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Abstract: Maternal hyperglycemia, induced by gestational diabetes mellitus (GDM), has detrimental effects on
fetal vascular development, ultimately increasing the risk of cardiovascular diseases in offspring. The potential
underlying mechanisms by which these complications occur are through functional impairment and epigenetic
changes in fetal endothelial progenitor cells (EPCs), however, remain less defined. We confirm that intrauterine
hyperglycemia leads to impaired angiogenic function of fetal EPCs, as observed through functional assays of
outgrowth endothelial cells (OECs) derived from fetal EPCs of GDM pregnancies (GDM-EPCs). Notably,
PCDHI10 expression is increased in OECs derived from GDM-EPCs, which is associated with the inhibition of
angiogenic function in fetal EPCs. Additionally, increased PCDHI10 expression is correlated with
hypomethylation of the PCDH10 promoter. Our findings demonstrate that in utero exposure to GDM can induce
angiogenic dysfunction in fetal EPCs through altered gene expression and epigenetic changes, consequently
increasing the susceptibility to cardiovascular diseases in offspring of GDM mothers.

Keywords: gestational diabetes mellitus; endothelial progenitor cells; angiogenesis; PCDH10 ; epigenetic
changes

1. Introduction

Gestational diabetes mellitus (GDM) is defined as glucose intolerance resulting in maternal
hyperglycemia, with onset or first recognition occurring during pregnancy. GDM complicates 5%-
31.5% of all pregnancies, and its prevalence has been rapidly increasing around the world alongside
the rise in obesity among women of reproductive age and advanced maternal age [1,2]. GDM is of
great concerns for fetal development and offspring health, as it is associated with adverse long-term
outcomes in offspring as well as maternal and perinatal morbidity. The offspring exposed to GDM
have an increased susceptibility to chronic diseases such as obesity, metabolic syndrome, type 2
diabetes, and hypertension, which include a cluster of cardiovascular disease (CVD) [3-7].

Although the pathogenesis linking intrauterine exposure to GDM with CVD in offspring is
unknown, evidence suggests that an intrauterine hyperglycemic environment induces persistent
epigenetic changes resulting in functional alterations in offspring. Several studies have shown that
the DNA methylation of placental genes has changed in GDM pregnancies, which are related to the
regulation of adipose tissues, lipid transport, and inflammation in offspring [8,9]. Another study
reported that hyperglycemic conditions significantly disrupt the development of the definitive
endoderm which is an early stage of the pancreas development via histone H3 methylation [10].
Floris, et al. demonstrated that alterations in micro-RNA expression in fetal endothelial cells from the
umbilical cord vein of GDM pregnancies involved a complex in the initiation and maintenance of
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methylation of histone H3 [11]. These findings suggest in utero exposure to GDM can program
epigenetic changes during fetal development, which may have long-lasting effects on gene expression
and functional alterations in various tissues, leading to an increased risk of metabolic complications
and CVD in offspring in later life.

Increasing cardiovascular risk in offspring exposed to GDM could be related to endothelial
progenitor cells (EPCs). EPCs, differentiated into endothelial cells, play a key role in both endothelial
repair and neovascularization [12,13]. Previous studies have demonstrated that hyperglycemia is
associated with reducing the number and angiogenic activity of EPCs significantly, resulting in
further progression of vascular disease [14-17]. During pregnancy, fetal exposure to a diabetic
intrauterine environment resulted in decreased numbers and aberrant functions in cord blood-
derived EPCs, which can be considered as fetal EPCs [10,11,18] . Cord blood-derived EPCs is believed
to play a crucial role in the formation of fetal vasculature and the maintenance of vascular integrity.
Therefore, dysfunction of fetal EPCs could reflect the damage of stem cells, and vascular dysfunction
in offspring in later life. However, whether and how intrauterine hyperglycemia induced by GDM
contributes to fetal EPC dysfunction has remained unclear.

Based on previous studies, we hypothesized that intrauterine hyperglycemia exposure in
offspring of GDM mothers prompts the onset of endothelial dysfunction by altering the function of
fetal EPCs through epigenetic changes, ultimately affecting the health of offspring. We aimed to
investigate the programming effects of GDM on fetal EPCs and elucidate the underlying mechanisms
related to adverse outcomes in offspring. We evaluate angiogenic function of fetal EPCs exposed to
GDM and evaluate related genes with epigenetic modification.

2. Results

2.1. GDM reduced the endothelial angiogenic capacity of fetal EPCs

To investigate the effects of GDM on fetal EPCs, we differentiated cord blood-derived EPCs into
outgrowth endothelial cells (OECs) and performed cell migration, adhesion, tube formation, and
proliferation assays to assess the angiogenic capacity.

Although the EPCs from GDM (GDM-EPCs) exhibited similar differentiation activity in terms
of both the number and time for differentiation into OECs when compared to EPCs from normal
group (N-EPCs) (data not shown), the OECs differentiated from GDM-EPCs showed significantly
reduced migration capacity, decreased adherence to fibronectin, diminished tube formation, and
reduced proliferative activity (Figure 1). These findings indicated that even fetal EPCs exposed to
GDM can differentiate to OECs like under normal conditions, but the angiogenic capacity of OECs,
including their migration, adhesion, tube formation, and proliferation, is impaired by in utero
exposure to GDM.
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Figure 1. GDM impaired the endothelial angiogenic capacity in fetal EPCs. (A and B) Cell
migration assay using a Transwell chamber after culture for 4 hr, showing representative images of
the H&E staining (A) and quantification (B). (C and D) Cell-matrix adhesion assay after incubation

for 30 min, showing representative images of H&E staining (C) and quantification (D). (E and F)
Tube formation assay following cell incubation on the Matrigel gel for 18-24 hr, showing
representative images (E) and quantification (F). (G) Proliferation assay using MTT; the absorbance
value (OD) of each well was measured at 490 nm at 24 hr, 48 hr, and 72 hr. All data are presented as
the mean + SE. **p < 0.01. n=3 independent experiments for each assay.

2.2. Exposure to high glucose conditions impaired the functional capacity of fetal EPCs

GDM is associated with endothelial dysfunction, and maternal hyperglycemia is considered an
independent predictor of childhood vascular complications. To confirm the effect of hyperglycemia,
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we examined studied whether the observed impairment in the fetal EPCs exposed to GDM was
reproduced in N-EPCs in high glucose conditions. For this purpose, N-EPCs were cultured in high
glucose conditions and were differentiated into OECs. Like the GDM-EPCs, the OECs that
differentiated under high glucose conditions had a decreased capacity for cell migration, adhesion,
tube formation and proliferation when compared with those that differentiated under normal
conditions (Figure 2). These results indicate that fetal EPC dysfunction is associated with the high
glucose milieu induced by GDM.

2.3. PCDH10 gene expression was significantly upregulated in GDM-EPCs as well as in N-EPCs under
hyperglycemic conditions

To investigate the molecular mechanisms underlying endothelial dysfunction in GDM and high
glucose conditions, gene expression analysis of OECs from GDM-EPCs was compared with those
from normal pregnancies (Figure 3). The profiles identified 107 genes whose expression was up-
regulated > 2.0-fold with p <0.05 and 57 genes whose expression was down-regulated < 0.5-fold with
p < 0.05 in the OECs derived from GDM-EPCs. The up-regulated genes belong to a diverse set of
categories, including cell cycle, apoptotic process, extracellular matrix and secretion. In contrast,
down-regulated genes were related to angiogenesis, neurogenesis, cell differentiation, and immune
response. A functional gene with potential relevance to endothelial dysfunction in GDM was then
selected. Among the significantly up- and down-regulated genes, PCDH10 was of particular interest
because of the coincidence between gene expression profiles and qRT-PCR analysis of gene
expression, correlation of the effect on angiogenic function with our results, its possible association
with epigenetic modification, and consideration of higher fold change of 6.35 and lower p-value
(Table 1). PCDH10 expression appeared to be significantly up-regulated in OECs derived from GDM-
EPCs compared to those derived from N-EPCs, and also in OECs from N-EPCs cultured under
hyperglycemic conditions compared to those from N-EPCs and N-EPCs under normal conditions
(Figure 4).

Table 1. The Fold change and p-value of PCDH10

Gene symbol Fold change P-value
COL1A2 19.420 0.009
DCN 11.877 0.000
SNAR-A12 11.429 0.038
RIC3 9.720 0.018
SNAR-AS8 8.633 0.049
SNAR-A3 8.617 0.041
SNHGS 8.397 0.010
HSPA2 8.091 0.009
TCEAL7 7.945 0.001
ROBO1 6.708 0.007
IGFBP1 6.641 0.036
PCDH10 6.352 0.012
AR 5.745 0.013
PCDH7 5.432 0.016

SCNEA 5.426 0.031
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Figure 2. Exposure to high-glucose conditions reduced the angiogenic capacity in fetal EPCs,
similar to that in cells from GDM. N-EPCs were exposed to normal D-glucose (5 mM) or high D-
glucose (30 mM) concentrations. (A and B) Cell migration assay using a Transwell chamber after
culture for 4 hr, showing representative images of H&E staining (A) and quantification (B). (C and
D) Cell-matrix adhesion assay after incubation for 30 min, showing representative images of H&E
staining (C) and quantification (D). (E and F) Tube formation assay following cell incubation on
Matrigel gel for 18-24 hr, showing representative images (E) and quantification (F). (G) Proliferation
assay using MTT; the absorbance value (OD) of each well was measured at 490 nm at 72 hr. All data
are presented as the mean * SE. **p < 0.01. n=3 independent experiments for each assay.
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Figure 3. Gene expression patterns of OECs from GDM-EPCs compared with those from N-EPCs.
(A) Pie charts show the transcripts significantly up-regulated and down-regulated in OECs from GDM-EPCs
relative to the normal pregnancy (B) Gene ontology analyses included genes that showed a p-value < 0.05 and
a fold change > 2.0 and were performed using DAVID Bioinformatics Resources.
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Figure 4. Overexpression of PCDH10 in OECs from GDM-EPCs and in OECs from N-EPCs exposed to high
glucose conditions. (A) PCDH10 expression using qRT-PCR in OECs derived from N-EPCs and GDM-EPCs.
(B) PCDHI10 expression using gqRT-PCR in OECs from N-EPCs exposed to normal glucose (5mM) and high
glucose conditions (30mM). Data are shown as the mean * SE from three independent experiments. **p < 0.01.
NL, normal pregnancy; GDM, gestational diabetes mellitus; NG, normal glucose.

2.4. Knockdown of PCDH10 recovered the deteriorated angiogenic functions in GDM-EPCs

To determine whether PCDHI10 is involved in angiogenesis and the inhibitory effect on
angiogenic function in EPCs, we examined the effect of PCDH10 knockdown on the cell migration,
adhesion, tube formation, and proliferation of OECs from GDM-EPCs (Figure 5). Lentivirus-
mediated shRNA was used for the stable knockdown of PCDH10 expression. The OECs from GDM-
EPCs were infected with PCDH10-shRNA (shPCDH10) and control shRNA (shCtrl) lentiviral
particles. PCDH10 expression was significantly reduced in the shPCDH10 group compared to control
group in OECs from GDM-EPCs (Figures 5A and 5B). Functional assays were then conducted on the
OECs from each group to assess cell migration, adhesion, tube formation, and proliferation (Figures
5C-5I). Results revealed that PCDH10 knockdown remarkably recovered the decreased capacity of
cell migration and adhesion as well as tube formation in the GDM-OECs. Cell proliferation was also
slightly increased in the PCDH10-knockdown group when compared with decrease in the shCtrl
group in proliferation assay after 72 hr. These results indicated that the overexpression of PCDH10
in GDM-OEC:s significantly inhibits migration, adhesion, tube formation, and proliferation of OECs
and these effects recovered by PCDH10 knockdown.

2.5. High glucose induced overexpression of PCDH10 in fetal EPCs, which is irreversible change that did not
revert to the normal levels even under normal glycemic conditions
To evaluate the association of PCDHI10 expression with high glucose, PCDH10 mRNA

expression was assessed using qPCR and compared between OECs from N-EPCs cultured under
normogpycemic (5mM glucose) and hyperglycemic (30mM glucose) conditions (Figure 6A). The
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results showed under high glucose conditions that PCDH10 mRNA expression levels were
significantly increased. To determine the critical time for PCDH10 overexpression, N-EPCs exposed
to high glucose conditions were categorized into three groups based on the duration of high glucose
exposure: 1) OECs collected immediately after differentiation from EPCs (OEC 10d; Figure 6C); 2)
OECs under 30-mM glucose incubation for 19 days (OEC 19d; Figure 6D); 3) OECs under 30-mM
glucose incubation for 59 days (OEC 59d; Figure 6E). The results were that PCDH10 was significantly
up-regulated in all OECs cultured under high glucose conditions (OEC 10d, 19d, 59d). To investigate
whether the overexpression caused by high glucose could return to baseline levels following
exposure to a normal glucose environment, OECs under high glucose conditions for 19days were
cultured at two different concentrations; normoglycemic (5mM) and hyperglycemic (30mM)
conditions. As a result, PCDH10 overexpression induced by high glucose was not significantly
decreased even even under normal glycemic conditions (Figure 6B). These results showed that a high-
glucose environment could induced PCDH10 overexpression in fetal EPCs irreversibly, which was
not rectified by correction of the serum environment, indicating the possibility of an epigenetic
modification. The results suggest that intrauterine hyperglycemia during critical periods of fetal
vascular development results in deleterious effects on vascular health, which can persistently affect
the health of the offspring later in life.

2.6. CpG islands of the PCDH10 promoter was significantly hypomethylated in GDM-EPCs and N-EPCs
under hyperglycemic conditions

We hypothesized that the alterations in of PCDH10 mRNA expression in OECs derived from
GDM-EPCs may be caused by epigenetic modification, specifically aberrant promoter methylation,
which could contribute to vascular dysfunction in the offspring. We assessed the methylation status
of CpG islands (CGIs) in the PCDH10 promoter (Figure 7A) using Methylation-specific PCR (MSP)
in both OECs derived from GDM-EPCs and OECs from N-EPCs cultured under high glucose
conditions, where we observed PCDH10 overexpression (Figure 7B-E). As expected, the CGIs was
significantly hypomethylated in OECs derived from GDM-EPCs (Figure 7B) and OECs from N-EPCs
cultured under high glucose conditions (Figure 7D). These results suggested that GDM and exposure
to hyperglycemic conditions might be involved in the methylation of the PCDH10 promoter in fetal
EPCs.
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Figure 5. Knockdown of PCDH10 expression in OECs from GDM-EPCs reversed the suppression of
angiogenesis. (A) Knockdown efficiency using qRT-PCR in OECs derived from GDM-EPCs after transfection
with shPCDH10. (B) Representative image of western blots of shPCDH10 transfected OECs from GDM-EPCs.

(Cand D) Cell migration assay using a Transwell chamber after culture for 4 hr, showing representative
images of H&E staining (C) and quantification (D). (E and F) Cell-matrix adhesion assay after incubation for 30
min, showing representative images of H&E staining (E) and quantification (F). (G and H) Tube formation
assay following cell incubation on a Matrigel gel for 18-24 hr, showing representative images (G) and
quantification (H). (I) Proliferation assay using MTT; the absorbance value (OD) of each well was measured at
490 nm at 72 hr. All data are presented as the mean + SE. **p < 0.01, comparison was performed between
normal and GDM groups, and between the shCtrl- and shPCDH10-transfected groups.
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Figure 6. Exposure to high glucose conditions increased PCDH10 expression in OECs from N-EPCs and the
overexpression of PCDH10 was not reversed under normal glucose conditions. (A) Schematic diagram of the
procedure to evaluate the association of PCDH 10 expression and glucose condition. (B) The expression of
PCDH10 in OECs under high glucose conditions for 19d followed by normal glucose conditions. High glucose-
induced PCDH10 overexpression occurred even in the early passages of OECs and the changes were not
reversed even after return to normal conditions. (C-E) The expression of PCDH10 in OECs derived from N-
EPCs exposed to high glucose conditions for 10 d, 19 d, and 59 d. **p < 0.01. NG, normal glucose; HG, high
glucose.

2.7. Pharmacologic demethylation activated PCDH10 expression

To evaluate whether the hypomethylation of PCDH10 promoter CGIls directly mediates
PCDH10 overexpression, OECs derived from N-EPCs were treated with the DNA methyltransferase
inhibitor 5-Aza-dC, and PCDHI10 expression levels were compared before and after treatment. MSP
analysis showed that the PCDH10 promoter CGIs was dramatically demethylated in the presence of
the drug. PCDH10 mRNA expression was significantly increased after treatment with 5-Aza-dCin a
dose-dependent manner in both OECs derived from EPCs of normal and GDM pregnancies (Figure
7F and G). Based on these results, we confirmed that the expression of PCDHI10 is directly mediated
by the methylation status of CGlIs in the fetal EPCs, indicating that epigenetic modifications are
involved in PCDH10 expression
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Figure 7. The promoter CGIs of PCDH10 was hypomethylated in OECs from GDM-EPCs and N-EPCs
exposed to high-glucose conditions, and correlated with PCDH10 overexpression. (A) Schematic diagram of
the CpG island of PCDH10 promoter. (B) Methylation status of PCDH10 in OECs derived from GDM. (C)
Relative mRNA expression of PCDH10 in OECs derived from GDM. (D) Methylation status of PCDH10 in
OECs derived from N-EPCs exposed to normal and high glucose conditions. (E) Relative mRNA expression of
PCDHI10 in OECs derived from N-EPCs under normal glucose and high glucose conditions. (F and G)
Treatment with 5-Aza-dC induced hypomethylation of the PCDH10 promoter CGIs with concomitant
increased PCDH10 mRNA expression in a dose-dependent manner. **p < 0.01. NL, normal pregnancy; GDM,
gestational diabetes mellitus; NG, normal glucose.

3. Discussion

Intrauterine exposure to hyperglycemia in GDM pregnancies is known to have an impact on
long-term cardiovascular health in the offspring [7,19]. Accumulating evidences suggest that these
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changes are triggered by epigenetic modifications in fetal cells during fetal developments [19-23].
During fetal developments, fetal EPCs play a potentially important role in embryonic
neovascularization and support the health of the vascular endothelium. Epigenetic modifications
have been proposed as potential factors linking intrauterine hyperglycemia exposure to later health
outcomes, however, there have been limited studies investigating the functions of fetal EPCs in
human offspring born to mothers with GDM pregnancies [24].

Our studies showed that the exposure of fetal EPCs to GDM in vivo or hyperglycemic conditions
in vitro could impact both the angiogenic function and gene expression of fetal EPCs. We
demonstrated that PCDH10 was significantly up-regulated in GDM and overexpression of PCDH10
was involved in endothelial dysfunction. Furthermore, it is particularly noteworthy that a reduction
in PCDH10 promoter methylation is linked to the overexpression of PCDH10 in GDM and
hyperglycemic conditions. This observation suggests that hyperglycemia in GDM influences the
epigenetic modification of EPCs.

EPCs can promote angiogenesis and differentiate into mature endothelial cells, therefore, the
function of EPCs may be essential for maintaining healthy cardiovascular system. Although little is
known about the effects of maternal GDM on fetal EPCs, a few studies suggest GDM exposure in
utero contribute to impaired function and lead to altered gene expression in fetal EPCs. Gui, et al.
reported that umbilical cord blood-derived endothelial colony-forming cells (ECFCs), also known as
late EPCs or OECs, have significantly impaired angiogenic functions in the diabetic intrauterine
environment when compared to those from heathy pregnancies. They also demonstrated that the
decreased expression and activity of SIRTs in fetal ECFCs and human umbilical vein endothelial cells
from GDM pregnancies, which may be associated with long-term cardiovascular complications in
offspring of GDM pregnancies [24,25]. Varerg KM, et al reported GDM-exposed ECFCs have
decreased vasculogenic potential and altered gene expression with vasculogenic dysfunction [26,27].
Increased expression of TAGLN involved in actin cytoskeletal rearrangement was associated with
impaired ECFC migration, cell alignment, and network formation [28].

In accordance, our study demonstrated that OECs differentiated from EPCs exposed to GDM
pregnancies or high glucose environments resulted in marked decreases in angiogenesis when
compared to those from EPCs with normal pregnancies or normoglycemic environments. This
indicates that exposure to hyperglycemic environment in utero has a significant impact on fetal EPCs,
leading to functional impairments in OECs. It is reasonable to suppose that the intrauterine
hyperglycemic environment during critical periods of fetal vascular development alters the ability of
EPCs.

To identify possible molecular mechanism contributing to functional differences between
normal and GDM-exposed EPCs, we conducted gene expression analysis using mRNA sequencing.
OECs differentiated from GDM-exposed EPCs exhibited modest differences with control, and we
have demonstrated a novel underlying mechanism involving PCDHI10 as one of the genes
significantly different expressed in fetal OECs from GDM-exposed EPCs.

PCDHI10 belongs to the major subfamily of the cadherin superfamily and is involved in the
establishment and function of cell-to-cell adhesion. Although the functions of protocadherins have
not been well elucidated, recent studies suggest that PCDH10 expression was frequently down-
regulated in various cancers [29]. It has been reported that PCDH10 acts as a functional tumor
suppressor gene by inhibition cell proliferation, migration, and clonogenicity and the induction of
apoptosis [30,31]. In our study, we identified PCDH10 overexpression is involved in angiogenesis
impairment in OECs from GDM-EPCs. Knockdown of PCDHI10 resulted in remarkable restoration
of cell adhesion, migration, tube formation, and proliferation, indicating its crucial role in
angiogenesis. Furthermore, the high glucose environment contributes to the overexpression of
PCDHI10 in OECs derived from normal fetal EPCs. PCDH10 overexpression was observed not only
in OECs exposed to high glucose conditions for a long time after differentiation from EPCs, but also
in OECs identified immediately after differentiation that were exposed to high glucose conditions
while only in the state of EPCs. These results indicated that transient high glucose exposure in utero
can directly affect to stem cells and alter the function of EPCs by altering PCDH10 expression which
is related with vascular dysfunction.

Maternal glucose intolerance from GDM is recovered after childbirth, but in offspring, GDM
increase the risk of CVD and metabolic disease, which can be explained by the fetal programming
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phenomenon. This is because maternal hyperglycemia provokes a permanent epigenetic changes in
gene expression. Our study provides high glucose lead to altered gene expression and that disrupted
epigenetic regulation. PCDH10 expression which was increased by high glucose conditions, was not
restored even after incubation in normal glucose conditions. PCDH10 overexpression was still
observed in OECs cultured after exposure to high glucose condition and then to normal condition.
These significant findings provide possibility about hyperglycemia during pregnancy contribute to
irreversible changes on fetal stem cells with an epigenetic modification which has long-lasting
adverse effects on vascular system in offspring of GDM mothers. These results also provide the
evidence for the importance of maternal glucose control in GDM and PCDH10 expression to improve
the health of offspring born to mothers with GDM .

Increasing evidence suggests that epigenetic modifications by DNA methylation in GDM affects
the progression of diabetes-related vascular disease in offspring [32-36]. DNA methylation regulates
gene expression and genomic stability. In previous studies, PCDH10 was reported to be silenced via
promoter methylation in various types of cancer [37-40]. In our study, hypomethylation was found
to be negatively correlated with PCDH10 mRNA expression in OECs from GDM-EPCs and OECs
derived from N-EPCs exposed to high glucose conditions. These results indicate that promoter
hypomethylation is the principal regulatory mechanism for the overexpression of PCDHI10 in fetal
EPCs following GDM or high glucose exposure, finally leads to aberrant vascular health in the
offspring. In addition, further cohort studies are needed to confirm whether these changes continue
to imprint in offspring later in life, ultimately affect to vascular health.

In conclusion, we demonstrated that fetal exposure to maternal GDM in utero can induce
epigenetic modification and alter gene expression in fetal EPCs, resulting in angiogenic dysfunction
of fetal EPCs. It can be inferred that such impact on epigenetic programming during fetal life
predisposes offspring exposed to maternal GDM to develop cardiovascular diseases later in life.

4. Materials and Methods
4.1. Study population and sample collection

Women with normal (n = 30) and GDM pregnancies (n = 30) were recruited from January 2018
to June 2021. All women assigned to the GDM group were diagnosed with two of the following: a
fasting blood glucose > 95 mg/dL, a 1-hr oral glucose tolerance test (OGTT) > 180 mg/dL, a 2-hr OGTT
> 155 mg/dL, or a 3-hr OGTT > 140 mg/dL in 100 g OGTT followed by 50 g glucose tolerance test >
135mg/dL during 24-28 gestational weeks. Preterm delivery < 36 gestational weeks, multiple
pregnancies, pregnancies associated with fetal malformation, chromosome anomalies, diabetes
diagnosed before pregnancy, chronic hypertension or preeclampsia, and extreme maternal obesity
(pre-pregnancy body mass index > 30 kg/m*) were excluded from this study. Our study investigated
various cases of pregnant women with poor glycemic control. Umbilical cord blood for fetal EPCs
(CD133+ /C-kit+ /Lin- cells: CKL- cells) was obtained at the time of delivery.

4.2. Function evaluation of fetal EPCs from the umbilical cord blood
4.2.1. Isolation and culture of fetal EPCs (CKL- cells)

Fetal EPCs were prepared as previously described [41]. Briefly, cord blood samples containing
fetal EPCs were collected prior to placental expulsion by gravity flow at the time of delivery. EPCs
were isolated using density gradient centrifugation at 400 x g for 30 minutes using Biocoll (Biochrom,
Berlin, Germany) and washed three times in phosphate buffered saline (PBS; Biochrom). CKL- cells
were purified via positive and negative selection with anti-CD133/C-kit/Lin- microbeads (Miltenyi
Biotec, Bergisch-Gladbach, Germany) using a magnetic cell sorter device (Miltenyi Biotec). The purity
of the cell fraction was assessed using fluorescence- activated cell sorting analysis and was confirmed
as > 98%. The CKL- cells were seeded into 6-well plates coated with human fibronectin (Sigma, St.
Louis, MO) and maintained in endothelial basal medium-2 (EBM-2; Clonetics, Cell Systems, St.
Katharinen, Germany). The medium was supplemented with endothelial growth medium-2 (EGM-
2; Clonetics, Cell Systems) containing fetal bovine serum, human VEGF-A, human fibroblast growth
factor-B, human epidermal growth factor-B, IGF1, and ascorbic acid. The identification of CKL- cells
was determined by staining with human CD133 phycoerythrin (PE)-conjugated antibodies and C-kit
PE-conjugated antibodies (BD Biosciences, Bedford, MA).

4.2.2. CKL- cells differentiation assay
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EPCs from GDM (GDM-EPCs) and normal pregnancies (N-EPCs) were seeded on 6-well plates
(1 x 106 cells/well) and cultured in EGM-2 medium, and the medium was replaced every 2 day. EPCs
have the potential to differentiate to form outgrowth endothelial cells (OECs). The day of
differentiation was defined as the first day on which a differentiated colony was observed from the
time of seeding. The duration required for the differentiation of the colonies in each set to occur was
determined using light microscopy. At least three assays were performed for each sample.

4.2.3. Cell migration assay

Cell migration was assessed using Transwell® Permeable Supports (Corning Costar, Acton, MA,
USA) with a 6.5-mm diameter polycarbonate membrane (8.0-um pore size). The lower surface of the
membrane was coated with 10 pg/mL fibronectin (Sigma-Aldrich Corp.). OECs at passage 3 (105 cells)
were seeded onto chemotaxis filters in the insert with EBM supplemented with 0.5% FBS. After 4 hr
of incubation at 37°C, the insert was washed with PBS and non-migrating cells in the top surface of
the membrane were removed. Migrating cells attached to the lower surface of the filters were stained
with hematoxylin and eosin (H&E) and quantified using Kodak 1D software (Eastman Kodak,
Rochester, NY, USA). The assays were performed in triplicate with three different samples [42].

4.2.4. Cell-matrix adhesion assay

Cell-matrix adhesion assays were performed as previously described [42]. Briefly, 96-well plates
were coated overnight at 4 °C with 10 pg/mL human fibronectin (Sigma-Aldrich, St.Louis, MO, USA).
At the 3rd passage, OECs in 100 pL adhesion buffer comprising serum-free media and EBM were
seeded at 105 cells/well and incubated for 30 min at 37 °C. After two washes with PBS to remove non-
adherent cells, the remaining adherent cells were measured via H&E staining and quantified in
triplicate by counting adherent cells in five randomly selected fields per well (Axiovert 100; Carl Zeiss
Micro-Imaging, Thornwood, NY, USA). The assays were performed in triplicate with three different
samples

4.2.5. Tube formation assay

A tube formation assay was conducted as previously described [42]. The Matrigel solution (250
uL; BD Biosciences, Bedford, MA) was added to a 16-mm diameter tissue culture well , and allowed
to polymerize for 30 min at 37 °C. After trypsinization, the harvested OECs (1.2 x 105 cells/well) were
resuspended in EBM and plated onto the Matrigel. Matrigel cultures were incubated at 37 °C, and
cells were photographed at 18 hr and 24 hr of incubation (200 x magnification). The area covered by
the mature tube network was determined by scanning photographs of the tubes into Adobe
Photoshop and using Image] software (National Institute of Health) to quantify the identified area
and measure the total tube length on the captured images.

4.2.6. Proliferation assay

OECs (1 x 103 cells) were seeded onto a 96-well plate, cultured for 72 hr, and then incubated
with 20 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; 5 mg/mL)
reagent. After 4 h, the supernatants were removed, and the cells were treated with 150 pL dimethyl
sulfoxide (DMSO). The absorbance value (optical density, OD) at a wavelength of 490 nm was
measured at 24 hr, 48 hr, and 72 hr. The experiments were performed in triplicate with three different
cell lines [42].

4.3. Analysis of the gene expression profiles using mRNA sequencing

Total RNA was isolated using TRIzol™ Reagent (Life Technologies, Van Allen Way, CA, USA),
and the RNA quality was assessed on an Agilent 2100 Bioanalyzer using the RNA 6000 Nano Chip
(Agilent Technologies, Amstelveen, The Netherlands). RNA quantification was performed using an
ND-2000 Spectrophotometer (Thermo Fisher Scientific Inc., Wyman Street Waltham, MA, USA).

For the normal (n = 3) and GDM (n = 3) pregnancy-derived OEC RNAs, library construction was
performed using a QuantSeq 30-mRNA-Seq Library Prep Kit (Lexogen, Inc., Wien, Austria) according
to the manufacturer’s instructions [42]. In brief, 500 ng of total RNA was prepared, hybridized with
an oligo-dT primer containing an Illumina-compatible sequence at its 5’-end, and subjected to reverse
transcription. After degradation of the RNA template, second-strand synthesis was initiated using a
random primer containing an Illumina-compatible linker sequence at its 5"-end. The double-stranded
library was purified using magnetic beads to remove all the reaction components. The library was
amplified to add the complete adapter sequences required for cluster generation. The finished library
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was purified from PCR components, and high-throughput sequencing was performed via single-read
sequencing (75 cycles) using NextSeq 500 (Illumina, Inc., San Diego, CA, USA). QuantSeq 30-mRNA-
Seq reads were aligned using Bowtie 2. The Bowtie 2 indices were either generated from the genome
assembly sequence or the representative transcript sequence to align the genome and transcriptome.
The alignment file was used to assemble the transcripts, estimate their abundances, and detect
differential gene expression. Differentially expressed genes were determined based on the counts
from unique and multiple alignments using coverage in BEDtools. The read count (RC) data were
processed based on the quantile normalization method using EdgeR within the R program in
Bioconductor. Gene classification was based on searches performed using DAVID
(https://david.ncifcrf.gov/, accessed on 17 May 2021) and the Medline
database(http://www.ncbi.nlm.nih.gov/, accessed on 17 May 2021).

4.4. Total RNA extraction, reverse transcription, and quantitative real-time PCR (gRT-PCR)

Total RNA was extracted from EPCs and OECs using the TRIzol™ Reagent (Life Technologies,
Van Allen Way, CA, USA). The mRNA expression of PCDH10 was measured using a Power SYBR™
Green RNA-to-CT™ 1-Step kit (Applied Biosystems, Foster City, CA, USA) and StepOnePlus™
(Applied Biosystems) according to the manufacturer’s instructions. GAPDH served as an internal
standard for sample normalization. The conditions for amplification were as follows: 48 °C for 30 min
and 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 55 °C for 1 min. The results were
based on the cycle threshold (Ct) values. The relative gene expression levels were calculated using
the comparative CT method (2-24¢) with GAPDH as an internal control. The assay for the expression
of PCDH10 by qRT-PCR used the following primers: PCDH10 forward 5 - AGC TCC AAT GTA CCC
AGT AA-3’, reverse 5'- CAG GGC TTA AGA AAC ATC AG-3’; GAPDH forward 5'-GGG GTC ATT
GAT GGC AAC AA -3, reverse 5 -ATG GGG AAG GTG AAG GTC G -3’

4.5. PCDH10 shRNA infection

To knockdown the expression of PCDH10, OECs from GDM-derived EPCs were cultured in 6-
well plates at a density of 5x104 cells per well in 2 ml EGM-2 and incubated for 24 hr. They were
maintained in 2 ml of complete optimal medium (with serum and antibiotics) and incubated
overnight until 60%-70% confluence on the day of infection. The cells were then infected with shRNA
lentiviral particles, which were constructed to target for PCDH10 (shPCDH10; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), with nontargeting sequence infection as a control (shCtrl),
following the manufacturer’s instructions. Infected cells were selected using puromycin. The
expression of PCDH10 mRNA was analyzed using qRT-PCR after selection

4.6. Exposure to high glucose conditions

To evaluate the effects of maternal hyperglycemia on fetal EPCs, N-EPCs were cultured in high
D-glucose (30 mM) and normal D-glucose (5 mM). Cells for functional assays were treated for 19
days. For quantification of PCDH10 expression, cells were treated for 10 days, 19 days and 59 days
from the day of differentiation into OECs. To evaluate the expression changes in PCDHI10, the N-
EPCs were exposed to high glucose (high glucose) conditions for 19 days after differentiation into
OECs and then cultured in the presence of two different concentrations (5 mM and 30 mM) for 27
days. At least three assays were performed for each sample.

4.7. DNA bisulfite and methylation analysis

DNA was extracted from OECs from normal and GDM pregnancies, and OECs exposed to high
glucose conditions. Bisulfite modifications of DNA and the methylation status in the CGIs of the
PCDHI10 promoter was carried out as previously described. The bisulfite-treated DNA was amplified
using the methylation- specific primer set, PCDH10-M1 5"-TCG TTA AAT AGA TAC GTT ACG C-3’,
PCDH10-M2, 5'-TAA AAA CTA AAA ACT TTC CGC G-3’, or the unmethylation-specific primer set,
PCDH10-U1, 5-GTT GTT AAA TAG ATA TGT TAT GT-3’, PCDH10-U2, 5-CTA AAA ACT AAA
AAC TTT CCA CA-3'. Methylation-specific PCR (MSP) was performed for 40 cycles using the
EpiScope MSP kit (Takara Bio Inc.)

4.8. DNA demethylation using the 5-aza-2 -deoxycytidine (5-Aza-dC)

OECs were treated with 3, 5, and 10 uM of the DNA demethylating agent 5-Aza-dC for 24 hr.
Cells were then harvested for DNA and RNA extraction.

4.9. Statistical analysis
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Data are presented as the mean + standard error (SE). Statistical significance between groups
were assessed using a one-way analysis of variance (ANOVA), followed by Student’s t-test. A p <0.01
was considered statistically significant.
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