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Estrogen Promotes cAMP Production in Mesenchymal
Stem Cells by Regulating ADCY2

Guangfeng Zhao', Xiujun Li', Huishuang Miao’, Shiwen Chen', Yayi Hou’

"Department of Obstetrics and Gynecology, Nanjing Drum Tower Hospital, Nanjing University Medical School, Nanjing, China
“The State Key Laboratory of Pharmaceutical Biotechnology, Division of Immunology, Medical School, Nanjing University, Nanjing, China

Background and Objectives: The maternal-fetal interface is an important source of mesenchymal stem cells (MSCs),
and it is influenced by high levels of estradiol (E2) during pregnancy. It is highly important to study the role of
E2 in MSCs for both clinical application and understanding of the mechanisms underlying pregnancy related diseases.
Methods and Results: In this study, differently expressed genes (DEGs) were found in the MSCs after exposure to
E2. Then, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
of DEGs was performed and the integrated regulatory network of DEGs-miRNA was constructed. A total of 390 DEGs
were found in the MSCs exposed to E2, including 164 upregulated DEGs (e.g. ADCY2, VEGFA and PPY) and 226
downregulated DEGs (e.g. KNG1, AGT and NPY). Additionally, 10 miRNAs (such as miR-148A/B, miR-152, miR-182)
identified the integrated regulatory network of DEGs-miRNAs. Among them, the expression of ADCY2 was significantly
upregulated, and this was associated with multiple changed genes. We confirmed that the expression of ADCY2 is
significantly promoted by E2 and subsequently promoted the production of cAMP in MSCs. We also found that E2
promoted ADCY2 expression by inhibiting miR-152 and miR-148a.

Conclusions: E2 promotes the expression of cAMP through miR-148a/152-ADCY2 in MSCs. It is suggested that E2
plays a key role in the growth and function of MSCs.
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Introduction

Mesenchymal stem cells (MSCs) are pluripotent stem
cells that can differentiate into a variety of cell types, such
as chondroblasts, osteoblasts, and adipocytes and they are
easily cultured and stored in vitro (1, 2). MSCs have al-
ways been a hot topic in the research world, whether in
basic research or in clinical translational research (3, 4).
Currently, more than 600 clinical trials that used MSCs
to treat different diseases are being carried out worldwide,
due to the immunosuppressive and angiogenic functions
of MSCs (http//www.clinical-trials-com).

The maternal-fetal interface is one of the main sources
of MSCs (5, 6), which maintain maternal fetal immunity
and promote angiogenesis. Specifically, estrogen levels change
significantly during pregnancy. At this time, estrogen is
produced mainly by the placenta through the conversion



56 International Journal of Stem Cells 2020;13:55-64

of androgen precursors. This leads to a significantly high-
er level of estrogen in the peripheral blood of pregnant
women than in that of non-pregnant women (7).

However, the serum levels of E2 were found to be sig-
nificantly lower in women with preeclampsia (PE) than
among controls (8, 9). In accordance with this, the MSCs
of the maternal fetal interface in PE patients, whether
they come from the decidua or the umbilical cord, show
slow growth, senescence, and impaired immunosuppres-
sion (10, 11). After treatment with normal MSCs, the PE
symptoms of PE-like mice were alleviated significantly
(12). These findings suggest that E2 may play an important
role in promoting placental MSCs. In this way studying
the role of E2 in MSCs is of great significance because
of both clinical application and understanding of the mech-
anisms underlying pregnancy related diseases.

In this study, we aimed to explore the regulatory mech-
anisms underlying E2 in MSCs. The gene expression pro-
file was analyzed after 24 h of treatment with E2. We then
performed the Gene Ontology (GO) and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway enrichment
analysis of DEGs. We also constructed an integrated regu-
latory network of DEGs-miRNA. Through bioinformatics
analysis and in vitro experiments, we found that E2 pro-
motes the expression of ADCY2 through miR-148a/152,
thereby promoting cAMP synthesis in MSCs.

Materials and Methods

MSC isolation, culture and E2 treatment

MSCs were isolated from fresh umbilical cords within
4 h. The umbilical cords were obtained from the normal
pregnant women undergoing cesarean section in Obstetrics
and Gynecology Department of Nanjing Drum Tower Hos-
pital. This study was reviewed and approved by the Ethics
Committee of Drum Tower Hospital, Nanjing University
Medical School and our research was carried out in ac-
cordance with the Helsinki Declaration. Written informed
consent was obtained from all participants. The MSC sep-
aration method is based on our previous report (2). Briefly,
the umbilical cord was first rinsed with PBS containing
penicillin and streptomycin. The arteries and veins in the
umbilical cord were then stripped and the remaining um-
bilical cord tissue was cut to pieces. Then, the tissues were
digested at 37°C for 3 h with enzymes. After termination
of digestion with DF12 medium containing FBS, the di-
gestive mixture was filtrated through 40 um screen mesh.
Subsequently, the supernatant was centrifuged and sus-
pended with DF12 complete medium. Then the cells were
incubated at 37°C in a 5% CO, saturated humidified at-

mosphere. When the cells were spread to 80%, they were
digested and passaged with 0.25% trypsin. MSCs were cha-
racterized by flow cytometry for the expression of CD11b,
CD73, CD90, CD29, CD44, CD45, CD106, HLA-DR, CD19,
and CD14. MSCs were treated with E2 (100 nM) for 24
h as the E2 group; and the cells were treated with the
same amount of medium for 24 h as the control group.

Quantitative real-time PCR

The methods of total RNA isolation and quantitative re-
al-time PCR were described in our previous study (13).
RNA was isolated according to a standard Trizol reagent
kit (Invitrogen) protocol. cDNA was synthesized through
reverse transcription according to a standard reverse tran-
scription kit (Takara, Japan) protocol. Quantitative real-
time PCR was performed on LC480 (Roche). All reactions
were run in duplicate. GAPDH served as an internal refer-
ence gene and all gPCR data were normalized to GAPDH.

RNA extraction and purification

Trizol reagent (Cat#15596-018, CA, USA) was used to
extract total RNA according to the manufacturer’s in-
structions. RNA Integrity Number (RIN, 1 to 10) based
on the ratio of the 18S to 28S ribosomal subunits could
inspect RNA integration by an Agilent Bioanalyzer 2100
(Santa Clara, CA, USA). RNA with RIN (>7.0) and
28S/18S (>0.7) is up to standard. Then RNeasy Mini Kit
(Cat #74106, Qiagen, Germany) and RNase-Free DNase
Set (Cat #254, Qiagen) were used for further purification.

RNA amplification and labeling

The purified RNA was amplified and labeled by Low
Input Quick Amp Labeling Kit, One-Color (Cat#5190-2305,
Agilent) according to the manufacturer’s instructions. Then
labeled cRNA was purified using the RNeasy mini kit based
on the RNA purification.

Hybridization of slides

A gene expression hybridization kit (Cat#5188-5242,
Agilent) was used for hybridization of slides (Probe name
version: Agilent-014850 Whole Human Genome Microarray
4x44K) with 1.65 ug of Cy3-labeled cRNA at 65°C and
10 rpm for 17 h in a hybridization oven (Cat#G2545A,
Agilent) according to the manufacturer’s instructions. Then
slides were washed with a gene expression wash buffer kit
(Cat#5188-5327, Agilent).

Data normalization
An Agilent microarray scanner (Cat#G2565CA) was used
to scan slides. Subsequently, data were extracted using



Feature Extraction software 10.7 (Agilent). Raw data were
normalized using the Quantile algorithm with Gene Spring
Software 11.0 (Agilent). Lastly, eight samples were ob-
tained including four E2 samples (E2-1, E2-2, E2-3, E2-4)
and four control samples (Ctl-1, Ctl-2, Ctl-3, Ctl-4).

Identification of DEGs

The limma package (14) in R software was used to identi-
fy the DEGs between the E2 and control groups according
to the expression values of the probe in the slides. The thresh-
old value of DEGs was set as |log fold change (FC)| >1
and p value <0.05. Then, the clustering heatmap was con-
structed using the pheatmap function in R package (version
1.0.8, https://CRAN.R-project.org/package=pheatmap).

Function and pathway analysis of the DEGs

The GO and KEGG pathway enrichment analysis of DEGs
was used to assess the Molecular Function (MF), Biologi-
cal Process (BP), Cellular Component (CC) and pathway
of DEGs via DAVID 6.8. p value <0.05 was significantly
different.

Analysis of PPI

PPI network was constructed with DEGs using
STRING (Version 10.0, http://www.string-db.org/) under
a threshold of combined score >0.4 (required confidence),
and was visualized by Cytoscape software (Version 3.4.0,
http://cytoscape.org/). In addition, CytoNCA (Version 2.1.6,
http://apps.cytoscape.org/apps/cytonca) was used to ana-
lyze the network topology, and the parameter was set as
“without weight” (15). The importance of each node with-
in the network was analyzed according to degree centrality
(16), betweenness centrality (17) and closeness centrality
(18). In the PPI network, proteins with similar function
were clustered together, and the distance between nodes
was related to their functions. In this way, MCODE mod-
ule analysis could predict the unknown functions of pro-
teins in the network (19).

Integrated regulatory network of DEGs-miRNA

Webgestalt was used to identify the miRNA based on
DEGs. The miRNAs with the count of DEGs =5 and the
adjust p value <0.001 were identified. The integrated reg-
ulatory network of DEGs-miRNA was constructed based on
the PPI network, and miRNA-regulatory networks.

Western blot analysis

MSCs cells were washed two times with PBS and sus-
pended with ice-cold lysis buffer supplemented with 1%
PMSF (protease inhibitor) incubated on ice for 30 min-
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utes. The total protein concentration was tested by a BCA
Protein Assay Kit. Subsequently, loading buffer was added
to each sample and boiled at 100°C for 10~ 15 minutes.
Protein samples (30 «g) were resolved by 10% SDS-PAGE
and transferred to poly vinylidene difluoride membranes
at 100 V for 1 h. The membranes were blocked using 5%
skimmed milk in TBST for 2 hours at room temperature
and subsequently incubated overnight at 4°C with diluted
primary antibodies against ADCY2 (Santa Cruz,
sc-514938) and B-actin (Cell Signaling Technology,
#3700), followed by incubation with the appropriate
horseradish peroxidase-conjugated secondary antibody (Cell
Signaling Technology) at room temperature for 40~60
minutes. The immunoreactive blots were visualized using
an ECL-PLUS Kit according to the manufacturer’s
instructions. The relative protein expression levels were
normalized to that of [5-actin.

cAMP assay

cAMP levels in culture supernatants from E2 treated
MSCs were quantified by an enzyme-linked immunosor-
bent assay (ELISA) kits (Elabscience, China) according to
the manufacturer’s instructions. All assays were duplicated.

RNAi transfection

The small interfering RNA specific to ADCY2 (siADCY2)
was transfected by Lipofectamine 3000 reagent (Invitrogen,
USA) according to the manufacturer’s instructions. Briefly,
when the MSCs reached about 50% confluence in 24-wells
plate, they were transfected with siADCY2 (100 nM) and
negative control siRNA (100 nM) in serum-free medium us-
ing Lipofectamine 3000. After incubation for 4 h at 37°C,
400 ul DF12 complete medium was added.

Luciferase activity assay

The luciferase reporter plasmid containing the 3’UTRs
of ADCY2 was constructed by GENEray (GENEray, Bio-
technology, Shanghai). MSCs were co-transfected with 50 nM
miR-148a or miR-152 mimics or negative control and 200 ng
luciferase reporter plasmid in each well. After 4 hours in-
cubation, the cells were maintained in DF12 complete me-
dium for 24 hours and used for luciferase reporter assay.
The Dual-Luciferase Reporter Assay was performed follow-
ing the kit’s instruction (Promega, Mannheim, Germany) us-
ing GloMax 96 Microplate Luminometer (Promega, Mannheim,
Germany).

Statistical analysis
The experiments were performed at least in triplicate,
and all data are expressed as mean+S.E.M. All data were
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analyzed using Graphpad prism version 5.01. Differences
between two groups were analyzed by a two-tailed
Student’s t-test. Multiple comparisons were assessed by
ANOVA. p values <0.05 were considered significant.

Results

Changes in the transcriptome in MSCs exposed to E2
First, we determined whether E2 changed the phenotype
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Fig. 1. Changes in the transcriptome of MSCs exposed to E2. (A) The heatmap showed all significantly differentially expressed genes (DEGs)
(p<0.05) identified between the MSC treated with E2 and that without E2. The colors blue, white and red indicate increasing levels of
DEGs expression. E2-1, E2-2, E2-3 and E2-4 show E2 samples and Ctl-1, Ctl-2, Ctl-3 and Ctl-4 show four control samples. (B) The enrichment
results of GO and KEGG pathway (top five p values). Category: molecular function (MF), biological process (BP), cellular component (CC).
Count represents the number of DEGs enriched to the KEGG pathway. Term represents the information of GO function. (C) The protein-pro-

tein interaction (PPI) network of DEGs and modules.

PPl network, Red nodes represent the up-regulated DEGs; green nodes indicated

down-regulated DEGs. The edges between them represent the protein-protein interaction. (D) Modules in PPI, red nodes represent the
up-regulated DEGs; green nodes indicate down-regulated DEGs.



showed that these antigens on the surface of MSCs were
not changed after treatment with E2 (Supplementary Fig.
S1). Then the DEGs in the MSCs exposed to E2 were ana-
lyzed and 390 DEGs were identified, including 164 upre-
gulated DEGs (e.g. ADCY2, VEGFA and PPY) and 226
downregulated DEGs (e.g. KNGI1, AGT and NPY). The
clustering heatmap is shown in Fig. 1A. These DEGs could
be well distinguished between the MSCs treated with E2
and that without E2.

Next, the GO terms of these DEGs were enriched. As
shown in Fig. 1B, these DEGs were enriched to cytokine-
cytokine receptor interaction, TGF-beta signaling path-
way, chemokine signaling pathway, and other pathways.
Additionally, these DEGs were mainly enriched to signal
transduction, phosphatidylinositol —mediated signaling after
BP term analysis; plasma membrane, integral component
of plasma membrane, and extracellular space after CC term
analysis; growth factor activity, Ras guanyl —nucleotide

Table 1. The top 15 of differently expressed genes (DEGs) with higher
degree in the protein-protein interaction network

Gene Degree Gene Betweenness Gene  Closeness
KNG1 24 AGT 4719.9487 AGT 0.0316065
AGT 23 ACACB 4226.533  KNG1 0.0315534
NPY 16 NPY 3856.8093 NPY 0.031477
ADCY2 14  KNGI1 3187.0576 VEGFA 0.0314243
VEGFA 13 VEGFA 2847.3284 PPBP  0.031366
PPY 12 CD36 2514.4307 PPY 0.0313311
PPBP 12 PASK 2474.8 CD36  0.0312963
CXCL12 12 RAB11FIP1 1886 CXCL12 0.0312789
TGFB3 10  NCF1 1874.909  ADCY2 0.0312731

CXCL9 10  SLC5A1 1721.7711  RHO  0.0312211
CCR6 10  ADCY2 1692.7184 MEPTA 0.0312154

CCL20 10  CDX2 1498.8306 CXCL9 0.0312038
CHRD 10  ABCA4 1375.159  CCR6  0.0312038
CDX2 9 EPHAY7 1358 CCL20 0.0312038
ACACB 9 SLC28A3 1350 NCF1  0.0311866

Table 2. The miRNAs of DEGs in the MSC exposed to E2
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exchange factor activity, and protein tyrosine kinase activ-
ity after MF term analysis. We also constructed the PPI
network and module. There were 170 nodes (individual pro-
teins) and 278 interconnected partners in the PPI network
(Fig. 1C). The hub proteins with higher degrees were
highly interconnected with other proteins in the PPI net-
work, such as KNG1 (degree: 24), AGT (degree: 23), NPY
(degree: 16) and ADCY2 (degree: 14) (Table 1). In the
module (score=10), there were 10 nodes and 45 inter-
connected partners (Fig. 1D).

miRNAs of DEGs in the MSCs exposed to E2

A total of 10 miRNAs were identified in the miRNA
regulatory network (Table 2): miR-148A, miR-152, miR-148B,
miR-27A, miR-27B, miR-182, miR-145, miR-153, miR-34B
and miR-511. The miRNA-gene network is shown in Fig. 2.

cAMP production, and upregulation of ADCY2 in E2
treated MSCs

The results of the gene expression profile analysis given
above showed that the level of adenylyl cyclase type 2
(ADCY2) had changed significantly. Our in vitro experi-
ments also showed that E2 increased the mRNA and pro-
tein levels of ADCY2 in MSCs (Fig. 3A and 3B). ADCY2
is an enzyme that catalyzes the formation of the secondary
messenger cyclic adenosine monophosphate (cCAMP) from
ATP. We further examined the effect of E2 on the level
of cAMP in MSCs. We assessed the concentration of cAMP
in the culture medium of MSCs that had been treated
with 100 nM E2 for 48 h. As shown in Fig. 3C, E2 pro-
motes the production of cAMP in MSCs. To analyze whether
ADCY?2 mediates the promotion of E2 on cAMP, we trans-
fected the small interfering fragment of ADCY2 (siADCY2)
into MSCs before E2 treatment and then checked the level
of cAMP. The results showed that the concentration of
cAMP decreased significantly in siADCY2 pretreated MSCs
(Fig. 3D).

Target gene  Adjust

miRNA number b value Target genes

hsa_miR-27A, miR-27B 11 7.56E-05 DDK2, ADAM19, ANK1, QKI, RAB11FIP1, CHRD, RPS6KB1, CPEB3,
SLC1A2, CDS1, EPB41

hsa_miR-182 9 8.74E-05 TXNL1, PLCH1, FOXF2, RAB6B, ADCY2, QKI, PIGA, EPHA7, SLC1A2
hsa_miR-145 7 0.44E-03 EPB41L5, ADAM19, RSPO1, ACVRI1B, FSIP2, SLC1A2, QKI
hsa_miR-148A, miR-152, miR-148B 7 0.80E-03 CHRD, CDK19, ST8SIA3, ADCY2, SLC1A2, QKI, BMP1
hsa_miR-153 6 0.80E-03 RPS6KB1, MAPK4, ADAM19, ANK1, SLC1A2, QKI
hsa_miR-34B 6 0.80E-03 CPEB3, RPS6KB1, NRC1, MAPK4, VEGFA, ADCY2
hsa_miR-511 6 0.07E-03 TXNL1, RPS6KB1, KCNE1, FIP1L1, QKI, CDK19
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E2 promotes ADCY2 expression through inhibiting
miR-148a/miR-152

Through bioinformatics analysis, we found a regulatory
relationship between the differentially expressed genes
and microRNAs after E2 treatment. miRNA has been widely
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Fig. 3. E2 promotes cAMP produc-
tion through upregulating ADCY2 in
MSCs. (A) After treatment with 100
nM E2 for 24 h, mRNA level of
ADCY2 was assessed using qPCR.
(B) After treatment with 100 nM E2
for 24 h, protein level of ADCY2 was
detected by western blot analysis.
(O) After treatment with 100 nM E2
for 48 h, the concentration of cCAMP
in the culture medium of MSCs was
detected by ELISA. (D) Small inter-
fering fragment of ADCY2 (siADCY2)
was transfected into MSCs before E2
treatment. Then the level of cAMP
was checked by ELISA. ***p<0.001.
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reported to be involved in E2 regulation (20-22). Through
miRNA-target gene prediction, we found miR-148a and
miR-152 have binding sequences on the 3UTR of ADCY2
(Fig. 4A). To determine whether miR-148a/miR-152 could
regulate ADCY2 expression, we constructed a luciferase
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report plasmid including 3’UTR of ADCY2 and co-trans-
fected it with miR-148a or miR-152 into MSCs. The re-
sults showed that both miR-148a and miR-152 inhibited
the luciferase activity (Fig. 4B). Both miR-148a and miR-
152 mimics were found to inhibit the protein levels of
ADCY2 (Fig. 4C). On the contrary, after blocking miR-
148a or miR-152 using miR-148a or miR-152 inhibitors,
the expression of ADCY2 and cAMP was increased in MSCs
(Fig. 4D and 4E). Furthermore, we analyzed the effects
of E2 on the expression of miR-148a and miR-152 in MSCs.
As shown in Fig. 4F and 4G, 100 nM E2 significantly in-
hibited the expression of miR-148a and miR-152. To de-
termine whether miR-148a/miR-152 mediates the promo-
tion of E2 on the expression of cAMP, we transfected
miR-148a or miR-152 mimics into E2-treated MSCs, and
then assessed the expression of cAMP. These results showed
that miR-148a or miR-152 mimics reversed E2-induced
upregulation of cAMP (Fig. 4H).

Discussion

MSCs from placentas and umbilical cords cannot avoid
the influence of E2. Therefore, studying the effect of E2
on MSCs will be of great value in the clinical application
of MSCs and assessing the pathogenesis of pregnancy re-
lated diseases. In this study, we found that E2-induced
ADCY?2 plays a key role in the growth of MSCs by analyz-
ing gene expression profiles of MSCs. Further analysis
and experimental verification revealed that E2 promotes
the expression of ADCY2 through microRNA-148a and
microRNA-152, thus inducing the synthesis of cAMP in
MSCs.

ADCY?2 encodes the adenylate cyclase, which can cata-
lyze ATP to form the second messenger cyclic adenosine
monophosphate (cAMP) (23). For example, it is reported
that ADCY2 is stimulated by activation of Gg-coupled
muscarinic receptors to generate localized cAMP through
protein kinase C (PKC) in human embryonic kidney cells
(24). cAMP is an important second messenger in cell pro-
liferation, differentiation, apoptosis, inflammation and oth-
er biological processes (25) and works by activating pro-
tein kinase A (PKA) and further phosphorylation of cAMP
response element binding protein (CREB) (26, 27). Of
note, CAMP also plays an important role in the growth
and differentiation of MSCs (28, 29). It is even necessary
to add cAMP to maintain the growth of MSCs derived
from human umbilical cord (30). However, the effect of
E2 on the expression of ADCY2 and production of cAMP
has only rarely been reported. Through bioinformatics
analysis, we found that E2-regulated microRNAs (miRNAs)

may affect the expression of ADCY2.

miRNAs are small non-coding RNAs of approximately
22 nucleotides. They are involved in the biological proc-
esses underlying human diseases by regulating their target
genes. At present, many studies have reported that miRNAs
have a key regulatory role in MSCs. Here we predicted
that ADCY2 was target gene of miR-152, miR-148b, miR-
148a, miR-34b, and miR-182 in the integrated regulatory
network of DEGs-miRNAs. It has been reported that miR-
148a/152 was upregulated in the placenta of preeclamptic
rats (31). The expression of miR-152 is increased in the
placental tissues and serum of PE, and this increased
miR-152 expression can promote the apoptosis of tropho-
blast cells (32, 33). Furthermore, miR-148a could modu-
late differentiation of MSCs (34), and the expression and
function of miR-148a /152 were associated with estrogen
signaling pathway (35-38). All these findings suggest that
miR-148a and miR-152 are key molecules mediating the
function of E2 in MSCs.

In conclusion, we first systematically analyzed the mech-
anism of E2 on MSCs, and found the key molecular path-
way of E2 affecting MSCs. Our findings provide a new
molecular target for assessing the pathogenesis of preg-
nancy related diseases and may promote the clinical appli-
cation of MSCs.
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