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Mesenchymal stem cells (MSCs) have shown great potential in 
treating bone deficiency. Human adipose-derived stem cells 
(HASCs) are multipotent progenitor cells with multi-lineage 
differentiation potential. Human amnion-derived mesenchymal 
stem cells (HAMSCs) are capable of promoting osteogenic 
differentiation of MSCs. In this study, we investigated the effect 
of HAMSCs on HASCs by a transwell co-culture system. 
HAMSCs promoted proliferation, osteogenic differentiation, 
angiogenic potential and adiponectin (APN) secretion of HASCs. 
Moreover, the positive effect of HAMSCs was significantly 
inhibited by U0126, a highly selective inhibitor of extracellular 
signaling-regulated kinase 1/2 (ERK1/2) mitogen-activated 
protein kinase (MAPK) signaling pathway. These observations 
suggested that HAMSCs induced bone regeneration in HASCs 
via ERK1/2 MAPK signaling pathway. [BMB Reports 2018; 
51(4): 194-199]

INTRODUCTION

Bone deficiency is an emerging risk for patients requiring 
dental implants since it results in the failure of restoring oral 
function and is spontaneous if left untreated (1). Recently, seed 
cells have shown enormous potential in the field of tissue 
engineering (2). Adipose is considered as an ideal source of 
cells for tissue regeneration (3). Human adipose-derived stem 
cells (HASCs) are associated with minimal donor site 
morbidity, low immunogenicity, capacity for self-renewal and 

multi-lineage differentiation (4). For instance, growth factors 
and cytokines such as bone morphogenetic protein 2 (BMP-2) 
and adiponectin (APN), have been used to enhance the 
osteogenic differentiation of HASCs (5). However, individual 
differences, complicated synthesis, easy degradation, and 
limited availability restrict their application.

Human amniotic membrane (AM) is an abundant tissue with 
substantial benefits (6). Human amnion-derived mesenchymal 
stem cells (HAMSCs), derived from AM, have low anti- 
inflammatory properties and fewer ethical concerns as 
compared to other sources of mesenchymal stem cells (MSCs) 
(7, 8). Our previous studies demonstrated that HAMSCs 
promoted osteogenic differentiation of human bone marrow 
mesenchymal stem cells (HBMSCs) and provided a conducive 
environment against the oxidative stress and lipopolysaccharide 
(LPS)-induced bone deficiency by influencing mitogen- 
activated protein kinase (MAPK) signaling pathway (9-12). We, 
therefore, hypothesized the role of HAMSCs and MAPK 
signaling pathway in regulating the differentiation of HASCs.

APN, one of the most abundant adipocytokines secreted by 
adipocytes, facilitated the osteoblastic differentiation of 
mesenchymal progenitor cells (13) and bone formation in 
animal models (14). Furthermore, MAPK signaling pathway is 
essential for the regulation of fatty acid metabolism by APN 
(15). However, whether the interaction between APN and 
MAPK signaling pathway is involved in the differentiation of 
HASCs regulated by HAMSCs remains unclear.

In this study, a transwell co-culture system was used to 
determine the in vitro effect of HAMSCs on osteogenesis and 
angiogenesis in HASCs. HAMSCs not only promoted the 
proliferation, osteoblastic differentiation, and angiogenic 
potential of HASCs but also increased APN level in a 
dose-dependent manner. Extracellular signaling-regulated 
kinase 1/2 (ERK1/2) MAPK signaling pathway played a key role 
in these processes.
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Fig. 1. Effect of HAMSCs on HASCs. (A) Cell cycle fractions (G0, G1, S, and G2M phases) were measured by flow cytometry on day 3. 
(B) Mineralized matrix deposition was measured on day 21 by Alizarin red S. (C) The mRNA expression of ALP, RUNX2, and OCN was 
analyzed on day 14 by RT-PCR. GAPDH was used as the internal control. (D) ALP activity was measured on day 14 using ALP assay kit. 
(E) APN concentration was measured on day 14 using a human APN ELISA kit. (F) The VEGF level was measured by human VEGF ELISA 
kit on day 14. (G) The tube formation of HUVECs was analyzed at 24 h. Bar: 300 μm. #P ＜ 0.05 and ##P ＜ 0.01 versus the HAMSCs 
group; *P ＜ 0.05 and **P ＜ 0.01 versus the HASCs group.

RESULTS

HAMSCs promoted HASC proliferation
Cell cycle fractions (G0, G1, S, and G2M phases) were 
measured by flow cytometry on day 3. The S-phase 
checkpoints in HASCs were remarkably accelerated with the 
HASCs:HAMSCs ratio in co-culture groups (Fig. 1A). These 
results showed that HAMSCs were capable of promoting 
HASC proliferation in a dose-dependent manner at the early 
stage of differentiation.

HAMSCs promoted osteoblastic differentiation in HASCs 
The culture surface stained positively for extracellular matrix 
(ECM) was measured after 21 days. In contrast to the HAMSC 
groups, higher level of mineralization was observed in HASCs, 
and the proportion of ECM increased with the HASCs:HAMSCs 
ratio (Fig. 1B). Osteoblast-related mRNA expression and 
alkaline phosphatase (ALP) activity in HASCs also gradually 
increased with the HASCs:HAMSCs ratio as compared to the 
HAMSC groups (Fig. 1C and D). These findings indicated that 
HAMSCs promoted osteoblastic differentiation of HASCs in 
the co-culture system. 

HAMSCs promoted APN secretion and angiogenic potential 
of HASCs
The APN concentration was analyzed after 14 days. As 
compared to the single-culture groups, the APN concentration 
in HASCs/HAMSCs groups were remarkably accelerated with 
the HASCs:HAMSCs ratio (Fig. 1E). The angiogenic potential of 
HASCs was further measured by vascular endothelial growth 
factor (VEGF) enzyme-linked immunosorbent assay (ELISA) on 
day 14 and tube formation assay of human umbilical vein 

endothelial cells (HUVECs) at 24 h. The HASCs/HAMSCs 
groups secreted significantly higher levels of VEGF than the 
single-culture groups, and the VEGF level gradually increased 
with HASCs:HAMSCs ratio (Fig. 1F). The HUVEC tube formation 
assay suggested that the addition of culture supernatant from 
HASCs/HAMSCs groups contributed to the formation of new 
tube structures. Extensive tube structures were observed, 
which increased with HASCs:HAMSCs ratio (Fig. 1G). These 
results suggested that HAMSCs enhanced APN secretion and 
angiogenic potential of HASCs.

ERK1/2 MAPK signaling pathway was essential for 
HAMSC-driven osteogenesis 
We systematically investigated the role of MAPK signaling 
pathway in HAMSC-driven differentiation. In contrast to the 
single-culture groups, the ERK1/2 phosphorylation level in the 
HASCs/HAMSCs groups gradually increased with HASCs:HAMSCs 
ratio, while neither p38 nor JNK phosphorylation appeared to 
be involved (Fig. 2A). The transcriptional expression of 
runt-related transcription factor 2 (RUNX2), which is essential 
for osteoblastic differentiation and subsequent bone formation, 
was also up-regulated by increased HASCs:HAMSCs ratio. 
Further, U0126 was used to explore whether the effect of 
HAMSCs was ERK1/2-dependent. U0126 remarkably inhibited 
ERK1/2 phosphorylation and RUNX2 expression in HASCs 
with HAMSC treatment (Fig. 2B). Moreover, the effect of 
HAMSCs in promoting osteoblastic differentiation in HASCs 
was counteracted by U0126, based on an appropriate 
HASCs:HAMSCs ratio (Fig. 3A, B and C). These results 
highlighted the role of ERK1/2 MAPK signaling pathway in 
HAMSC-driven osteogenesis.
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Fig. 3. Effect of U0126 on osteoblastic
differentiation, APN secretion and 
angiogenic potential. (A) Mineralized 
matrix deposition was measured on 
day 21 by Alizarin red S. (B) The 
mRNA expression of ALP, RUNX2, 
and OCN was analyzed on day 14 
by RT-PCR. GAPDH was used as the 
internal control. (C) ALP activity was 
measured on day 14 using ALP assay 
kit. (D) APN concentration was 
measured on day 14 by a human 
APN ELISA kit. (E) The VEGF level 
was measured by human VEGF ELISA 
kit on day 14. (F) The tube formation 
of HUVECs was analyzed at 24 h. 
Bar: 300 μm. **P ＜ 0.01.

Fig. 2. Expression of relative proteins in HAMSCs and HASCs 
cultured with or without U0126 on day 14. (A) Protein 
expression levels of p-ERK1/2, ERK1/2, p-p38, p38, p-JNK, JNK 
and RUNX2 were determined by Western blot, β-actin served as 
an internal control. (B) Protein expression levels of p-ERK1/2, 
ERK1/2 and RUNX2 were determined by Western blot, β-actin 
served as an internal control. 

ERK1/2 MAPK signaling pathway played a key role in 
HAMSC-driven APN secretion and angiogenesis
To further confirm the role of ERK1/2 MAPK signaling pathway 
in APN secretion and angiogenesis driven by HAMSCs, we 
detected the APN concentration, VEGF level and vascular 
network structures with or without U0126. U0126 significantly 
down-regulated APN concentration and VEGF level based on 
an appropriate HASCs:HAMSCs ratio (Fig. 3D and E). 
Meanwhile, fewer vascular networks were formed by HUVECs 
after treatment with U0126 (Fig. 3F). These results suggested 
that HAMSCs promoted APN secretion and angiogenesis 
through ERK1/2 MAPK signaling pathway.

DISCUSSION

Tissue engineering using suitable seed cells promises to be a 
potential method for resolving bone deficiency in stomatological 
diseases (16). HASCs, obtained from adipose tissue, exhibit 

enormous potential for clinical translation into regeneration 
therapies, and as seed cells for repairing damaged body parts 
(17). However, their mild osteogenic differentiation capability 
limits their application in functional bone reformation, and 
becomes a major challenge in tissue engineering (18, 19). 

Previous studies have demonstrated that HAMSC was a 
potential strategy for bone-destructive processes due to its 
effect on other cells. In this study, we constructed a transwell 
co-culture system to evaluate the in vitro effect of HAMSCs on 
HASCs. HAMSCs enhanced the proliferation of HASCs on day 
3, which was confirmed by flow cytometry. Furthermore, 
HAMSCs could promote mineralized matrix formation, early 
osteogenic markers expression and ALP activity in HASCs in a 
dose-dependent manner. These results indicated that HAMSCs 
can improve HASC osteogenesis.

Bone is a vital organ that needs microvascular networks to 
supply oxygen and nutrients to maintain normal metabolism 
(20). Since osteogenic factors secreted by revascularization are 
necessary for initiating bone formation, angiogenesis plays a 
key role in tissue regeneration (21, 22). Previous studies suggested 
that both HAMSCs and HASCs showed desirable angiogenic 
properties (23, 24). Therefore, we hypothesized the enhanced 
angiogenic potential of HASCs treated with HAMSCs. In this 
study, abundant tube structures were formed by HUVECs after 
treatment with culture supernatants from HASCs/HAMSCs 
groups. Higher level of VEGF, which could be released by 
MSCs and was indispensable in angiogenesis (25), was found 
in the HASCs/HAMSCs groups. These findings suggested that 
HAMSCs enhanced the angiogenic potential of HASCs.

After establishing that HAMSCs provided a conducive 
environment to regulate the proliferation, and osteogenic and 
angiogenic differentiation of HASCs, we further investigated 
the cytokines involved in this process. APN, a highly abundant 
adipocytokine specifically expressed in differentiated adipocytes 
(26, 27), was up-regulated by HAMSCs in a dose-dependent 
manner. APN plays a potential role in bone metabolism by 
activating osteoblasts and inhibiting M-CSF and RANKL- 
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Fig. 4. Characterization of HASCs and HAMSCs. (A) Flow 
cytometric analysis confirmed that HASCs were positive for CD29, 
CD44, CD73, CD105 and CD166, but negative for CD31, CD34, 
CD45 and HLA-DR. (B) Flow cytometric analysis confirmed that 
HAMSCs were positive for CD29, CD73, CD105, CD90 and 
CD44, but negative for CD45, CD34 and HLA-DR.

induced osteoclast differentiation (28). Studies on the effect of 
APN on HASCs have shown direct evidence that APN 
enhanced osteogenic differentiation of HASCs (29). Our results 
indicated that HAMSC-mediated osteogenesis might be 
associated with increased APN secretion. 

The main aim of this study was to investigate the underlying 
mechanism engaged by HAMSCs. The osteogenic and 
angiogenic differentiation of MSCs is regulated by multiple 
signaling pathways, including Wnt-β-Catenin, Hedgehog, 
Insulin Receptor and MAPK (30-32). In this study, the MAPK 
signaling pathway was investigated. We found that ERK1/2 
signaling pathway, the phosphorylation of which is a crucial 
trigger of osteogenic differentiation (33), was activated by 
HAMSCs in a dose-dependent manner, while neither the p38 
nor JNK pathways appeared to be involved. The transcriptional 
activity of RUNX2, which is essential for subsequent bone 
formation and expression of osteogenic genes (34), was also 
increased by HAMSCs. Furthermore, U0126 significantly 
inhibited the positive effect of HAMSCs in promoting osteogenic 
and angiogenic differentiation of HASCs by suppressing the 
ERK1/2 MAPK signaling pathway. Interestingly, APN concen-
tration was down-regulated by U0126, which suggested that 
HAMSC-driven APN secretion was also ERK1/2-dependent. 
Therefore, we will examine the relationship between HAMSCs, 
ERK1/2 MAPK signaling pathway and APN in the future.

In summary, our data demonstrated that HAMSCs could 
promote osteogenic and angiogenic differentiation of HASCs 
in vitro, which was mediated by phosphorylation of ERK1/2 
MAPK signaling pathway. These findings highlighted the 
molecular mechanism mediated by HAMSCs, and may 
facilitate the application of HASCs in tissue engineering.

MATERIALS AND METHODS 

Chemicals and reagents
Fetal bovine serum (FBS), trypsin-ethylenediaminetetraacetic 
acid (EDTA), phosphate-buffered saline (PBS), α-minimum 
essential medium (αMEM) and penicillin G-streptomycin 
sulfate were purchased from GibcoⓇ Life Technologies. The 
Alizarin red S (pH 4.4), ALP and bicinchoninic acid (BCA) 
assay kits were purchased from Jiancheng Corp (Nanjing, 
China). Dexamethasone, β-glycerophosphate ascorbic acid 
and dimethyl sulfoxide (DMSO) were purchased from 
Sigma–Aldrich (St. Louis, MO). Six-well culture plates and 
transwells (6-well Millicell Hanging Cell Culture Inserts, 0.4 
μm, PET) were purchased from MilliporeⓇ (Bedford, MA, 
USA). Growth factor-reduced Matrigel was purchased from BD 
Bioscience (San Diego, CA). EGM-2 Bullet kit was purchased 
from Lonza (Walkersville, MD, USA). APN (human) ELISA kit 
(K4901-100) was purchased from BiovisionⓇ (Germany). VEGF 
(human) ELISA kit was purchased from R&D Systems 
(Minneapolis, MN, USA). The antibodies specific for human 
CD29, CD31, CD34, CD44, CD45, CD73, CD90, CD105, 
CD166, and HLA-DR were purchased from R&D Systems 

(Boston, MA, USA). The mouse anti-rabbit IgG (L27A9) mAb, 
phospho-p38 (p-p38) MAPK (Thr180/Tyr182) (D3F9) rabbit 
mAb, p38 MAPK (D13E1) rabbit mAb, phospho-SAPK/JNK 
(p-JNK) (Thr183/Tyr185) (81E11) rabbit mAb, SAPK/JNK (JNK) 
antibody (#9252), phospho-p44/42 (p-ERK1/2) MAPK rabbit 
mAb, p44/42 MAPK (ERK1/2) rabbit mAb, RUNX2 (D1L7F) 
rabbit mAb, β-actin (13E5) rabbit mAb, and U0126 (#9903) 
were purchased from Cell Signaling Technology (Danvers, 
MA, USA). Triton X-100, RIPA buffer, and Trizol were purchased 
from Beyotime (Shanghai, China). Other reagents used were of 
the highest commercial grade available.

Cells and cell culture
HASCs were obtained from ScienCell Co. (San Diego, CA, 
USA). Passage three HASCs were characterized by flow 
cytometry (BD Biosciences, Franklin Lakes, NJ, USA) after 
staining with monoclonal antibodies specific for human CD29, 
CD31, CD34, CD45, CD44, CD73, CD105, CD166, and 
HLA-DR (Fig. 4A). HAMSCs were prepared as previously 
described (35), and third-passage HAMSCs were characterized 
using specific antibodies (Fig. 4B). Cell types were cultured in 
αMEM supplemented with 100 U/L penicillin, 100 mg/L 
streptomycin, and 10% FBS in a humidified atmosphere of 5% 
CO2 at 37oC. Cells from passages 3-6 were used, and culture 
medium was changed every three days. The study protocols 
were approved by the Ethics Committee of the School of 
Stomatology, Nanjing Medical University, China (NO.PJ2013- 
037-001). Informed consent was obtained from all the study 
participants.

Transwell co-culture system
A transwell co-culture system was established to measure the 
effect of HAMSCs on HASCs, as previously described (10). 
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HASCs were seeded at an initial cell density of 5 × 104 cells/cm2 
and HAMSCs were seeded at increasing HASCs:HAMSCs 
ratios (5 × 104 cells/transwell, 10 × 104 cells/transwell and 
15 × 104 cells/transwell). HASCs with HAMSCs served as the 
treatment groups, while HAMSCs and HASCs alone served as 
the control groups.

Cell proliferation assay
The proliferation of HASCs co-cultured with HAMSCs was 
determined by flow cytometry, as previously described (11). 
Cell cycle fractions (G0, G1, S, and G2M phases) were 
processed on day 3 using CellQuest Pro software (BD 
Biosciences).

Osteoblastic differentiation
Osteoblastic differentiation of both cell types was induced 
using osteogenic medium (OS) containing 10 mM 
β-glycerophosphate, 100 nM ascorbic acid, and 100 nM 
dexamethasone. The effect of HAMSCs on HASC osteoblastic 
differentiation was analyzed by ALP activity and mineralized 
matrix formation, which was followed by Western Blotting and 
quantitative real-time reverse transcription polymerase chain 
reaction (RT-PCR). U0126, a highly selective inhibitor of 
ERK1/2 MAPK signaling, was prepared in DMSO and used at a 
concentration of 20 μM, as previously described (36).

ALP activity assay and mineralized matrix formation
ALP activity and mineralized matrix formation were measured 
as previously described (12). ALP activity was expressed as 
micromoles of reaction product per minute per total protein. 
Bone nodules were visualized using an inverted microscope 
(Carl Zeiss Ag, Oberkochen, Germany) and five images were 
captured for each group.

RT-PCR and western blotting
RT-PCR and Western Blotting were performed as previously 
described (12). The primer sequences used for RT-PCR were as 
follows: human RUNX2 (forward, 5’-CCGCACAACCGCACCAT- 
3’; reverse, 5’-CGCTCCGGCCCACAAATCTC-3’), human 
osteocalcin (OCN) (forward, 5’-CATGAGAGCCCTCACA-3’; 
reverse, 5’-AGAGCGACACCCTAGAC-3’), human ALP (forward, 
5’-TGGAGGTTCAGAAGCTCAACACCA-3’; reverse, 5’-ATCTC 
GTTCTCTGAGTACCAGTC-3’), and human glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) (forward, 5’-GGGCTGC 
TTTTAACTCTGGT-3’; reverse, 5’-GCAGGTTTTTCTAGACGG-3’). 
GAPDH expression was analyzed to normalize target gene 
expression. The primary antibodies used for Western Blotting 
were as follows: RUNX2 (1:1000), ERK1/2 (1:500), p-ERK1/2 
(1:500), p38 (1:1000), p-p38 (1:1000), JNK (1:500), and p-JNK 
(1:500). β-actin (1:500) served as an internal control.

APN and VEGF quantification, and HUVEC tube formation 
assay
The culture supernatants of the control and treatment groups 

were collected from the co-culture system after 14 days, and 
assayed to measure the levels of APN and VEGF. Human APN 
and VEGF ELISA kits were used according to the manufacturer’s 
instructions. The VEGF values were expressed as fold changes 
over that of the control (HASCs treated without HAMSCs). 

Third-passage HUVECs were purchased from the China 
Infrastructure of Cell Line Resources (Beijing, China), and the 
tube formation assay was performed as previously described 
(37). Tube formation was visualized using an inverted 
microscope (Carl Zeiss AG, Oberkochen, Germany) and five 
images were captured for each group.

Statistical analysis
All experiments were independently repeated at least three 
times. Statistically significant differences (P ＜ 0.05) were 
evaluated using Student’s t-test or ANOVA. All statistical 
analyses were performed using SPSS 19.0 software (SPSS Inc., 
Chicago, IL, USA).
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