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Reduced fetal growth associates with endothelial dysfunction and cardiovascular risk in both young and adult offspring
and the nitric oxide (NO) system has been implicated in these effects. Epigenetic processes are likely to underlie such
effects, but there is to date no evidence that endothelial dysfunction in early life results from epigenetic processes on
key genes in the NO system, such as NOS3 (eNOS) and ARG2 (arginase-2). We determined basal DNA methylation status
in NOS3 and ARG2 promoters, and DNA methyltransferase 1 (DNMT1) effect on eNOS and arginase-2 expression using
human endothelial cells isolated from umbilical arteries (HUAEC) and veins (HUVEC) from control and intrauterine growth
restricted (IUGR) fetuses. Compared with cells from control pregnancies, eNOS protein and mRNA levels were increased in
HUAEC, but decreased in HUVEC, from IUGR, while arginase-2 levels were increased in IUGR-HUVEC. The NOS3 promoter
showed a decrease in DNA methylation at CpG -352 in IUGR-HUAEC, and an increase in IUGR-HUVEC, when compared
with control cells. Methylation in the hypoxia response element of the NOS3 promoter was increased in IUGR-HUAEC and
decreased in HUVEC. Methylation in the AGR2 promoter in IUGR-HUVEC was decreased in a putative HRE, and without
changes in IUGR-HUAEC. Silencing of DNMT1 expression normalized eNOS expression in IUGR endothelial cells, and
restored the normal response to hypoxia in HUVEC, without effects on arginase-2. This data suggest that eNOS expression
in IUGR-derived endothelial cells is programmed by altered DNA methylation, and can be reversed by transient silencing

of the DNA methylation machinery.

Introduction

Epidemiologic studies in the late 1980s in the UK showed the cor-
relation between reduced fetal growth (i.e., low birth weight) and
increased risk of later cardiometabolic diseases.* Subsequently,
the association between environmental cues during embryonic
and fetal development, and risk of non-communicable diseases,
such as obesity, diabetes and hypertension,? has been widely con-
firmed. Studies using animal models have established the detri-
mental effects of maternal malnutrition, placental dysfunction,
and other factors on early embryonic and fetal development and
on health consequences in later life.* Stimuli related to unhealthy
maternal lifestyle and environment can induce physiologi-
cal changes in the offspring that may represent adaptations to
unfavorable intrauterine conditions and can also confer benefit
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in coping if such environmental conditions persist after birth.
Insights from developmental biology suggest that epigenetic
mechanisms underlie such effects.®

Reduced fetal growth is not only associated with adult vas-
cular dysfunction. Umbilical and placental vessels derived from
intrauterine growth restricted (IUGR) fetuses show impaired
endothelium-dependent vasodilation compared with appro-
78 and this is also
observed in the peripheral circulation of low birth weight neo-

priately grown for gestational age fetuses,

nates.” These functional changes associate to altered expression
of several vascular mediators in fetoplacental-derived endothe-
lial cells (EC), including eNOS and arginase-2.* Additionally,
reduced arterial compliance and endothelial dysfunction cor-
related with IUGR are found in pre-pubertal,' adolescent' and
young-adults," suggesting that IUGR establishes a sustained
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Figure 1. Expression of eNOS and arginase-2 in normal and IUGR cells
relative to normal HUAEC. Quantification of eNOS (A) and arginase-2
(B) mRNA levels in control (open bars, n = 5) and IUGR (solid bars, n = 5)
cultured HUAEC and HUVEC. Values are mean = SEM *P < 0.05, vs. cor-
responding normal cells, *P < 0.05 vs. control HUAEC, one-way ANOVA.

alteration in vascular function, which may be driven by epigen-
etic mechanisms.®

Conversely, epigenetic mechanisms play a key role in vascular
development, physiology and pathophysiology. Basal expression
of several genes crucial for endothelial function, such as eNOS">
and others,”" is controlled by DNA methylation and histone
posttranslational modifications. These mechanisms operate in
a gene-specific manner in EC, suggesting the existence of an
endothelial-specific epigenetic code,”® an idea convincingly dem-
onstrated in NOS3 gene in normal endothelial and non-EC.%
However, there is no data addressing whether epigenetic mecha-
nisms regulate the expression of another critical protein for the
l-arginine/NO pathway, such as arginase-2, involved in the
development of endothelial dysfunction.?

In the present study, we examined the role of DNMT1-
dependent methylation, which preserves the DNA methyla-
tion pattern after mitotis,”*** on the altered eNOS expression
in cultured HUAEC and HUVEC from IUGR pregnancies.
In order to determine whether DNMT1 was involved in the
blunted response to the hypoxia-mediated eNOS downregula-
tion observed in [UGR-HUVEC, we evaluated this response
in cells subjected to DNMT1 knockdown. Finally, in order to
determine whether these effects were specific to eNOS, we stud-
ied the expression of arginase-2, a crucial eNOS counteracting
protein under both normal and pathological conditions,? and
investigated whether its expression was similarly regulated by

DNMTTI.
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Results

Basal expression of eNOS and arginase-2 in IUGR vs. control
endothelial cells. Endothelial NOS mRNA levels were increased
in IUGR-HUAEC and decreased in IUGR-HUVEC compared
with their corresponding control cells (Fig. 1A). Conversely,
arginase-2 mRNA levels were increased only in [IUGR-HUVEC
(Fig. 1B). Furthermore, eNOS expression observed in ITUGR-
HUAEC was similar to that observed in control HUVEC, while
IUGR-HUVEC exhibited an expression comparable to control
HUAEC. These changes are in accordance to those reported for
the protein levels of eNOS and arginase-2 in these cell types.®#2

DNA methylation status in NOS3 promoter of IUGR endo-
thelial cells. We studied the methylation status of CpGs located
in the NOS3 proximal promoter (-51 to -351), where its basal
expression is controlled,” the shear stress response element
(SSRE, -976 t0 -992)?® and the hypoxia response element (HRE,
-5369 to -5375),% which represent important stimuli controlling
endothelial function (Fig. 2A). Methylation status in the pro-
moter region of the NOS3 gene was comparable in HUAEC, pla-
cental chorionic artery endothelial cells (PLAEC) and HUVEC
isolated from control tissues (Fig. 2B). However, there were
significant changes in the level of methylation at three differ-
ent CpGs within the promoter of NOS3, namely CpGs -352,
-5369 and -5375 relative to the reported transcription start site.
Methylation was reduced at CpG -352, but increased at CpGs
-5369 and -5375 in control HUVEC, compared with HUAEC
and PLAEC. In contrast, in IUGR-EC there was only a change
in methylation at a single CpG located at at CpG -352, where
methylation was higher in HUVEC compared with HUAEC
(Fig. 2C).

Interestingly, changes in the methylation status in IUGR-EC
compared with control cells were limited to the three above-men-
tioned CpGs. In IUGR-HUAEC methylation at CpG -352 was
decreased, while CpG -5375 showed an increased in the meth-
ylation level compared with control HUAEC (Fig. 3A). Similar
changes were found in IUGR-PLAEC, with a decrease at CpG
-352 and increase at CpG -5375 compared with control PLAEC
(Fig. 3B). In contrast, in IUGR-HUVEC there was an increase
in CpG -352, but a decrease in CpG -5369 methylation com-
pared with control HUVEC (Fig. 3C).

DNA methylation status in ARG2 promoter of IUGR endo-
thelial cells. There is no report characterizing the control of
ARG2 promoter activity in human EC. In this study, we analyzed
the methylation status in the core and proximal ARG2 promoter,
which presents a high number of CpGs within several putative
transcription factor binding sites (Fig. 4). ARG2 promoter CpGs
were numbered according to the reported ATG for this gene (Fig.
5A). Methylation status in the promoter region of the ARG2 gene
was comparable in HUAEC, PLAEC and HUVEC isolated from
control placentae with a single difference between PLAEC and
HUVEC at CpG -465 (Fig. 5B). Similarly, CpG -465 was dif-
ferentially methylated in [IUGR-EC, being decreased in HUVEC
compared with HUAEC (Fig. 5C).

Changes in ARG2 promoter methylation status were com-

parable between IUGR-HUAEC and PLAEC (Fig. 6), similar
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to those observed for the NOS3 promoter (Fig. 3). A

Methylation at CpG -434 was reduced in IUGR- HRE

HUAEC (Fig. 6A) and PLAEC (Fig. 6B), while it

was increased at CpG -471 compared with the corre-
sponding control cells. In ITUGR-HUVEC there was a B
single change in CpG methylation status at -465 com-
pared with control HUVEC (Fig. 6C).

Effect of mitotically heritable DNA methylation
on basal eNOS and arginase-2 expression in IUGR-
HUAEC and HUVEC. In order to determine the
role of mitotically heritable DNA methylation on the
basal expression of eNOS mRNA, DNA methyltrans-

ferase-1 (DNMT1) protein was silenced with a previ-
ously described specific siRNA (detailed in methods) C
in EC isolated from IUGR placentae. Treatment with
the silencer (siDNMT1) partially reduced (-50%)
the expression of DNMT1 protein in HUAEC (Fig.
7A) and HUVEC (Fig. 7B). In IUGR-HUAEC,
basal eNOS mRNA levels were not altered by the
treatment with a non-specific silencing RNA (siScr);
however, siDNMT1 reduced eNOS mRNA, restoring
it to normal levels (Fig. 7C). In contrast, in [UGR-
HUVEC the reduced basal eNOS mRNA levels were
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not affected by siScr, but were increased after transient
silencing of DNMT1 normalizing eNOS expression
in this cell type (Fig. 7D). In IUGR-HUAEC, the
levels of arginase-2 mRNA were not affected either
by siScr or siDNMT1 (Fig. 7E). On the other hand,
in IUGR-HUVEQ, silencing of DNMTT1 induced a
further increase in arginase-2 mRNA levels, not seen

with siScr (Fig. 7F).

Figure 2. DNA methylation pattern in the NOS3 promoter of placental and umbilical
endothelial cells. (A) Regions analyzed included the core promoter (-100 to -51),
proximal promoter (-361 and -352), the shear stress response element (-992 to -976)
and the hypoxia response element (-5375 and -5369). Specific CpG methylation (%)
determined by pyrosequencing of bisulfite-treated DNA from HUAEC (white bars,

n =9), PLAEC (light gray bars, n = 4) and HUVEC (dark gray bars, n = 9) isolated from
control (B) and IUGR (C) placentae. Values are mean + SEM *P < 0.05, vs. HUAEC, two-
way ANOVA.

Effect of DNMT1 silencing on the IUGR-
HUVEC response to hypoxia. It is reported that
IUGR-HUVEC present a hypoxia-like phenotype, characterized
by absent downregulation of eNOS expression in response to low
oxygen levels.” In order to determine whether this phenotype is
influenced by DNA methylation, the response to 24 h of hypoxia
was tested in IUGR-HUVEC in which DNMT1 was transiently
silenced. The hypoxic response was evaluated in terms of eNOS
and arginase-2 expression. In IUGR-HUVEC, eNOS mRNA
levels were not affected in normoxia or hypoxia by the treatment
with the siScr; however, siDNMT1 restored the normal down-
regulation of eNOS mRNA in response to hypoxia (Fig. 8A).
This effect was also observed at the protein level, as eNOS pro-
tein was decreased after the hypoxic challenge (Fig. 8B). In con-
trast, in [UGR-HUVEC, levels of arginase-2 mRNA and protein
increased in response to hypoxia, and this was not affected by
siScr. siDNMT1 induced a basal increase in arginase-2 mRNA
and protein, which were not further affected by hypoxia (Fig. 8C
and D).

Discussion
This study demonstrates that changes in eNOS and arginase-2

proteins measured in cultured [IUGR-HUAEC and HUVEC are
paralleled by changes in mRNA levels, suggesting that [UGR

946 Epigenetics

modulates the transcriptional regulation of eNOS and arginase-2
in these cells. Notably, the changes in DNA methylation in the
NOS3 promoter in IUGR EC occurred in the same CpGs that
were differentially methylated between control arteries and vein.
The DNA methylation pattern in the ARG2 promoter was compa-
rable bewteen control endothelium, but different between arterial
and venous EC in IUGR. Partial silencing of DNMT1 normal-
ized eNOS mRNA levels in [IUGR-HUAEC and HUVEC, but
did not diminish the increased expression of arginase-2 in [UGR-
HUVEC. Similarly, DNMTT1 silencing recovered the normal
response to hypoxia in terms of eNOS mRNA downregulation in
IUGR-HUVEC. All together, these data showed that arginase-2
and eNOS expression are differentially regulated in IUGR-EC,
and influenced by DNMTT1 in a cell- and gene-specific manner.
Arginase activity is the main l-arginine consuming pathway in
endothelial cell,’* and a decreased eNOS to arginase activity ratio
has been implicated in the development of vascular pathologies.*
Recently, it was reported that eNOS and arginase-2 are differen-
tially expressed in HUAEC and HUVEC derived from pregnan-
cies with TUGR.® Endothelial NOS expression in IUGR-HUAEC
has been reported to be increased,* and similar results were
found in IUGR-PLAEC,*** while eNOS expression in [UGR-

HUVEC has been shown to be reduced in vivo and in vitro.?>343
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whole umbilical cords are mainly related to altered
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normal EC was located at -352 from the tran-
scription start site, showing a higher methylation

in HUAEC compared with HUVEC. There is

only one previous report of the methylation sta-
tus of the eNOS promoter in EC, showing that

Figure 3. Comparison of DNA methylation status in the NOS3 promoter of normal and
IUGR cells. Specific CpG methylation (%) in normal and IUGR-HUAEC (A), PLAEC (B) and
HUVEC (C) determined by pyrosequencing of bisulfite-treated DNA samples. Values are
mean + SEM ***P < 0.001, *P < 0.05, vs. corresponding control EC, two-way ANOVA.

CpG -352 is differentially methylated between
HUVEC and human dermal microvascular
EC,* the latter having a methylation status com-

For arginase-2, only IUGR-HUVEC showed an increased
mRNA expression, which relates with the reported protein lev-
els.® The dissimilar changes in basal eNOS expression between
IUGR-HUAEC and HUVEC found here apparently represent
differences between vessel types (i.e., artery vs. vein), and could
result from the altered blood flow and oxygen level characteristics
of IUGR pregnancies.*® It is widely believed that the maturation
of blood vessels (i.e., blood vessel structure, identity and func-
tion) is influenced by hemodynamic factors and oxygen level.”%*
In fact, a brief exposure of near-term pregnant rats to hypoxia epi-
genetically programs an altered eNOS expression in pulmonary
EC,* supporting the crucial role of oxygen in early endothelial
programming. Interestingly, in [UGR-EC the altered arginase-2
and eNOS mRNA levels persist under standard culture condi-
tions up to 4 weeks, suggesting that basal gene transcription is
differentially controlled in IUGR compared with control cells.
Growing evidence reveals the presence of epigenetic markers
in different cell types from individuals with altered fetal growth,
indicating that these markers have a functional role.> Findings in

www.landesbioscience.com

parable to that found in HUAEC and PLAEC
in our study. These data suggest that CpG -352
might play a role in the differential regulation of basal eNOS
expression in arterial and venous endothelium.

On the other hand, comparison of NOS3 promoter DNA meth-
ylation between control and [UGR EC showed that changes in the
latter group were restricted to those CpGs that were differentially
methylated in control EC, especially CpG -352. Considering that
eNOS protein level is higher in normal HUVEC than HUAEC,*
these results could explain the basal eNOS expression in [UGR
cells which is increased in HUAEC, and decreased in HUVEC,
reinforcing the proposed importance of CpG -352 in the regula-
tion of basal eNOS expression. Moreover, most of the differences
in NOS3 promoter DNA methylation observed between control
EC were reduced between IUGR cells, suggesting that [UGR
restricts the epigenetic diversity in EC.

To our knowledge there are no previous studies of the meth-
ylation of the ARG2 promoter in EC. Contrary to the NOS3 pro-
moter, the comparison of ARG2 promoter between control EC
showed only one CpG (-465) differentially methylated between
PLAEC and HUVEC. Changes in DNA methylation between
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(PPAR-g, NR2F) (CREB)
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Figure 4. Prediction of transcription factors binding sites in ARG2 pro-
moter. Cognate sequences for human transcription factors (underlined)
and CpGs (highlighted in yellow) in the proximal and core promoter

of ARG2 gene. Proposed transcription factor were obtained by in silico
analysis of ARG2 promoter sequence with MatInspector software, and
CpGs were numbered according to the position regarding the reported
ATG.
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Figure 6. Comparison of DNA methylation status in the ARG2 promoter
of normal and IUGR cells. Specific CpG methylation (%) in normal and
IUGR-HUAEC (A), PLAEC (B) and HUVEC (C) determined by pyrosequenc-
ing of bisulfite treated DNA samples. Values are mean + SEM ***P <
0.001, *P < 0.05, vs. corresponding control EC, two-way ANOVA.

Figure 5. DNA methylation status in the ARG2 promoter of placental
and umbilical endothelial cells. (A) Regions analyzed included the

core (-33 to -7) and proximal (-471 and -281) promoter, where putative
transcription factors or consensus binding sites are indicated. Specific
CpG methylation (%) was determined by pyrosequencing of bisulfite-
treated DNA from HUAEC (white bars, n = 9), PLAEC (light gray bars, n =
4) and HUVEC (dark gray bars, n = 9) isolated from normal (B) and IUGR
(C) placentae. Values are mean + SEM *P < 0.05 vs. HUAEC, P < 0.05 vs.
PLAEC, two-way ANOVA.
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control and TUGR cells presented a similar pattern, where
PLAEC and HUAEC showed comparable changes. However, the
lack of reports showing functional significance of the sites with
changes in DNA methylation status in this promoter does not
clarify whether or not basal arginase-2 expression is influenced
importantly by DNA methylation. This may agree with the idea
that epigenetic mechanisms in EC mainly control the expression
of crucial cell-specific genes,?** which perhaps does not include
arginase-2.

Considering that altered eNOS expression may result from
a mitotically-inherited epigenetic program, DNMT1 was tran-
siently silenced in IUGR cell. DNMT1 knockdown restored
eNOS mRNA levels in [UGR-HUAEC and HUVEC to control
values. However, siDNMT1 did not normalize arginase-2 expres-
sion but further increased its expression in [IUGR-HUVEC, with-
out any effect in [IUGR-HUAEC. This differential response to
DNA methylation inhibition has been reported for several genes
in cell lines, where DNMTT1 has been silenced or inhibited.*4
Moreover, eNOS expression in normal HUVEC is not altered
by DNMT inhibition, but is importantly increased in vascular
smooth muscle cells, and this induction is several times higher
in HelLa cells.? Similarly, siDNMT1 had a differential effect in
HUAEC and HUVEC, reducing and increasing basal eNOS

expression, respectively. These different responses may result
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Figure 7. Effect of DNMT1 silencing on eNOS and arginase-2 mRNA levels in IUGR endothelial cells. Silencing of DNA methyltransferase-1 (DNMT-1)
induced a concentration-dependent downregulation of this protein in HUAEC (A) and HUVEC (B). Quantification of eNOS and arginase-2 mRNA levels
in IUGR-HUAEC (C and E, respectively) and IUGR-HUVEC (D and F, respectively) (solid bars, n = 5) in basal conditions (control), and cells treated with
an non-specific siRNA (siScr) or specific siRNA against DNMT1 (siDNMT1). Levels of mRNA are expressed as 272" referred to control condition and
compared with basal levels in normal cells (open bars, n = 5). Values are mean + SEM *P < 0.05, vs. control, one-way ANOVA.

from the interaction of DNMTs with other chromatin modi-
fying enzymes that normally operate in the NOS3 promoter in
response to changes in oxygen levels.” It is worth noting that
the effect of DNMT inhibition on gene expression could also
result from altered expression of regulatory mechanisms, such
as transcription factors and chromatin remodelers, which will
finally modify the expression of eNOS. Independently of the
precise mechanisms operating in our model, we hypothesize that
after DNMTT1 silencing in normoxia these mechanisms would be
recruited establishing a cell-specific expression pattern.

Chronic hypoxia is an important issue en IUGR pregnan-
cies.** HUVEC isolated from IUGR pregnancies show reduced
eNOS expression in vitro compared with HUVEC from con-
trol pregnancies,” a pattern similar to that observed in control
HUVEC under hypoxia.?*#¢ Thus, in addition, epigenetic
processes may affect such responses to hypoxia, which may have
further clinical significance.”” DNMT1 knockdown restored the

www.landesbioscience.com

hypoxic-induced downregulation of eNOS in IUGR-HUVEC at
both mRNA and protein levels. Here, we showed that the ITUGR-
HUVEC have a persistent hypoxia-like phenotype and absent
responses to normoxia in terms of eNOS expression,® which can
be restored by DNMTT1 silencing. These data suggest that DNA
methylation-mediated control of eNOS gene promoter in [UGR
cells controls not only basal expression but also cellular responses
tO Stressors.

In summary, this study showed, for the first time, in a lim-
ited number of human samples, that altered in vitro expression
of eNOS and arginase-2 in IUGR-derived EC is influenced by
epigenetic mechanisms, supporting the notion that altered fetal
growth is accompanied by altered epigenetic effects on endothe-
lial function. Furthermore, these epigenetic changes can limit
the vascular response to stressors such as hypoxia. Whether these
alterations have an impact on long-term cardiovascular functions
merits further examination.

Epigenetics 949

Do not distribute.

I0Science.

©2013 Landes B



[ Normoxia

MethOdS 25 33 Normoxia —_ 3
A .—.g | = Hypoxia . C g % E Hypoxia
g2 20 a2 * e, X
. . o) o
Ethics statement and samples collection. The SE s s 2
. . L5 N 8
protocol of this study was performed following Jo 10 # e
. ., P 0y . [ 1
the ethical approval from the “Comité de Etica Sf ; ’l‘ 8¢ ’ll ’l‘
. ., . . . . oS " _
en Investigacién,” Faculty of Medicine, Pontificia R 2e
’ Control siScr siDNMT1 Control siScr siDNMT1

Universidad Catélica de Chile, according with the

principles outlined in the Declaration of Helsinki

for the use of human tissue. Patients provided a B
written informed consent previous to the obten-
tion of their placenta and umbilical cord samples.
Placentae were collected after delivery from full-
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pregnancy was considered; IUGR was defined as

fetal body weight below the tenth centile for gesta-
tional age and sex as well as a low abdominal cir-
cumference according to standard growth chart as
reported for Chilean population.®

Both, maternal and newborn characteristics
of compared groups are described in Table 1.
Maternal age, parity, gestational age at birth and

Figure 8. Effect of DNMT1 silencing on the response to hypoxia in IUGR-HUVEC.
Quantification of eNOS (MRNA, A; protein, B) and arginase-2 (MRNA, C; protein, D) levels
in IUGR-HUVEC exposed to normoxia (5% oxygen, open bars, n = 5) or hypoxia (2%
oxygen, solid bars, n = 5) in basal conditions (control), or in the presence of an unspecific
siRNA (siScr) and a siRNA against DNA methyltransferase-1 (siDNMT1). mRNA levels are
expressed as 27247 referred to control condition in normoxia. Values are mean + SEM *P
< 0.05 vs. control, *P < 0.05 vs. corresponding condition in normoxia, two-way ANOVA.

newborn gender were not different between sub-

jects from normal or IUGR groups. Patients from

the IUGR group had a lower mean birth weight, size and pon-
deral index compared with normal group. All IUGR new born
were ranged between percentile 2 and 7, confirming the IUGR
diagnose, while the new born from normal group ranged between
percentile 25 and 90. Increased frequency of cesarean deliveries in
the IUGR group resulted mainly from fetal non-reassuring state
based on antepartum detection of positive contraction stress test,
or oligohydramnios along with altered fetal umbilical Doppler
test. In contrast in the normal group, C-section occurred after
failed labor induction.

Cell culture. Human endothelial cells from umbilical artery
(HUAEC), umbilical vein (HUVEC) and placental chorionic
plate arteries (PLAEC) were isolated by collagenase digestion
from placentae and umbilical cord of control and intrauterine
growth restricted (IUGR) fetuses. Cell were cultured in medium
199, and exposed for 24 h to normoxia (5% O,) or hypoxia (2%
O,) prior to extraction of proteins, nRNA or DNA. Oxygen lev-
els for normoxia and hypoxia were set based on those reported for
normal and IUGR pregnancies, respectively (discussed in Krause
etal., 2012).%¢

Western blotting. Proteins from HUAEC and HUVEC (70
ng) were separated by SDS-PAGE, blotted and probed with
antibodies against eNOS, arginase-2 and -actin. Proteins were
detected by enhanced chemiluminescence and quantified by
densitometry using Image ] (NIH) and values were expressed as
arbitrary units.

Quantitative PCR. Polymerase chain reactions were per-
formed using oligonucleotide primers for human eNOS and
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Table 1. Maternal and newborn group characteristics

Variable Control IUGR P
Maternal age (yo) 309+ 1.1 302+£22 0.901
Parity 1.0+£0.4 0.6+0.3 0.334
Gestational age (weeks) 38.9+0.3 38.1+0.5 0.243
Birth weight (kg) 3.49+0.11 2.46 £ 0.09
Birth size (cm) 509 +0.5 46.9 + 0.6 0.0004*
Ponderal index 2.65+0.07 2.39+0.08 0.0232*
Centile range 25-90 2-7
Gender (F/M) 6/4 4/6 0.371
Non-reassuring state (+/-) 0/10 6/4 0.0253*
Delivery (C/V) 1/9 5/5 0.0510

Ponderal index expressed as birth weight x 100 x size~* (g/cm?). Fand M
indicate total number of female or male neonates. C and V indicate the
number of cesarean (C) or vaginal (V) deliveries in each group. Values are
mean + SEM or frequency, P < 0.05 *determined by T-test, ‘determined
by Chi-square test.

arginase-2. The expression of the ribosomal subunit 28S was
used as internal reference. Oligonucleotide primers were: 285
(sense) S5-TTGAAAATCC GGGGGAGAG-3', 28S (anti-
sense) 5-ACATTGTTCC AACATGCCAG-3'; arginase 2
(sense) 5-CCATCCTGAA GAAATCCGC-3), arginase 2 (anti-
sense) 5-CTAATGGTAC CGATTGCCAG-3'; eNOS (sense)
5-CCAGCTAGCC AAAGTCACCAT-3', eNOS (antisense)
5-GTCTCGGAGC CATACAGGATT-3". Quantification was
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Table 2. Primers for amplification and pyrosequencing of bisulfite-treated DNA samples

Gene CpGs Sense primer Anti-sense primer Sequencing primer
(5'-3) (5-3) (5'-3)
NOS3 —100 to —51 AGTTTTGGTT TTTTTTTTAG GAAGAG ACACCTAAAC TCCCACTTAT GGTTTTTTTT TTAGGAAGAG G
(eNOS) —361to—352  GGGTTATAAA GGTTTTTTTG TGATGTG CACTAAAAAT ATAAACTACC GTTTTTTTGT GATGTGGT
ATCCCCTACT
—992 to 976 AGGTTATTAG TTGGGTATTT GGTTTA AAATCTAACC AACACAAATC CTCTTAT AGTTGGGTAT TTGGTTTAT
—5375t0 —5369  AATATTATTA TTTTGGGGGT TAGGATT ~AACAAATCTA CCCCTCCCTA CTTCCTACA AACCCAAAAC TCAAAAAATA
TCTTC
ARG2 -33to -7 ATGTTTTTGG TAGGAGAGTA TAGGT ACACTAAAAA TCTCCAAAAC GGGTTTGAGA AGAAGG
(arginase-2) AAAAACTC
—321 to -281 TTGGGTTTTG AGTTTTGAGA TAGA ACCCATACCA AATTCCTAAA CTTA TGATTAGGTA GGGTTAGA
—471to —434 AGGAAATATT TTTAGATTGG ACTTTATAAA TCCTAACCTC TTTCATTC GATTGGGTAT TAGTGAAATT
GTATTAGTGA

performed using the 2-AACT method, where ~AACT(eNOS)X
= - (ACT (eNOS/28S) X - ACT (eNOS/28S) reference sample),
and ~AACT (arginase-2)X = - (ACT (arginase-2/28S) X - ACT
(arginase-2/28S) reference sample). Being CT the threshold cycle
for the target sequence (arginase-2, eNOS), ACT the difference
between the target sequence and a reference sequence (28S), “X”
the analyzed sample (IUGR or normal), and the “reference sam-
ple” the control group. The results were expressed as arbitrary
units regarding the reference group.

DNA methylation. Methylation status of the promoter regions
of NOS3 and ARG2 genes was determined using bisulfite modifi-
cation coupled to DNA sequencing.” Briefly, total DNA extracts
from EC were treated with sodium bisulphite to convert unmeth-
ylated cytosine to uracil, and promoter regions were amplified by
PCR using specific primers for NOS3 and ARG2 gene promoter
(Table 2). One of the PCR primers was designed including a
5'-biotin tag, which allowed the purification of the amplicon
directly from the PCR mix. Then biotin-containing amplified
DNA strand was transferred to a PyroMark Q96 MD pyrose-
quencer (Qiagen) for sequencing at Southampton University
(UK). Site-specific CpG methylations were determined as per-
centage, comparing the signal intensity of non-bisulfite-sensitive
CpG and bisulfite-sensitive CpG.

Transcription factors binding site prediction. Prediction of
binding sites for transcription factors in ARG2 promoter was per-
formed with the online software Matlnspector,” selected tran-
scription factors were chosen considering a cut-off of 0.900 for
matrix similarity.

DNMT-1 knockdown. Both DNMT-1 (sc-35204) and
control (sc-37007) siRNAs was purchased from Santa Cruz
Biotechnology, and transfection was performed according to
the protocol proposed by the manufacturer as well as has it
been reported.’ Briefly, sub-confluent IUGR cells (30-50%)
were transfected with 100 nM of siRNA using Oligofectamine
transfection reagent (Invitrogen) in Opti-MEM reduced serum
medium (Invitrogen) for 6 h. The medium was removed and
replaced with fresh DMEM supplemented with 10% fetal calf
serum. Cells were grown in “normoxia” up to one passage fur-
ther, and harvested upon confluence after being exposed to the
different conditions proposed.

Statistical analysis. Comparisons between two or more
groups were performed by means of Student’s unpaired ttest and
analysis of variance (ANOVA), respectively. All the analyses were
performed with the statistical software Graphpad Prism 5.03
(GraphPad Software Inc.). P < 0.05 was considered the cut-off
for statistical significance.
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