat insulin-like growth factor Ӏ complementary deoxyribonucleic
acids: differential messenger ribonucleic acid processing and regulation by
growth hormone in extrahepatic tissues. Mol Endocrinol. 1987;1:243–8.

9. Aguirre GA, Rodriguez De Ita J, de la Garza RG, Castilla-Cortazar I, et al. J
Transl Med. 2016;14:3.

10. Hellström A, Ley D, Hansen-Pupp I, Hallberg B, Löfqvist C, van Master L.
Insulin-like growth factor 1 has multisystem effects on foetal and preterm
infant development. Acta Paedriatrica. 2016;105:576–86.

11. Ogata T, Tanaka T, Kagami M. Target height and target range for Japanese
children: revisited. Clin Pediatr Endocrinol. 2007;16:85–7.

12. Trerotola M, Relli V, Simeone P, Alberti S. Epigenetic inheritance and the
missing heritability. Human Genomics. 2015;9:17.

13. Simeone P, Alberti S. Epigenetic heredity of human height. Physiological
reports. 2014;2:e12047.

14. Rotwein P. Mapping the growth hormone - Stat5b - IGF- Ӏ transcriptional
circuit. Trends Endocrinol Metab. 2012;23:186–93.

15. Oberbauer AM. The regulation of IGF-1 gene transcription and splicing
during development and aging. Front Endocrinol. 2013;4:39.

16. Yang H, Adamo ML, Koval AP, McGuinness MC, Ben-Hur H, Yang Y.
Alternative leader sequences in insulin-like growth factor Ӏ mRNAs
modulate translational efficiency and encode multiple signal peptides. Mol
Endocrinol. 1995;9:1380–95.

17. Ouni M, Gunes Y, Belot MP, Castell AL, Fradin D, Bougnères P. The IGF1 P2
promoter is an epigenetic QTL for circulating IGF1 and human growth. Clin
Epigenetics. 2015;7:22.

18. Ouni M, Belot MP, Castell AL, Fradin D, Bougnères P. The P2 promoter of
the IGF1 gene is a major epigenetic locus for GH responsiveness.
Pharmacogenom J. 2015;1:5.

19. Le Stunff C, Castell AL, Todd N, Mille C, Belot MP, Frament N. Fetal growth is
associated with CpG methylation in the P2 promoter of the IGF1 gene. Clin
Epigenetics. 2018;10:57.

20. Graña O, López-Fernández H, Fdez-Riverola F, Pisano DG, Glez-Peña D.
Bicycle: a bioinformatics pipeline to analyze bisulfite sequencing data.
Bioinformatics. 2018;34:1414–5.

21. Kantake M, Ohkawa N, Iwasaki T, Ikeda N, Awaji A, Saito N. Postnatal relative
adrenal insufficiency results in methylation of the glucocorticoid receptor
gene in preterm infants: a retrospective cohort study. Clin Epigenetics. 2018;
10:66.

22. Kazmi N, Sharp GC, Reese SE, Vehmeijer FO, Lahti J, Page CM. Hypertensive
disorders of pregnancy and DNA methylation in newborns. Hypertension.
2019;74:375–83.

23. Lo HC, Tsao LY, Hsu WY, Chen HN, Yu WK, Chi CY. Relation of cord serum
levels of growth hormone, insulin-like growth factors, insulin-like growth
factor binding proteins, leptin, and interleukin-6 with birth weight, birth
length, and head circumference in term and preterm neonates. Nutrition.
2002;18:604–8.

24. Hansen-Pupp I, Löfqvist C, Polberger S, Niklasson A, Fellman V, Hellström A.
Influence of insulin-like growth factor 1 and nutrition during phases of
postnatal growth in very preterm infants. Pediatr Res. 2011;69:448–53.

25. Custodio RJ, do Carmo Custodio VI, Scrideli CA, Scrideli CA, Sader Milani SL,
Cervi MC. Impact of hypoxia on IGF-1, IGF-2, IGFBP3, ALS and IGFBP-1
regulation and on IGF1R gene expression in children. Growth Horm IGF Res.
2012;22:186–91.

26. Hansen-Pupp I, Hellström-Westas L, Cilio CM, Andersson S, Fellman V, Ley D.
Inflammation at birth and the insulin-like growth factor system in very
preterm infants. Acta Paediatr. 2007;96:830–6.

27. Smith LE, Hard AL, Hellström A. The biology of retinopathy of prematurity:
how knowledge of pathogenesis guides treatment. Clin Perinatal. 2013;40:
201–14.

28. Hansen-Pupp I, Hövel H, Lofqvist C, Hellström-Westas L, Fellman V, Hüppi
PS. Circulatory insulin-like growth factor-1 and brain volumes in relation to
neurodevelopmental outcome in very preterm infants. Pediatr Res. 2013;74:
564–9.

29. Hellström A, Engström E, Hard AL, Albertsson-Wikland K, Carlsson B,
Niklasson A. Postnatal serum insulin-like growth factor 1 deficiency is
associated with retinopathy of prematurity and other complications of
premature birth. Pediatrics. 2003;112:1016–20.

30. Gu T, Gu HF, Hilding A, Östenson CG, Brismar K. DNA methylation analysis
of the insulin-like growth factor-1 (IGF1) gene in Swedish men with normal
glucose tolerance and type 2 diabetes. J Diabetes Metab. 2014;5:419.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Kantake et al. Clinical Epigenetics          (2020) 12:108 Page 9 of 9


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Participants
	Sample collection
	Methylation analysis
	Statistics

	Results
	Participant characteristics
	Methylation analysis of IGF1 P2 promoter

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

