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Gestational diabetes mellitus (GDM), the most common medical pregnancy complication,
has become a growing problem. More and more studies have shown that microRNAs are
closely related to metabolic processes. The purpose of this paper is to investigate the role
of up-regulation of miR-199a-5p expression in GDM. We found that miR-199a-5p was
significantly up-regulated in the placenta of GDM patients compared with normal pregnant
women, and expressed in placental villi. miR-199a-5p can regulate the glucose pathway
by inhibiting the expression of methyl CpG-binding protein 2 (MeCP2) and down-
regulating canonical transient receptor potential 3 (Trpc3). This suggests that miR-
199a-5p may regulate the glucose pathway by regulating methylation levels, leading to
the occurrence of GDM.
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INTRODUCTION

Gestational diabetes mellitus (GDM) is defined as any degree of glucose intolerance onset or first
recognized during pregnancy, a disease that develops during the second and third trimesters, and is
characterized by marked insulin resistance secondary to placental hormone release (1, 2). The
incidence of GDM in China is 11.91%, and the incidence is on the rise (3). Women with GDM are at
increased risk of developing gestational hypertension and preeclampsia, and are more likely to
experience GDM recurrence in future pregnancies (4–6). GDM is associated with an increased risk
of type 2 diabetes (T2D) and cardiovascular disease in mothers and offspring.

MicroRNAs are endogenous non-coding RNA molecules with a length of 19-22 nt (7). Many
studies have shown that miRNAs are involved in the pathogenesis of GDM (8–10). miR-199a is
differentially expressed specifically in patients with type 1 diabetes, type 2 diabetes and GDM (11,
12). Esteves et al. found that miR-199a is involved in glucose regulation in rat skeletal muscle (13).
miR-199a-3p is downregulated in type 2 diabetes and may contribute to diabetic macular edema
(14). These studies suggest that miR-199a is involved in blood glucose regulation, but its role in
GDM remains unclear.

Methyl-CpG binding protein 2 is a member of the methyl-CpG binding domain (MBD) protein
family involved in DNA modification (15). Studies have shown that changes in DNA methylation
affect gene expression pathways related to the pathophysiological process of GDM (16). In this
study, we report the relationship between miR-199a and GDM and investigate the possible
functional role of miR-199a in GDM placenta.
n.org July 2022 | Volume 13 | Article 9173861

https://www.frontiersin.org/articles/10.3389/fendo.2022.917386/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.917386/full
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:genetic@263.net.cn
mailto:hongfeixia@126.com
https://doi.org/10.3389/fendo.2022.917386
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.917386
https://www.frontiersin.org/journals/endocrinology
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.917386&domain=pdf&date_stamp=2022-07-14


Guan et al. miR-199a Targeting the MeCP2-Trpc3 Pathway
MATERIALS AND METHODS

Sample Collection and Tissue Preparation
137 GDM patients and 158 healthy pregnant women were
selected from Beijing Haidian District Maternal and Child
Health Hospital. The population information is shown in
Table 1. There was no significant difference in the age of the
GDM compared with the control group, the BMI in the GDM
group was significantly higher than that in the control group
(P<0.05), and the OGTT-2h in the GDM group was significantly
higher than that in the control group (P<0.05). The selected
pregnant women underwent glucose tolerance (OGTT) test
according to the IADPSG2010 diagnostic method and standard
at 24-28 weeks of gestation. Small pieces of tissue were cut from
the placenta from the maternal leaflet and fixed in 10%
formaldehyde. GDM placental tissues were divided into four
groups according to age: less than 25 years old (Y<25), 25-30
years old (Y25-30), 31-35 years old (Y31-35) and over 35 years
old (Y>35). Among the Y<25, there were 23 people in the control
group and 10 people in the GDM group; among the Y25-30,
there were 72 people in the control group and 58 people in the
GDM group; among the Y31-35, there were 43 people in the
control group and 40 people in the GDM group; among
the Y>35, 20 in the control group, 29 in the GDM group. The
collected placental tissue was embedded in paraffin to make a
tissue chip, and this tissue chip was used for both
immunohistochemistry and in situ hybridization experiments.
At least 10 samples per group were used for post-staining
statistical analysis. 10 samples were taken from each group for
Real-time PCR detection. The study complied with the principles
stipulated in the Declaration of Helsinki of the World Medical
Association to collect clinical specimens, and was approved by
the Ethics Committee of the Scientific Research Institute of the
National Population and Family Planning Commission
(2011–08).

In Situ Hybridization and
Immunohistochemistry
Tissue microarray sections were denatured with 100 mg/mL
proteinase K (TransNGS, China) and labeled with digoxigenin
(DIG) LNA-miR-199a probe at 40°C overnight. The (AP)-
labeled anti-DIG antibody (Roche, Germany) was then
incubated in alkaline phosphatase-containing blocking reagent
overnight at 4°C. Staining was performed using BCIP/NBT
chromogenic substrate (Promega, USA). Three fields of view
were randomly selected for each slice, and three different slices
were selected for the same sample.
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Cells and tissues were incubated with anti-MECP2 polyclonal
antibody (GeneTex, USA, 1:200) or anti-5 methylcytosine
monoclonal antibody (Santa Cruz, USA, 1:200) overnight at 4°C,
then incubated with horseradish peroxidase (HRP)-conjugated goat
an t i - r abb i t I gG or goa t an t i -mouse IgG (1 :500 ,
BiodragonTechnology Co., China) for 1 h. All 137 GDM patients
and 158 healthy pregnant women placental tissues were embedded
in paraffin to make tissue chips. All samples were used for
immunohistochemistry and in situ hybridization experiments.
The sample selection is Random. The results were quantitatively
analyzed by ImageJ software. For cell immunohistochemistry, there
were at least three samples in each group, and three viewing angles
were selected for each sample to take pictures to count the results.

Plasmid Construction
A 367 bp MeCP2-3′-UTR containing the miR-199a binding site
was ligated to the pGL3 vector. The restriction sites were specific
to Xbal and SpeI. (MeCP2-3′UTR-Forward, 5′- GACTAGTTCT
CTCTGCTCTGACGGGATTTGT -3′, MeCP2- 3′UTR-Reverse,
5′- GCTCTAGATTCAGAAGCCATGTCCTCAGGT -3′).

The mutant primers were designed using the Easy
Mutagenesis System kit (TransGen Biotech, China). The
primer sequences are as follows: (MeCP2-3′UTR-mut-
Forward, 5′- TATTAGAGGGGAAAAGCTGATTATTGAA
GTCAGTTCTCAACAAT -3′, MeCP2-3′UTR-mut-Reverse, 5′-
ATAATCAGCTTTTCCCCTCTAATATGTAATTTTAGA -3′).
The PMSCV-puro- MeCP2 expression vector was constructed
and the MeCP2 CDS sequence was amplified by PCR. The
restr ict ion si tes were specific to XhoI and EcoRI.
(PMSCVpuro- MeCP2-Forward, 5′- CGCGGATCGCCACCAT
GGTAGCTGGGATGTTAGGGCT -3′, PMSCVpuro- MeCP2-
Reverse, 5′- CCGGAATTCTCAGCTAACTCTCTCGGTCACG
G - 3′).

Quantitative Reverse-Transcriptase
Polymerase Chain Reaction
Total RNA from tissues and cells was extracted with TRIzol
(Invitrogen, USA) and reverse transcribed into cDNA using a
reverse transcription kit (Takara Bio, China). miR-199a and U6
probe (Applied Biosystems, USA) were used for reverse
transcription and PCR for quantitative miRNA. Each sample
was replicated three times, with a minimum of three samples per
group. The primer sequences are as follows: MeCP2 - Forward,
5′- TGCAAAGAGGAGAAGATGCCCAGA-3′, MeCP2-
Reverse, 5′- GCCTTGGCATGGAGGATGAAACAA -3′,
GAPDH-Forward, 5′ - TGGTATCGTGGAAGGACTCA -3′,
GAPDH-Reverse, 5′- GTAGAGGCAGGGATGATGTTC-3′.

Cells Culture and Transfection
JEG-3 was purchased from China National Biomedical
Experimental Cell Resource Bank in DMEM complete
medium (10% fetal bovine serum, 1% 100 IU/mL penicillin
and 100 IU/mL streptomycin), placed in an incubator at 37°C
with 5% CO2. MiR-199a mimic, miRNA mimic negative
control, miR-199a inhibitor or miRNA inhibitor negative
control (Gene Pharma, China) JEG-3 cells were transfected
according to the instructions of Lipofectamine 2000 Reagent
TABLE 1 | Basic characteristics of study population according to GDM.

Control GDM

Age(years) 29.68±3.6 30.93±3.4
BMI(kg/m2) 21.06±2.9 22.97±3.1*
OGTT-2h 6.26±0.9 9.07±1.3*
*P<0.05.
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(Invitrogen, USA). The miRNA mimic and inhibitor
concentrations were 50 nM, and the plasmid concentration
was 0.5 ng/mL.

Dual-Luciferase Activity Assay
Add 20 mL of cells to the tube, add 100 mL of firefly luciferase
(Promega, USA) detection reagent, mix well and use the
measured value and record. Then 100 mL of renilla luciferase
detection working solution (Promega, USA) was added, and the
value was detected and recorded. Relative luciferase activity
(Firefly LUC/Renilla LUC) was obtained and the experiment
was repeated three times.

Western Blot Analysis
The tissue and cell proteins were extracted with RIPA Lysis
Buffer, the protein concentration was detected with BCA kit
(TransGen, China), and 50 mg of protein was electrophoresed on
polyacrylamide gel. After electrophoresis, the protein was
transferred to PVDF membrane (Amersham, UK), anti-
MECP2 polyclonal antibody (GeneTex, USA, 1:500), anti-
TRPC3 and anti-SFRP4 polyclonal antibody (1:500, SantCruz
Biotechnology Inc., USA), anti-b-ACTIN monoclonal antibody
(Abcam, USA, 1:2000) was incubated overnight at 4°C. HRP-
conjugated goat IgG was incubated for 1 h. Chemiluminescence
reaction was visualized on ECL kit (Millipore, USA). The results
were quantitatively analyzed by ImageJ software, with at least 3
samples per group.

Statistical Analysis
The unpaired Student’s t-test was used to determine the
significance between two groups. One-way analysis of variance
was used to determine significant differences among the groups.
Prism6.0 software was used for illustrations.
RESULTS

miR-199a Was Upregulated in the
Placenta of GDM Patients
In order to exclude the influence of age, we divided the samples
into four groups according to the maternal age, 25 years old
(Y<25), 25-30 years old (Y25-30), 31-35 years old (Y31-35), and
over 35 years old (Y>35). In situ hybridization results showed
that miR-199a was localized in placental villi, mainly in the
villus syncytiotrophoblast and villus matrix (Figure 1A).
The expression of miR-199a was significantly up-regulated in
the placenta of GDM patients of all ages (P<0.05, P<0.01,
Figure 1B). The expression of miR-199a in the placenta
detected by real-time fluorescence quantitative PCR was
consistent with the results of in situ hybridization. The results
showed that miR-199a was significantly upregulated in GDM
patients of all ages compared with controls, especially in Y31-35
(P<0.01, Figure 1C). It is suggested that the expression level of
miR-199a in the placenta may not be related to age, and the
placental tissue may be involved in the occurrence of GDM.
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Overexpression of miR-199a Upregulates
DNA Methylation Levels
To investigate the role of miR-199a in GDM, we added miR-199a
mimics to JEG-3 cells and performed immunohistochemical
staining using the DNA methylation inhibitor 5-aza. The
results showed that compared with the control, the proportion
of 5-MeC positive cells in the cells transfected with miR-199a
mimic was significantly increased (P<0.05). The proportion of 5-
MeC-positive cells was significantly reduced in cells
simultaneously transfected with miR-199a inhibitor (P<0.01,
Figures 2A, B). Real-time PCR detected the expression of
miR-199a, and the results showed that inhibiting DNA
methylation significantly down-regulated the expression of
miR-199a (P<0.01, Figure 2C). And the expression of miR-
199a was hardly affected by the dose of 5-aza. This suggests that
miR-199a regulates DNA methylation and may regulate the
occurrence of GDM by regulating DNA methylation.

MeCP2 Was a Target of miR-199a
To validate the targeted regulation of MeCP2 by miR-199a, we
predicted the binding site of miR-199a in the 3’UTR of MeCP2
mRNA by PicTar and miRanda (Figure 3A). We cloned the
wild-type-containing Mecp2 3’-UTR fragment downstream of
the firefly luciferase reporter gene in the pGL3 control vector for
dual-luciferase assay. The results showed that miR-199a mimics
significantly reduced the expression of MeCP2, miR-199a
inhibitor significantly increased the expression of MeCP2
(P<0.01, Figure 3A). To verify that miR-199a targets MeCP2,
we constructed a base mutation vector targeting the site. The
results of dual luciferase assay showed that the expression of
MeCP2 in miR-199a mimic was significantly higher than that in
the control group (P<0.01, Figure 3B). It is suggested that miR-
199a regulates MeCP2 through the binding site. To verify the
effect of miR-199a expression on the protein level of MeCP2, we
performed Western blotting experiments. The results showed
that miR-199a mimic inhibited the expression of MeCP2, and
miR-199a inhibitor up-regulated the expression of MeCP2
(P<0.05, P<0.01, Figures 3C, D). The results show that miR-
199a directly targets MeCP2 and regulates MeCP2 function.

MeCP2 Was Downregulated in
GDM Placenta
We detected the expression of MeCP2 in the placenta by
immunohistochemical experiments, and the results showed
that the expression of MeCP2 in the placenta of GDM patients
was significantly down-regulated compared with the control
group (P<0.05, Figures 4A, B). This corresponds to the up-
regulated expression of miR-199a in the placenta of GDM
patients detected by in situ hybridization experiments,
suggesting that MeCP2 is a functional target gene of miR-199a.

The Regulatory Effect of miR-199a on the
MeCP2-TRPC3 Pathway
To investigate the regulatory role of MeCP2 in GDM, we used
Real-time PCR to detect the expression of TRPC3 and SFRP4 in
July 2022 | Volume 13 | Article 917386
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B C

A

FIGURE 1 | The expression of miR-199a is up-regulated in the placenta of GDM patients. (A, B) In situ hybridization of miR-199a-specific DIG-labeled LNA probes
to detect the localization and expression of miR-199a in the placenta. (C) Real-time PCR detection of miR-199a expression in placenta. n=10. The scale bar
indicates a distance of 1000mm. *P<0.05; **P<0.01.
B C

A

FIGURE 2 | miR-199a mimic upregulates cellular methylation levels. (A, B) 5-aza immunohistochemical detection of the effects of miR-199a mimic and miR-199a
inhibitor on the overall methylation level of JEG-3 cells. Brown is a positive signal. n=3. (C) Real-time PCR detection of miR-199a expression in JEG-3 cells treated
with different concentrations of 5-aza. n=3. The scale bar indicates a distance of 100mm. *P<0.05; **P<0.01.
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JEG3 cells transfected with miR-199a and MeCP2. The results
showed that compared with the control group, miR-199a mimic
significantly inhibited the expression of TRPC3 and SFRP4
(P<0.01). After simultaneous transfection of miR-199a mimic
and PMSCV-Mecp2 vectors, the expressions of TRPC3 and
SFRP4 were significantly up-regulated (P<0.01, Figures 5A, B).
It was suggested that the expression levels of Trpc3 and SFRP4
suppressed by miR-199a overexpression could be restored by
Mecp2 dose compensation. Western blotting showed the same
results that miR-199a mimic could inhibit the expression of
Frontiers in Endocrinology | www.frontiersin.org 5
TRPC3 and SFRP4 (P<0.05, Figures 5C, D). This suggests that
miR-199a regulates the MeCP2-TRPC3 pathway by regulating
MeCP2, thereby regulating the occurrence of GDM.
DISCUSSION

MeCP2, a key component of constitutive heterochromatin,
functions as a repressor of gene transcription and reduces the
expression of its target genes by binding to promoter regions and
B

C D

A

FIGURE 3 | Target gene verification of miR-199a. (A) Prediction of the binding site of miR-199a and the 3’-UTR of MeCP2 mRNA and dual-luciferase detection of
the target gene interaction relationship between miR-199a and the 3’-UTR of MeCP2 mRNA. n=3. (B) The inhibitory effect of miR-199a on MeCP2 was significantly
reduced after induction of point mutations to the binding site. n=3. (C, D) Western-blot verification of the regulatory effect of miR-199a on the protein level of the
target gene MeCP2. *P<0.05, **P<0.01.
B

A

FIGURE 4 | The expression of MeCP2 is down-regulated in the placenta of GDM patients. (A, B) Immunohistochemical assay to detect the expression of MeCP2 in
the placenta of GDM patients. Brown is a positive signal. *P<0.05.
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collecting histone deacetylase complexes (17). TRPC channels
are a class of non-selective cation channels permeable to Ca2+

(18). Tang et al. found that TRPC3 could inhibit cardiac fibrosis
in type 1 diabetes (19); Lang et al. found that TRPC3 could
inhibit high glucose-induced endothelial cell proliferation and
migration (20).; liu et al. found that TRPC could alleviate diabetic
kidney injury (21). This suggests that the MeCP2-TRPC3
pathway is involved in the regulation of diabetes, so we verified
the regulatory role of the differentially expressed miR-199a in
GDM and MeCP2.

The results of in situ hybridization analysis showed that the
expression of miR-199a-5p in the placental tissue of GDM
patients was significantly higher than that of the control group,
suggesting that the high expression of miR-199a-5p may be
related to the occurrence of GDM. To further explore the
possible mechanism of miR-199a-5p in GDM, we used
bioinformatics methods to predict the target genes of miR-
199a-5p, and found that MeCP2 has a response element
recognized by miR-199a-5p, we used dual fluorescence The
targeting regulation relationship between miR-199a-5p and
MeCP2 was verified by the nephelase reporter system. The
results of Real-time PCR and Western-blot methods showed
that miR-199a-5p mimics down-regulated the expression of
MeCP2, and miR-199a-5p inhibitor up-regulated the
expression of MeCP2. MeCP2 is an activator of TRPC channel,
and MeCP2 can specifically activate TRPC3. The TRPC3
pathway is known to be involved in regulating insulin-induced
glucose uptake and utilization in muscle tissue through the
regulation of Ca2+ (22, 23).

In order to further analyze the mechanism of miR-199a-5p
and its target gene MeCP2 involved in the occurrence of GDM,
we selected the downstream target gene TRPC3 of MeCP2 for
detection. In the case of overexpression of miR-199a-5p, the
expression of TRPC3 was down-regulated; in the case
Frontiers in Endocrinology | www.frontiersin.org 6
of overexpression of MeCP2, the expression of TRPC3 was
up-regulated. It is suggested that miR-199a may participate
in the occurrence of GDM by regulating the MeCP2-
TRPC3 pathway.
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FIGURE 5 | miR-199a regulates MeCP2-TRPC3 expression. (A) The expression of Trpc3 was detected by real-time PCR. n=10. (B) The expression of SFRP4 was
detected by real-time PCR. n=10. (C, D) Western blot experiments to detect the expression levels of Trpc3 and SFRP4 in JEG3 cells transfected with miR-199a
mimics. n=3, *P<0.05, **P<0.01.
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2. Vince K, Perković P, Matijević R. What is Known and What Remains
Unresolved Regarding Gestational Diabetes Mellitus (GDM). J Perinat Med
(2020) 8:757–63. doi: 10.1515/jpm-2020-0254

3. Juan J, Yang H. Prevalence, Prevention, and Lifestyle Intervention of
Gestational Diabetes Mellitus in China. Int J Environ Res Public Health
(2020) 24:9517. doi: 10.3390/ijerph17249517

4. Bidhendi Yarandi R, Vaismoradi M, Panahi MH, Gåre Kymre I, Behboudi-
Gandevani S. Mild Gestational Diabetes and Adverse Pregnancy Outcome: A
Systemic Review and Meta-Analysis. Front Med (Lausanne) (2021) 8:699412.
doi: 10.3389/fmed.2021.699412

5. Saraiva M, Fonseca L, Santos T, Vilaverde J, Pereira MT, Pichel F, et al. Mild
Periconceptional Hyperglycemia: Predictor of Adverse Fetomaternal
Outcomes in Gestational Diabetes? Acta Diabetol (2021) 9:1209–15. doi:
10.1007/s00592-021-01714-w

6. Lowe WLJr, Scholtens DM, Kuang A, Linder B, Lawrence JM, Lebenthal
Y, et al. Hyperglycemia and Adverse Pregnancy Outcome Follow-Up
Study (HAPO FUS): Maternal Gestational Diabetes Mellitus and
Childhood Glucose Metabolism. Diabetes Care (2019) 3:372–80. doi:
10.2337/dc18-1646

7. Krol J, Loedige I, Filipowicz W. The Widespread Regulation of microRNA
Biogenesis, Function and Decay. Nat Rev Genet (2010) 11:597–610. doi:
10.1038/nrg2843

8. Zicari A, Santangelo C, Lenzi A, Morano S, Ferretti E. Non-Coding RNA: Role
in Gestational Diabetes Pathophysiology and Complications. Int J Mol Sci
(2020) 11:4020. doi: 10.3390/ijms21114020

9. He L, Wang X, Jin Y, XuW, Guan Y, Wu J, et al. Identification and Validation
of the miRNA-mRNA Regulatory Network in Fetoplacental Arterial
Endothelial Cells of Gestational Diabetes Mellitus. Bioengineered (2021)
1:3503–15. doi: 10.1080/21655979.2021.1950279

10. Liu ZN, Jiang Y, Liu XQ, Yang MM, Chen C, Zhao BH, et al. MiRNAs in
Gestational Diabetes Mellitus: Potential Mechanisms and Clinical
Applications. J Diabetes Res (2021) 2021:4632745. doi: 10.1155/2021/4632745

11. Collares CV, Evangelista AF, Xavier DJ, Rassi DM, Arns MC, Foss-Freitas DJ,
et al. Identifying Common and Specific microRNAs Expressed in Peripheral
Blood Mononuclear Cell of Type 1, Type 2, and Gestational Diabetes Mellitus
Patients. BMC Res Notes (2013) 6:491. doi: 10.1186/1756-0500-6-491

12. Hromadnikova I, Kotlabova K, Dvorakova L, Krofta L. Diabetes Mellitus
and Cardiovascular Risk Assessment in Mothers With a History of
Gestational Diabetes Mellitus Based on Postpartal Expression Profile of
MicroRNAs Associated With Diabetes Mellitus and Cardiovascular and
Cerebrovascular Diseases. Int J Mol Sci (2020) 7:2437. doi: 10.3390/
ijms21072437

13. Esteves JV, Yonamine CY, Pinto-Junior DC, Gerlinger-Romero F, Enguita
FJ, Machado UF. Diabetes Modulates MicroRNAs 29b-3p, 29c-3p, 199a-
5p and 532-3p Expression in Muscle: Possible Role in GLUT4 and HK2
Repression. Front Endocrinol (Lausanne) (2018) 9:536. doi: 10.3389/
fendo.2018.00536
Frontiers in Endocrinology | www.frontiersin.org 7
14. Grieco GE, Sebastiani G, Eandi CM, Neri G, Nigi L, Brusco N, et al.
MicroRNA Expression in the Aqueous Humor of Patients With Diabetic
Macular Edema. Int J Mol Sci (2020) 19:7328. doi: 10.3390/ijms21197328

15. Rausch C, Hastert FD, Cardoso MC. DNA Modification Readers and Writers
and Their Interplay. J Mol Biol (2019) 432:1731–46. doi: 10.1016/
j.jmb.2019.12.018

16. Dias S, Pheiffer C, Abrahams Y, Rheeder P, Adam S. Molecular Biomarkers for
Gestational Diabetes Mellitus. Int J Mol Sci (2018) 19:2926. doi: 10.3390/
ijms19102926

17. Janssen A, Colmenares SU, Karpen GH. Heterochromatin: Guardian of the
Genome. Annu Rev Cell Dev Biol (2018) 34:265–88. doi: 10.1146/annurev-
cellbio-100617-062653

18. Clapham DE. TRP Channels as Cellular Sensors. Nat (2003) 6966:517–24. doi:
10.1038/nature02196

19. Tang SG, Liu XY, Wang SP, Wang HH, Jovanović A, Tan W. Trimetazidine
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