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Feasibility of placenta-derived
mesenchymal stem cells as a tool
for studying pregnancy-related
disorders
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The cellular and molecular mechanisms responsible for pregnancy-related disorders remain unclear.
We investigated the feasibility of using placenta-derived mesenchymal stem cells (MSCs) as a tool to
study such pregnancy-related disorders. We isolated and expanded adequate numbers of cells with
characteristic features of MSCs from the chorionic plate (CP-MSCs), chorionic villi (CV-MSCs), and
decidua basalis (DB-MSCs) of human term placental tissues. All placenta-derived MSCs expressed
pregnancy-associated C14MC microRNA (miRNA) (miR-323-3p). Interestingly, the placenta-specific
C19MC miRNAs (miR-518b and miR517a) were clearly expressed in CP-MSCs and CV-MSCs of foetal
origin, but were barely expressed in DB-MSCs of maternal origin. Furthermore, expression levels of
placenta-specific C19MC miRNAs in CV-MSCs remained stable during the ex vivo expansion process
and across different pregnancy phases (first trimester versus third trimester). High-efficiency siRNA
transfection was confirmed in twice-passaged CV-MSCs with little toxicity, and microarray analysis was
used to screen for miR-518b target genes. Placenta-derived MSCs, especially CV-MSCs, are a potential
tool for investigating the role of placental miRNAs in pregnancy-related disorders.
The placenta plays an essential role in foetal development by providing nutrition and gas exchange to the foetus
and by supporting immunological tolerance. Problems with the development and maintenance of the placenta
can therefore result in pregnancy-related disorders, such as preeclampsia or foetal growth restriction. However,
the mechanisms responsible for such pregnancy-related disorders remain poorly understood.
MicroRNAs (miRNAs) regulate various important physiological and pathological processes, including embryonic development1. The pregnancy-associated chromosome 14 miRNA cluster (C14MC) and chromosome 19
miRNA cluster (C19MC) miRNAs are predominantly expressed in human placental tissue during pregnancy and
play a crucial role in placental development2,3. C19MC miRNAs have demonstrated an association with preeclampsia caused by abnormal development of placental vessels in early pregnancy4. Furthermore, trophoblast cells
may release exosomes containing C19MC miRNAs, which enable foetoplacental–maternal communication by
affecting both local and distant target tissues3,5. Pregnancy-associated miRNAs have been identified in the maternal circulation6, and we have previously reported that C19MC miRNAs in maternal plasma may serve as a useful
biomarker for pregnancy-related disorders7–11.
Pregnancy-related disorders are thought to be associated with biological abnormalities of trophoblast cells.
However, the use of primary trophoblast cells to study such disorders has been limited by their short life span
and poor proliferation in vitro12. In contrast, mesenchymal stem cells (MSCs), which have been identified in most
tissues of the body, including the umbilical cord and placenta13, demonstrate vigorous proliferative potential
in vitro. Placenta-derived MSCs have therefore emerged as both an alternative source for regenerative medicine,
and also as a tool for use in experimental studies. Interestingly, C19MC miRNAs were shown to be expressed
in MSCs from first-trimester placenta14. Umbilical cord-derived MSCs were recently found to enhance the
migration and proliferation of trophoblast cells15. Furthermore, preeclampsia-placenta-derived MSCs induced
a preeclampsia-like phenotype in normal chorionic villi16, indicating the potential role of endogenous MSCs in
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Figure 1. Propagation of mesenchymal stem cells (MSCs) derived from human term placental tissue.
(a) Gross anatomical (left) and schematic (right) images of term placenta. Tissues from chorionic plate (CP),
chorionic villi (CV), and decidua basalis (DB) were separated manually and collected for ex vivo expansion
of MSCs. (b) Phase-contrast microscopic images showing outgrowth of fibroblast-like cells from explants
of CP (CP-MSCs), CV (CV-MSCs), and DB (DB-MSCs) at about 10 days after initiation of cultures. Scale
bars: 200 μm. (c) Growth kinetics of twice-passaged CP-MSCs, CV-MSCs, and DB-MSCs. (d) Representative
electrophoretogram of microsatellite genotyping using representative short tandem repeat markers D8S1179,
TH01, vWs, and amelogenin. CP-MSC and CV-MSC matched the baby (cord blood), while DB-MSC matched
the mother. Amelogenin confirmed the presence of the X chromosome-specific allele alone for DB-MSC
(mother), and both X and Y chromosome-specific alleles for CP-MSC and CV-MSC (baby).

placental development and maintenance. These results indicate the potential use of placenta-derived MSCs as a
tool for investigating the mechanisms behind pregnancy-related disorders.
In this study, we aimed to expand MSCs from different parts of human term placentas including the chorionic
plate (CP) and chorionic villi (CV) of foetal origin, and the decidua basalis (DB) of maternal origin (Fig. 1), and
to examine the expression of pregnancy-associated miRNAs in MSCs primarily expanded from placental tissues. We also investigated the transfection efficiency of CP-MSCs and CV-MSCs from term placentas with small
interfering RNAs (siRNAs), and miR-518b target genes were further screened for by microarray analysis. These
preliminary results suggest that CV-MSCs are a potential tool for investigating the role of placental miRNAs in
pregnancy-related disorders.

Results

Propagation and characterisation of placenta-derived MSCs. We separated different parts (CP, CV,
and DB) of human third-trimester placental tissues and cultured explants to generate MSCs (Fig. 1a). All cells
that grew out from CP, CV, and DB tissues were morphologically fibroblast-like cells (Fig. 1b). The average population-doubling times of CP-MSCs, CV-MSCs, and DB-MSCs at passage two were 42.8 ±  6.3, 37.0 ±  1.4, and
68.1 ± 30.3 h, respectively (Fig. 1c). The origin of the MSCs was examined by microsatellite genotyping of the
short tandem repeat (STR) markers D8S1179, TH01, vWs, and amelogenin (Fig. 1d), which revealed the biparental origins of CP-MSCs and CV-MSCs, compared with maternal-origin DB-MSCs.
The phenotypes of the MSCs were examined by flow cytometry and immunocytochemistry (Fig. 2). Flow
cytometry analysis showed that all CP-MSCs, CV-MSCs, and DB-MSCs expressed the MSC markers CD44, CD73,
CD90, and CD105 but not the haematopoietic cell markers CD34 and CD45 (Fig. 2a). CP-MSCs, CV-MSCs, and
DB-MSCs also expressed human leukocyte antigens (HLA)-A, B, and C (MHC class 1 cell surface receptors) but
not HLA-DR (MHC class 2 cell surface receptor) (Fig. 2a), or HLA-G (MHC class 1 cell surface receptor, which
is known to be expressed in extravillous trophoblasts) (Fig. 2a). According to immunocytochemistry analysis,
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Figure 2. Characteristics of mesenchymal stem cells (MSCs) primarily expanded from human term
placental tissue. Twice-passaged MSCs from chorionic plate (CP-MSCs), chorionic villi (CV-MSCs), and
decidua basalis (DB-MSCs) were used for experiments. (a) Flow cytometry analysis showing expression profiles
of cell surface markers on cells (grey areas indicated isotype negative controls). (b) Immunocytochemical
images showing CP-MSCs, CV-MSCs, and DB-MSCs positively stained for the mesenchymal marker vimentin
(green) but negatively stained for the pan-trophoblast marker keratin-7 (red). Nuclei were counterstained with
DAPI (blue). BeWo trophoblast cells were used as control. Scale bars: 50 μm.
all the MSCs primarily expanded from different parts of the placenta tissue were negatively stained for the
pan-trophoblast-specific marker keratin 7 but positively stained for the mesenchymal marker vimentin (Fig. 2b).

Placenta-derived MSCs positively expressed pregnancy-associated miRNAs. The expression
of miRNAs in placenta-derived MSCs was evaluated by quantitative reverse transcription polymerase chain
reaction (qRT-PCR). miR-21, which is known to be widely expressed in various tissues/cells, was expressed at
similar levels in CP-MSCs, CV-MSCs, and DB-MSCs (Fig. 3a), while expression of miR-323-3p, a representative C14MC miRNA, was significantly higher in CP-MSCs and CV-MSCs than in DB-MSCs (p <  0.001 vs.
CP-MSCs and CV-MSCs) (Fig. 3b). Interestingly, the representative placenta-specific C19MC miRNAs miR518b and miR-517a were only clearly expressed in CP-MSCs and CV-MSCs, and barely expressed in DB-MSCs
(p <  0.001 vs. CP-MSCs and CV-MSCs) (Fig. 3c,d). Similarly, MSCs primarily expanded from umbilical cord
blood (UCB-MSCs) and Wharton’s jelly tissue (WJ-MSCs) both expressed miR-323-3p (Fig. 3b) but not miR518b and miR-517a (Fig. 3c,d).
We also compared the expression levels of pregnancy-associated miRNAs between primarily expanded
MSCs and their original placental tissues. The relative expression levels of miR-323-3p varied between primarily
expanded MSCs and their original tissues (Fig. 4a), while expression levels of C19MC miRNAs (miR-518b and
-517a) were significantly higher in CP and CV tissues than in twice-passaged CP-MSCs and CV-MSCs (p <  0.001
vs. CP tissues or CV tissues, respectively) (Fig. 4b,c).
Expression of pregnancy-associated miRNAs in placental MSCs remained stable through
different pregnancy phases and during ex vivo expansion. As a potential tool for investigat-

ing the mechanisms responsible for pregnancy-related disorders, it is essential to understand the stability of
pregnancy-associated miRNA expression levels in these placenta-derived MSCs. We therefore determined if the
expression of pregnancy-associated miRNAs changed during the ex vivo expansion process. The expression of
miR-323-3p in CP-MSCs and CV-MSCs was significantly higher in later (p8) compared with earlier passage (p2)
cells (p <  0.001 vs. P8) (Fig. 5a), while levels of miR-518b and miR-517a remained relatively stable during ex vivo
expansion (Fig. 5b,c).
We also primarily expanded and compared the properties of first- and third-trimester CV-MSCs, and
showed that they had similar morphological features and cellular properties (Fig. 6a,b). However, first-trimester
CV-MSCs showed relatively higher expression of miR-323-3p compared with third-trimester CV-MSCs, though
the difference was not significant (Fig. 6c), while miR-518b and -517a levels were similar in cells from both trimesters (Fig. 6c).

Scientific Reports | 7:46220 | DOI: 10.1038/srep46220

3

www.nature.com/scientificreports/

Figure 3. Expression levels of pregnancy-associated miRNAs. Twice-passaged mesenchymal stem cells
(MSCs) from chorionic plate (CP-MSCs), chorionic villi (CV-MSCs), and decidua basalis (DB-MSCs) from
human term placental tissue were used for experiments. (a) Expression of miR-21, a common miRNA widely
found in various tissues/cells; (b) miR-323-3p, representative member of C14MC miRNA; and (c) miR-518b
and (d) miR-517a, two representative members of C19MC miRNA were measured by qRT-PCR. Semiquantitative data were presented as relative expression ratio after normalisation with U6 snRNA. *p <  0.05 vs.
CP-MSCs and CV-MSCs.
We determined the effects of siRNA transfection in twice-passaged CP-MSCs and CV-MSCs derived from
third-trimester placenta. siRNA transfection had little toxic effect (Fig. 7a). Furthermore, expression levels of
miR-518b and miR-323-3p were effectively facilitated and suppressed by transfection with miRNA mimic and
miRNA inhibitor, respectively (Fig. 7b).

Screening for miR-518b target genes associated with pregnancy-related disorders.

The main
function of miRNAs is to regulate gene expression via antisense complimentarily to one or more messenger RNAs
(mRNAs)17–19. We initially screened for miR-518b target genes by transfection of twice-passaged CV-MSCs with
an miR-518b mimic. Microarray analysis indicated a number of genes that were up- or down-regulated by the
miR-518b mimic. Among the 124 target genes down-regulated more than 2-fold (Supplementary Table S1), two
genes (tyrosine hydroxylase: TH and hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase
1: HSD3B1) were previously demonstrated to be involved in the pathogenesis of preeclampsia20–22, and five
genes (endothelin receptor type A: EDNRA, advanced glycosylation end product-specific receptor: AGER,
wingless-type MMTV integration site family member 2: WNT2, complement component 9: C9, and transient
receptor potential cation channel, subfamily M, member 2: TRPM2) play roles in preeclampsia with foetal growth
restriction23–32 (Table 1). Likewise, among the 112 target genes up-regulated over 2-fold by the miR-518b mimic
(Supplementary Table S2), four genes [hemopexin: HPX, serpin peptidase inhibitor, clade B (ovalbumin), member 2: SERPINB2, lipoprotein, Lp(a): LPA, and tumour necrosis factor superfamily, member 10: TNFSF10] show
involvement in preeclampsia35–38, and two genes (CD69 molecule: CD69 and stanniocalcin 1: STC1) are involved
in preeclampsia with foetal growth restriction33,34,39 (Table 1).

Discussion

The cytological characteristics of MSCs vary according to their origin40. Placenta-derived MSCs were recently
reported to possess better immunoregulatory properties than umbilical cord-derived MSCs41. Furthermore,
MSCs from the amnion, chorion, and umbilical cord of human placenta tissues have different gene expression
profiles and differentiation capacities42, suggesting the existence of heterogeneity among MSCs originating from
different tissues. However, the biological features of MSCs in placental tissues and their role in regulating placental development remain poorly understood. The present study aimed to investigate the feasibility of using
placenta-derived MSCs as a tool to study the mechanisms responsible for pregnancy-related disorders.
We initially expanded MSCs from placenta tissues by seeding tissue explants from different parts of the placenta onto culture dishes. These explants produced adequate numbers of cells with high proliferative potency.
Numerous methods have been used to isolate/expand MSCs from placental tissue, including enzymatic digestion
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Figure 4. Expression levels of pregnancy-associated miRNAs in primarily expanded MSCs and their
original placental tissues. (a) Expression levels of miR-323-3p, (b) miR-518b, and (c) miR-517a were measured
by qRT-PCR analysis and represented as relative expression ratio after normalisation with U6 snRNA. Twicepassaged MSCs primarily expanded from chorionic plate (CP-MSCs) and chorionic villi (CV-MSCs) were
compared with their original placental tissues. *p <  0.05 vs. placental tissues.

Figure 5. Changes in expression levels of pregnancy-associated miRNAs in mesenchymal stem cells
(MSCs) during ex vivo expansion. (a) Expression levels of miR-323-3p, (b) miR-518b, and (c) miR-517a were
measured by qRT-PCR and represented as relative expression ratios after normalisation with U6 snRNA. Twicepassaged (P2) MSCs from chorionic plate (CP-MSCs) and chorionic villi (CV-MSCs) were compared with later
passages (P8). *p <  0.05 vs. P8.

of tissues to harvest MSCs as a single-cell suspension for further cell expansion43,44, or by seeding tissue fragments, as in the current study. Contamination between maternal- and foetal-origin MSCs remains a problem with
expansion of MSCs from placental tissues45,46, but we were able to generate pure cells without contamination. The
explant culture method also has the advantages of maintaining stemness and retaining identical cell properties
over time47,48.
Considering the distinct role of pregnancy-associated miRNAs in placental development, we investigated the
expression levels of the major clusters of pregnancy-associated miRNAs, C19MC and C14MC, in these MSCs
primarily expanded from human placental tissues. C19MC miRNAs are placenta-specific miRNAs regulated
by genomic imprinting, with only the paternally inherited allele being expressed in the placenta49,50. In contrast, C14MC miRNAs are expressed in both embryonic and placental tissues51,52, and are generally accepted as
pregnancy-associated, rather than placenta-specific miRNAs2,3. C14MC miRNAs (miR-323-3p) were expressed
in all the placenta-derived MSCs, including CP-MSCs, CV-MSCs, and DB-MSCs, and also in WJ-MSCs and
UCB-MSCs. In contrast, the placenta-specific C19MC miRNAs (miR-518b and miR517a) were only clearly
detected in CP-MSCs and CV-MSCs, with low or absent expression in DB-MSCs, WJ-MSCs, and UCB-MSCs.
In accord with a previous study2, expression levels of C14MC miRNAs were lower in third- compared with
first-trimester CV-MSCs, and decreased with pregnancy progression. Interestingly, expression levels of the
placenta-specific C19MC miRNAs were comparable in first- and third-trimester CV-MSCs, and remained stable during the ex vivo expansion process (within approximately 60 days). We also compared the expression of
C19MC miRNAs between primarily expanded MSCs and their original tissues, and showed lower expression
levels in CP-MSCs and CV-MSCs compared with the equivalent original tissues. Given that C19MC miRNAs are
highly expressed in trophoblast cells53, it is not surprising that they were less enriched in placenta-derived MSCs
compared with their original tissues.
Various miRNAs, especially pregnancy-associated miRNAs, have been implicated in pregnancy-related
disorders, such as preeclampsia and foetal growth restriction8,10,52. MiRNAs have also frequently been used in
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Figure 6. Mesenchymal stem cells (MSCs) primarily expanded from chorionic villi (CV-MSCs) from firsttrimester placental tissues. (a) Representative phase-contrast microscopic image showing fibroblast-like cells
growing out from chorionic villi from first-trimester placental tissues at 10 days after culture. Scale bars: 200 μm.
(b) Immunocytochemical images showing expression of the mesenchymal marker vimentin (green) and
pan-trophoblast marker keratin-7 (red) in twice-passaged CV-MSCs from first-trimester placenta. Nuclei are
counterstained with DAPI (blue). Scale bars: 50 μm. (c) qRT-PCR analysis of expression of miR-323-3p, miR518b, and miR-517a in twice-passaged CV-MSCs from first- and third-trimester placentas. Data are presented
as relative expression ratio after normalisation with U6 snRNA.

overexpression or knockdown experiments of targeted genes to elucidate miRNA functions in the placenta. We
confirmed the efficiency of siRNA transfection in these primarily expanded placental MSCs, with no obvious
toxic effects. By transfection of CV-MSCs with the miR-518b mimic, we screened for potential miR-518b target
genes by microarray analysis. miR-518b seems to control multiple target genes located on various chromosomes.
Interestingly, some miR-518b target genes were previously demonstrated to associate with preeclampsia (e.g., TH
and HSD3B1 for down-regulated genes, and HPX, SERPINB2, LPA and TNFSF10 for up-regulated genes)20–22,35–38
and with preeclampsia with foetal growth restriction (e.g., EDNRA, AGER, WNT2, C9, and TRPM2 for
down-regulated genes, and CD69 and STC1 for up-regulated genes)23–34,39. However, further experiments are
needed to demonstrate a causal relationship between the expression of pregnancy-associated miRNAs and
pregnancy-related disorders.
Placenta-derived MSCs are expected to be useful tools for studying pregnancy-related disorders because they
are easily expanded ex vivo, they express specific pregnancy-associated miRNAs, and they show high transfection efficiencies for siRNAs. In this study, we only expanded MSCs from placental tissues from uncomplicated
pregnancies. However, we also revealed different characteristics among CP-MSCs, CV-MSCs and DB-MSCs, supporting the idea of heterogeneity and tissue-specificity among placental MSCs for cell properties and proliferative
capacities13,42,44,54. We have started to expand and characterize placental MSCs from abnormal conditions (e.g.
preeclampsia and/or foetal growth restriction); however, there is much to learn to understand the functional roles
and detailed mechanisms of action of pregnancy-associated miRNAs in pregnancy-related disorders.
In summary, we successfully expanded CP-MSCs, CV-MSCs, and DB-MSCs from placental tissue, resulting
in cells with high proliferative potency and clear expression of pregnancy-associated miRNAs. The expression
of placenta-specific C19MC miRNAs in CV-MSCs remained stable throughout different pregnancy phases and
during ex vivo expansion. Placenta-derived MSCs, especially CV-MSCs, represent a potentially useful tool, not
only for mechanistic understanding, but also for the treatment of pregnancy-related disorders16,55–57.

Methods

Ethics. This study was approved by the Institutional Review Boards for Ethical, Legal and Social Issues in
Nagasaki University Graduate School of Biomedical Sciences (13052715). All samples were obtained after receiving written informed consent. The experiments were performed in accordance with the institutional and national
guidelines.
Primary isolation and expansion of human placental MSCs.

We collected third-trimester (n =  3)
placentas after elective caesarean section at 38–39 weeks of gestation, and first-trimester placentas (n =  3) after
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Figure 7. Efficiency of siRNA transfection of twice-passaged mesenchymal stem cells (MSCs) from
chorionic plate (CP-MSCs) and chorionic villi (CV-MSCs) from term placentas. (a) Representative
phase-contrast microscopic images showing similar morphological features of CV-MSCs at 48 h after siRNA
transfection with scramble control, 518b-mimic, and 518b inhibitor. Scale bars: 200 μm. Fold changes in
expression levels of miR-518b (b) and miR-323-3p (c) compared with scramble control in CP-MSCs and CVMSCs.
elective pregnancy termination at 8–10 weeks of gestation. We performed ex vivo expansion using explant methods, as described previously, with minor modifications58,59. Briefly, placental tissues were collected immediately
after delivery and stored in Hank’s balanced salt solution (Life Technologies, Carlsbad, CA, USA) at 4 °C. After
extensive washing in Dulbecco’s phosphate-buffered saline and mechanical removal of the amnion and blood
vessels, third-trimester placental tissues were separated into CP, CV, and DB, but only CV was isolated from
first-trimester placentas, because of the difficulty in discriminating between CP and DB. The tissues were cut into
small pieces (1–2 mm) and cultured as explants on 6-cm culture dishes coated with 10 μg/ml human fibronectin (Corning, Corning, NY, USA). Within 1 week, fibroblast-like cells grew out from the tissue fragments, and
became confluent at approximately 2 weeks. These cells were then collected using 0.25% trypsin-EDTA (Gibco,
Waltham, MA, USA) and passaged for cell expansion. All cultures were incubated in a 5% CO2 incubator at 37 °C
in Dulbecco’s modified Eagle’s medium (DMEM) (Wako, Osaka, Japan) supplemented with 10% foetal bovine
serum (Hyclone Laboratories, Logan, UT, USA), 10 ng/ml human recombinant basic fibroblast growth factor
(Wako), and 1% penicillin (100 U/ml)/streptomycin (100 U/ml) solution (Life Technologies).

Culture of other cells.

The BeWo trophoblast cell line, derived from a human gestational choriocarcinoma,
was obtained from the Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan) and maintained
in Ham’s F-12 medium (Wako) supplemented with 15% foetal bovine serum and 1% penicillin/streptomycin.

Scientific Reports | 7:46220 | DOI: 10.1038/srep46220

7

www.nature.com/scientificreports/
Gene symbol

Gene name

Fold change

Pregnancy-related disorders

References

Tyrosine hydroxylase

2.964

PE

20

Hydroxy-delta-5-steroid dehydrogenase,
3 beta- and steroid delta-isomerase 1

2.572

PE

21,22

Down-regulated target genes
TH
HSD3B1
EDNRA

Endothelin receptor type A

2.639

PE, FGR

23,24

AGER

Advanced glycosylation end productspecific receptor

2.220

PE, FGR

25,26

WNT2

Wingless-type MMTV integration site
family member 2

2.116

PE, FGR

27–29

Complement component 9

2.073

PE, FGR

30

Transient receptor potential cation
channel, subfamily M, member 2

2.042

PE, FGR

31,32

C9
TRPM2

Up-regulated target genes
CD69

CD69 molecule

3.179

PE, FGR

33,34

HPX

Hemopexin

2.721

PE

35

Serpin peptidase inhibitor, clade B
(ovalbumin), member 2

2.248

PE

36

SERPINB2
LPA
TNFSF10

Lipoprotein, Lp(a)

2.201

PE

37

Tumour necrosis factor (ligand)
superfamily, member 10

2.113

PE

38

Stanniocalcin 1

2.039

PE, FGR

39

STC1

Table 1. Representative miR-518b target genes that were previously reported to associate with pregnancyrelated disorders. PE: preeclampsia, FGR: foetal growth restriction.
UCB-MSCs and WJ-MSCs used as other-placental site-derived MSC models originated from the foetus, but
not placenta, were kindly gifted by Dr. Doi32 and maintained in DMEM supplemented with 10% foetal bovine
serum and 1% penicillin/streptomycin. Cells were cultured in a 5% CO2 incubator at 37 °C.

Cell growth assay. Twice-passaged CP-MSCs, CV-MSCs, and DB-MSCs were seeded onto 6-well plates at
a density of 5.2 ×  103 cells/cm2. The cells were then collected as single-cell suspensions at 3, 5, and 7 days, respectively. The total numbers of collected cells were counted with a haemocytometer to evaluate cell proliferation.
Genotyping of STR polymorphisms.

Genomic DNA was extracted using a QIAamp DNA Mini Kit
(Qiagen, Hilden, Germany) from cultured MSCs, umbilical cord (baby) and parent peripheral blood samples.
STR loci were analysed using the Powerplex 16 system (Promega, Madison, WI, USA) using an ABI PRISM3500
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) and GeneMapper software (Applied Biosystems),
following the manufacturer’s instructions.

Flow cytometry. Cells were harvested with 0.25% trypsin-EDTA. After washing with phosphate-buffered
saline, the cells were then incubated with mouse monoclonal antibodies against CD34-fluorescein isothiocyanate (FITC) (4H11), CD44-phycoerythrin (PE) (IM7), CD45-PE (HI30), CD73-FITC (AD2), CD90-FITC
(eBio5E10), CD105-PE (SN6), HLA-DR-PE (L243), HLA-G-PE (87G), and HLA-ABC-FITC (W6/32), respectively (eBioscience, San Diego, CA, USA). The respective isotopes were used as a negative control. Flow cytometry
analysis was performed using an LSRFortessa (Becton Dickinson, Franklin Lakes, NJ, USA) and the acquired data
were analysed using Cell Quest software (Becton Dickinson).
Immunocytochemistry.

Cells were fixed in 4% paraformaldehyde and blocked in 0.3% Triton X-100 and
1% bovine serum albumin, and then incubated with primary antibodies against vimentin (D21H3) and keratin 7
(D1E4) (Cell Signaling Technology, Danvers, MA, USA). Appropriate second antibodies conjugated with Alexa
fluorochromes were used to detect positive staining. The nuclei were stained with 4′, 6-diamidino-2-phenylindole
(DAPI), and positively stained cells were visualised under a fluorescence microscope.

qRT-PCR. Total RNAs containing small RNA molecules were collected using mirVana miRNA Isolation Kit
(Ambion, Waltham, MA, USA), according to the manufacturer’s instructions. Total RNAs were extracted from
MSCs and from the original placental tissues for comparison. Total RNA concentrations were measured using
NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). A total of 100 ng RNA was used for the following the steps. Five specific primers and TaqMan probes for test and control miRNAs (C19MC miRNAs miR-518b
(assay ID 001156) and miR-517a (assay ID 002402); C14MC miRNA 323-3p (assay ID 002227); miR-21 (assay
ID 000397); and U6 snRNA (assay ID 001973)) were used for TaqMan MicroRNA Assays (Applied Biosystems).
Absolute qRT-PCR of miRNAs was performed as described previously7–9. For each miRNA assay, a calibration
curve was prepared by 10-fold serial dilution of single-stranded cDNA oligonucleotides corresponding to each
miRNA sequence from 1.0 ×  102 to 1.0 ×  108 copies/ml. Each sample and each calibration dilution were analysed
in triplicate. The lower limit of detection for each assay was 300 RNA copies/ml7–9. Each batch of amplifications
included three water blanks as negative controls for each of the reverse transcription and PCR steps. All the
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data were collected and analysed using a LightCycler 480 real-time PCR system (Roche, Basel, Switzerland).
Expression levels were represented as relative ratios using U6 snRNA as an endogenous control for normalisation.

Transfection of siRNA. Cells were transfected with synthetic miRNA mimic and miRNA inhibitor of
hsa-miR-518b (assay ID MC12660 and MH12660) and -323-3p (assay ID MC12418 and MH12418) (Applied
Biosystems), or with scramble controls (Ambion), using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. A total of 30 nM of siRNA duplex was used for each transfection. Transfection efficiency was assessed by qRT-PCR.
Microarray analysis. Total RNAs were collected from the control MSCs (untreated twice-passaged
CV-MSCs) and twice-passaged CV-MSCs 72 h after transfection with an miRNA mimic of miR-518b. The integrity of total RNAs was estimated using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Total
RNAs (50 ng) of each MSC were labelled using a Low Input Quick Amp Labeling Kit (Agilent Technologies). miR518b target genes were identified using a SuperPrint G3 human Microarray 8 × 60 ver. 3 (Agilent Technologies).
The resulting intensity was normalized to the 75 percentile shift and the processed data was filtered for over 2-fold
up- or down-regulation compared with control MSCs by GeneSpring Gx software ver. 13 (Agilent Technologies).
Registered genes in the HUGO (Human Genome Organization) Gene Nomenclature Committee database (http://
www.genenames.org/) are listed as gene symbols in Supplemental Tables 1 and 2.
Statistical analyses. Data were shown as the mean ± standard error. Statistical significance was determined
using Mann–Whitney U tests (SPSS ver. 23, IBM, Armonk, NY, USA). A p value < 0.05 was accepted as statistically significant.

References

1. Lin, Y. et al. Characterization of microRNA expression profiles and the discovery of novel microRNAs involved in cancer during
human embryonic development. PLoS One 8, e69230, 10.1371/journal.pone.0069230 (2013).
2. Morales-Prieto, D. M. et al. MicroRNA expression profiles of trophoblastic cells. Placenta 33, 725–734 (2012).
3. Donker, R. B. et al. The expression profile of C19MC microRNAs in primary human trophoblast cells and exosomes. Mol. Hum.
Reprod. 18, 417–424 (2012).
4. Hromadnikova, I. et al. Circulating C19MC microRNAs in preeclampsia, gestational hypertension, and fetal growth restriction.
Mediators. Inflamm. 2013, 186041, 10.1155/2013/186041 (2013).
5. Luo, S. S. et al. Human villous trophoblasts express and secrete placenta-specific microRNAs into maternal circulation via exosomes.
Biol. Reprod. 81, 717–729 (2009).
6. Chim, S. S. et al. Detection and characterization of placental microRNAs in maternal plasma. Clin. Chem. 54, 482–490 (2008).
7. Miura, K. et al. Identification of pregnancy-associated microRNAs in maternal plasma. Clin. Chem. 56, 1767–1771 (2010).
8. Higashijima, A. et al. Characterization of placenta-specific microRNAs in fetal growth restriction pregnancy. Prenat. Diagn. 33,
214–22 (2013).
9. Hasegawa, Y. et al. Increased levels of cell-free miR-517a and decreased levels of cell-free miR-518b in maternal plasma samples
from placenta previa pregnancies at 32 weeks of gestation. Reprod. Sci. 22, 1569–1576 (2015).
10. Miura, K. et al. Circulating chromosome 19 miRNA cluster microRNAs in pregnant women with severe pre-eclampsia. J. Obstet.
Gynaecol. Res. 41, 1526–1532 (2015).
11. Miura, K. et al. Circulating levels of pregnancy-associated, placenta-specific microRNAs in pregnant women with placental
abruption. Reprod. Sci. 24, 148–155 (2017).
12. Bilban, M. et al. Trophoblast invasion: assessment of cellular models using gene expression signatures. Placenta 31, 989–996 (2010).
13. Hass, R., Kasper, C., Böhm, S. & Jacobs, R. Different populations and sources of stem cells (MSC): A comparison of adult and
neonatal tissue-derived MSC. Cell Commun. Signal. 9, 12, 10.1186/1478-811X-9-12 (2011).
14. Flor, I. et al. Abundant expression and hemimethylation of C19MC in cell cultures from placenta-derived stromal cells. Biochem.
Biophys. Res. Commun. 422, 411–416 (2012).
15. Huang, Y. et al. Effects of human umbilical cord mesenchymal stem cells on human trophoblast cell functions in vitro. Stem Cells Int.
2016, 9156731, 10.1155/2016/9156731 (2016).
16. Rolfo, A. et al. Pro-inflammatory profile of preeclamptic placental mesenchymal stromal cells: new insights into the etiopathogenesis
of preeclampsia. PLoS One 8, e59403, 10.1371/journal.pone.0059403 (2013).
17. Lee, R. C., Feinbaum, R. L. & Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense
complementarity to lin-14. Cell 75, 843–854 (1993).
18. Mendell, J. T. MicroRNAs: critical regulators of development, cellular physiology and malignancy. Cell Cycle 4, 1179–1184 (2005).
19. Plasterk, R. H. Micro RNAs in animal development. Cell 124, 877–881 (2006).
20. Rajakumar, A., Brandon, H. M., Daftary, A., Ness, R. & Conrad, K. P. Evidence for the functional activity of hypoxia-inducible
transcription factors overexpressed in preeclamptic placentae. Placenta 10, 763–769 (2004).
21. Shimodaira, M. et al. Estrogen synthesis genes CYP19A1, HSD3B1, and HSD3B2 in hypertensive disorders of pregnancy. Endocrine
42, 700–707 (2012).
22. Hogg, K., Blair, J. D., McFadden, D. E., von Dadelszen, P. & Robinson, W. P. Early onset pre-eclampsia is associated with altered DNA
methylation of cortisol-signalling and steroidogenic genes in the placenta. PLoS One 8, e62969 (2013).
23. Bigham, A. W. et al. Maternal PRKAA1 and EDNRA genotypes are associated with birth weight, and PRKAA1 with uterine artery
diameter and metabolic homeostasis at high altitude. Physiol. Genomics 46, 687–697 (2014).
24. Lisi, V. et al. Investigation of endothelin-1 type A receptor gene polymorphism (−231 G > A) in preeclampsia susceptibility.
J. Matern. Fetal Neonatal Med. 20, 145–149 (2007).
25. Shao, J. et al. Increased levels of HMGB1 in trophoblastic debris may contribute to preeclampsia. Reproduction 152, 775–784 (2016).
26. Alexander, K. L. et al. Differential receptor for advanced glycation end products expression in preeclamptic, intrauterine growth
restricted, and gestational diabetic placentas. Am J. Reprod. Immunol. 75, 172–180 (2016).
27. Zhang, M., Muralimanoharan, S., Wortman, A. C. & Mendelson, C. R. Primate-specific miR-515 family members inhibit key genes
in human trophoblast differentiation and are upregulated in preeclampsia. Proc. Natl. Acad. Sci. USA 113, E7069–E7076, 10.1073/
pnas.1607849113 (2016).
28. Zhang, Z. et al. Association of Wnt2 and sFRP4 expression in the third trimester placenta in women with severe preeclampsia.
Reprod. Sci. 20, 981–989 (2013).
29. Reamon-Buettner, S. M., Buschmann, J. & Lewin, G. Identifying placental epigenetic alterations in an intrauterine growth restriction
(IUGR) rat model induced by gestational protein deficiency. Reprod. Toxicol. 45, 117–124 (2014).

Scientific Reports | 7:46220 | DOI: 10.1038/srep46220

9

www.nature.com/scientificreports/
30. Derzsy, Z., Prohászka, Z., Rigó, J. Jr., Füst, G. & Molvarec, A. Activation of the complement system in normal pregnancy and
preeclampsia. Mol. Immunol. 47, 1500–1506 (2010).
31. Shin, J. K. et al. Expression of clusterin in normal and preeclamptic placentas. J. Obstet. Gynaecol. Res. 34, 473–479 (2008).
32. Blumenstein, M., McCowan, L. M., Wu, S., Cooper, G. J. & North, R. A. SCOPE consortium. Plasma clusterin increased prior to
small for gestational age (SGA) associated with preeclampsia and decreased prior to SGA in normotensive pregnancies. Reprod. Sci.
19, 650–657 (2012).
33. Vianna, P., Mondadori, A. G., Bauer, M. E., Dornfeld, D. & Chies, J. A. HLA-G and CD8+regulatory T cells in the inflammatory
environment of pre-eclampsia. Reproduction 152, 741–751 (2016).
34. Eide, I. P. et al. Serious foetal growth restriction is associated with reduced proportions of natural killer cells in decidua basalis.
Virchows. Arch. 448, 269–276 (2006).
35. Bakker, W. W. et al. Vascular contraction and preeclampsia: downregulation of the Angiotensin receptor 1 by hemopexin in vitro.
Hypertension. 53, 959–964 (2009).
36. Wikström, A. K., Nash, P., Eriksson, U. J. & Olovsson, M. H. Evidence of increased oxidative stress and a change in the plasminogen
activator inhibitor (PAI)-1 to PAI-2 ratio in early-onset but not late-onset preeclampsia. Am. J. Obstet. Gynecol. 201, e1–8 (2009).
37. Manten, G. T., Voorbij, H. A., Hameeteman, T. M., Visser, G. H. & Franx, A. Lipoprotein (a) in pregnancy: a critical review of the
literature. Eur. J. Obstet. Gynecol. Reprod. Biol. 122, 13–21 (2005).
38. Chaemsaithong, P. et al. Maternal plasma soluble TRAIL is decreased in preeclampsia. J. Matern. Fetal. Neonatal. Med. 27, 217–227
(2014).
39. Juhanson, P. et al. Stanniocalcin-1 hormone in nonpreeclamptic and preeclamptic pregnancy: clinical, life-style, and genetic
modulators. J. Clin. Endocrinol. Metab. 101, 4799–4807 (2016).
40. Jeon, Y. J., Kim, J., Cho, J. H., Chung, H. M. & Chae, J. I. Comparative analysis of human mesenchymal stem cells derived from bone
marrow, placenta, and adipose tissue as sources of cell therapy. J. Cell Biochem. 117, 1112–1125 (2016).
41. Talwadekar, M. D., Kale, V. P. & Limaye, L. S. Placenta-derived mesenchymal stem cells possess better immunoregulatory properties
compared to their cord-derived counterparts-a paired sample study. Sci. Rep. 5, 15784, 10.1038/srep15784 (2015).
42. Kwon, A. et al. Tissue-specific differentiation potency of mesenchymal stromal cells from perinatal issues. Sci. Rep. 6, 23544,
10.1038/srep23544 (2016).
43. Parolini, O. et al. Concise review: isolation and characterization of cells from human term placenta: outcome of the first international
Workshop on Placenta Derived Stem Cells. Stem Cells 26, 300–311 (2008).
44. Kawamichi, Y. et al. Cells of extraembryonic mesodermal origin confer human dystrophin in the mdx model of Duchenne muscular
dystrophy. J. Cell Physiol. 223, 695–702 (2010).
45. Heazlewood, C. F. et al. High incidence of contaminating maternal cell overgrowth in human placental mesenchymal stem/stromal
cell cultures: a systematic review. Stem Cells Transl. Med. 3, 1305–1311 (2014).
46. Mathews, S. et al. Propagation of pure foetal and maternal mesenchymal stromal cells from terminal chorionic villi of human term
placenta. Sci. Rep. 5, 10054, 10.1038/srep10054 (2015).
47. Igura, K. et al. Isolation and characterization of mesenchymal progenitor cells from chorionic villi of human placenta. Cytotherapy
6, 543–553 (2004).
48. Otte, A., Bucan, V., Reimers, K. & Hass, R. Mesenchymal stem cells maintain long-term in vitro stemness during explant culture.
Tissue Eng. Part C Methods 19, 937–948 (2013).
49. Bentwich, I. et al. Identification of hundreds of conserved and nonconserved human microRNAs. Nat. Genet. 37, 766–770 (2005).
50. Noguer-Dance, M. et al. The primate-specific microRNA gene cluster (C19MC) is imprinted in the placenta. Hum. Mol. Genet. 19,
3566–3582 (2010).
51. Liang, Y., Ridzon, D., Wong, L. & Chen, C. Characterization of microRNA expression profiles in normal human tissues. BMC
Genomics 8, 166, 10.1186/1471-2164-8-166 (2007).
52. Morales-Prieto, D. M., Ospina-Prieto, S., Chaiwangyen, W., Schoenleben, M. & Markert, U. R. Pregnancy-associated miRNAclusters. J. Reprod. Immunol. 97, 51–61 (2013).
53. Kurashina, R. et al. Placenta-specific miRNA (miR-512-3p) targets PPP3R1 encoding the calcineurin B regulatory subunit in BeWo
cells. J. Obstet. Gynaecol. Res. 40, 650–660 (2014).
54. Kim, M. J. et al. Human chorionic-plate-derived mesenchymal stem cells and Wharton’s jelly-derived mesenchymal stem cells: a
comparative analysis of their potential as placenta-derived stem cells. Cell Tissue Res. 346, 53–64 (2011).
55. Wang, Y. et al. miR-16 inhibits the proliferation and angiogenesis-regulating potential of mesenchymal stem cells in severe preeclampsia. FEBS J. 24, 4510–4524 (2012).
56. Liu, L. et al. Mesenchymal stem cells ameliorate Th1-induced pre-eclampsia-like symptoms in mice via the suppression of TNF-α
expression. PLoS One. 9, e88036 (2014).
57. Pianta, S. et al. Amniotic mesenchymal cells from pre-eclamptic placentae maintain immunomodulatory features as healthy
controls. J. Cell. Mol. Med. 20, 157–169 (2016).
58. Li, T. S. et al. Cardiospheres recapitulate a niche-like microenvironment rich in stemness and cell-matrix interactions, rationalizing
their enhanced functional potency for myocardial repair. Stem Cells 28, 2088–2098 (2010).
59. Doi, H. et al. Potency of umbilical cord blood- and Wharton’s jelly-derived mesenchymal stem cells for scarless wound healing. Sci.
Rep. 6, 18844, 10.1038/srep18844 (2016).

Acknowledgements

We would like to thank Daiki Seko, Ryo Fujita, Shizuka Ogawa, Yusuke Ono, Ayako Ueyama, Shizuka Yoshii, and
Yasuko Noguchi for their technical assistance. N.F. and K.M. were supported by JSPS KAKENHI, grant numbers
16K20198 and 26462495, respectively.

Author Contributions

N.F., K.M., T.L. and H.M. conceived and designed the experiments. N.F., K.M. and T.L. performed the
experiments and analysed the data. H.D. provided study materials and technical support. N.F., K.M. and T.L.
wrote the main manuscript text. All authors reviewed the manuscript.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Fuchi, N. et al. Feasibility of placenta-derived mesenchymal stem cells as a tool for
studying pregnancy-related disorders. Sci. Rep. 7, 46220; doi: 10.1038/srep46220 (2017).

Scientific Reports | 7:46220 | DOI: 10.1038/srep46220

10

www.nature.com/scientificreports/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2017

Scientific Reports | 7:46220 | DOI: 10.1038/srep46220

11

