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Background: Previously, our group confirmed the presence of a subset of cancer stem

cells in the tissues of endometrial carcinoma (ie, human endometrial carcinoma stem cells

[HuECSCs]). However, the mechanisms by which microRNAs regulate the growth of

HuECSCs remain elusive.

Methods: We loaded miR-326 onto superparamagnetic iron oxide nanoparticles (miR-

326@SPION) and transfected them into HuECSCs.

Results: In the present study, we found that the expression levels of members of the G-

protein coupled receptor 91 (GPR91)/signal transducer and activator of transcription 3

(STAT3)/vascular endothelial growth factor (VEGF) pathway were significantly elevated in

CD44+/CD133+ HuECSCs. Luciferase reporter assays indicated that the succinate receptor 1

(SUCNR1) gene, also known as the G-protein coupled receptor 91 (GPR91) gene, was one of

the potential targets of miR-326. Transmission electron microscopy revealed that the SPIONs

could cross the cell membrane and accumulate in the cytoplasm. The overexpression of miR-

326 significantly inhibited the proliferation and cell cycle progression of HuECSCs in vitro.

MiR-326 overexpression also effectively inhibited the invasion and angiogenic capacities of

HuECSCs in the extracellular matrix. Meanwhile, miR-326 overexpression significantly

inhibited the tumorigenicity and tumour neovascularization capacity of HuECSCs in nude

mice. Both quantitative real-time PCR and Western blotting confirmed that overexpression of

miR-326 significantly reduced the expression of members of the GPR91/STAT3/VEGF

pathway in HuECSCs, and the activity (level of phosphorylation) of key molecules in this

pathway was also reduced.

Conclusion: Collectively, we confirmed that SPIONs are highly efficient nanocarriers for

nucleic acids, on which the loading of miR-326 inhibited the activation of the GPR91/

STAT3/VEGF signaling pathway and significantly attenuated the activity of stem cells in

endometrial carcinoma, both in vitro and in vivo.

Keywords: human endometrial carcinoma stem cells, superparamagnetic iron oxide

nanoparticles, microRNA, succinate receptor 1

Introduction
Endometrial carcinoma, a common type of gynecological cancer, is a relatively

indolent tumour that is usually difficult to detect at an early stage. Meanwhile, type

II endometrial carcinoma is often characterized by negative expression of estrogen

receptors, a high degree of malignancy, poor differentiation, and unsatisfactory

treatment outcome with chemotherapy, which pose severe threats to women’s
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physical health.1–4 Previously, we reported that in the type

II endometrial carcinoma cell lines KLE and ANCA3, the

CD44+/CD133+ cell subset exhibited potential cancer

stem cell properties, including rapid self-proliferation,

invasiveness, drug resistance, and high tumorigenicity.1–4

We also confirmed that the differential expression of the

DLK1-DIO3 Genomic Imprinted MicroRNA Cluster is

closely related to the degree of malignancy of CD44

+/CD133+ HuECSCs.2,5 Thus, some tumour inhibit-

microRNAs could suppress the proliferation and invasion

of HuECSCs, which have a significant negative regulatory

effect. And these microRNAs are potential and novel

targets for HuECSCs treatment drug development.

Magnetic nanomaterials have particle sizes between 0

and 100 nm and are composed of iron, cobalt, nickel, and

their alloys, and can produce magnetism directly or

indirectly.6–8 Among this array of magnetic nanoparticles,

iron oxide nanoparticles have been widely studied because

of their high saturation magnetization values, low toxicity,

readily available raw materials, and high surface

reactivity.6–8 In recent years, the use of iron oxide nano-

particles as gene carriers has received increasing attention.

Magnetic nanoparticles with sizes less than 20 nm often

exhibit superparamagnetism. Superparamagnetic iron

oxide nanoparticles (SPIONs) are currently a hot topic in

gene carrier research because they possess controllable

features, and are stable and easily modified.6–8 Upon bind-

ing to plasmid DNA and short interfering RNA (siRNA),

SPIONs can deliver the bound nucleic acids into mamma-

lian cells under the influence of an external magnetic field.

The internal and external barriers of cells are overcome via

magnetic adsorption, which helps to increase local DNA

concentrations and improve the transfection efficiency.6–8

Studies have demonstrated that modifying the SPION sur-

face with cationic liposomes or cationic polymers, such as

polyethyleneimine, dendrimers, glucose, and chitosan,

further enhances the interactions between the nanomater-

ials and nucleic acids to be transfected, which improves

the transfection efficiency.6–8 Previously, we confirmed

that SPIONs bind effectively to microRNAs or siRNAs

to mediate their expression in cells, in which they either

inhibit tumour cell proliferation and invasion, or promote

stem cell differentiation efficiency.6–8

According to above evidences, we speculated that

some microRNAs could negatively regulate the growth

of endometrial cancer stem cells. If SPIONs were used

as a carrier, could it realize the loading and transporting of

tumour suppressor microRNAs in endometrial cancer stem

cells? In the present study, we used SPIONs to mediate the

efficient expression of microRNA-326 (miR-326@SPION)

in CD44+/CD133+ HuECSCs and found that they inhib-

ited the growth of HuECSCs by suppressing the expres-

sion of members of the G-protein coupled receptor 91

(GPR91)/signal transducer and activator of transcription

3 (STAT3)/vascular endothelial growth factor (VEGF)

pathway.

Materials and methods
Isolating CD44+/CD133+ HuECSCs
Endometrial carcinoma tissues were collected from the

International Peace Maternity and Child Health Hospital

(Shanghai, China) between May 2017 and Dec 2017

(Table 1). CD44+/CD133+ cell subpopulations were iso-

lated from tumour samples as previously described.2,3 The

study involving human tissues has been obtained according

to consent regulation and approved by the Ethics Review

Committee of Shanghai Geriatric Institute of Chinese

Medicine of Research in Human Production authorized by

Table 1 Characteristics of the patients’ cohort

Patients
(n=6)

Age median (range) 42–58

≥55 years 4

<55 years 2

International Federation of Gynecology and

Obstetrics (FIGO) stage

I–II 3

III–IV 3

Histopathology

Endometrioid 6

Non-endometrioid 0

Tumour Grade

1 1

2 3

3 2

Lymph node metastasis

Positive 3

Negative 3

Lymphovascular space invasion

Positive 3

Negative 3

Depth of myometrial invasion

≤1/2 3

>1/2 3
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Shanghai Municipal Government; meanwhile, the informed

consent has been provided by all patients conducted in

accordance with the Declaration of Helsinki. And, we

have received written informed consent from patients.

After isolation, single cells were plated at 1000 cells/mL

in Dulbecco’s modified Eagle’s medium (DMEM): F12

(HyClone) supplemented with 10 ng/mL basic fibroblast

growth factor, 10 ng/mL epidermal growth factor,

5 μg/mL insulin, and 0.5% bovine serum albumin (all

Sigma-Aldrich, St. Louis, MO, USA). CD44+/CD133+

cells were cultured under the above conditions as non-

adherent spherical clusters (HuECSCs). CD44-/CD133-

cells were cultured under general conditions as adherent

clusters (HuECCs). All cells were cultured under the same

conditions until passage 4 before further experiments.

Bioinformatic analysis
Sequence alignment, using bioinformatics analysis soft-

ware (TargetScan Release 7.2 - Prediction of microRNA

targets tools, http://www.targetscan.org), identified

a complementary binding site for mature miR-326 in the

3’UTR (+121 bp to +127 bp) of GPR91 (SUCNR1)

mRNA.

Luciferase reporter assay
All cells were seeded at 30,000 cells/well in 24-well cell

culture plates. Using Lipofectamine 2000 Reagent, 400 ng

of pcDNA-miR-326, pcDNA-miR-mut, or pcDNA, and

20 ng of pGL6-GPR91-3UTR, or pGL6-GPR91-mut, or

pGL6 was transfected into each group of cells, separately.

At 48 h after transfection, the luciferase activity in each

group of cells was examined using a dual-luciferase repor-

ter assay system (Promega). All plasmid DNA was

puchased from NOVOBIO (NOVOBIO Biotechnology

Co., Ltd., Shanghai, China).

SPION- induced microRNA transfection

into cells
SPIONs were purchased from NOVOBIO (NOVOBIO

Biotechnology Co., Ltd., Shanghai, China). Transfection

was performed according to the manufacturer’s protocol

and as previously published. Five microliters of 0.2 mM

SPIONs and 5 μL of 10 μM pcDNA-miR-326 plasmid

DNA or pcDNA-miR-mut plasmid DNA (NOVOBIO)

were thoroughly mixed, vortexed for 10 s, and allowed to

stand at room temperature for 20 min. Then, 10 μL of

pcDNA-miR-326@SPIONs or pcDNA-miR-mut@SPIONs,

prepared in the previous step, were combined with 90 μL of

serum-free DMEM:F12 (1:1), added to the cells

(1×104 cells/mL, and incubated for 72 h at 37 °C in an

atmosphere of 5% CO2.

Cell proliferation assay
Cells were seeded at 2×103 per well in 96-well plates and

cultured in DMEM supplemented with 10% fetal bovine

serum (FBS) at 37 °C under 5% CO2 until 85% conflu-

ence. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT; Sigma Chemicals) (5 mg/mL) was added

at different time points and incubated for a further 4 h. The

reaction was terminated by adding 150 μL/well dimethyl

sulfoxide (Sigma Chemicals). Cells were lysed for 15 min,

and the plates were gently shaken for 5 min. Absorbance

at 490 nm was determined using a Model 680 Microplate

Reader (Bio-Rad).

RNA extraction and reverse transcription
RNA extraction was performed according to the manufac-

turer’s protocol of the RNAprep pure Tissue Kit

(TIANGEN Biotech (Beijing) Co., Ltd. China). Briefly,

approximately 20 mg of human tissue samples was

obtained and mixed with 800 μL of lysate for homogeni-

zation. The supernatants were collected and added to

200 μL of chloroform. The samples were mixed by inver-

sion and then subjected to centrifugation at 13,400× g for

15 min at 4 °C, after which the supernatants were col-

lected. Absolute ethanol at 2 times the volume of super-

natants was added. After mixing by inversion, the mixture

was centrifuged at 13,400× g for 30 min at 4 °C. The RNA

pellets were resuspended in 500 μL of 75% ethanol and

then centrifuged at 13,400× g for 5 min at 4 °C. The

excess liquid was removed, and the pellets were comple-

tely dissolved in 300 μL of DEPC water. One microliter of

RNA solution was used to measure the OD260/OD280

values (generally maintained between 1.8 and 2.0) and to

verify the purity and total concentration of the RNA.

Reverse transcription was performed according to the

manufacturer’s protocol of the miRcute miRNA First-

strand cDNA kit (TIANGEN Biotech). Briefly, 20 μL of

total RNA (100 ng/μL) was mixed with 25 μL of 2×

miRNA RT Reaction Buffer, 4 μL of 1× miRNA RT

Enzyme Mix, and 6 μL of RNase-free deionized water.

The following reaction was performed in a PCR machine:

42 °C for 60 min for poly(A) tailing and reverse transcrip-

tion of miRNA; followed by 95 °C for 3 min for enzyme

inactivation.
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Quantitative real-time PCR
Quantitative real-time PCR (qPCR) was performed

according to the manufacturer’s protocol of the miRcute

miRNA qPCR Detection kit (TIANGEN Biotech). Briefly,

the reaction comprised: 10 μL of 2× miRcute Plus miRNA

Premix (with SYBR), 1×1 μL (10 μM) of forward primer,

1×1 μL (10 μM) of reverse primer, 4 μL of first strand

cDNA from miRNA, and 4 μL of deionized water. The

following reactions were carried out in a real-time PCR

machine: 40 cycles of 95 °C for 15 min, 94 °C for 20 s,

and 60 °C for 34 s. The fluorescence values were recorded.

The sequences of qPCR primers were as follows: miR-

326-F: CCUCUGGGCCCUUCCUCCAG; miR-326-R:

GCTGTCAACGATACGCTACCTA; Gpr91-F: TCAAG

GGATCAAGTCTTCCAA; Gpr91-R: CCAGCCAGTTTT

TGCAAGTT; Vegf-F: CTACCTCCACCATGCCAAGT;

Vegf-R: AGCTGCGCTGATAGACATCC; Kdr-F: CCTG

TATGGAGGAGGAGGAA; Kdr-R: CGGCTCTTTCGCT

TACTGTT; Stat3-F: CCTCTGCCGGAGAAACAG;

Stat3-R: CTGCTCCAGGTACCGTGTGT; Mapk14-F:

TTCTCCGAGGTCTAAAGTA; Mapk14-R: TGCCGAG

CCAGTCCAAAA; 18s rRNA-F: CAGCCACCCGAG

ATTGAGCA; 18s rRNA-R: TAGTAGCGACGGGCGG

TGTG.

Western blotting
Western blotting was performed as previously

described.2,9,10 Briefly, total protein from each group of

cells was subjected to SDS-PAGE on a 12% denaturing

gel. Afterwards, the proteins were transferred to

a polyvinylidene fluoride (PVDF) membrane (Millipore).

After blocking and washing the membrane, primary

antibodies9 were added and the membrane was incubated

at 37 °C for 15 min. After extensive washing, secondary

antibodies were added and incubated at 37 °C for 45 min.

The membrane was subjected to four 14 min washes with

Tris-buffered saline-Tween 20 (TBST) at room tempera-

ture. The membrane was then developed using an

enhanced chemiluminescence (ECL) kit (Pierce

Biotechnology) and exposed to X-ray film (Sigma-

Aldrich Chemical) for visualization. The gray levels of

western blotting protein band were quantified by using

ImageJ software (Rasband, W.S., ImageJ, U. S. National

Institutes of Health, Bethesda, MD, USA). To determine

relative expression levels of target proteins, the formula

was used as follows: (Experiment group_target protein

gray level value/Experiment group_GAPDH protein gray

level)/(Control group_target protein gray level value/

Control group_GAPDH protein gray level) value. The

protein levels were calibrated based on levels of

GAPDH. The information of antibodies were as follows:

Rabbit anti-p38 antibody [E229] (ab170099), Mouse anti-

p38MAPK (phospho T180+ Y182) antibody [M139]

(ab45381), Rabbit anti-VEGF Receptor 2 antibody

(ab2349), Rabbit anti-GPR91 antibody (ab41505), Mouse

anti-STAT3 (phospho Y705) antibody [EP2147Y]

(ab76315), Rabbit anti-STAT3 antibody [EPR787Y]

(ab68153), Mouse anti-VEGF 165A antibody [6B7]

(ab69479), Rabbit anti-GAPDH antibody [EPR16891]

(ab181602), Goat anti-Rabbit IgG H&L (HRP)

(ab97051), Mouse anti-Ki67 antibody [B126.1] (ab8191),

Goat anti-Mouse IgG H&L (HRP) (ab6789), Goat anti-

Rabbit IgG H&L (Alexa Fluor® 488) (ab150077), Goat

Anti-Mouse IgG H&L (Cy3) preadsorbed (ab97035). All

antibodies were purchased from Abcam.

Propidium iodide staining and flow

cytometry
Propidium iodide (PI) staining and flow cytometry were

performed as previously described.2 Briefly, 5×105 cells/

ml were harvested and fixed in 1 mL of ice-cold 70%

ethanol for 48 h. The cells were centrifuged at 1500 r/

min for 5 min at 4 °C. The cell pellets were collected,

treated with PI staining solution (Sigma Chemicals), and

incubated in the dark at 4 °C for 30 min. A flow cytometer

(BD FACSAria) was used to determine the cell cycle

distribution of each group of cells, and data analyses

were performed using the CellQuest software.2

Hematoxylin and eosin staining
Tissue samples were fixed in 4% paraformaldehyde, dehy-

drated, and embedded in paraffin. The paraffin-embedded

tissues were cut into 4-μm sections using a microtome, and

the sections were affixed onto glass slides. Subsequently,

the sections were dewaxed using xylene and subjected to

dehydration in an ethanol gradient. The sections were

stained with hematoxylin (H) for 5 min at room tempera-

ture, and then 1% ethanol was added for 30 s for differ-

entiation. Afterwards, aqueous ammonia was added for

1 min for blueing, followed by rinsing in distilled water

for 5 min. Subsequently, the sections were stained with

eosin (E) for 2 min at room temperature and then rinsed

with distilled water for 2 min. Then, decolorization over

an ethanol gradient was performed, and xylene was added
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for 2 min for clearing. Finally, the sections were sealed

and mounted with neutral resin.

Immunofluorescence staining
Briefly, fresh tissues were immersed in 4% paraformalde-

hyde (Sigma-Aldrich) for fixation at room temperature for

30 min. The tissues were then dehydrated in an ethanol

gradient, embedded in paraffin, sectioned (thickness:

6 μm), and immersed in xylene for dewaxing. Tissue

sections were blocked with immunohistochemical block-

ing solution (Beyotime Biotechnology Co., Ltd., Zhejiang,

China) at 37 °C for 30 min. The blocking solution was

then discarded, and the sections were washed three times

at room temperature for 5 min each with immunohisto-

chemical washing solution (Beyotime Biotechnology).

Then, primary antibodies were added and incubated at

37 °C for 45 min. After incubation, the antibody solution

was discarded, and the sections were washed three times at

room temperature for 5 min each with immunohistochem-

ical washing solution (Beyotime Biotechnology). Then,

secondary antibodies were added and the tissues were

incubated at 37 °C for 45 min. After incubation, the anti-

body solution was discarded, and the sections were

washed three times at room temperature for 5 min each

with immunohistochemical washing solution (Beyotime

Biotechnology). Finally, immunofluorescence blocking

solution (Sigma-Aldrich) was added, and the sections

were mounted.

Northern blotting
Northern blotting was performed as previously

described.2,10 Briefly, total RNA was extracted from all

groups of cells using a Trizol kit. Following quantification,

20 μg of high-quality total RNA was subjected to gel

electrophoresis on a 7.5 M urea-12% formaldehyde

(PAA) denaturing gel. Afterwards, the RNA was trans-

ferred to a Hybond N+ nylon membrane (Amersham,

Freiburg, Germany). The membrane was cross-linked

under 1200 mjoule/cm2 of UV for 30 s. An antisense

DNA probe against miR-326 was used for hybridization

to detect the expression status of miR-326 (5’-

GGAGACCCGGGAAGGAGGTC-3’). After hybridiza-

tion and washing, the membrane was exposed to Kodak

XAR-5 films (Sigma-Aldrich Chemical) for 20–40 h. As

a positive control, the human U6 snRNA probe (5′-

GCAGGGGCCATGCTAATCTTCTCTGTATCG-3′) was

used for hybridization in all membranes. The exposure

time for the U6 snRNA probe was maintained between

15 and 30 min.2,10 The gray levels of Northern blotting

hybridization bands were quantified by using ImageJ soft-

ware. To determine relative levels of hybridisation signal,

the formula was used as follows: Target hybridisation

signal gray value/U6 snRNA gray value. The hybridisation

signal levels were calibrated based on levels of U6

snRNA.

Transwell assay
Briefly, 200 μL of serum-free cell culture medium contain-

ing 2000 cells/mL were seeded into the upper chambers of

Transwell plates with pore sizes of 8.0 μm. Then, 600 μL
of complete medium containing 10% FBS was added to

the lower chambers of the Transwell plates. The cells were

cultured at 37 °C for 48 h in an atmosphere of 5% CO2.

The cells adhering to the membrane surface were fixed

with 4% paraformaldehyde at room temperature for

30 min and were then stained with 4,6-diamidino-2-phe-

nylindole (DAPI, Sigma-Aldrich Chemical) for 10 min.

The total number of cells was calculated by counting the

number of cells in three non-overlapping fields under

a microscope.

In vivo xenograft experiments
In vivo xenograft experiments were performed as pre-

viously described.2 Briefly, after transfection with plas-

mids, 1×105 cells/mL from each group at logarithmic

growth phase were harvested and inoculated subcuta-

neously into BALB/Cnu/nu mice. Each group comprised

six mice (6-8-week-old female BALB/Cnu/nu mice were

provided by the Experimental Animal Centre of Fudan

University). After 10 weeks of monitoring, the mice

were sacrificed, and the tumours were removed. The

tumours were weighed, and the volumes were calculated

using the following formula: Tumour volume (mm3) =

(ab2)/2 (a: the longest axis (mm), b: the shortest axis

(mm)). All the animal experiments were conducted in

accordance with the guidelines of the NIH for the care

and use of laboratory animals. The study protocol was also

approved by the Committee on the Use of Live Animals in

Teaching and Research, Shanghai Geriatric Institute of

Chinese Medicine, Shanghai, China.2

Statistical analysis
Each experiment was performed as least three times; data are

presented asmean ± the standard error (SE)where applicable.

Differences were evaluated using Student’s t-tests. P-values

<0.05 were considered statistically significant.
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Results
GPR91 is a specific target of miR-326
The GPR91/STAT3/VEGF signaling pathway plays an

important role in tumour proliferation; therefore, we evalu-

ated the expression of key molecules in this signaling path-

way in normal endometrium and endometrial carcinoma

tissues. The results from qPCR and western blotting demon-

strated that the mRNA and protein expression levels of

GPR91, STAT3, mitogen-activated protein kinase P38

alpha (p38MAPK; also known as mitogen-activated protein

kinase 14 (MAPK14)), vascular endothelial growth factor

receptor 2 (VEGFR2, also known as kinase insert domain

receptor (KDR)), and VEGF were significantly higher in

endometrial carcinoma tissues than in the normal endome-

trium (Figure 1A and B). Bioinformatic analysis showed

perfect complementary pairing between the mature miR-

326 and seven bases of a specific site on GPR91 (SUCNR1)

(+121 bp to +127 bp), suggesting thatGPR91 could be one of

the targets of miR-326 (Figure 1C). In addition, comparisons

of the genomes revealed that the target of miR-326 was

highly conserved, and the sequence was “CCCAGAG” in

both rodents and mammals (Figure 1C). Subsequently, luci-

ferase reporter assays showed that the overexpression of

wild-type (WT) miR-326 in cells significantly reduced the
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Figure 1 GPR91 is a specific target of miR-326. (A) qPCR detection of the mRNA expression levels of molecules in the GPR91/STAT3/VEGF signaling pathway in different

tissues. **P<0.01 vs normal endometrium; t test; n=6. (B) Western blotting analysis of the protein expression levels of molecules in the GPR91/STAT3/VEGF signaling
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activity of luciferase in the construct carrying WT GPR91,

while the luciferase activity in the remaining combinations

was not affected (Figure 1D). Northern blotting results

showed that the hybridization signal of miR-326 was signifi-

cantly lower in endometrial carcinoma tissues compared with

that in normal tissues (Figure 1E). Meanwhile, qPCR results

also showed that expression level of miR-326 was signifi-

cantly lower in endometrial carcinoma tissues than in normal

tissues (Figure 1F). These results indicated that the GPR91/

STAT3/VEGF signaling pathway is significantly activated in

endometrial carcinoma tissues; in addition, GPR91 is

a specific target of miR-326.

SPIONs can accumulate in HuECSCs
Analyses showed that the size of the SPION core was

between 2 and 14 nm, and its hysteresis loop exhibited

a symmetrical distribution (Figure 2A–C). When the

SPION surface was modified with polyethyleneimine

(PEI), it could bind efficiently with the miR-326-expressing

plasmid to form a “nucleic acid-nanoparticle” complex

(Figure 2D). When the SPION surface was loaded with

large quantities of plasmid DNA, the hydrodynamic size of

the SPIONs increased significantly (48.0 nm before loading;

161.5 nm after loading). Plasmid DNA is negatively

charged; therefore, the zeta potential was also reduced sig-

nificantly after adsorption (+30.5 mV before loading;

+26.3 mV after loading). Nonetheless, a relatively strong

positive charge was maintained; thus, the nanoparticles still

displayed good stability and no coagulation occurred. CD44

+/CD133+ HuECSCs were isolated from primary endome-

trial carcinoma cells via flow cytometry and cultured in

suspension (Figure 2E). Then, SPIONs were added to the
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Figure 2 SPIONs can accumulate in HuECSCs. (A) Transmission electron microscopy of SPIONs. (B) Particle size of the SPION core. (C) Hysteresis loop of a SPION. (D)

Experimental procedures for loading pcDNA-miR-326 onto SPIONs (miR-326@SPION); (F) Transmission electron microscopy showing that large quantities of SPIONs are
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culture medium of the HuECSCs. Transmission electron

microscopy revealed that large quantities of dense electron

clouds were aggregated in microvesicles within the cyto-

plasm of HuECSCs, which were presumed to be SPIONs

(Figure 2E). These data demonstrated that SPIONs could

accumulate in HuECSCs.

mir-326@SPION significantly inhibits the

proliferation, invasion, and angiogenesis

of HuECSCs
We examined the effects of miR-326@SPION on the growth

of HuECSCs in vitro. The results from the MTT assays

showed that the rate of inhibition of HuECSCs proliferation

gradually increased in the miR-326@SPION group 2 days

after SPION transfection and was significantly higher than

that in the miR-mut@SPION group (control group). In addi-

tion, the inhibition of cell proliferation was significantly time-

dependent (Figure 3A). The results of flow cytometry showed

that at 3 days after SPION transfection, the proportion of

HuECSCs in the G0/G1 phase was significantly higher in the

miR-326@SPION group than that in the control group,

whereas the proportion of cells in the S phase was significantly

lower than that in the control group (Figure 3B). This sug-

gested that the cell cycle of HuECSCs in the

miR-326@SPION group was significantly blocked in the
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G0/G1 phase. Meanwhile, the Transwell chamber cell inva-

sion assay showed that the number of migrated HuECSCs was

significantly lower in the miR-326@SPION group than in the

control group at 3 days after SPION transfection (Figure 3C).

Furthermore, when human umbilical vein endothelial cells

(HUVECs) were transfected with miR-326@SPION, their

ability to migrate and form capillaries in the extracellular

matrix were significantly reduced compared with that of

cells in the miR-mut@SPION transfection group (Figure

3D). These results showed that miR-326@SPION signifi-

cantly inhibits the proliferation, invasion, and angiogenesis

of HuECSCs in vitro.

Subsequently, we inoculated both groups of cells (miR-

326@SPION and miR-mut@SPION) onto the back of nude

mice. The nude mice were sacrificed at around week 10. All

the nude mice that were inoculated with miR-mut@SPION-

HuECSCs developed relatively large tumours on their backs.

The nude mice inoculated withmiR-326@SPION-HuECSCs

also developed tumours on their backs; however, the tumours

were significantly smaller in terms of both size and weight

compared with those in the control group (Figure 4A and C).

Magnetic resonance imaging (MRI) scans performed on liv-

ing nude mice revealed significant high-intensity signals at

the tumour sites on the backs of the mice, suggesting the
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presence of metallic materials (Figure 4B). Subsequently, the

tumour tissues were isolated. Transmission electron micro-

scopy revealed the presence of high-density electron clouds

resulting from the aggregation of circular particles in the

xenograft tumours derived from both cell groups, suggesting

the presence of metallic nanoparticles (Figure 4D). Lastly,

pathological examination of the tumour sections via H&E

staining showed that the tumours derived from both groups

of cells displayed the pathological features of type II endo-

metrial carcinoma (Figure 4E). Immunohistochemical stain-

ing results indicated that the percentage of Ki67-positive

cells in tumours derived from miR-326@SPION-HuECSCs

was significantly lower than in those derived from miR-mut

@SPION-HuECSCs (Figure 4F). These results indicated that

miR-326@SPION significantly inhibits the tumorigenicity of

HuECSCs in nude mice.

mir-326@SPION significantly inhibits the

expression of the GPR91/STAT3/VEGF

signaling pathway
The results of qPCR showed that the mRNA expression

levels of GPR91, STAT3, p38MAPK (MAPK14),

VEGFR2 (KDR), and VEGF were significantly lower in

HuECSCs transfected with miR-326@SPION compared

with those in the control group (Figure 5A). Meanwhile,
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western blotting analysis also showed that the protein

levels of GPR91, STAT3, p38MAPK, VEGFR2, and

VEGF were significantly lower in HuECSCs transfected

with miR-326@SPION compared with those in the con-

trol group (Figure 5B). Meanwhile, the levels of the

phosphorylated products of STAT3, and p38MAPK, ie,

p-STAT3, and p-p38MAPK were also significantly lower

compared with those in the HuECSCs transfected with

miR-mut@SPION (Figure 5B). Furthermore, immuno-

fluorescence staining was performed on the xenograft

tumour tissues of nude mice. The results showed that

expression of proteins of the GPR91/STAT3/VEGF sig-

naling pathway was significantly lower in tumours

derived from miR-326@SPION-HuECSCs compared

with that derived from miR-mut@SPION-HuECSCs

(Figure 5C). In addition, the expression of VEGFR2

was also significantly reduced, suggesting that miR-

326@SPION significantly inhibited angiogenesis in

endometrial carcinoma tissues. These results suggested

that miR-326@SPION could significantly inhibit the

expression of members of the GPR91/STAT3/VEGF

signaling pathway in HuECSCs.

Discussion
Previously, studies from our group confirmed the pre-

sence of a subset of cancer stem cells in endometrial

carcinoma tissues, and preliminarily identified certain

microRNAs that may affect the growth and tumorigeni-

city of this group of cells.1–3,10 However, the growth of

tumour cells is substantially different from that of nor-

mal cells, particularly in terms of energy metabolism

and angiogenesis.1 Tumour cells are often in a highly

active state of metabolism and angiogenesis. Therefore,

blocking these abnormal biological behaviors may sig-

nificantly inhibit tumour growth. During our investiga-

tion of the processes of vascular ageing and formation,

we noted that intervention with oxidized low-density

lipoprotein in apolipoprotein E (ApoE)−/- mice could

inhibit the expression of the GPR91/STAT3/VEGF path-

way through the activation of miR-758, which promoted

the ageing of vascular endothelial cells and inhibited

angiogenesis.9 The results of that study provided us

with new insights into the targets and pathways for

suppressing endometrial carcinoma stem cells. GPR91

is also known as succinate receptor 1. GPR91 is

expressed in various tissues and organs, such as the

retina, heart, liver, kidney, white adipose tissue, and

dendritic cells derived from human monocytes.11–17

Succinate is a direct ligand for GPR91.17–19 It is also

an intermediate metabolite of the Krebs cycle and is

essential for the synthesis of adenosine triphosphate in

mitochondria and for several metabolic pathways.11–17

In addition to its key role in energy metabolism, succi-

nate can also serve as a signaling molecule through

binding to and activating its specific receptor.11–17 The

activation of GPR91 induced by local extracellular suc-

cinate can inhibit the degradation of white adipose tis-

sue, mediate retinal angiogenesis, increase renin release

in the glomerular endothelium, promote the secretion of

proinflammatory cytokines from dendritic cells to acti-

vate T helper cells, and regulate liver fibrosis. Mu et al

found that succinate upregulates the expression of vas-

cular endothelial growth factor through a hypoxia indu-

cible factor 1 subunit alpha (HIF-1α)-independent
mechanism, which in turn activates STAT3 and extra-

cellular regulated kinase 1/2.12 Agiar et al reported that

succinate may cause cardiac hypertrophy in a CuSnR1-

dependent manner, and that serum levels of succinate

are significantly elevated in patients with cardiac hyper-

trophy associated with acute and chronic ischemic

diseases.15 In addition, the activation of GPR91 triggers

the phosphorylation of extracellular regulated kinase 1/

2, the expression of calcium/calmodulin-dependent pro-

tein kinase IIδ, and the cytoplasmic translocation of

histone deacetylase 5, all of which are signaling events

associated with hypertrophy.11–17 In cases of limited

blood supply, such as that in ischemia, succinate can

be produced through an alternate route other than the

Krebs cycle, and the blood concentration of succinate

may increase.11–17 Taken together, it has been demon-

strated that succinate-mediated activation of the GPR91/

STAT3/VEGF signaling pathway has great significance

in the development of pathological damage in cardio-

vascular diseases. However, there is no report on its

effects on the regulation of tumour cells.1–3,10 On the

present study, we identified a microRNA, miR-326,

which could bind to the specific site in the 3′ UTR of

GPR91 mRNA, leading to the targeted silencing of

GPR91 expression. Through various molecular biology

techniques, we showed that miR-326 was expressed at

low levels in endometrial carcinoma tissues but at high

levels in normal tissues, suggesting that this microRNA

was likely to be a tumour suppressor. We also found that

the expression pattern of the GPR91/STAT3/VEGF sig-

naling pathway was opposite to that of miR-326, sug-

gesting that the microRNA could potentially have
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a negative regulatory effect on this pathway. We chose

a special nanoparticle, SPION, to verify our hypothesis.

Our previous studies demonstrated that SPIONs could

effectively deliver siRNAs or microRNAs into cells to

achieve the efficient expression of these molecules.6–8

Therefore, we constructed the miR-326@SPION conju-

gate and transfected it to endometrial carcinoma stem

cells. In vitro and in vivo experiments showed that the

overexpression of miR-326 significantly attenuated the

proliferation, division, invasion, and tumorigenicity of

HuECSCs. At the same time, the number of nascent

blood vessels in the tumours developed in the nude

mice was also markedly reduced. This series of experi-

ments confirmed that miR-326@SPIONs could signifi-

cantly inhibit the growth of HuECSCs in vitro and

in vivo. Next, we further analyzed the underlying

mechanism. Through the use of molecular biology tech-

niques, we found that the overexpression of miR-326

significantly reduced the expression of members of the

GPR91/STAT3/VEGF pathway in HuECSCs, and con-

currently reduced the activity (level of phosphorylation)

of key molecules in this pathway. Based on the results

from previous studies, activation of the GPR91/STAT3/

VEGF pathway always has positive effects on angiogen-

esis and cell proliferation. Our study indicated that when

miR-326 significantly inhibited the expression of GPR91

and the activation of the GPR91/STAT3/VEGF pathway,

it could also reduce the activity of cancer stem cells.

Therefore, miR-326 and GPR91 are potential and impor-

tant targets for the regulation of endometrial carcinoma

(Figure 5D).6–8

In summary, our study elucidates two key points. First,

GPR91 is a potential target of miR-326, and GPR91/

STAT3/VEGF is its direct downstream pathway. Second,

overexpression of miR-326 could significantly attenuate

the activity of endometrial carcinoma stem cells by inhi-

biting the activation of the GPR91/STAT3/VEGF signaling

pathway.
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