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Intrauterine exposure to gestational diabetes mellitus
(GDM) is linked to development of hypertension, obesity,
and type 2 diabetes in children. Our previous studies
determined that endothelial colony-forming cells
(ECFCs) from neonates exposed to GDM exhibit im-
paired function. The current goals were to identify
aberrantly expressed genes that contribute to impaired
function of GDM-exposed ECFCs and to evaluate for
evidence of altered epigenetic regulation of gene ex-
pression. Genome-wide mRNA expression analysis was
conducted on ECFCs from control and GDM pregnan-
cies. Candidate genes were validated by quantitative
RT-PCR and Western blotting. Bisulfite sequencing
evaluated DNA methylation of placenta-specific 8
(PLAC8). Proliferation and senescence assays of ECFCs
transfected with siRNA to knockdown PLAC8 were per-
formed to determine functional impact. Thirty-eight
genes were differentially expressed between control
and GDM-exposed ECFCs. PLAC8 was highly expressed
in GDM-exposed ECFCs, and PLAC8 expression corre-
lated with maternal hyperglycemia. Methylation status
of 17 CpG sites in PLAC8 negatively correlated with
mRNA expression. Knockdown of PLAC8 in GDM-
exposed ECFCs improved proliferation and senescence
defects. This study provides strong evidence in neo-
natal endothelial progenitor cells that GDM expo-
sure in utero leads to altered gene expression and

DNA methylation, suggesting the possibility of altered
epigenetic regulation.

The Barker hypothesis postulates that alterations in the
intrauterine environment and in fetal and infant nutrition
correlate with development of adult diseases (1). This con-
cept of a developmental origin of adult disease was based
upon a landmark study linking low birth weight with in-
creased risk of death from ischemic heart disease (2). Sev-
eral subsequent studies have confirmed that infants born
small at birth are at increased risk of developing hyperten-
sion, stroke, type 2 diabetes, and obesity (1). Collectively,
these observations infer that permanent changes occur
during fetal development allowing adaptation and survival
in a suboptimal intrauterine environment and that in
a postnatal setting these developmental adaptations mech-
anistically contribute to the pathogenesis of multiple
chronic diseases. Similarly, infants born to women with
pre–gestational diabetes mellitus and gestational diabetes
mellitus (GDM) have an increased risk for developing
chronic diseases including hypertension, type 2 diabetes,
and obesity (3–7). Numerous animal studies show long-
term, harmful effects of fetal overnutrition (8,9). Thus,
fetal intrauterine exposure to either undernourishment
or diabetes increases disease risk later in life.
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Because of the long-lasting nature of an individual’s
response to adverse intrauterine environment exposure,
dysfunctional stem and progenitor cells are hypothesized
to participate in disease pathogenesis. Our previous work
evaluating the function of endothelial progenitor cells
supports this supposition. Using cord blood endothelial
colony-forming cells (ECFCs), a highly proliferative and
self-renewing endothelial progenitor population, we iden-
tified numerous functional deficits of ECFCs exposed to
GDM in utero (10). Importantly, fetal GDM exposure
resulted in increased proliferation, reduced vasculogenesis,
and resistance to hyperglycemia-induced senescence of
ECFCs (10).

A potential mechanism for these fetal adaptations
includes epigenetic modifications that lead to aberrant
gene expression and subsequent cellular dysfunction
(11,12). Epigenetic changes, such as alterations in
DNA methylation and histone acetylation, have been
reported in animal models of intrauterine growth re-
striction and diabetes (13,14). However, few studies
have been conducted in humans to solidify whether epi-
genetic changes alter the functional capacity of cells
from infants born small for gestational age or to women
with GDM. Furthermore, the majority of published data
do not address whether molecular adaptations occur in
stem and/or progenitor cells. We hypothesized that epi-
genetic changes are induced in ECFCs during fetal expo-
sure to GDM, resulting in abnormal gene expression and
cellular dysfunction. The goals of the current study were
to identify candidate genes with altered expression that
contribute to the aberrant function of GDM-exposed
ECFCs and to determine whether impaired DNA meth-
ylation promotes aberrant expression of a candidate
gene.

RESEARCH DESIGN AND METHODS

Umbilical Cord Blood Collection
Umbilical cord blood samples were collected from healthy
control pregnancies and pregnancies complicated by GDM
after obtaining informed consent from the mothers. GDM
was defined according to the guidelines of the American
College of Obstetricians and Gynecologists (15). All preg-
nancies were singleton gestations. Women with preeclamp-
sia or hypertension, women with other illnesses known to
affect glucose metabolism, and women taking medications
known to affect glucose metabolism were excluded. In ad-
dition, infants with known chromosomal abnormalities
were excluded. The institutional review board at the Indi-
ana University School of Medicine approved this protocol.
GDM samples were separated into two groups for initial
analyses: conservatively managed (diet and exercise) and
insulin treated. Clinical data for mothers (Supplementary
Table 1) and infants (Supplementary Table 2) are included
for cohorts 1 and 2. Glucose values were obtained for all
women from the 50-g, 1-h glucose screening test that is
performed between 24 and 28 weeks of gestation during
routine obstetric care.

Cell Culture
ECFCs were cultured from umbilical cord blood samples
by the Indiana University Simon Cancer Center Angio
BioCore (formerly the Angiogenesis, Endothelial and
Pro-Angiogenic Cell Core) as previously described (10).
HEK/293 cells (American Type Culture Collection,
Manassas, VA) were cultured in DMEM (Mediatech;
Corning Cellgro, Manassas, VA) containing 10% FCS
(Atlanta Biologicals, Flowery Branch, GA) and antibiotic-
antimycotic solution (Mediatech). Jurkat cells were the
kind gift of Helmut Hanenberg (Indiana University
School of Medicine) and were cultured in RPMI-1640
(Invitrogen, Grand Island, NY) containing 10% FCS
and antibiotic-antimycotic solution.

RNA and DNA Isolation
Total RNA and genomic DNA were isolated from ECFCs
during log phase growth at passage 3 or 4. RNA was
extracted using an miRNeasy kit (Qiagen, Valencia, CA).
RNA concentration was determined by Nanodrop
(Wilmington, DE), and RNA quality was examined by
either electrophoresis or Bioanalyzer (Agilent Technol-
ogies, Santa Clara, CA). DNA was isolated using
a QIAamp DNA Mini Kit (Qiagen) per the manufac-
turer’s instructions.

Affymetrix Microarray
The Center for Medical Genomics (Indiana University
School of Medicine) conducted these studies. Total RNA
samples were labeled using the standard protocol for the
Ambion WT Expression kit (Life Technologies, Grand
Island, NY) combined with the Affymetrix GeneChip WT
Terminal Labeling and Controls kit (Affymetrix, Santa
Clara, CA). Individual labeled samples were hybridized
to the Human Gene 1.0 ST GeneChips for 17 h and then
washed, stained, and scanned with the standard pro-
tocol using Affymetrix GeneChip Command Console
Software to generate data (CEL files). Arrays were
visually scanned for abnormalities or defects. CEL files
were imported into Partek Genomics Suite (Partek, Inc.,
St. Louis, MO). Robust Multi-Array Average (RMA)
signals were generated for the core probe sets using
the RMA background correction, quantile normaliza-
tion, and summarization by Median Polish. Summarized
signals for each probe set were log2 transformed. These
log-transformed signals were used for principal compo-
nents analysis, hierarchical clustering, and signal histo-
grams to determine whether there were any outlier
arrays; none were found. Untransformed RMA signals
were used for fold change calculations. Data were ana-
lyzed using a one-way ANOVA using log2-transformed
signals with phenotype (control, GDM conservatively
managed, and GDM insulin treated) as a factor and all
possible contrasts made. Fold changes were calculated
using the untransformed RMA signals. Probe sets whose
expression level was ,4.0 for all phenotypes were re-
moved. False discovery rates were calculated using the
Qvalue program in R.
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Quantitative RT-PCR
RNA was reverse transcribed using Transcriptor Universal
Master cDNA kit (Roche, Indianapolis, IN). Quantitative
RT-PCR (qRT-PCR) was performed using Lightcycler 480
SYBR Green I Master Mix (Roche) and gene-specific intron-
spanning primers (Supplementary Table 3) as previously
described (10).

Rapid Amplification of cDNA Ends
cDNA from control ECFCs was amplified by PCR using
the 59/39 RACE kit, 2nd generation (Roche). Reverse
primers complementary to placenta-specific 8 (PLAC8)
exon 3 (Supplementary Table 3) were used to amplify
the PLAC8 59 end. PCR products were cloned into the
pCR4-TOPO vector and transformed into One Shot
TOP10 Escherichia coli using the TOPO TA Cloning kit
(Life Technologies). DNA was isolated using PureYield
Plasmid Miniprep System (Promega, Madison, WI), se-
quenced by the DNA Sequencing Core (Indiana Univer-
sity School of Medicine) and ProteinCT Biotechnologies
(Madison, WI), and analyzed using MacVector software
(Cary, NC).

Bisulfite Sequencing
DNA was bisulfite treated using EZ DNA Methylation-
Direct kit (Zymo Research, Irvine, CA) per the manufac-
turer’s instructions. Bisulfite-treated DNA was amplified
by PCR using ZymoTaq DNA Polymerase and primers
listed in Supplementary Table 3. PCR products were
cloned as described above. DNA was isolated from 8–12
clones and analyzed by sequencing. The nonconversion
rate of cytosines to uracils was determined to be 0.5%
(6 of 1,277 cytosines) using individual non-CpG cytosines.
This nonconversion rate was representative of 21 clones
from 10 different bisulfite conversions.

Western Blotting
Cells were lysed in radioimmunoprecipitation assay buffer
containing mammalian protease inhibitor cocktail
(Sigma). Equal protein amounts were separated by gel
electrophoresis on precast gels (Life Technologies), trans-
ferred to nitrocellulose, and immunoblotted with anti-
bodies to PLAC8 (ab122652, Abcam, Cambridge, MA, and
HPA040465, Sigma), ALX1 (ab181101, Abcam), NOS3
(610296, BD Biosciences, San Jose, CA), or vinculin
(VIN11-5, Sigma). Secondary antibodies conjugated to
horseradish peroxidase were from Biorad (Hercules, CA).
Blots were developed with Pierce Supersignal West Pico
(ThermoFisher, Hanover Park, IL), exposed to film,
scanned, and compiled in Photoshop CS5.1 (Adobe,
San Jose, CA).

siRNA Transfection
Low-passage GDM-exposed ECFCs were transfected with
short-interfering RNAs (siRNAs) using lipofectamine
RNAiMAX reagent (Life Technologies) following the
manufacturer’s instructions. Cells were transfected with
either a nontargeting smart-pool siRNA (siControl) (cat.
no. D-001810-10-05; ON-TARGETplus) or human PLAC8

siRNA (siPLAC8) (cat. no. J-020311-10; ON-TARGETplus).
All siRNAs were purchased from GE Dharmacon
(Lafayette, CO). Media was changed after 18–24 h,
and cells were passaged 24 h later for proliferation, ap-
optosis, and senescence assays. PLAC8 expression was
examined 3 days after transfection to confirm knock-
down by Western blotting.

BrDU and 7-AAD Proliferation Assays
GDM-exposed ECFCs that were previously transfected
with siControl or siPLAC8 were incubated with BrDU
labeling reagent (Invitrogen) for 1 h. Cells were then
trypsinized and stained using standard ethanol fixation
and acid-denaturation protocols for BrDU (anti-BrDU
mouse monoclonal conjugated with Alexa Fluor 488;
Invitrogen) and 7-AAD (Life Technologies). Samples
were analyzed using flow cytometry on an LSRII (Becton
Dickinson, San Jose, CA) and FlowJo software (TreeStar,
Inc., Ashland, OR). At least 10,000 events were collected
per sample.

Senescence Assays
Transfected, GDM-exposed ECFCs were plated at a density
of 10,000 cells per well of a six-well plate. After 3 days of
culture, staining for senescence-associated b-galactosidase
was performed to assess senescence as previously de-
scribed (10). At least 100 total cells per well were scored,
and the percentage of senescence-associated b-galactosidase–
positive cells was calculated. Senescence was quantified
in five independent transfection experiments using two
different GDM samples.

Apoptosis Assay
ECFCs were treated with or without 84 mmol/L etoposide
(Cayman Chemical, Ann Arbor, MI) for 24 h to induce
apoptosis. Adherent ECFCs were collected by trypsin-
ization and combined with nonadherent cells. Apoptosis
was assayed using FITC-Annexin-V/Propidium Iodide kit
following the manufacturer’s instructions (Biolegend, San
Diego, CA). Cells were assayed on an LSRII Flow Cytom-
eter and analyzed using FlowJo software.

Statistical Analyses
Data illustrated in graphs are mean 6 SEM. Statistical
analyses used are described in the figure legends. Pearson
and Spearman correlation analyses were performed on
normal and nonnormal distributions, respectively. Prism
6 (GraphPad Software, La Jolla, CA) was used for all sta-
tistical analyses. Significance was noted when P , 0.05.
For DNA methylation and RNA expression correlations,
P values were corrected for multiple comparisons by the
Benjamini-Hochberg method (16).

RESULTS

PLAC8 Is Increased in ECFCs From GDM Pregnancies
To identify genes in ECFCs that have altered expression
after intrauterine exposure to GDM, we performed
a microarray analysis. ECFC samples from both conser-
vatively managed GDM patients (treated with diet and
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exercise) and insulin-treated GDM patients were included.
Of the 28,000 genetic loci tested, 596 mRNAs were
altered between control and GDM ECFCs (P , 0.01).
More stringent criteria identified genes for further inves-
tigation by limiting analysis to genes that exhibited in-
creased or decreased expression by at least 50%, with a
P , 0.01. Figure 1 illustrates a hierarchical clustering anal-
ysis of the 38 genes that fulfilled the criteria, comparing
control ECFCs with the two GDM groups independently.
With use of this analysis strategy, 26 genes were differ-
entially expressed between conservatively managed GDM
and control ECFCs (7 increased and 19 decreased) (Table
1), and 15 genes were differentially expressed between
GDM insulin-treated and control ECFCs (4 increased
and 11 decreased) (Table 1). While there may be subtle
differences in microarray data between the conservatively
managed and insulin-treated GDM groups, no differences
in ECFC function have been detected between these two
groups (data not shown). Given this observation, we fo-
cused follow-up studies on gene products that were dif-
ferentially expressed between combined GDM data and
controls. qRT-PCR was used to validate the microarray
results using gene-specific primers for 18 genes (Supple-
mentary Table 4). Of the genes tested by qRT-PCR, 72%
(13 of 18) had significantly altered mRNA expression
(Supplementary Table 4). One highly upregulated gene
was PLAC8, and one highly downregulated gene was
ALX homeobox 1 (ALX1); both were confirmed by qRT-
PCR (Fig. 2A). Endothelial nitric oxide synthase (NOS3)
mRNA was also reduced in ECFCs from GDM pregnancies
(Fig. 2A). Western blot analyses confirmed increased
PLAC8 expression in GDM-exposed ECFCs with no de-
tectable PLAC8 in control ECFCs (Fig. 2B). ALX1 and
NOS3 were modestly decreased overall in GDM ECFC sam-
ples (Fig. 2B). Interestingly, PLAC8 mRNA levels positively

correlated with maternal glucose levels during the screen-
ing glucose tolerance test (Fig. 2C) (r = 0.83, P = 0.0001).

PLAC8 Expression Correlates With CpG Methylation
After confirming that PLAC8 was significantly upregu-
lated in GDM-exposed ECFCs, we next evaluated the
mechanism by which PLAC8 expression is regulated. We
speculated that an epigenetic mechanism was mediating
the long-term changes in gene expression of ECFCs from
GDM pregnancies. Therefore, our next studies focused on
identifying alterations in DNA methylation. Examination
of the PLAC8 gene revealed two putative transcriptional
start sites, denoted as exon 1A and exon 1B (E1A and E1B
[Fig. 3A]). For determination of PLAC8 isoforms present
in ECFCs, 59-rapid amplification of cDNA ends (RACE)
analysis was conducted. Amplification of cDNA using a re-
verse primer complementary to the sequence in the
shared exon 3 of PLAC8 revealed two transcript types:
one that contained E1A and another with E1B (data not
shown). RT-PCR analysis was conducted to determine
whether the levels of the two types of transcripts differed
in control and GDM ECFCs. In control cells, there were
approximately equal quantities of transcripts containing
E1A and E1B (Fig. 3B). However, in GDM ECFCs, E1A
transcripts were elevated compared with E1B (Fig. 3B),
suggesting an increase in promoter activity for E1A. Given
our hypothesis that alterations in DNA methylation were
responsible for increased PLAC8 expression in ECFCs
from GDM pregnancies, the CpG density of a 9-kb region
beginning 2,000 nucleotides upstream of E1A (22,000)
and ending in intron 1 (7,000) was evaluated for CpG-rich
areas that could serve a regulatory function (Fig. 3A).
Based on the CpG densities, a targeted approach was
used to examine the regions surrounding PLAC8 E1A
and E1B with higher-than-average CpG density (.10 sites

Figure 1—Intrauterine exposure to GDM induces altered mRNA expression in neonatal ECFCs. Thirty-eight genes in GDM-exposed ECFCs
exhibited either increased or decreased expression by at least 50% compared with controls (P < 0.01). A hierarchical clustering analysis of
the 38 genes is illustrated.
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Table 1—Genes with altered expression based on RNA microarray

Gene symbol

GDM conservatively managed compared with control ECFCs

Fold change P FDR Gene name

PLAC8 5.90 0.002 0.33 Placenta-specific 8

FST 4.68 0.004 0.33 Follistatin

SNORA14A 3.05 0.003 0.33 Small nucleolar RNA, H/ACA box 14A

ITM2A 2.71 0.008 0.34 Integral membrane protein 2A

FAXC 2.37 0.010 0.34 Failed axon connections homolog (Drosophila)

TMTC2 1.73 0.009 0.34 Transmembrane and tetratricopeptide repeat containing 2

RNY4P13 1.59 0.007 0.34 RNA, Ro-associated Y4 pseudogene 13

PREX1 21.50 0.010 0.34 Phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchange factor 1

SLC46A1 21.54 0.001 0.33 Solute carrier family 46 (folate transporter), member 1

NBEAL2 21.57 0.003 0.33 Neurobeachin-like 2

GCNT1 21.61 0.005 0.33 Glucosaminyl (N-acetyl) transferase 1, core 2

ABI3 21.65 0.004 0.33 ABI family, member 3

GABRE 21.68 0.008 0.34 g-Aminobutyric acid (GABA) A receptor, e

HOXA-AS2 21.69 0.010 0.34 HOXA cluster antisense RNA 2

PDE2A 21.71 0.009 0.34 Phosphodiesterase 2A, cGMP-stimulated

IL18R1 21.74 0.009 0.34 Interleukin 18 receptor 1

B4GALT6 21.81 0.003 0.33 b-1,4-galactosyltransferase 6

MTSS1 21.83 0.001 0.26 Metastasis suppressor 1

TFEC 21.86 0.006 0.33 Transcription factor EC

SLC7A8 22.04 0.008 0.34 Solute carrier family 7 (amino acid transporter light chain, L system), member 8

GCKR 22.28 0.004 0.33 Glucokinase (hexokinase 4) regulator

NOS3 22.59 0.008 0.34 Nitric oxide synthase 3 (endothelial cell)

DDR2* 22.66 0.002 0.33 Discoidin domain-containing receptor 2

CLMP 22.66 0.001 0.32 CXADR-like membrane protein

KRT19 22.98 0.001 0.33 Keratin 19

ELMOD1 23.23 0.002 0.34 ELMO/CED-12 domain containing 1

GDM insulin-treated compared with control ECFCs

Gene symbol Fold change P FDR Gene name

PLAC8 7.05 ,0.001 0.84 Placenta-specific 8

SLCO2A1 2.85 0.001 0.86 Solute carrier organic anion transporter family, member 2A1

MPEG1 1.86 0.004 0.87 Macrophage expressed 1

HAS2 1.84 0.006 0.87 Hyaluronan synthase 2

AP1S2 21.56 0.001 0.84 Adaptor-related protein complex 1, s 2 subunit

ARHGEF3 21.62 0.006 0.87 Rho guanine nucleotide exchange factor (GEF) 3

KLHL6 21.64 0.005 0.87 Kelch-like family member 6

DPYSL4 21.88 0.004 0.87 Dihydropyrimidinase-like 4

ETS2 22.05 0.009 0.87 V-ets avian erythroblastosis virus E26 oncogene homolog 2

DDR2* 22.46 0.002 0.87 Discoidin domain-containing receptor 2

TFEC 22.69 ,0.001 0.84 Transcription factor EC

TMEM71 22.89 0.006 0.87 Transmembrane protein 71

EDA2R 22.94 0.004 0.87 Ectodysplasin A2 receptor

USP32P1 23.01 0.006 0.87 Ubiquitin-specific peptidase 32 pseudogene 1

ALX1 26.72 0.009 0.87 ALX homeobox 1

*DDR2 was detected by two probe sets. Fold change is based on the average fold change. FDR, false discovery rate.
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per 1,000 bp or 1.0%) (17). With use of this strategy,
three areas were interrogated. (See shaded areas in Fig.
3A.) First, a CpG island was identified in a region encom-
passing E1B (4,457–4,909). Bisulfite sequencing demon-
strated that the CpG island was unmethylated at 35 CpG
sites in both control and GDM ECFCs (data not shown).
As a control, genomic DNA from 293/HEK cells, which
have minimal detectable PLAC8 by Western blotting, was
assessed. In these cells, the PLAC8 CpG island was 90–
100% methylated at all 35 CpG sites tested (data not
shown). Together, these data suggest that methylation

of the CpG island is not involved in upregulated PLAC8
expression in ECFCs, though it may be important in other
cell types. Next, the methylation status of two CpG-dense
regions surrounding the E1A and E1B start sites was eval-
uated by bisulfite sequencing (Fig. 3A) (1,357–1,617 and
5,791–6,072). Control ECFCs had consistently higher CpG
methylation frequencies across the region spanning from
1,357 to 1,617, while GDM ECFCs were hypomethylated
(Fig. 3C). Similarly, the CpG-rich region in intron 1
(5,791–6,072) was hypomethylated in GDM-exposed
ECFCs compared with control cells (Fig. 3D). Together,

Figure 2—PLAC8 is increased in GDM ECFCs, while NOS3 and ALX1 are decreased. A: qRT-PCR was performed to validate the results of
the microarray analysis. Results were normalized to hypoxanthine phosphoribosyltransferase and to the mean control expression for each
gene (n = 6 control and 12 GDM, *P < 0.05 by unpaired t test with Welch correction). B: Western blot analysis showed that PLAC8 was
increased in most GDM ECFCs compared with controls. ALX1 and NOS3 were decreased in several GDM samples compared with controls.
Vinculin is the loading control. C: Maternal plasma glucose levels in the glucose tolerance screen correlate with PLAC8 mRNA levels in
neonatal ECFCs (r = 0.83 and P = 0.0001 by Pearson correlation).
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these data are consistent with the hypothesis that de-
creased DNA methylation in putative regulatory regions
of PLAC8 facilitates increased expression in ECFCs from
GDM pregnancies. To more directly assess this hypothe-
sis, we examined whether DNA methylation frequency
at specific CpG sites inversely correlated with PLAC8
mRNA expression. These analyses demonstrated a nega-
tive correlation between DNA methylation frequency and
PLAC8 mRNA expression at 17 CpG sites (Fig. 3E and

Supplementary Table 5). For validation of our findings,
a second cohort of control and GDM ECFCs was interro-
gated for PLAC8 mRNA expression and CpG methylation.
Consistent with our original cohort, PLAC8 mRNA was
upregulated in GDM-exposed ECFCs (control 1.0 6
0.6; GDM 4.9 6 1.2; P = 0.009). To test the correlation
between PLAC8 mRNA levels and DNA methylation, we
performed bisulfite sequencing of the region from 1,357
to 1,617. This region contained 12 of the 17 CpG sites

Figure 3—Several CpG sites in the PLAC8 promoter and 1st intron are differentially hypomethylated in GDM-exposed ECFCs. A: The
schematic shows the promoter and intron 1 of PLAC8, where there are two transcriptional start sites, E1A and E1B. Below the schematic is
a graph illustrating the CpG frequency over each 1,000 bp region. The first start site E1A is denoted as “0” on the graph. PCR primers for
bisulfite sequencing were generated to amplify CpG-rich regions at 1,357–1,617, 4,457–4,909, and 5,791–6,072, as shown by hash marks
on the schematic. B: qRT-PCR identified PLAC8 mRNA variants present in control and GDM-exposed ECFCs. Two primer sets differen-
tiating E1A or E1B were used to quantitate PLAC8 isoforms. Data were normalized to hypoxanthine phosphoribosyltransferase. n = 4
control, n = 7 GDM ECFC samples; *P< 0.001 by two-way ANOVA, followed by Šidák multiple comparisons. C and D: Bisulfite sequencing
was performed on regions amplified by the primer sets shown in A and in Supplementary Table 1. C (1,357–1,617 region) and D (5,791–
6,072 region) illustrate bisulfite sequencing data from representative control and GDM-exposed ECFC samples. ●, methylated CpGs; ○,
unmethylated CpGs. Individual rows denote data from a single clone. The CpG site numbers are listed along the bottom. E: A correlation
between CpG methylation frequency and PLAC8 mRNA expression is shown for 18 ECFC samples (n = 6 control and n = 12 GDM) by
Pearson analysis. CpG methylation at site 1,557 was measured in 8–12 clones for each ECFC sample and is expressed as percent
methylation. RNA expression was measured by qRT-PCR on parallel samples.
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whose methylation inversely correlated with PLAC8
mRNA levels in cohort 1. The results of this experiment
verify a significant negative correlation between mRNA
expression and methylation of 11 of 12 CpG sites (Sup-
plementary Table 6). Thus, DNA methylation of a region
in intron 1 of PLAC8 negatively correlates with mRNA
expression, suggesting a possible regulatory function.

Previous studies identified several methylated CpG
sites in the NOS3 promoter that regulate NOS3 expres-
sion (18). Thus, after observing differential methylation
of PLAC8, we questioned whether altered DNA methyla-
tion was responsible for decreased NOS3 expression in
ECFCs exposed to GDM in utero. Bisulfite sequencing
of 2209 to 251 bp upstream of the NOS3 transcription
start site revealed that this region contained very
low methylation frequencies in both control and GDM-
exposed ECFCs (0–20%). Moreover, there was no corre-
lation between CpG methylation and mRNA expression.
In contrast, Jurkat cells, which have undetectable NOS3
mRNA, were 100% methylated at six CpG sites and 40–
80% methylated at the other two sites in this region.
These data indicate that while this region is important in
regulating NOS3 expression between endothelial cells and
other cell types, it is not responsible for the change in
mRNA levels between control and GDM-exposed ECFCs.

Depletion of PLAC8 in GDM ECFCs Results in
Decreased Proliferation and Increased Senescence
Previous studies showed that PLAC8 overexpression
induces loss of cell cycle control, increased proliferation,
and resistance to apoptosis (19). GDM-exposed ECFCs
exhibit increased proliferation and resistance to senes-
cence compared with control ECFCs (10). Therefore, we
hypothesized that increased PLAC8 expression in GDM-
exposed ECFCs may contribute to the aberrant prolifera-
tion and senescence observed in these cells. To test this
hypothesis, we depleted PLAC8 from GDM-exposed
ECFCs and evaluated the effect on proliferation, apopto-
sis, and senescence. GDM-exposed ECFCs were trans-
fected with siControl or siPLAC8. Western blot analysis
confirmed that the siControl-transfected ECFCs had no
change in PLAC8 expression compared with untransfected
controls and that the siPLAC8-transfected cells had effec-
tive depletion of PLAC8 (Fig. 4A). A 1-h, BrDU pulse of
actively proliferating GDM-exposed ECFCs revealed a sig-
nificant decrease in S-phase ECFCs that were transfected
with siPLAC8 compared with siControl (Fig. 4B and C).
These data suggest that PLAC8 overexpression may con-
tribute to the hyperproliferative phenotype detected in
ECFCs from GDM pregnancies. Since PLAC8 overexpres-
sion inhibits apoptosis (19), we next examined whether
apoptosis was affected by reducing PLAC8 expression.
These studies detected no differences in baseline or in-
duced apoptosis in GDM-exposed ECFCs transfected with
siPLAC8 or siControl (data not shown). However, ECFCs
tend to undergo senescence rather than apoptosis in re-
sponse to stress stimuli (20). Therefore, we speculated

that increased PLAC8 expression in GDM-exposed ECFCs
may participate in the resistance to senescence observed
previously (10). GDM-exposed ECFCs transfected with
siPLAC8 exhibited a dramatic increase in basal senescence
compared with siControl-transfected cells (Fig. 4D and E).
Together, these data suggest that PLAC8 overexpression
in GDM-exposed ECFCs contributes to their abnormal
phenotype by increasing proliferation and protecting
from senescence.

DISCUSSION

Developmental origins of cardiovascular disease are well
established in humans and animal models (3–9,13,14,21).
Elucidation of the mechanisms underlying disease predispo-
sition is the current challenge for scientists and clinicians to
develop innovative prevention and treatment strategies.
This study provides strong evidence in neonatal endothelial
progenitor cells that GDM exposure in utero leads to altered
gene expression and that disrupted epigenetic regulation
may contribute to aberrant expression of PLAC8.

Previous studies have identified global changes in DNA
methylation of placenta and unfractionated cord blood
cells after GDM exposure (22,23). Other studies examined
these same tissues from GDM pregnancies for alterations
in CpG methylation using a targeted gene approach (23–
25) or unbiased screening (26–29). El Hajj et al. (23)
examined the methylation status of 14 candidate genes
and found reduced CpG methylation in GDM samples in
regulatory regions of MEST (mesoderm specific tran-
script) and NR3C1, which encodes a glucocorticoid recep-
tor. However, minimal differences were detected between
GDM and control samples (4–7% in MEST and 2% in
NR3C1), making it difficult to extrapolate biologic signif-
icance in the absence of functional data in placental or
cord blood cells. A potential reason for small alterations in
DNA methylation in GDM samples may be that heteroge-
neous cell populations from cord blood and placenta were
used (23). Specific cell types have unique methylation
patterns, in part to determine cell fate (30). Therefore,
analyses of heterogeneous cell populations dilute the abil-
ity to detect meaningful changes in DNA methylation
(23–28). Furthermore, if a disease state changes the pro-
portion of cell types in an input population, then ob-
served differences in methylation may be indirect. For
example, neonates from GDM pregnancies display
increases in nucleated red blood cells in their circulation
(31). To circumvent this limitation, Cheng et al. (29) used
a more homogeneous cell population, human umbilical
vein endothelial cells, to determine whether GDM expo-
sure impacts the proteome. In these studies, expression
changes were identified in several proteins involved in
redox signaling; however, epigenetic alterations were not
detected in the two gene promoters examined (29). While
this important study demonstrates a detrimental effect
of GDM exposure on neonatal endothelial cells, it does
not provide evidence that an epigenetic mechanism is
involved.
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The identification of ECFCs as endothelial progenitor
cells that circulate in human peripheral blood and reside
in the endothelium of vessel walls has expanded insight
into vascular repair processes as well as postnatal
angiogenesis and vasculogenesis (32). Under a variety of
disease states, ECFC function is disrupted, which further
contributes to the pathogenesis of vascular disease (33–
37). The importance of ECFCs in maintenance of vascular
health is highlighted by numerous clinical trials assessing
the therapeutic potential of infusing ECFCs for cardiovas-
cular diseases (38). Therefore, it is alarming that neonatal
ECFCs exposed to GDM or pre-GDM in utero have

significant impairments in function (10,39). This is not
unique to diabetes exposure, as there is increasing evi-
dence that intrauterine exposure to preeclampsia, obesity,
growth restriction, and preterm delivery impair neonatal
ECFC function and numbers as well (40–44). Therefore, it
is paramount to elucidate underlying molecular mecha-
nisms that may be exploited for future therapeutic benefit
for these infants.

Our approach to understand the functional differences
between control and GDM-exposed ECFCs was to conduct
an unbiased microarray screen followed by validation of
selected gene products and final functional assessment of

Figure 4—Depletion of PLAC8 reduces proliferation and increases senescence. PLAC8-specific siRNA was used to deplete PLAC8 from
GDM-exposed ECFCs, and functional assays were performed. Transfection of an siControl was used as the control. A: Western blotting
confirms efficient PLAC8 protein knockdown. The Western blot shows that the control siRNA did not affect protein levels. Vinculin is the
loading control. B and C: Cell cycle analysis was conducted using flow cytometry. B: Dot plots from a representative experiment are shown.
C: Quantitation of cells in S phase shows increased proliferation with PLAC8 depletion (n = 12 using five different GDM-exposed ECFC
samples; *P < 0.05 by paired t test). D: Representative image of siControl- and siPLAC8-transfected GDM ECFCs stained for senescence-
associated b-galactosidase (blue cells). E: Quantitation of senescent cells demonstrates increased senescence with PLAC8 depletion (n = 5
experiments using two different GDM-exposed ECFC samples; *P < 0.05 by paired t test).
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PLAC8 in ECFCs. Control and GDM-exposed ECFCs
exhibited modest differences in gene expression by
microarray, which were subsequently verified by indepen-
dent methods. These data are intriguing and suggest the
possibility of defining a “molecular signature” that corre-
lates with ECFC dysfunction, an approach that has been
successful in driving the discovery of the molecular under-
pinnings of acute leukemias and exploited for prognosti-
cation and treatment decisions (45). Our finding that
maternal hyperglycemia at GDM diagnosis directly corre-
lates with PLAC8 expression in neonatal ECFCs provides
rationale to pursue this ultimate goal. With this objective
in mind, an important limitation of the current study is
the likelihood of underestimating the number of gene
products aberrantly expressed in GDM ECFCs owing to
a relatively low sample size. In addition, our study pop-
ulations in two independent cohorts had a high mean
BMI in both control and GDM groups, which does not
allow for the evaluation of a potential effect of maternal
obesity on the gene expression profile of ECFCs. There-
fore, it will be important to expand upon this data set
using an increased number of samples from healthy–
normal weight, healthy-obese, and GDM pregnancies to
develop a robust molecular phenotype in ECFCs. However,
the aberrantly expressed genes that were validated in
ECFCs from GDM pregnancies lend themselves to explora-
tion of the mechanisms responsible for altered expression
and functional significance, similar to studies conducted
for PLAC8.

A novel discovery from our work was that PLAC8
expression is highly dysregulated in GDM ECFCs, which
was initially surprising, since PLAC8 has not been
reported to be expressed in endothelial cells. PLAC8,
which is also known as onzin, was originally identified as
a placental-enriched protein (46). Subsequent studies
showed that PLAC8 is expressed in epithelial cells, adipo-
cytes, and hematopoietic cells (19,47–50). Although the
precise endogenous biochemical function of PLAC8 is un-
clear, data suggest a role in regulating adipocyte differen-
tiation, innate immune response, cell proliferation, and
survival (19,49–51). Furthermore, recent studies demon-
strate an important role of PLAC8 in promoting tumori-
genesis through mechanisms involving proliferation,
survival, autophagy, and epithelial-to-mesenchymal tran-
sition (19,47,48,52). However, no studies report expres-
sion or function of PLAC8 in endothelial cells, which may
be because basal PLAC8 expression is negligible. Our data
suggest that upregulated PLAC8 expression in GDM-
exposed ECFCs contributes to the hyperproliferative
phenotype previously reported (10), which is consistent
with studies in other cell types (19). In addition, our data
support PLAC8 overexpression as a protective mechanism
for GDM-exposed ECFCs to avoid senescence. Given that
hyperglycemia enhances ECFC senescence and impairs
vasculogenesis, these findings suggest an adaptive re-
sponse of fetal ECFCs to circumvent the untoward effects
of a diabetic milieu.

To evaluate whether an epigenetic mechanism may be
involved in the overexpression of PLAC8, the methylation
status of the PLAC8 gene was interrogated. In GenBank,
three transcript variants of PLAC8 are reported (variant 1:
NM_001130716, variant 2: NM_016619, and variant 3:
NM_001130715), though no information regarding tran-
scriptional regulation of PLAC8 is available. The three
PLAC8 isoforms differ only in the untranslated regions;
thus, the gene products have identical amino acid sequen-
ces. Isoform 3 has a unique 39-untranslated region and was
minimally expressed in ECFCs (;0.4 6 0.3% of total
PLAC8 mRNA). Isoform 2, which contains E1A, is highly
upregulated in GDM ECFCs, while isoform 1, which con-
tains E1B, is not changed in GDM ECFCs. Interestingly,
differential methylation was detected in GDM-exposed
ECFCs in the first intron of isoform 2. Moreover, the meth-
ylation status of several individual CpG sites in these
regions negatively correlated with PLAC8 mRNA expres-
sion, suggesting a mechanistic link, possibly via altered
transcription factor binding. Interrogation of ChIP-seq
data from the ENCODE project suggests that the 5- to
6-kB region surrounding E1A and E1B of PLAC8 may
have a role in regulating PLAC8 transcription, since an
enrichment of transcription factor binding was observed
in this region (53). Using these publicly accessible data,
we found that several transcription factors bind near the
PLAC8 transcription start sites including RUNX3, GATA3,
EP300, TBP, RelA, MAX, PAX5, and IKZF1. Future studies
will investigate whether the altered methylation observed
in GDM-exposed ECFCs directly impacts PLAC8 transcrip-
tional regulation. Our data suggest that intrauterine expo-
sure to GDM may have induced epigenetic alterations in
neonatal ECFCs that modified PLAC8 expression and ulti-
mately ECFC function. Collectively, these findings provide
the foundation for developing a molecular signature or
a targeted biomarker to assess the impact of intrauterine
GDM exposure on ECFCs so that novel interventions may
be tested to prevent future endothelial dysfunction in off-
spring of mothers with GDM.
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