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Abstract: Gestational diabetes mellitus (GDM), one of the most common complications
during pregnancy, is associated with a high risk of short- and long-term adverse effects on
the mother and offspring. Placenta-derived hormones and cytokines aggravate maternal
insulin resistance (IR) during pregnancy, which in turn contribute to GDM. The hypergly-
cemia and IR in GDM result in aberrant placental structure and function adversely affecting
fetal growth and well-being. Therefore, it is reasonable to assume that structural and
functional alterations in the placenta contribute to the pathogenesis of GDM and GDM-
related complications. Increasing evidence suggests that multiple non-coding RNAs
(ncRNAs), including microRNAs, long non-coding RNAs, and circular RNAs, are dysregu-
lated in placentas of patients with GDM and linked to abnormal placental structure, meta-
bolism, and function. Manipulation of ncRNA expression led to some key
pathophysiological features of GDM, such as trophoblast dysfunction, changes in intracel-
lular glucose metabolism, and inflammation. Moreover, placenta-specific ncRNAs may be
potential diagnostic biomarkers and even therapeutic targets for GDM. This review sum-
marizes data published on the involvement of aberrantly expressed placental ncRNAs in
GDM and provides information on their role in the pathogenesis of GDM and GDM-
associated complications.

Keywords: dysregulated ncRNA, pregnancy disorder, placental dysfunction, pregnancy-

related complications, trophoblast dysfunction

Introduction
Gestational diabetes mellitus (GDM), a metabolic disorder during pregnancy, is
diagnosed in the second or third trimester and accounts for 86.4% of all hypergly-
cemia in pregnancy.'” Global increases in the incidence of obesity and maternal
age have resulted in an increased incidence of GDM (approximately 14% globally).
Epidemiological studies have shown that the incidence of GDM in pregnancies
worldwide varies from 9% to 21% owing to the diverse genetic backgrounds and
epigenetic modifications that occur in response to nutritional and environmental
factors.” GDM can cause various complications in pregnant women and fetuses,
including short- and long-term effects.”* However, the precise etiological mechan-
isms of GDM and GDM-related complications remain unclear, despite significant
efforts over decades.

GDM is presumed to be a complication of pregnancy involving aberrant pla-
cental functions because the maternal metabolic status is rapidly relieved after the
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expulsion of the placenta at delivery.” It is known that
insulin resistance (IR) is a hallmark of the pathogenesis
of GDM. The development of IR in pregnancy is caused
partly by placental hormones, such as estradiol, progester-
one, prolactin, cortisol, human placental lactogen, and
human placental growth hormone.® Due to the very short
half-lives of placental hormones, the glucose homeostasis
is characteristically rapidly restored within 24 to 48 hours
after delivery.”® For patients with type 1 diabetes, the
insulin requirement is restored to pre-pregnancy levels,
or even lower within 1 to 2 days after delivery.” As an
endocrine organ, the placenta also secretes adipokines and
cytokines such as leptin, adiponectin, tumor necrosis fac-
tor alpha (TNF-a), and interleukin-6 (IL-6), which accel-
erates the inflammatory response and in turn contributes to
IR during pregnancy.® Conversely, hyperglycemia and
severe IR lead to alterations of the placental structure
and function, thereby adversely affecting fetal growth
and well-being. Based on aberrant villous vascularization,
an imbalance of vasoactive molecules, and enhanced oxi-
dative stress, the alterations in placental structure and
function lead to impaired fetal oxygenation and changes
in transplacental nutrient supply.”'”

RNAs without coding potential, referred to as non-
coding RNAs (ncRNAs), account for the majority of
RNAs."" There are two major groups of ncRNAs: (1)
linear RNAs, including microRNAs (miRNA) and long
non-coding RNAs (IncRNA) (based on length), and (2)
circular RNAs (circRNA) consisting of a “back-splicing”
loop."" miRNAs regulate target transcript expression
through degradation or translational repression by incor-
porating into the RNA-induced silencing complex.'?
Compared with our understanding of miRNAs, our under-
standing of the mechanistic characterization of IncRNAs
and circRNAs is rather poor. IncRNAs can exhibit biolo-
gical functions in the nucleus or cytoplasm. Nuclear
IncRNAs primarily regulate chromatin, transcription, and
variable splicing. Cytoplasmic IncRNAs act as sponges for
other transcripts or proteins, serve as protein templates, or
regulate mRNA degradation and translation.'> CircRNAs
may regulate gene expression at multiple levels, such as
sponging miRNA, influencing mRNA stability, or regulat-
ing transcription.'* Accumulated evidence indicates that
ncRNAs play a role in pathway regulation and develop-
mental and pathological processes.'""'* In a tissue-specific
and temporal manner, the expression of multiple ncRNAs
varies in human placenta during different stages of placen-
tal development in line with their functions in regulating

placental development and trophoblast cell activities.'®
Taking miRNAs for example, the C1I9MC and C14MC
miRNA clusters are specifically or preferentially expressed
in the placenta, and C19MC miRNAs expression in tro-
phoblast cells increases substantially from the first to the
third trimester, whereas C14MC miRNAs show the oppo-
site trend.'”'® A number of ncRNAs exert regulatory
effects on trophoblast cell proliferation, apoptosis, migra-
tion, and invasion as well as on metabolism in
trophoblasts.'”?® These findings suggest that ncRNAs
can regulate placental development and function.
Microarray analyses and RNA profiling data indicate that
multiple ncRNAs are dysregulated in placentas of patients
with GDM.?'2* Several studies have explored the
mechanisms by which ncRNAs participate in GDM.*>°
Conceivably, aberrant ncRNA expression can disrupt nor-
mal placental function, initiating the pathogenesis of GDM
and GDM-associated complications.

This review summarizes recent evidence on the role of
dysregulated ncRNAs in the placentas of patients with
GDM. Understanding their functions might help elucidate
the complex pathophysiological mechanisms in GDM and
related complications and might be valuable in identifying

novel therapeutic targets.

Dysregulated Placental ncRNAs are
Associated with GDM

The aberrant structural and functional alterations of the
placenta have been suggested as important contributory
factors to the pathogenesis of GDM and GDM-associated
complications.™® To date, numerous studies have demon-
strated that placenta-specific miRNAs play critical roles in
the pathogenesis of GDM, while few studies have investi-
gated the role of placenta-specific IncRNAs and circRNAs
in GDM. These studies will be discussed in the subsequent
sections.

Placenta-Specific miRNAs in GDM

Several studies have evaluated the potential role of dysre-
gulated miRNAs in the placentas of patients or animals
with GDM (Table 1). To elucidate the role of specific
miRNAs, it is necessary to identify the target mRNAs
post-transcriptionally regulated by miRNAs. Several
human studies showed that multiple miRNAs were differ-
entially expressed in the placentas of GDM cases and
controls; the expression levels of these miRNAs were

negatively correlated with the protein and/or mRNA levels
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of their direct target genes, that were previously reported
to participate in the GDM-associated pathogenesis.

Placental Metabolic Imbalance

The placenta promotes metabolic adaptations during preg-
nancy, augmenting maternal IR and regulating nutrient
composition and supply from the mother to the fetus.?” It
could be a “metabolic mirror,” reflecting the health status
of the mother and fetus.>?” Therefore, it is essential to
evaluate any placental metabolic imbalance and its under-
lying molecular mechanism in GDM.

The insulin signaling pathway components, including
the insulin receptor, insulin receptor substrate 1 (IRS-1),
insulin receptor substrate 2 (IRS-2), phosphatidylinositol
3-kinase (PI3K), glucose transporter 1 (GLUT1), and glu-
cose transporter 4 (GLUT4), have been reported to be
altered in placentas of GDM patients. Insulin sensitivity in
patients with GDM was decreased by 40% compared with
that in healthy controls, possibly owing to defective insulin
signaling.”® Zhao et al*° found that miR-140-3p was over-
expressed in placentas of GDM patients (n = 33) relative to
healthy controls (n = 20), and related this effect to defective
IR signaling by directly targeting the insulin receptor and
the insulin-like growth factor 1 receptor (IGF-1R). A recent
study demonstrated that miR-9 and miR-22 play a role in
disordered glucose metabolism in the placentas of patients
with GDM by targeting GLUT1 and hexokinase-2 (HK2).*
HK2 catalyzes the first step of most glucose metabolism
pathways by phosphorylating glucose to produce glucose-
6-phosphate. The GLUT1 and HK2 protein levels were
increased in patients with GDM (n = 31) compared with
those in healthy controls (n = 20), and miR-9 and miR-22
levels were reduced. GLUT1 was identified as a target for
both miR-9 and miR-22, whereas HK2 was identified as an
miR-9 target.

Specifically, more miRNAs, such as miR-137 and miR-
143, were significantly dysregulated in pharmacologically
treated patients than in diet-treated patients and healthy
controls. Peng et al’! investigated the expression and role
of miR-137 in placenta specimens from insulin-treated
(A2GDM, n = 11) and lifestyle intervention-treated
(A1GDM, n = 9) women with GDM and healthy glucose-
tolerant women (NGT, n = 20). miR-137 expression was
upregulated and that of its target gene, fibronectin type III
domain-containing protein 5 (FNDCS5), was downregu-
lated in the placentas of insulin-treated patients with
GDM. No significant difference was observed between
the NGT and A1GDM women. FNDCS5 is known as
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a key metabolic modulator involved in energy homeostasis
and IR. Another study demonstrated that miR-143 expres-
sion was downregulated in patients with GDM receiving
medication (A2GDM, n = 6) compared with that in diet-
treated patients with GDM (A2GDM, n = 6) and NGT
women (n = 6); the levels of glycolytic enzymes, GLUT1,
HK-2, phosphofructokinase (PFK), and lactate dehydro-
genase (LDH) were significantly upregulated. A luciferase
reporter assay confirmed that miR-143 directly regulated
HK2 expression.*?

Peroxisome proliferator-activated receptors (PPARs)
are members of the steroid hormone superfamily. These
include three subtypes (PPAR-a, PPAR-B/5, and PPAR-y)
that are involved in lipid metabolism, inflammation, pla-
cental development, and angiogenesis.”® miR-518d and
miR-21-5p were dysregulated in GDM placentas and
both were negatively correlated with the protein levels of
their predicted target gene, PPARa.>*>® Notably, the trend
of PPAR-a protein levels in GDM placental tissue com-
pared with that in the controls was inconsistent in these
two studies, possibly due to the sample sizes and different
populations. miR-518d is a member of the placenta-
specific miRNA cluster, CI9MC, and is located on chro-
mosome 19q13.42."® Zhao et al*® reported that miR-518d
expression was specifically upregulated at 3740 weeks of
gestation in placentas of women with GDM (n = 40)
relative to that in healthy controls (n = 40). In 2020,
another study detected a consistent trend of miR-518d
and PPAR-a expression in 120 placental samples (GDM:
control = 60:60).>* miR-21, located on chromosome
17g23.1, has attracted much attention as an important
molecule related to tumors and diabetes.*> A more recent
study demonstrated a negative correlation between placen-
tal miR-21-5p and PPAR-a expression in 295 patients
(GDM:control = 137:158).>> The authors found that the
serum expression of miR-21 in patients with GDM and
GDM rat models was lower than that in the controls, and
that miR-21 expression in GDM rats decreased with an
increase in blood glucose concentration, suggesting that
miR-21 is an indicator of GDM development.

These data confirmed that miRNAs play a role in GDM
placental metabolic dysfunction, potentially altering pla-
cental nutrient transport and fetal growth and program-
ming the offspring for disease later in life.

Oversized Placentas and Newborns
Oversized placentas and newborns have been observed in
women with GDM, especially in those with poor glycemic

control.>” miRNAs may also play an important role in
regulating placental and fetal growth during pregnancy.'®
Ding et al*® revealed that the placental weight and placenta
to baby weight ratio were significantly increased, and the
incidence of large for gestational age babies was also
elevated in GDM. To identify miRNAs involved in over-
sized placentas and newborns in GDM, the authors pre-
of miRNA-mRNA
expression in eight pairs of GDM and NGT placentas

sented an integrated analysis
and validated the abnormal expression of five miRNAs
in larger samples using qRT-PCR (GDM:NGT = 20:18).
Bioinformatic analysis indicated that these aberrant
miRNAs were enriched in “Cellular Development and
Function, Organ Morphology, Organismal Development”
and miR-138-5p was a central “node” in the miRNA—
mRNA network. Furthermore, the authors demonstrated
that the downregulation of miR-138-5p in GDM placentas
exerted a pathological role by targeting the transducin beta
like 1 X-linked (7BL1X) gene. TBL1X acts as an oncogene
in Wnt/B-catenin signaling, a pivotal pathway implicated
in the human placenta and in IR regulation.”®**° Another
study identified 29 dysregulated miRNAs using a miRNA
array of placental tissue from five healthy controls and five
patients with GDM. Additionally, 15 miRNAs whose tar-
geted genes were involved in the epidermal growth factor
receptor (EGFR)/PI3K/Akt pathway were identified using
bioinformatics analysis.”> The EGFR/PI3K/Akt pathway
plays an important role in placental development and
fetal growth.*' Nine of the fifteen miRNAs were con-
firmed by qRT-PCR to be abnormally expressed in healthy
(n = 10) and GDM (n = 10) placental tissue, of which
miR-508-3p was the most upregulated. The authors
observed that the EGFR, PI3K, and phospho-Akt protein
levels were increased, and the level of PIKfyve (a FYVE
finger-containing phosphoinositide kinase), a negative
EGFR signaling regulator, was decreased in GDM tissues;
they also demonstrated that miR-508-3p directly targeted
PIKfyve. Thus, downregulated expression of the PI3K/
Akt-targeting miRNAs and upregulated expression of
miR-508-3p, which suppresses PIKfyve, may play a role
in the pathology of fetal overgrowth by EGFR/PI3K/Akt
pathway activation.

Inflammatory Response

Placenta-derived inflammatory cytokines can stimulate
immune cells and aggravate the immune/inflammatory
response, thereby exacerbating chronic inflammation,
increasing maternal IR, and inducing B cell failure during
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pregnancy.**>° Moreover, the immune cells and inflam-
matory cytokines are important parts of the placental
microenvironment, which is essential for normal
pregnancy.’’>* The imbalanced immune infiltration in
the placenta participates in the pathogenesis and develop-
ment of pregnancy-specific diseases, including GDM, and
may affect GDM-related adverse pregnancy outcomes and
clinical prognosis.***3* The expression of miR-657 was
found to be increased in placenta-derived mononuclear
macrophages from patients with GDM (n=48) compared
with normal pregnancies (n=46), along with the opposite
trend of its target gene IL-37.2° IL-37, an anti-
inflammatory cytokine, can inhibit the activation of the
nuclear factor kappa-B (NF-«B) signaling pathway and
thus influence the production of inflammatory cytokines,
such as IL-6 and TNF-0.>> As mentioned above, miR-518d
may contribute to the inflammation in GDM through tar-
geting PPAR-a, along with increased levels of relevant
inflammatory factors (NF-kB, TNF-a, IL-1B, IL-6, and
cyclooxygenase-2 (COX-2)) in the placenta tissues and
peripheral plasma of pregnant women with GDM.**
A more recent study demonstrated a negative correlation
miR-222
C-X-C chemokine receptor type 4 (CXCR4) expression
in 226 placental samples (GDM:control = 113:113).°
CXCR4, the receptor of C-X-C ligand 12 (CXCL12),
the

C-X-C and is involved in various inflammation-related

between placental and its target gene

belongs to subfamily of chemokine receptor
processes.”’ By post-transcriptionally regulating the
inflammatory genes, miR-657, miR-518d, and miR-222
are possibly engaged in the inflammatory response asso-

ciated with GDM.

Placenta-Specific IncRNAs and circRNAs
in GDM

IncRNAs and circRNAs have gained attention as critical
regulatory factors in human disease onset and progression,
such as cancers and metabolic diseases;'""'* however, few
studies have investigated the role of placenta-specific
IncRNAs and circRNAs in GDM. Our preliminary study
using microarray analysis to compare GDM with healthy
control placentas identified 172 differentially expressed
IncRNAs (86 up- and 86 down-regulated).>’ Seven abnor-
mally expressed IncRNAs were further validated by qRT-
PCR in an independent set of healthy (n = 20) and GDM
(n = 20) placenta samples. While lacking deep functional
assays, the study focused on single IncRNAs.

Three studies have identified a link between dysregulated
single IncRNAs in GDM placentas.>>**%® The well-studied
IncRNA, metastasis-associated lung adenocarcinoma tran-
script 1 (MALAT1), is a highly conserved IncRNA located
on the short arm of human chromosome 11ql13.1.°%°
Accumulated data reveal that MALAT] plays a role in various
diabetes-related complications by inducing pro-inflammatory
cytokines and apoptosis in different cell types.®® Zhang et al
reported that MALAT1 is expressed at higher levels in GDM
placentas (n = 78) compared to those of healthy controls (n =
38).> The IncRNA plasmacytoma variant translocation 1
(PVT1), located on chromosome 8q24.21, is a common retro-
viral integration site in murine leukemia virus (MLV)-induced
T lymphomas.®" It functions as an important oncogene owing
to its facilitation of proliferation, invasion, and migration in
tumor cells.®* In regards to the significant similarities between
the biological behavior of placental and cancer cells, a recent
study identified the clinical significance and biological func-
tion of PVT1 in trophoblasts. The authors observed that PVT1
expression was attenuated in GDM placentas and in patients
with preeclampsia.®® The IncRNA maternally expressed gene
3 (MEG3) appears to be an imprinted gene located on human
chromosome 14q32.2.%* Numerous studies have demonstrated
that MEG3 possesses tumor suppressor activity and is involved
in diabetes-related microangiopathy, IR, and pancreatic -cell
dysfunction.®>®” The blood and placental villous tissue in
pregnant GDM patients (n = 20) showed increased MEG3
levels compared with those in non-GDM patients (n = 20).%

The recently discovered ncRNA, circRNA, plays an
important role in various diseases, including atherosclerosis,
diabetes, and cancer.'' However, few studies have explored
the relationship between placental circRNAs and GDM.
19 detected 46 differentially expressed circRNAs
in GDM placentas using RNA-seq analysis and confirmed

Wang et a

10 of them using qRT-PCR. They also determined the asso-
ciation of differentially expressed circRNAs with GDM
occurrence and development using bioinformatics analysis.
Additionally, Yan et al reported 482 atypically expressed
circRNAs in the placental villi of patients with GDM.>* In
identified 114 differentially
expressed circRNAs in GDM placentas and found that

our previous study, we
their expression profiles differed from those described
above,”! possibly due to the use of different prediction
tools, regions, populations, and database sequencing sys-
tems. Single placental circRNAs have rarely been reported
in GDM. However, in 2020, Wang et al reported that hsa -
circ_0005243 expression was significantly downregulated in
the placentas and plasma of GDM patients.”’
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The biological functions of MALAT1, PVT1, MEG3,
and hsa_circ_0005243 in GDM have been explored by cell
experiments, which will be discussed in detail below.

Diagnostic Role of Placenta-Specific
ncRNAs in GDM

In view of the co-expression in peripheral blood or circulating
exosomes, several placenta-specific ncRNAs may serve as
diagnostic markers in GDM, including miR-185,”" miR-
132, miR-518d,** miR-140,” miR-125b,”> miR-144,"
miR-96-5p,”* and IncRNA MEG3.% Three studies have eval-
uated the diagnostic value of the placenta-specific ncRNAs.
The area under the curves (AUCs) of miR-185 and miR-132 in
diagnosing GDM were 0.927 and 0.898, respectively. A model
that combined miR-125b, miR-144 and body mass index
before pregnancy showed an excellent diagnostic value with
an AUC of 0.898. Early diagnosis is essential in reducing
GDM-associated complications, and common screening of
GDM depends on oral glucose tolerance test (OGTT) during
24-28 weeks of gestation. However, most studies obtained
ncRNAs from blood sample during the third trimester and
only one study focused on the placenta-derived exosomes
obtained blood samples during the second trimester. Further
research toward the potential diagnostic ability of placenta-

P |
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Figure | Effects of aberrantly expressed ncRNAs on trophoblast cells in GDM.

specific ncRNAs in the second or even first trimester is still
needed.

Function of Placenta-Specific
ncRNAs in GDM

Identifying the molecular pathways and biological processes
involved in GDM pathogenesis is essential for its prevention
and may provide future therapeutic targets. Targeting
a single ncRNA potentially affects multiple downstream
pathways and several phenotypes, thus amplifying the effect
of a single target and contributing to unexpected adverse
effects. Therefore, the functions of ncRNAs should be com-
pletely understood both in vitro and in vivo before they are
used for therapeutic purposes. Table 1 summarizes the bio-
logical function of placenta-specific miRNAs in GDM.

Trophoblast Dysfunction

Hormone secretion, vascularization, and the immunological
interface of the placenta are directly related to several critical
trophoblast cell functions, including proliferation, invasion,
migration, and cell cycle progression.”’ Moreover, a large
amount of evidence indicates that the manipulation of
ncRNA expression leads to functional alterations in tropho-
blast cells. Figure 1 summarizes and illustrates the role of

MALAT1v PVT1
miR-137 mlR—2|1 , Z (‘ )
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Migration

Notes: Green arrows indicate ncRNA knockdown. Orange arrows indicate ncRNA overexpression. Different from miRNAs, circRNAs and IncRNAs are in bold italics and
bold, respectively. Black arrows indicate a promotive effect on trophoblast function. Black T-bars indicate an inhibitory effect on trophoblast function.

Abbreviations: GDM, gestational diabetes mellitus; ncRNA, non-coding RNA; miR, microRNA; MEG3, maternally expressed gene 3; PVTI, plasmacytoma variant
translocation |; MALAT |, metastasis-associated lung adenocarcinoma transcript |; circ_0005243, hsa_circ_0005243 (a circular RNA).
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ncRNAs in trophoblast dysfunction and the phenotypes
obtained when altering the expression of single ncRNAs.

The altered expression of placental miRNAs, including
miR-21, miR-132, miR-137, miR-9, miR-22, miR-29b,
miR-345, miR-138, miR-30d, miR-362, miR-96, and miR-
193, in GDM can cause disordered biological behavior and
abnormal cell cycle progression of trophoblasts. HTR-8/
SVneo, a cell line derived from first-trimester extravillous
cytotrophoblast cells, is often used for in vitro experiments
on placental dysfunction.”> The miR-21 mimic transfected
into HTR8/SVneo cells promoted cell proliferation, migra-
tion, and infiltration and inhibited apoptosis; the opposite
effects were observed in the miR-21 inhibitor group.*> The
overexpression of miR-137 and miR-138 suppressed the
viability and migration of HTR-8/SVneo cells, whereas
miR-138 knockdown promoted cell migration and
proliferation.**! Inhibitors of miR-9 and miR-22 enhanced
viability and prevented apoptosis in primary syncytiotropho-
blasts (STBs) and HTR-8/SVneo cells, which could be
partially rescued by silencing GLUT1 and HK2.*°

Additionally, Li et al'® revealed that miR-345-3p expres-
sion decreased in GDM placentas and maternal blood
(n = 30) compared with that in healthy controls (n = 30).
Functional assays have shown that miR-345-3p overexpres-
sion could inhibit apoptosis and promote cell proliferation
and migration in trophoblasts by targeting B-cell lymphoma
2 antagonist/killer 1 (BAK1), a member of the B-cell lym-
phoma 2 protein family involved in mitochondrial
apoptosis.”®

miR-29b and miR-30d-5p levels were downregulated
in terminal placentas of patients with GDM relative to
those in healthy controls; the overexpression of miR-29b
and miR-30d-5p contributed to reduced cell proliferation,
migration, and invasion and increased apoptosis in HTR-8/
SVneo cells.*®”” Dual-luciferase reporter system analysis
showed that miR-29b was inversely regulated by hypoxia-
inducible factor 3-alpha (HIF3A4), a gene associated with
apoptosis and proliferation. The restoration of HIF3A par-
tially antagonized the inhibitory effect of miR-29b over-
expression on cell growth and migration, and the
downregulation of HIF3A restricted the enhanced cell
migration induced by miR-29b knockdown. Functional
assays showed that Ras-related protein Rab-8A (RAB8A)
is the direct target of miR-30d-5p and the downregulation
of RABS8A could attenuate the increase in trophoblast cell
proliferation, migration, invasion and glucose uptake in
trophoblast cells induced by the miR-30d-5p inhibitor.

RABSA, a key regulator of intracellular membrane traf-
ficking, is involved in glucose homeostasis and autophagy.

Furthermore, the activities of miR-132, miR-362-5p
and miR-96-5p may emerge as protection against GDM
through the mediation of trophoblast cell function in high
glucose (HG). Zhou et al’* revealed decreased miR-132
expression in serum and placenta tissues in GDM patients
compared with healthy women. In vitro studies showed
that HG treatment induced the inhibition of HTR-8/SVneo
cell proliferation and the expression of miR-132, and the
HG-induced suppressed cell proliferation can be substan-
tially rescued by overexpressing miR-132. Another study
demonstrated the reduced expression of miR-362-5p in
HG-treated HTR-8/SVneo cells and placental tissues of
patients with GDM; the downregulation of miR-362-5p
expression was negatively correlated with the expression
of its predicted target gene, glutathione-disulfide reductase
(GSR). The study revealed that miR-362-5p promoted
trophoblast proliferation and inhibited apoptosis via the
targeting of GSR and the activation of PI3K/AKT
pathway.”® A more recent study revealed that miR-96-5p
levels were significantly decreased in the placenta and
plasma samples of patients with GDM as well as in HG-
treated HTR-8/SVneo cells. Moreover, the overexpression
of miR-96-5p could alleviate high glucose-induced reduc-
tion in the cell viability of trophoblasts.”

Evidence for the involvement of dysregulated placental
IncRNAs and circRNAs in trophoblast dysfunction in GDM
is rather poor. Cell experiments showed that MALAT] atte-
nuated the proliferation, invasion, and migration of HTR-8
cells, possibly via the TGF-B/NF-kB signaling pathway.
However, the mechanism by which it modulates the TGF-
B/NF-kB signaling pathway is unclear.”® Suppression of
PVTI1 expression enhanced apoptosis and inhibited the pro-
liferation, migration, and invasion of trophoblast cells.
Moreover, significantly decreased Akt phosphorylation and
the aberrant expression of CCND1, GDPD3, ITGAV, ITGBS,
PDGFB, and EIF4EBPI genes enriched in the PI3K/Akt
pathway were observed after PVT1 knockdown, suggesting
that PVT1 functions through the PI3K/Akt pathway.®’
Subcellular localization reflects IncRNA function to some
extent. IncRNAs located in the nucleus mainly regulate tran-
scription, alternative splicing, or modified chromatin struc-
tures; those in the cytoplasm can influence protein expression
by sponging miRNA away from their coding gene targets.'
PVT1 was mainly distributed in the nucleus and cytoplasm of
trophoblast cells, indicating its diversified biological func-
tions. IncRNAs can act as ceRNA molecules or efficient
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miRNA sponges to regulate downstream gene expression.
miR-345-3p has been identified as a direct target of MEGS3,
the expression of which was downregulated in GDM. In vitro
studies have demonstrated that MEG3 can attenuate cell
viability, migration, and invasion and promote apoptosis by
sponging miR-345-3p.°® As for circRNA, silencing hsa -
circ_0005243 significantly suppresses cell proliferation and
migration abilities of trophoblast cells. Reduced B-catenin
expression and increased NF-kB p65 nuclear translocation
were observed after hsa_circ 0005243 knockdown.”® Thus,
the downregulation of hsa circ 0005243 expression plays
a role in GDM pathogenesis by inducing trophoblast cell
dysfunction via the B-catenin and NF-«kB signaling pathways;
however, the underlying mechanism is unclear.

Intracellular Glucose Metabolism

Placental glucose metabolism interacts reciprocally with
other carbon substrates, which contributes to nutrient
transfer, energy balance, fetal growth, and hence, fetal
programming. It is known that glucose transport in the
placenta is controlled by extracellular glucose concentra-
tion, GLUTs expression in the basal membrane, and the
intracellular glucose metabolism.”® Hyperglycemia during
GDM results in changes in glucose transport in the pla-
centa. Therefore, assessing intracellular glucose metabo-
lism is essential to better understand the placental glucose
metabolism in GDM.

In vitro experiments indicated that miR-9 and miR-22
inhibitors increased glucose uptake and lactate secretion in
primary syncytiotrophoblasts (STBs) and HTR8/SVneo
cells by targeting GLUT1 and HK2.*° Another study
revealed that downregulation of miR-30d-5p promoted
glucose uptake of HTR8 cells, which could be attenuated
by downregulation of RAB8A. However, there were no
differences between the miR-30d-5p mimic and pre-miR
control on cell glucose uptake of HTRS cells.*® Since IR
signaling regulates the glucose uptake of placental cells,
Zhao et al demonstrated that miR-140 repressed the
expression of IR-o and IGFIR on a post-transcriptional
level in HTR8 /SVneo cells. The authors also confirm that
miR-140 inhibits IR-o and IGFIR through targeting
3'UTRs in HEK293 cells. Moreover, the glucose uptake
in both HTR-8/SVneo and HUVEC cells was repressed by
the miR-140 mimic and upregulated by miR-140
inhibitor.””

Physiologically, at least 30% of glucose entering the
placenta is metabolized by glycolysis or aerobic glycolysis
oxidative

through mitochondrial phosphorylation to

generate energy.®® Muralimanoharan et al reported
a reduction in mitochondrial respiration by half in tropho-
blast cells isolated from A2GDM placentas. The overex-
miR-143
mitochondrial respiration and protein expression of mito-

pression  of contributed to increased
chondrial complexes, and decreased expression of glyco-
lytic enzymes by 40%. Downregulation of miR-143
partially rescued mitochondrial function and reduced
levels of glycolytic enzymes in trophoblast cells isolated

from A2GDM placenta.*

Pro-Inflammatory Effect

The altered levels of inflammatory cytokines and dysregu-
lation of immune cells are initiating factors of GDM,
which aggravate the chronic inflammatory reaction and
the degree of maternal IR.>**' For instance, placental
macrophages switch to a pro-inflammatory phenotype in
pregnancies with diabetes, along with an elevated expres-
sion of pro-inflammatory cytokines in the placenta.®*®’
Emerging evidence has supported the critical roles of
ncRNAs in the inflammatory response and the develop-
ment of metabolic diseases, while limited studies have
investigated the pro-inflammatory role of placenta-
specific ncRNAs in GDM.

As described above, Wang et al demonstrated the upre-
gulation of miR-657 in placenta-derived mononuclear
macrophages from patients with GDM compared with
normal pregnancies. In cell experiments, the authors
revealed that miR-657 could promote the proliferation of
mononuclear macrophages, the generation of inflammatory
cytokines (IL-6 and TNF-a) and activation of NF-kB in
lipopolysaccharide-induced mononuclear macrophages by
targeting IL-37.?° The NF-xB signaling pathway has been
demonstrated to regulate the cytokine network and is clo-
sely correlated with GDM pathogenesis.** miR-518d,
IncRNA MALAT! and hsa circ_0005243 also mediate
the inflammatory response through NF-kB signaling. As
mentioned above, miR-518d was upregulated in the pla-
centas of patients with GDM, along with the relatively
high inflammatory responses both in the placenta tissues
and peripheral plasma. In vitro experiments demonstrated
that miR-518d was associated with the inflammatory
responses through the PPARa-mediated NF-kB Pathway
in HTR8/SVneo.>* hsa circ 0005243 was significantly
downregulated in both the placenta and plasma of GDM
patients. In vitro, the depletion of hsa circ 0005243 sig-
nificantly increased the secretion of the pro-inflammatory
factors TNF-a and IL-6 in trophoblast cells, as well as
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reduced B-catenin expression and increased NF-«B p65
nuclear translocation.”® Higher IncRNA MALAT1 expres-
sion was observed in GDM placental tissues compared to
a normal control group. Cell experiments showed that
MALATI1 knockdown diminished the secretion of pro-
inflammatory factors (TNF-o and IL-6) and suppressed
the expression of TGF-p and NF-kB.*> Accordingly, dys-
regulation of miR-657, miR-518d, IncRNA MALATI and
has_circ_0005243 may contribute to the pathogenesis of
GDM by activating the inflammatory response via NF-kB
signaling.

Apart from in vitro studies, more recent research high-
lighted the pro-inflammatory role of placenta-specific
miRNAs in GDM in vivo. Zhang et al established
a GDM mouse model by intraperitoneal injection of strep-
tozocin (STZ); based on this model, they found that miR-
222 was increased while the expression of its target gene
CXCR4 was decreased in the placenta and pancreatic tis-
sues of GDM mice, consistent with previous results in
human placentas. In vivo, silencing miR-222 could dimin-
ish the inflammatory response in GDM mice through
CXCR4 and NLRP3
inactivation.’® In another study, the mouse model of

enhancement inflammasome
GDM was successfully established by combination of
high sugar and high fat feeding and injecting STZ after
15 days feeding; the blocked nuclear transport process of
NF-kB and the weakened phosphorylation of NF-kB path-
way-related proteins were observed after administrating
the miR-518d antagomir, which could be reversely regu-
lated by inhibiting PPARa. These results agreed with that
in the in vitro study mentioned above and further proved
that miR-518d promotes the process of NF-kB nuclear
transport to regulate the inflammatory responses through
negatively regulating PPARo.>*

Notably, other studies also reported placenta-specific
miRNAs, such as miR-98 and miR-221, were dysregulated
and associated with the pathogenic processes of GDM.
miR-98 is elevated in the placenta of GDM patients and
it is linked to global DNA methylation via targeting of
methyl CpG binding protein 2 (Mecp2).*> Cao et al
revealed that miRNA-221 was downregulated in the pla-
centas of GDM rats induced by high sugar and high fat
diet, and negatively correlated to the glycemic level. In
in vitro experiments, the depletion of miRNA-221 sup-
pressed insulin secretion, proliferation and stimulated
apoptosis in islet B cells by targeting PAK1.*® However,
it seems incomplete to study the role of placenta-specific

molecules directly on islet cells without verifying their
expression in peripheral blood or the pancreas.

Conclusion and Prospects

GDM is an increasingly common complication in preg-
nancy that acts as a threat to the short- and long-term
health of the mother and her offspring. Placental dysfunc-
tion is a unique pathophysiological feature of GDM that is
closely correlated with its development and complications.
A growing number of ncRNAs are being identified in
GDM placentas, highlighting their potential involvement
in the pathogenic mechanisms of pregnancy-related com-
plications. The literature described herein provide strong
evidence that placenta-specific ncRNAs play important
roles in GDM, such as effects on placental structure,
function and metabolism, effects on trophoblast dysfunc-
tion, intracellular glucose metabolism and inflammation.
So far, there are numerous studies on the underlying
molecular mechanism of action of differentially expressed
ncRNAs, while few focused on IncRNAs and circRNAS in
GDM placentas. More dysregulated placenta-specific
ncRNAs in GDM should be identified and explored both
in quantity and diversity, especially in regards to the roles
of circRNAs and IncRNAs. Due to the transcriptional and
post-transcriptional regulation of circRNAs and IncRNAs,
more research should focus on the abnormal expression
and functions of these specific IncRNAs or circRNAs,
which may shed new light into the molecular mechanisms
governing GDM. Considering the temporal manner of
placenta-specific ncRNAs, evaluating their expression
and exploring their functions during different trimesters
until delivery in vivo and in vitro is essential to ascertain
how they regulate placental development and trophoblast
cell activities. Studies concerning crosstalk of placental-
specific ncRNAs, especially in exosomes, among different
tissues in GDM will contribute to the full understanding of
the local and systemic pathogenic mechanism of GDM.
Notably, the multiple downstream phenotypes observed by
manipulating the expression of single ncRNAs are due to
their involvement in diverse molecular regulatory net-
works. Multiple ncRNAs are simultaneously implicated
in regulation and downstream effects. To evaluate the
therapeutic possibility of placenta-specific ncRNAs, more
in vivo research in GDM animal models should be carried
out. Further studies are needed to elucidate the mechan-
isms involved in the abovementioned events and explore

the hitherto unidentified placenta-specific ncRNAs
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involved in GDM, in order to aid in the development of
new or improved therapeutic options.
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