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Abstract
Preeclampsia and gestational diabetes mellitus (GDM) are the most common clinical conditions in pregnancy that could
result in adverse in utero environments. Fetal exposure to poor environments may raise the long-term risk of postnatal
disorders, while epigenetic modifications could be involved. Recent research has implicated involvement of 5-
hydroxymethylcytosine (5hmC), a DNA base derived from 5-methylcytosine, via oxidation by ten–eleven translocation
(TET) enzymes, in DNA methylation-related plasticity. Here, we show that the TET2 expression and 5hmC abundance
are significantly altered in the umbilical veins of GDM and preeclampsia. Genome-wide profiling of 5hmC revealed its
specific reduction on intragenic regions from both GDM and preeclampsia compared to healthy controls. Gene Ontology
analysis using loci bearing unique GDM- and preeclampsia-specific loss-of-5hmC indicated its impact on several critical
biological pathways. Interestingly, the substantial alteration of 5hmC on several transposons and repetitive elements
led to their differential expression. The alteration of TET expression, 5hmC levels and 5hmC-mediated transposon activ-
ity was further confirmed using established hypoxia cell culture model, which could be rescued by vitamin C, a known
activator of TET proteins. Together, these results suggest that adverse pregnancy environments could influence 5hmC-
mediated epigenetic profile and contribute to abnormal development of fetal vascular systems that may lead to postna-
tal diseases.

†The authors wish it to be known that, in their opinion, the first 3 authors should be regarded as joint First Authors.
Received: December 20, 2015. Revised: February 13, 2016. Accepted: March 11, 2016

VC The Author 2016. Published by Oxford University Press.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

2208

Human Molecular Genetics, 2016, Vol. 25, No. 11 2208–2219

doi: 10.1093/hmg/ddw089
Advance Access Publication Date: 22 March 2016
Original Article

http://www.oxfordjournals.org/


Introduction
Fetal origins of adult disease (FOAD) is a series of adult-onset
disorders, such as cardiovascular diseases, type II diabetes mel-
litus, obesity and neurological disorders, which are caused by
the adverse environments in utero and/or perinatal periods of an
individual (1–3). Preeclampsia and gestational diabetes mellitus
(GDM) are two of the most common maternal medical problems
that could create poor in utero environment to affect fetal devel-
opment. The offspring exposed to maternal preeclampsia or
GDM in utero are associated with the high risk of hypertension,
obesity, stroke, type II diabetes, schizophrenia and cancer in
late life (4–8). It has been reported that preeclampsia or GDM
could cause placental morphological changes as well as alter-
ations in the blood flow patterns in the umbilical vessels; there-
fore, it is widely accepted that preeclampsia or GDM produces
unfavorable in utero environments to the fetus (9–12). However,
it is still unclear how those conditions negatively influence the
in utero development, and lead to a higher risk of FOAD.

Epigenetic regulations, including DNA methylation, histone
modifications and non-coding regulatory RNAs, have been im-
plicated in the pathogenesis of FOAD (13). Epigenetic regulatory
mechanisms play important roles in the regulation of gene ex-
pression without altering DNA sequence. Unlike genomic alter-
ations, epigenetic modifications are reversible and responsive
to the environmental stimuli (14–16). It has been suggested that
the early-life environmental conditions could cause epigenetic
changes that would persist throughout one’s life span, and
could potentially be inherited to the next generation (17–19).
Thus, alteration of epigenetic modifications triggered by ad-
verse in utero environments might be ill-matched with fetus’
subsequent extra-uterine environments, and then contribute to
an increased risk of FOAD, and ultimately impact on one’s
health (20,21).

5-Hydroxymethylcytosine (5hmC) is an oxidative product of
5-methylcytosine (5mC) catalyzed by the ten–eleven transloca-
tion (TET) proteins, which belong to 2-oxoglutarate (2OG)- and
Fe (II)-dependent enzyme family (22,23). Three paralogs of TET
proteins, namely TET1–3, have been defined in mammalian ge-
nome, can modulate cytosine modification dynamics in differ-
ent genomic loci and cellular context (24). 5hmC is not only an
intermediate modification during the active DNA demethyla-
tion process, but also an independent and critical epigenetic
mark for neurodevelopment, aging, ES cell differentiation as
well as tumorigenesis (25–28). In addition, 5hmC is much more
plastic and dynamic than 5mC in responding to environmental
cues (29). Emerging data suggest that aberrant DNA methyla-
tion, either hypermethylation or hypomethylation at selective

loci in umbilical cord, placental tissues or cord blood, could be
due to the exposure to adverse intra-uterus environments (30–
33). However, genome-wide analyses of cytosine modification
dynamics and their potential effects in response to intra-uterus
environmental changes have not been extensively conducted.

In this study, we found that the expression of TET2 was sig-
nificantly altered in the umbilical veins from preeclampsia and
GDM, which led to the concomitant changes of 5hmC levels.
Genome-wide profiling of 5hmC revealed differentially hydroxy-
methylated regions (DhMRs) specifically associated with pre-
eclampsia and GDM. Gene Ontology (GO) analyses indicated
that DhMRs were enriched among the genes involved in unique
biological pathways for each condition. Intriguingly, 5hmC dis-
played significant changes at selective transposons in the fetal
blood vessels with preeclampsia and led to the alteration of
transposon expression. The 5hmC-mediated alteration of trans-
poson expression was further confirmed using the established
hypoxia cell culture model and could be rescued by vitamin C, a
known activator of TET proteins. Taken together, the results
achieved suggest that adverse in utero environments induced by
preeclampsia could influence 5hmC-mediated epigenetic profile
in the fetal blood vessels. These epigenetic changes likely reflect
the similar changes within fetal vascular systems and possibly
lead to the predisposition to hypertension or other vascular dis-
eases in later life.

Results
Altered expression of TET2 in the umbilical veins of
GDM and preeclampsia

Preeclampsia and GDM are two of the most common medical
risks that could cause poor pregnant environments to the
fetuses. It has been shown that both preeclampsia and GDM
could induce placental and umbilical vessel morphological
changes as well as the alterations in umbilical blood flow pat-
terns. To determine the molecular mechanism(s), umbilical
cords from healthy, preeclampsia and GDM patients (Table 1
and Supplementary Material, Tables S1–S3) were collected for
gene expression analyses and DNA 5hmc study. Given the dy-
namic nature of 5hmC and role of TET family in 5hmC produc-
tion, TET1, TET2 and TET3 mRNA in umbilical veins were
quantified by real-time quantitative polymerase chain reaction
(q-PCR). A significant and specific decrease of TET2 expression
was detected in both preeclampsia and GDM, with preeclampsia
group in greater extent (P¼ 0.002) (Fig. 1A). We further con-
firmed the reduced TET2 protein level in preeclampsia group by
western blotting (Supplementary Material, Fig. S1). Since the

Table 1. Clinical presentations of three groups of patients

Characteristics Normal pregnancy Preeclampsia GDM

Number of subjects 36 26 27
Maternal age (year) 28.50 6 1.97 29.12 6 3.50 30.96 6 3.59
Gestational age (week) 39.14 6 0.78 33.31 6 2.64*** 37.96 6 1.17
Birth weight (g) 3362.50 6 249.31 2480.58 6 448.14*** 3530.37 6 641.12
Systolic BP (mmHg) 118.47 6 6.00 162.43 6 11.15*** 122.67 6 7.65
Diastolic BP (mmHg) 74.81 6 6.63 103.43 6 9.25*** 76.74 6 8.19
Proteinuria (g/24 h) N/A 10.49 6 3.66 N/A
OGTT-fasting (mmol/l) N/A N/A 5.57 6 0.87
OGTT-1 h (mmol/l) N/A N/A 11.17 6 1.74
OGTT-2 h (mmol/l) N/A N/A 8.70 6 1.67

***P<0.001.
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preeclampsia women tend to have a reduced mean gestation
(34), to exclude possibilities that the observed decrease of TET2
expression in human samples was attributed to different devel-
opment stages, we also examined the expression of TET1–3 us-
ing rat umbilical blood vessels during gestational day 18 to day
21 (Supplementary Material, Fig. S2). Furthermore, we compared
the expression of TETs between relative shorter or longer gesta-
tion within preeclampsia group and found no significant differ-
ence (Supplementary Material, Fig. S3). These results exclude

the possibility that the observed decrease of TET2 expression in
preeclampsia might be due to different developmental stage.

Genome-wide 5hmC profiling of umbilical veins

Based on the change in TET2 expression, we sought to deter-
mine the genome-wide 5hmC distribution using the umbilical
cords from control, preeclampsia and GDM patients by chemi-
cal labeling and affinity purification, coupled with high-

Figure 1. Expression of TET2 and global 5hmC levels were decreased in the umbilical veins of GDM and preeclampsia. (A) Specific decrease of TET2 expression in both

GDM and preeclampsia. qRT-PCR indicated a specific and significant decrease of TET2 expression in both GDM and preeclampsia. t-test P-values are indicated. C, con-

trol; G, GDM; P; preeclampsia. (B) Global reduction of 5hmC levels in GDM and preeclampsia. Genome-wide normalized 5hmC mapped reads were counted in each

10 kb binned human genome between the two diseases versus their controls. Bins containing less 5hmC reads in each diseases than that of controls are shown in red,

whereas bins in blue indicated the opposite. The number of bins is indicated. Bins containing more than 10 5hmC reads are shown.
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throughput sequencing (35) (Supplementary Material, Table
S4). Global 5hmC levels were evaluated first by counting and
plotting normalized 5hmC mapped reads in each 10-kb
binned human genome between the each disease condition
versus controls. Bins with lower 5hmC reads in the diseases
than that in the control were shown in red, whereas bins in
blue indicated opposite. Interestingly, we found an overall
lower number of bins in blue from both plots, indicating a
general reduction of global 5hmC in both the diseases com-
pared to controls (Fig. 1B, blue versus red). These results coin-
cided with the reduction of TET2 expression in the diseases
(Fig. 1A). Furthermore, there were a larger number of binned
genomic regions highlighted in red in the preeclampsia than
that in the GDM, suggesting a significant decrease of 5hmC in
the preeclampsia (Fig. 1B, 14 343 versus 12 903), which was
also consistent with a greater decrease of TET2 expression
under that condition (Fig. 1A).

We went on to characterize the 5hmC peaks genome-wide
distributions from three conditions, and evaluated their enrich-
ment or depletion on featured genomic regions compared with
expected values. 5hmC peaks enriched on intragenic regions,
including exons, untranslated regions and promoter (Fig. 2A,
log2-fold change from expected> 0) but not intergenic regions,
consistent with previous observations that intragenic 5hmC
may be involved in modulating gene expression (36). Given the
intragenic nature of 5hmC observed from umbilical veins, we
investigated the intragenic 5hmC dynamics between control
and diseases by plotting average normalized 5hmC reads on
known hg19 refseq gene bodies (Fig. 2B, n¼ 52 291). Reminiscent
to bulk 5hmC quantifications in Figure 1B, 5hmC levels in both
GDM and preeclampsia were lower on gene bodies than con-
trols, with stronger 5hmC decrease in preeclampsia.
Intriguingly, the lower level of 5hmC in diseases appeared to be
specific to gene bodies, since less distinction was found in 2 kb
upstream and downstream flanking regions (Fig. 2B). These
data together indicated an intragenic-associated loss of 5hmC
in umbilical cords from both diseases, especially in preeclamp-
sia, implying that aberrant 5hmC alterations may impose im-
pact on transcriptome.

Identification of DhMRs in GDM and preeclampsia

Since we observe global 5hmC alteration in umbilical veins
from GDM and preeclampsia, we went on to identify the gain-
or loss-of-5hmC regions (DhMRs) in both diseases compared to
their controls. 20 973 and 22 188 5hmC-containing genomic re-
gions in controls but loss in either GDM or preeclampsia were
obtained. Meanwhile, 10 915 and 17 391 regions acquired 5hmC
in either disease were also collected (Fig. 3A and Supplementary
Material, Table S5). In an effort to identify unique DhMRs associ-
ating with particular disease, DhMRs from Figure 3A were
further analyzed. As a result, 8745 GDM- and 9960 preeclamp-
sia-specific loss-of-5hmC were readily obtained, respectively
(Fig. 3B). On the other hand, 5906 GDM- and 12 385 preeclamp-
sia-specific gain-of-5hmC were also identified. Since global and
intragenic-associated 5hmC were consistently decreased, we fo-
cused on these loss-of-5hmC regions uniquely associated with
each disease and further investigate their biological roles
(Fig. 3B, purple box highlight). Plotting of 5hmC normalized
reads from the control, GDM and preeclampsia on those regions
confirmed their specific loss of 5hmC in GDM (Fig. 3C) or pre-
eclampsia (Fig. 3D). Thus, unique DhMRs associated with GDM
and preeclampsia were obtained.

Aberrant 5hmC changes in GDM and preeclampsia
affect key biological pathways and potential hypoxia-
inducible factor 1 binding affinity

In order to understand the biological roles underlying dynamic
5hmC changes in the umbilical veins from GDM and preeclamp-
sia, we annotated their unique loss-of-5hmC regions to hg19 hu-
man refseq genes, and further subjected these genes to GO
pathway analysis (37). Interestingly, several biological processes,
such as regulation of small GTPase-mediated signal transduc-
tion, actin filament-based process and cytoskeleton organiza-
tion, were affected by loss-of-5hmC in the umbilical vein of both
GDM and preeclampsia (Fig. 4A and B). These common path-
ways may reflect the clinical features of these diseases, such as
umbilical vessel morphological changes as well as the alter-
ations in the blood flow patterns in the umbilical vessels. On the

Figure 2. 5hmC in umbilical veins preferentially resided in intragenic regions,

and reduced on gene bodies under the conditions of GDM and preeclampsia. (A)

Umbilical vascular 5hmC preferred intragenic regions. Annotation of umbilical

vascular 5hmC peaks from the control, GDM and preeclampsia revealed their

enrichment in intragenic features such as exons and promoters. Log2-fold

changes over expected values were calculated. Features enriched by 5hmC were

indicated by color bars, and depleted were indicated by grey bars. (B) 5hmC spe-

cifically reduced on refseq gene bodies in the umbilical veins from GDM and pre-

eclampsia conditions. Normalized 5hmC read densities were calculated as reads

per million on known hg 19 refseq gene bodies (n¼52 291), and average reads

were plotted in the control and disease conditions using ngsplot. Two kilobase

flanking regions upstream and downstream of gene bodies were also included.

2211Human Molecular Genetics, 2016, Vol. 25, No. 11 |



contrary, GO analysis also revealed unique pathways associated
with either GDM or preeclampsia. For instance, the pathways re-
lated to cell adhesion and calcium ion transport were uniquely
featured in preeclampsia, suggesting a disease-specific alter-
ation of these biological processes (Fig. 4B). To further under-
stand how the 5hmC alteration at these loci could lead to the

change of gene expression, we performed quantitative real time
PCR (qRT-PCR) on the selective genes that could potentially con-
tribute to GDM or preeclampsia using the RNA isolated from the
umbilical cords from control, preeclampsia and GDM patients,
and observed a significant reduction of FKBP5 and NOV in pre-
eclampsia (Supplementary Material, Fig. S4). Indeed previous

Figure 3. Identification of disease-specific DhMRs. (A) Common and differential peaks between diseases and controls were identified and indicated. In total, 20 973 and

22 188 5hmC-containing genomic regions associated with controls but lost in either GDM or preeclampsia were obtained. Meanwhile, 10 915 and 17 391 regions acquired

5hmC in each disease were also collected. (B) Identification of unique 5hmC peaks associated to the diseases. Unique gain- and loss-of 5hmC regions associated with

individual disease were obtained by further overlapping disease-differential peaks identified in A. 8745 GDM- and 9960 preeclampsia-specific loss-of-5hmC were read-

ily obtained, respectively. Meanwhile, 5906 GDM- and 12 385 preeclampsia-specific gain-of-5hmC were also found. Loss-of-5hmC regions uniquely associated with

each disease were highlighted by purple box for further study. (C and D) Validation of unique loss-of-5hmC peaks associated with GDM and preeclampsia. Normalized

5hmC read densities from the control and diseases were calculated and their average reads per millions were plotted on unique loss-of-5hmC regions associated with

GDM (C) and preeclampsia (D). Specific reduction of 5hmC in the particular condition was observed.
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works have found the decreased expression of NOV associated
with preeclampsia (38).

It has been well documented that many transcription factor ge-
nome-wide occupancy was sensitive to DNA covalent modification
dynamics (39). We employed motif search algorithms to compre-
hensively predict the potential transcription factor binding on
unique 5hmC dynamic loci in GDM and preeclampsia. Remarkably,
hypoxia-inducible factor 1 (HIF1), a critical transcription factor re-
sponsible for mastering transcriptome in response to normoxia
and hypoxia (40), can bind to the common motif from both GDM
and preeclamsia unique loss-of-5hmC regions (Fig. 4C). Fetal hyp-
oxia is an important issue accompanied with intrauterine growth
retardation or restriction, which is common during preeclampsia

pregnancies (12). These data taken together suggested loss-of-
5hmC in GDM and preeclamsia could not only impact on the tran-
scripts that associated with critical biological processes, but also
may alter critical transcription factor binding dynamics, such as
HIF1, which might contribute to the disease onset.

Aberrant 5hmC changes in GDM and preeclampsia
resulted in the alteration of transposon and repetitive
element expression

It has been recently suggested that aberrant DNA methylation
can affect transposon and repetitive element expression, such
as long interspersed nuclear element (LINE) and arthrobacter

Figure 4. Characterization of unique loss-of-5hmC regions associated with GDM and preeclampsia. (A and B) GO analysis revealed loss-of-5hmC may impact many crit-

ical biological processes. The Database for Annotation, Visualization and Integrated Discovery (DAVID) analysis were fed by the gene loci annotated with unique loss-

of-5hmC regions associated with GDM (A) and preeclampsia (B) from Figure 3C and 3D. Significance of these processes was indicated by the rank of �log10 P-value. (C)

Motif search using unique loss-of-5hmC regions associated with GDM and preeclampsia suggested potential HIF1 binding alteration to these 5hmC dynamic regions.

Motif search were performed by Hypergeometric Optimization of Motif EnRichment (HOMER).
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luteus (Alu) elements in short interspersed nuclear elements
(SINEs), in hypoxia condition (41). We therefore investigated the
5hmC distributions and dynamics on these elements by align-
ing sequencing reads to human repeat masker genomic index.
Comparing to controls, altered 5hmC levels were found in LINE,
SINE and other repetitive elements in GDM or preeclampsia (Fig.
5A). We hypothesized the altered 5hmC could cause aberrant
expression of these repetitive elements. qRT-PCR analyses re-
vealed that both Alu and LINE elements showed significant re-
duced expression in preeclampsia (Fig. 5B). These data sustain
the notion that altered 5hmC can also impact site-specific
transposon and repetitive element expression, possibly associ-
ated with hypoxia condition.

Vitamin C treatment restored the TET expression, 5hmC
levels and repetitive elements expression in HUVECs

HUVECs are the endothelial cells (ECs) isolated from the veins of
umbilical cord, which consists two main cellular components:
ECs and smooth muscle cells, and have been shown to be sub-
ject to DNA methylation regulation (42). In order to draw a defi-
nite link between 5hmC alteration and hypoxia under the
condition of GDM and preeclampsia, we treated HUVECs under
hypoxia condition with vitamin C, one of the most important
co-factors of TETs (43). We then tested the expression of TET
proteins and global 5hmC changes. Hypoxia caused significant
decrease of all three TET proteins in HUVECs, and exposure of
vitamin C resulted in a complete restoration of the expression
comparable to controls (Fig. 6A). In addition, 5hmC not 5mC dis-
played the same dynamics with TET proteins in HUVECs with
vitamin C treatment (Fig. 6B). These data provided strong evi-
dence that hypoxia served as a critical factor in GDM and pre-
eclampsia to down-regulated TET2 and 5hmC in umbilical
cords. Since reduced repetitive element expression was ob-
served in GDM and preeclampsia, we tested their expression in
HUVEC cells as well. Intriguingly, the expression of Alu and
LINE positively correlated with TET and 5hmC dynamics, sug-
gesting 5hmC as a central epigenetic modulator in regulating
their expression under hypoxia condition (Fig. 6C).

Discussion
Over the years it has been shown that a number of common
adult diseases could be linked to adverse intrauterine environ-
ments, which has been defined as FOAD (1). Barker (44) pro-
posed that a fetus reprograms his/her systems to adapt adverse
intrauterine environmental stress, which increases the risk of
chronic diseases in adulthood. Glucocortioid exposure, hypo-
thalamic pituitary axis change, insulin resistance, epigenetic
programming and mitochondrial damage have been shown po-
tentially involved in that process, however the molecular mech-
anism(s) underlying FOAD remains unclear (45). Here, we
demonstrate that the DNA modification, 5hmC, could be in-
volved in the process in the context of preeclampsia or GDM.
We found that the expression of TET2 and 5hmC abundance
significantly altered in the umbilical blood vessels of pre-
eclampsia and GDM. Genome-wide profiling of 5hmC revealed
DhMRs associated with preeclampsia and GDM. In particular,
5hmC significantly changed in selective transposons and led to
the alteration of transposon activity. The 5hmC-mediated alter-
ation of transposon activity was further confirmed using the es-
tablished hypoxia cell model and could be rescued by vitamin C,
a known activator of TET proteins. Together our results suggest
that adverse in utero environments induced by GDM and pre-
eclampsia could influence 5hmC-mediated epigenetic profile in
fetal blood vessels, which may contribute to FOAD.

It has been demonstrated that TETs requires oxygen for their
enzymatic activities. Since fetal hypoxia and intrauterine
growth retardation are commonly associated with preeclampsia
and GDM (10,12), it is likely that the changes of 5hmC abun-
dance and TET2 in human umbilical cord from preeclampsia
could be caused by hypoxia. To test this hypothesis, using hyp-
oxia culture assay of human umbilical vein ECs, we found that
along with the significant decrease of all three TETs, 5hmC lev-
els were reduced. This strongly suggested that hypoxia could be
one of critical adverse factors in pregnancy under condition of
preeclampsia and GDM, to influence TET enzyme expression

Figure 5. Aberrant 5hmC distributions in GDM and preeclampsia resulted in the

alteration of transposon and repetitive element expression. (A) Aberrant 5hmC

distributions in GDM and preeclampsia were observed on several repetitive ele-

ments in human genome. Unique mapped reads were aligned to the

RepeatMasker track of NCBI37v1/mm9 using Bowtie—q—best parameters, al-

lowing no more than two mismatches across the entire 38 bp read. Aligned

reads were assigned to repeat class annotations defined by RepeatMasker.

5hmC reads were counted in each repetitive class, and then divided by total

aligned reads by Bowtie to achieve their percentage. (B) The expression of LINE

and Alu decreased in GDM and preeclampsia. qRT-PCR were performed to deter-

mine the expression of LINE and Alu in GDM and preeclampsia compared to

controls. t-test P-values were indicated.
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directly; therefore, result in decreased 5hmC across the genome
of umbilical blood vessels during fetal stage.

GO analyses of the loss-of-5hmC DhMRs indicate the en-
richment of the genes involved in the regulation of small
GTPase-mediated signal transduction as well as the pathways
involved in cell morphology in both GDM and preeclampsia,
which suggests a potential role of small GTPase in the re-
sponse to the adverse in utero environments. Our gene expres-
sion analyses also suggest that the loss of 5hmC could
potentially lead to the reduction of gene expression, such as
FKBP5 and NOV. Systematic examination of the correlation be-
tween the loss of 5hmC and gene expression alteration is cer-
tainly needed in the future.

Further sequence analyses of the DhMRs also revealed an
enrichment of the HIF1 binding motif among both GDM and pre-
eclampsia unique loss-of-5hmC regions. It has been shown that
HIF1 is a critical transcription factor responsible for mastering
transcriptome in response to normoxia and hypoxia (40). Given
that it has been demonstrated that individual transcription fac-
tor could be sensitive to DNA covalent modification dynamics,
we further examined the binding of HIF1 in HUVECs under nor-
moxia and hypoxia at the loci with the loss of 5hmC modifica-
tion in both GDM and preeclampsia (46). Intriguingly, HIF1
binding significantly reduced under hypoxia condition at the
loci with the loss of 5hmC specifically in preeclampsia condition
(Supplementary Material, Fig. S5). Thus the loss-of-5hmC in

Figure 6. Vitamin C treatment restored the TET expression, 5hmC levels and repetitive elements expression in HUVECs. (A) Decreased TET protein expressions by hyp-

oxia were restored by vitamin C treatment. qRT-PCR was performed to determine the expression levels of TET proteins in the control (Con), hypoxia (Hy) and Hypoxia

with vitamin C treatment (HyþVc). t-test P-values were indicated. * indicated statistical analysis between Hy and Con, and #: Hy versus HyþVc. */#, P<0.05; **/##,

P<0.01; ***/###, P < 0.001. (B) Decreased 5hmC but not 5mC levels by hypoxia was restored by vitamin C treatment. 5hmC and 5mC dot blots were performed by specific

antibodies. (C) The expression of Alu and LINE were restored by vitamin C. qRT-PCR was performed to determine the expression levels of Alu and LINE.
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umbilical veins with GDM and preeclampsia conditions could
not only impact on the transcripts that associated with critical
biological processes, but also might alter critical transcription
factor binding dynamics such as HIF1 that may contributed to
the disease onset in fetal origins.

Repeat elements such as SINEs and LINEs together com-
prised around 35% of the genome (47,48). DNA methylation
within these repetitive elements are thought to play a critical
role in genomic defense and structural integrity by silencing ex-
pression of these transposon elements, thereby limiting chro-
mosomal rearrangement and translocation events (48). The
present study showed interesting finding that reduced 5hmC
and decreased expression of Alu and LINE were associated with
the exposure to adverse in utero environments with GDM or pre-
eclampsia. The modulation of Alu and LINE activity by 5hmC
was further evidenced in cell culture experiments. Importantly,
vitamin C treatment could induce the TETs expression and
increase 5hmC abundance, and therefore increased the
expression of Alu and LINE. It was reported that the reduced
H3K9me3 was concomitant with increased 5hmC and TET1
binding (49). Meanwhile, increases in H3K9me3 have been re-
ported in a number of cell lines exposed to hypoxia with the
subsequent repression of a number of different genes (50).
Therefore, the reduced expression of Alu and LINE under condi-
tions of preeclampsia or hypoxia associated with decreased
5hmC in fetal blood vessels could be caused by the increased
H3K9me3 under hypoxic conditions, which deserves future
investigation.

Previous works have demonstrated that ascorbate, the
dominant form of vitamin C, serves as a direct cofactor for
TETs that catalyze the oxidation of 5mC into 5hmC. Addition
of vitamin C to mouse ES cells promoted TET activity, and
led to an increase in 5hmC followed by DNA demethylation
(43). In this study, we found that vitamin C could rescue the
decreased TETs and 5hmC as well as LINE and Alu under
the hypoxia condition in HUVECs. One of the features in epi-
genetic modification is reversible. Our finding suggested that
vitamin C was useful to reverse the decreased 5hmC follow-
ing the exposure to adverse in utero environments. Therefore,
vitamin C could work as a potential treatment tool in pre-
venting adverse outcomes caused by abnormal pregnancy. It
would be interesting to further investigate the long-term ef-
fect of prenatal vitamin C supplementation on adverse ma-
ternal or fetal/perinatal outcomes as well as FOAD in general
(51–53).

In summary, the present study provides the first link
between 5hmC alteration and the genomic DNA in human
blood vessels during the fetal stage with two of the most
common clinical conditions: preeclampsia and GDM. Our
results showed that the altered 5hmC is one of the direct
consequences in response to an adverse intrauterine environ-
ment like hypoxia under the disease conditions (while 5hmC
was reduced in the fetal blood vessels from both the diseases,
greater decrease was noted in preeclampsia), which could po-
tentially increase the offspring’s sensitivity to postnatal chal-
lenges after birth and predispose individuals to FOAD (54). In
addition, umbilical arteries and veins are only blood vessels
can be used for research from healthy human in groups, the
present study was the first to use them in determination of
certain epigenetic changes (5hmC) that can be linked to early
development of FOAD, there are sufficient reasons this good
example will be followed by numerous studies using human
subjects.

Materials and Methods
Samples collection

This study was approved by Soochow University Institutional
Ethic Board. Pregnant women were recruited from local hospi-
tals. Written consent was obtained from all participates. Data
on gestational age at birth, birth weight, blood pressure and oral
glucose tolerance test (OGTT) results were summarized in
Table 1 and Supplementary Material, Table S1–S3. Umbilical
veins next to fetuses (�5 cm) and cord blood were collected
from three different pregnancy groups: normal pregnancy with-
out any abnormal symptom (Control), pregnancy with pre-
eclampsia and pregnancy with GDM. Preeclampsia diagnosis is
defined as an increase in blood pressure (>140/90 mmHg) and
accompanied by proteinuria (�0.3 g/24 h or�1þon dipstick). A
75 g OGTT was conducted at 24–28 weeks of pregnancy. GDM
was diagnosed when glucose levels exceeds the thresholds: 5.1
mM at fasting; 10.0 mM at 1 h or 8.5 mM at 2 h.

Immuno-dot blot assay

Genomic DNA from HUVECs was extracted by using the phenol–
chloroform methods and quantified by Nanodrop 2000 (Thermo,
USA). After denatured in 1 M NaOH for 2 h, 100–300 ng genomic
DNAs were spotted onto a charged nylon-based membrane at
room temperature for 30 min and then baked at 75�C for 1 h.
The membrane was blocked with 5% non-fat milk for 1 h. After
washing in phosphate buffered saline (PBS) three times, the blot
was incubated in rabbit polyclonal anti-5hmC antibody (Active
Motif; 1:10 000) or mouse monoclonal anti-5mc antibody
(Millipore; 1:2000) at 4�C overnight. On the following day, the
blot was washed in PBS three times incubated with peroxidase-
conjugated anti-rabbit IgG secondary antibody for 1 h. The sig-
nal was visualized by using ECL-Plus system (Amersham
Pharmacia Biotech).

5hmC-specific chemical labeling, affinity purification
and sequencing

Genomic DNA of four samples (C1–4, P1–4 and G1–4) from each
human group was used for 5hmC genome-wide profiling. 5hmC
enrichment was performed using a previously described proce-
dure with an improved selective chemical labeling method (28).
DNA libraries were generated following the Illumina protocol
for ‘Preparing Samples for ChIP Sequencing of DNA’ (Part#
111257047 Rev. A) using 25–50 ng of input genomic DNA or
5hmC-captured DNA to initiate the protocol.

Bioinformatic data analyses

Processing of sequencing data was performed as previously de-
scribed (55). Briefly, FASTQ sequence files from biological repli-
cates were concatenated and aligned to the Mus musculus
reference genome (NCBI37v1/mm9) using Bowtie 0.12.6, keeping
only unique non-duplicate genomic matches with no more
than two mismatches within the first 25 bp. Unique, non-dupli-
cate reads from non-enriched input genomic DNA of ischemic
brain regions and each 5hmC-enriched sequence set were
counted in 100-, 1000-, and 10 000-bp bins genome-wide and
subsequently normalized to the total number of non-duplicate
reads in millions. Input-normalized values were then sub-
tracted from 5hmC-enriched values per bin to generate
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normalized 5hmC signals. To determine genomic regions with
altered 5hmC profiles, we identified true 5hmC-enriched regions
or ‘peaks’ using the Model-based Analysis of ChIP-Seq algo-
rithm. GO analyses were performed as previously described us-
ing the DAVID Bioinformatics Resources 6.7 Functional
Annotation Tool. Gene sets were identified by joining subsets of
DhMRs with RefSeq tables obtained from the UCSC genome
browser tables.

Hypoxia cell culture

HUVECs were purchased (ATCC) and cultured in medium DMEM
supplemented with 10% fetal calf serum, 100 U/ml penicillin
and 100 lg/ml streptomycin at 37�C in the condition with 5.0%
CO2 and saturated humidity. After grow up to 80% coverage,
HUVECs are incubated with 1.0% O2 for hypoxia or normoxia, re-
spectively. After cultured for 48 h, cells were harvested. DNA
and RNA were extracted from cells for experiments. All the ex-
periments were repeated for three times.

Quantitative real time PCR

Total RNA was extracted from umbilical blood vessels and cord
blood with TaKaRa MiniBEST Universal RNA Extraction Kit or
RNAiso Reagent (TaKaRa, Japan). RNA was reverse transcribed
with PrimeScriptTM II by using 1st Strand cDNA Synthesis Kit
(TaKaRa, Japan). The reference sequence of studied genes was
acquired from the UCSC Genome Browser. The information of
primers was shown in Supplementary Material, Table S6. The q-
PCR was performed on a Bio-Rad MyiQ2 Thermal Cycler QPCR
machine (Bio-Rad, USA) with a SYBRVR Premix Ex TaqTM mix
(TaKaRa, Japan). Data were normalized against beta-actin or
glyceraldehyde-3-phosphate dehydrogenase as internal con-
trols and calibrated with a normal control cDNA. The relative
expression ratio was calculated with the 2�DDCt method. For hu-
man umbilical veins study, we checked at least 20 samples for
each group.

Vitamin C treatment

HUVECs were cultured with L-ascorbic acid (A5960, Sigma) in a
concentration range from 0.05 to 1 mM under hypoxia (1.0% O2)
condition for 48 h. TET1–3 mRNA expression was evaluated by
q-PCR to determine the best working concentration of L-ascorbic
acid. The HUVECs then were treated with 0.5 mM L-ascorbic acid
under the hypoxia condition for 48 h. Expression of TETs, Alu
and LINE was checked by q-PCR. 5hmC levels were determined
by dot blot assay. Both untreated HUVECs under normoxia or
hypoxia were used as controls. Each group consisted of three
wells and was repeated three times.

Rat cord experiments

Sprague-Dawley rats were obtained from Soochow University
Experimental Animal Center. All procedures and protocols were
approved by the Institutional Animal Care and Use Committee
and followed the Guidelines for the Care and Use of Laboratory
Animals. When vaginal plugs were observed in female rats, the
day was designated embryo day 1 (E1). At E18, E19, E20 and E21,
the pregnant rats were anesthetized intraperitoneally with 4%
chloral hydrate (0.8 ml/100 g), fetuses were removed through
surgical hysterotomy. The umbilical veins from the entire litter

embryos were collected and frozen in liquid nitrogen, and then
stored in a �80 �C freezer for molecular experiments.

Statistical analysis

GraphPad Prism software was used for the statistical analyses.
Either t-test or one-way ANalysis Of VAriance was performed
to evaluate differences between the groups. All results were ex-
pressed in mean 6 SEM. P< 0.05 was considered statistically sig-
nificant differences.

Supplementary Material
Supplementary Material is available at HMG online.
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