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Abstract Amniotic fluid (AF) contains heteroge-

neous and multipotential cell types. A pure mesenchy-

mal stem cells group can be sorted from AF using flow

cytometry. In order to evaluate a possible therapeutic

application of these cells, the human AF-derived c-kit?

stem cells (c-kit? AFS) were compared with the c-kit-

(unselected) stem cells (c-kit- AFS). Our findings

revealed that the optimal period to obtain c-kit? AFS

cells was between 16 and 22 weeks of gestation.

Following cell sorting, c-kit? AFS cells shared similar

morphological and proliferative characteristics as the

c-kit- AFS cells. Both c-kit? and c-kit- AFS cells had

the characteristics of mesenchymal stem cells through

surface marker identification by flow cytometric and

immunocytochemical analysis. Both c-kit? and c-kit-

AFS cells could differentiate along adipogenic and

osteogenic lineages. However, the myocardial differ-

entiation capacity was enhanced in c-kit? AFS cells by

detecting GATA-4, cTnT, a-actin, Cx43 mRNA and

protein expression after myocardial induction;

whereas induced c-kit- AFS cells were only detected

with GATA-4 mRNA and protein expression. The

c-kit? AFS cells could have potential clinical applica-

tion for myogenesis in cardiac regenerative therapy.

Keywords C-kit � Human amniotic fluid stem cells �
Myocardium � Differentiation

Introduction

It is widely agreed that regenerative capacity of human

myocardium is grossly inadequate to compensate for

the severe loss of heart muscle as seen in myocardial

infarction and heart failure, which is a major cause of

mortality and morbidity worldwide (Lloyd-Jones et al.

2010). Cellular cardiomyoplasty has the potential to be

an ideal method for the treatment of heart failure

compared with other current therapeutic modalities,

including medical therapy, mechanical assist devices,

and cardiac transplantation, all of which have a

number of limitations. Within the last 20 years, stem
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cells based therapies, including adult stem cells and

embryonic stem cells, have been employed towards

this end due to their ability to self-renew and to

differentiate into multiple cell types. Stem cells from

many sources have been explored for their advantages

and limitations in clinical use. Adult human bone

marrow contains a rare population of mesenchymal

stem cells (MSCs) (0.01–0.001%) (Castro-Malaspina

et al. 1980; Civin et al. 1996). They can be extensively

expanded in vitro and, then cultured under specific

permissive conditions to differentiate into osteogenic,

adipogenic, chondrogenic, muscle, neuronal and stro-

mal cells (Pittenger et al. 1999; Deans and Moseley.

2000). However, adult stem cells have poorly charac-

terized growth conditions and cannot be effectively

propagated in vitro, limiting their usefulness in acute

myocardial infarction (MI) treatment as the optimal

transplantation time was shown to be 7–10 days after

acute MI (Peruga et al. 2009; Tendera et al. 2009; Ripa

et al. 2006). Therefore, allogeneic transplantation

method needs to be developed to address the issue of

narrow transplantation time window in acute MI.

Amniotic fluid (AF) is an important alternative source

of fetal stem cells. AF contains a heterogeneous

population of cells, which are contributed mainly from

the fetal skin, digestive, respiratory and urinary tract,

and the placental membranes. De Coppi et al. (2007)

used immunoselection with magnetic microspheres to

isolate the CD117? (c-kit) population (approximately

1% of total AF cells) from many amniocentesis

specimens and found that these cells can be readily

expanded in culture as stable lines. They have

routinely established clonal AFS cell lines with a

typical doubling time of about 36 h and no need for

feeder layers. Over 90% of the cells expressed the

transcription factor Oct4. The surface marker profile

of the AF stem cells and their expression of the

transcription factor Oct4 suggests that they represent

an intermediate stage between pluripotent embryonic

stem (ES) cells and lineage-restricted adult stem cells

(Martin 1981; Evans and Kaufman. 1981). The

differentiation potential of these cells is also consid-

ered to exceed all the multipotent adult stem cells (De

Coppi et al. 2007). Unlike human ES cells, AFS cells

do not form tumors in vivo. A low risk of tumorige-

nicity would be advantageous for eventual therapeutic

applications. Through c-kit, the surface marker. A

high purity AF cell population can be sorted using

c-kit as a target, and it is considered that a purer cell

population is safer for clinical use (Phermthai et al.

2010). However, c-kit-based selection procedure may

induce a different mesenchymal differentiation capac-

ity from the unselected cell populations (Arnhold et al.

2011). Stefano (Da Sacco et al. 2010) noted that the

composition of AF cells has a precise timetable during

gestation. Therefore, in our study we have investigated

the growth and phenotypic characteristics of AF cells

in a long range of gestation time by describing growth

curves and identifying the cells surface markers. The

focus of our study was the differentiation potential of

AF cells after a cell sorting procedure using the cell

surface marker c-kit. Our data revealed that AF cells

from the c-kit positive samples showed improved

myocardial differentiation characteristics, while the

osteogenic and adipogenic differentiation capacities

were similar in c-kit? and c-kit- AFS cells through

detect the expression of related genes.

Materials and methods

Samples and origin of human amniotic fluid cells

We obtained 13 human amniotic fluid samples by

amniocentesis performed between 16 and 31 weeks of

gestation. Eight samples were from donors who

needed prenatal diagnosis and other five samples were

obtained prior to intrauterine ethacridine lactate

administration for individuals undergoing legal termi-

nation. This is an ethically approved and accepted

procedure in the first affiliated hospital of Chinese

PLA general hospital. All patients have signed

informed consents. The average age of the donors

were 27.36 ± 7.42 years with an average body weight

of 68.73 ± 18.64 kg. Cell samples were only used

when no major abnormalities were revealed by the

cytogenetic analysis.

Isolation, culture and sorting of amniotic fluid cells

Cells were isolated from the AF samples no more than

4 h prior to being used. The samples were centrifuged

at 1,500 rpm for 5 min. After removal of the supema-

tant, the cells were cultured at 37 �C in a humidified

incubator containing 5% CO2. The AF cells culture

medium was composed of minimum essential medium

(a-MEM; Gibco, Langley, OK, USA) supplemented

with 20% Chang Medium (18% Chang B plus 2%
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Chang C; Irvine Scientific, Santa Ana, CA, USA),

20% embryonic Stem fetal bovine serum (ES FBS;

Gibco, Langley, OK, USA), 1% glutamine and 1%

penicillin/streptomycin. After 3 days, non-adherent

cells and debris were discarded and the adherent cells

were continued to be cultivated in pre-confluency. The

morphologic characteristics of the AF cells were

observed with inverted phase contrast microscope

(Olympus, Tokyo, Japan). When the cells reached

80–90% confluency, cells were dissociated by tryp-

sin–EDTA solution (Invitrogen, San Francisco, CA,

USA) and then sorted by flow cytometry for c-kit?

cells using a monoclonal anti-c-kit (CD117) antibody

(Becton Dikinson Berkeley, CA, USA). The c-kit?

cells were expanded and subsequently cloned by

limiting dilution and cultured in sub-confluent condi-

tions in the presence of AF cells medium.

Growth curves

The c-kit? and c-kit- AF cells were trypsinized and

inoculated in 96-well culture plates to a total volume

of 100 ll/well (3,000 cells/well) and incubated at

37 �C in a humidified incubator containing 5% CO2.

These cells were allowed to attach overnight and then

incubated for seven days. Control wells for absorbance

readings contained no cells except for the culture

medium. Cell viability was determined by MTT

cytotoxic assay. Triplicate wells were supplemented

with 20 ll MTT solution every day. After 4 h

incubation the absorbance was measured at 490 nm

using an enzyme micro-plate reader (Bio-Rad Labo-

ratories, Berkeley, CA, USA).

Flow cytometry

The specific cell surface antigens of the c-kit? and

c-kit- AF cells at passage 5–7 were characterized by

flow cytometric analysis. Cells in culture were tryp-

sinized, washed and resuspended in phosphate-buf-

fered saline (PBS; Sigma-Aldrich Louis, MO, USA) at

concentration of 1 9 105 cells/100 ll. Cells were

stained directly with FITC-immunolabeled mouse

anti-human monoclonal antibodies against CD29,

CD44, CD73, CD90, CD105, CD34, CD45, HLA-

ABC, HLA-DR (Becton Dikinson, Berkeley, CA,

USA) and rabbit anti-human antibodies against Oct4,

Sox2 and Nanog (Becton Dikinson). Analysis was

performed with flow cytometer (Cytomics FC 500

MPL; Bechman Coulter, Brea, CA, USA) and data

were analyzed with the Cxp Software. Data were

expressed as number of cells/106 cytometric events.

Immunocytochemical analysis

To monitor cytoplasmic antigens, c-kit? and c-kit- AF

cells were collected separately using a centrifuge

(Kubota Corporation, Naniwa-ku, Osaka, Japan). The

primary monoclonal antibodies used in this study were

anti-CD29, anti-CD34, anti-CD44, anti-CD45, anti-

CD73, anti-CD90, anti-CD105, anti-HLA-ABC, anti-

HLA-DR, anti-Oct-4, anti-Sox2, and anti-Nanog.

Cells were washed, fixed, and incubated with 1:100

mouse anti-human primary monoclonal antibodies

overnight at 4 �C. Secondary antibodies FITC-conju-

gated horse anti-mouse IgG (Invitrogen, San Fran-

cisco, CA, USA) were added at room temperature for

1 h. Cell nuclei were counterstained with 1 lg/ml

40,6-diamino -2-phenylindole (Vectashild) in PBS for

5 min and mounted in mounting medium. Negative

controls were performed by omitting the primary

antibodies. All images were captured using a confocal

laser scanning microscope (Olympus Fluoview

fv1000).

Multipotent differentiation

Cells were analyzed for their mesenchymal differen-

tiation capacity towards the osteogenic and adipogenic

lineages. Adipogenic differentiation was induced by

culturing AFS cells for 3 weeks in DMEM low-

glucose medium containing 10% FBS, 10-6 M

dexamethasone, 0.5 mM isobutyl-methyl xanthine

(IBMX), 200 lM indomethacin, and 10 lg/ml insulin.

Adipogenic differentiation was evaluated for the

accumulation of lipid vacuoles via staining with Oil-

Red O. Reverse transcription polymerase chain reac-

tion (RT-PCR) was also performed to detect the

expression of adiponectin gene. Osteogenic differen-

tiation was induced by culturing c-kit? and c-kilt-

AFS cells for 3 weeks in osteogenic medium (OM).

OM consists of DMEM low-glucose medium contain-

ing 10% FBS, 10-8 M dexamethasone, 10 mM b-

glycerophosphate and 0.2 mM ascorbic acid. To

assess calcium accumulation, cells were stained with

Von Kossa stain, TR-PCR was performed to detect

osteopontin mRNA. The primers used in this study

were based on published human sequences (Table 1).
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Myocardium-like cells differentiation

The c-kit? and c-kit- AFS cells were respectively

cocultured with rat neonatal cardiomyocytes at a ratio

of 1:10 in a transwell system, which allowed the

diffusion of secreted factors but prevented cell contact

between the two cell types (Heng et al. 2004). The

cells mixture was cultured at 1 9 105 cells/well in

Dulbecco’s modified Eagle’s medium (Gibco, Lang-

ley, Oklahoma, USA) supplemented with 5% chick

embryo extract (Sigma), 10% horse serum (Gibco),

100 U/ml penicillin, and 100 lg/ml streptomycin.

After 10 days of coculture with neonatal cardiomyo-

cytes, RNA was extracted from AFS cells for real-time

PCR analysis. Undifferentiated AFS cells were used as

controls.

RT-PCR and real-time PCR

The total mRNA was extracted with Trizol Reagent

(Invitrogen, San Francisco, CA, USA) from the c-kit?

and the c-kit- cultured cells. PCR reactions were

carried out by mixing 1 ll of cDNA template, 250 nM

of each primer, 200 lM dNTP mixture and 1 U of Taq

DNA polymerase in a volume of 20 ll. Samples were

amplified in a thermocycler. Following PCR, 10 ll of

the PCR product was electrophoresed on a 1% agarose

gel and imaged using a gel imaging instrument. For

real-time PCR, transcript levels were standardized to

the corresponding human GAPDH level. Amplifica-

tion data were collected using the ABI PRISM 7,900

and analyzed using the Sequence Detection System

2.0 software. Primer information is provided in

Supplementary Material Table 1.

Western blot analysis

For western blot analyses, protein extracts were

prepared in buffer containing 20 mmol/l HEPES pH

7.9, 0.4 mol/l NaCl, 2.5% glycerol, 1 mmol/l EDTA,

1 mmol/l phenylmethylsulfonyl fluoride, 0.5 mmol/l

NaF, 0.5 mmol/l Na3VO4, 0.02 lg/ml leupeptin,

0.02 lg/ml aprotinin, 0.003 lg/ml benzamidine chlo-

ride, 0.1 lg/ml trypsin inhibitor and 0.5 mmol/l

dithiothreitol (DTT). Proteins were resolved on dena-

turing SDS-polyacrylamide gels (10%), transferred to

Immuno-Blot poly-vinylidene difluoride membranes

(Bio-Rad Laboratories, Berkeley, CA, USA). Western

Table 1 The primers for

real-time PCR and RT-PCR
Gene (marker) Primer sequence Size (bp)

Oct4 F50-CTCCTGGAGGGCCAGGAATC-30 381

R50-CCACATCGGCCTGTGTATAT-30

Nanog F50-CCTATGCCTGTGATTTGTGG-30 208

R50-CCGGGACCTTGTCTTCCTTT-30

Sox2 F50-GGCAGCTACAGCATGATGCAGGAC-30 131

R50-CTGGTCATGGAGTTGTACTGCAGT-30

Osteopontin F50-GTCCAGTCTTACCTCTCAAACCT-30 173

R50-ATGTGGTCAGCCAGCTCGTC-30

Adiponectin F50-GGAGACAGCTACTCCCCAAGAT-30 187

R50-GTCCAGTCTTACCTCTCAAACCT-30

GATA-4 F50-CTGTGCCAACTGCCAGACCA-30 437

R50-GGCTGACCGAAGATGCGTAG-30

cTnT F50-GGCAGCGGAAGAGGATGCTGAA-30 150

R50-GAGGCACCAAGTTGGGCATGAACGA-30

a-actin F50-ATCTATGAGGGCTACGC-30 119

R50-GCAGTGGTGACAAAGGA-30

Cx43 F50-GAATCCTGCTCCTGG-30 380

R50-GATGCTGATGATGTAG-30

GAPDH F50-GCTTGTCATCAATGGAAATCCC-30 360

R50-TCCACACCCATGACGAACATG-30
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blots were probed with goat anti-human primary

antibodies (anti-GATA-4, anti-cTnT, anti-a-actin, and

anti-Cx43). Primary antibodies binding was detected

with horseradish peroxidase-conjugated rabbit anti-

goat (Zymed Laboratories, South San Francisco, CA,

USA) and visualized using the ECL plus Western

Blotting Detection System (Bio-Rad Laboratories).

Statistical analysis

Statistical analysis was performed with the SPSS10.0

statistics software (SPSS Inc., Chicago, IL, USA).

Data are presented as mean ± SD. Data were ana-

lyzed for statistical significance by Student’s t test.

P value\0.05 was considered significant.

Results

Morphology and proliferation characteristics

The total of 13 AF samples (A–M) of 16–31 weeks of

gestation were analyzed (Table 2). Freshly cultured

primary AF cells were morphologically heterogeneous

(Fig. 1a–c). After cultured for several days, an adher-

ent cell population could be seen. The average time to

reach adherence was 5.12 ± 1.87 days. After the first

passage, a homogenous cell layer (monolayer) could

be seen, however the cell population was rather

heterogeneous. The adherent cells grew in islands or in

cell groups showing elongated spindle shape or

epithelial-like appearance (Fig. 1d–f). The c-kit?

AFS cells can only be sorted from AF cell adherent

cultures showing fibroblast-like cells (Table 2). Fol-

lowing cell sorting, c-kit? AFS cells grew conglom-

erately with a homogeneous fibroblastoid shape

(Fig. 1j). Five AF samples of 16–22 weeks of gesta-

tion were positive for c-kit? after sorting (named as

c-kit? AFS cells, Table 2). There were other 5 AF

samples presented with fibroblast-like shape but did

not yield c-kit? AFS cells after c-kit sorting (named as

c-kit- AFS cells, Table 2). The c-kit? cells constituted

3.30 ± 1.24% of the adherent AF cells. Fibroblastoid

cells were recultured and could proliferate for more

than 50 passages in vitro. Three AF samples of later

gestation at weeks 26, 30 and 31 (Table 2, sample J, L

and M) were epithelioid-like and could not be cultured

for more than five passages. These samples were not a

good source of mesenchymal stem cells (Table 2). The

proliferative characteristics were evaluated by MTT

proliferation analysis. The cells were expanded for

7 days. There were no significant differences between

c-kit? and c-kit- AFS cells from passage 5 and

passage 10 for they had the similar growth curves

(Fig. 2).

AF cells gene expression characterization

To better characterize AFS cells, we compared

expression levels of several cell surface marker genes

between the c-kit? and c-kit- AFS cells at passage

5–7. Data from flow cytometry and immunocyto-

chemical analysis revealed strong expression of

CD29, CD44, CD45, CD73, CD90, CD105 and

HLA-ABC in both two cell types. Trace levels of

CD34, CD45 and HLA-DR were detected, being

similar in both c-kit? and c-kit- AFS cells (Table 2;

Fig. 3). However, there were significant differences in

the expression levels of the pluripotency markers

using antibodies against Oct4, Sox2 and Nanog. The

c-kit? AFS cells showed high levels of expression in

Oct4 (88.44%), Sox2 (91.1%) and Nanog (72.5%),

while the c-kit- AFS cells were mostly negative in the

expression of Oct4 (3.07%), Sox2 (0.55%) and Nanog

(0.84%) (Fig. 4a). To further characterize the c-kit?

AFS cells, we compared the expression levels of Oct4,

Sox2 and Nanog between c-kit? and c-kit- AFS cells

by RT-PCR and immunocytochemical analysis

(Fig. 4b–c). The RT-PCR and immuno-cytochemical

analysis confirmed the flow cytometry results that the

c-kit? AFS cells showed strong Oct4, Sox2 and Nanog

expression, and the c-kit- AFS cells did not express

these genes (Fig. 4).

Adipogenic and osteogenic differentiation

Following in vitro adipogenic induction, confocal

laser scanning microscope showed accumulation of

lipid vacuoles in both c-kit? and c-kit- AFS cells and

the cells were positive for Oil-Red O staining.

Adiponectin gene expression was detected by RT-

PCR in both cell types (Fig. 5). Following in vitro

osteogenic induction, both c-kit? and c-kit- AFS cells

were shown to be positive for Von Kossa stain.

Osteopontin gene expression was positive by RT-PCR

in both cell types (Fig. 5).
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Myocardium-like cells differentiation

Following in vitro myocardial induction, real-time PCR

and Western blot showed that myocardial genes GATA-

4, cTnT, a-actin, and Cx43 were detected in induced

c-kit? AFS differentiated cells, while the induced c-kit-

AFS cells only showed mild GATA-4 expression and

negative expression of cTnT, a-actin, and Cx43 (Fig. 6).

Fig. 1 Morphological characteristics of AF cells. 1, 2 and 3

were three representative samples of human AF cells. Freshly

cultured AF cells were a heterogeneous population in suspension

(a–c, 9200 magnification). Cultured AF cells began to adhere

after being cultured for 3–7 days and showed elongated spindle

shape or epithelial-like appearance (d–f, 9200 magnification).

After continuous culture, the morphology of the cells presented

significant difference: some were mainly fibroblast-like (g–h,

9200 magnification, black arrows showing fibroblast-like cells)

and others were mainly epithelial-like (i, 9200 magnification,

red arrows showing epithelial-like cells). Following the c-kit

sorting procedure, sample 1 was successfully sorted of c-kit?

AFS cells, however, sample 2 and 3 did not yield significant

c-kit? AFS cells. The sorted c-kit? AF cells were recultured and

grew conglomerately with a homogeneous fibroblastoid shape

(j, 9200 magnification). (Color figure online)
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Discussion

China has a high birth rate of more than 16 million

neonates every year. Amniocentesis is performed as an

routine clinical diagnosis technique for fetal genetic

determination in prenatal diagnosis. Therefore, amni-

otic fluid (AF) can be readily harvested as a source of

stem cells for potential clinical application. We

obtained 13 AF samples of 16–31 weeks of gestation.

The average vital cells number was 100–2,500 cells/

ml (data not shown). We found that both epithelial-

like and fibroblast-like cells appeared in the primary

human AF culture. The average time to reach adher-

ence was 5.12 ± 1.87 days. After 3–4 passages, most

cells exhibited fibroblast-like appearance. These cells

could proliferate for more than 50 passages in our

culture study. There were three samples from the 26th,

30th and 32th week of gestation, which mainly grew

epithelial-like cells instead of fibroblast-like cells and

could not be propagated for more than five passages.

This demonstrated that these cells were not MSCs for

the International Society for Cellular Therapy position

statement has given a definition of MSCs: (1) plastic

adherence and fibroblast-like morphology; (2) multi-

potential and multilineage differentiation capacity; (3)

expression of a typical set of surface markers such as

CD73, CD90, and CD105; and (4) lack of lineage-

specific markers such as CD34, CD14, CD45 (Dom-

inici et al. 2006). Since these three samples were from

the late stage of second-trimester, it suggested that

AFS cell number may decrease as pregnancy pro-

gresses. In our experience, 16–24 weeks of gestation

were an optimal period to culture AF cells to obtain

stem cells, which showed a MSCs phenotype. The

Fig. 2 Growth curves by MTT proliferation analysis. The

growth curves of c-kit? and c-kit- AFS cells in passage 5 and

passage 10 were similar. Plateau phase was not reached in these

7-day cultures

Fig. 3 Immunocytochemical analysis. Immunostaining was

performed on c-kit? and c-kit- AFS cells using antibodies

against CD29, CD34, CD44, CD45, CD73, CD90, CD105,

HLA-ABC and HLA-DR. Nuclei were stained with DAPI in all

cells. All scale bars represent 100 lm
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cultured AFS cells (both c-kit? and c-kit- cells) were

strongly positive for MSCs markers (CD29, CD44,

CD73, CD90, CD105). The cultured c-kit? and c-kit-

AFS cells were negative for hematopoietic markers

CD34 and CD45. Currently, there are different and

even conflicting results of identifying stem cell surface

markers obtained in different papers. These differ-

ences may be due to different proliferative stages of

the cells in culture (Gronthos et al. 2001) and the

donor’s heterogeneity. Mafi et al. (2011) have

reviewed 29 studies looked at mesenchymal cells

from different tissues and also identified various cell

surface markers characterizing the cells. They found

that CD105, CD90, CD44, CD73, CD29, CD13,

CD34, CD146, CD106, CD45 and CD166 ranked

among the most commonly reported positive cell

surface markers on mesenchymal cells, and CD34,

CD14, CD45, CD11b, CD49d, CD106, CD10 and

CD31 were the most frequently absent surface markers

in the mesenchymal stem cells. Our results were

similar to these studies. In our study, Class I MHC

antigens (HLA-ABC) were positive in both c-kit? and

c-kit- AFS cells. MHC Class II antigens (HLA-DR)

were negative in both types of AFS cells. Both the

c-kit? and c-kit- AFS cells were shown to be non-

immunogenic, due to lack of MHC class II antigen

expression (Le Blanc and Ringdén 2005). This is

undoubtedly a valuable characteristic of AFS cells

which could reduce the need for immunosuppression

following allogeneic transplantation.

Some researchers named the fibroblast-like cells as

AF-derived MSCs. However, a homogenous cell

population is needed for clinical use. In order to

obtain a more homogenous cell population and to

isolate mesenchymal stem cells, one option is to

conduct cell sorting based on cell surface markers.

C-kit plays an important role in gametogenesis,

melanogenesis and hematopoiesis. This receptor

Fig. 4 Pluripotency

markers Oct4, Sox2 and

Nanog expression in c-kit?

and c-kit- AFS cells. a Flow

cytometry analysis. b RT-

PCR analysis. Line 1 c-kit?

AFS cells; Line 2 c-kit-

AFS cells. Data shown are

representative of three

independent experiments.

c Immunocytochemical

analysis. 1 Nuclear stain

with DAPI (blue); 2
Antibody staining of Oct4,

Sox2 and Nanog protein

levels (green); 3 Fusion of 1

and 2. All scale bars
represent 100 lm. (Color

figure online)
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protein is usually present on human ES cells and

primordial germ cells (Da Sacco et al. 2010; Fleisch-

man 1993). C-kit? cells represent a group of purified

MSCs newly found in AF. It is still not clear what is

the origin of these cells and what their role is in fetal

development. Several studies have revealed potentials

in clinical use for these cells (Da Sacco et al. 2010;

Fleischman 1993; Perin et al. 2010). De Coppi et al.

(2007) showed that c-kit? AFS cells were broadly

multipotent, which could give rise to adipogenic,

osteogenic, myogenic endothelial, neurogenic and

hepatic lineages inclusive of all embryonic germ

layers. However, the c-kit? cells were reported to

constitute only 1–5% of the total AF cells (De Coppi

et al. 2007; Arnhold et al. 2011). We obtained a similar

result of 3.30 ± 1.24% by flow cytometric sorting. Da

Sacco et al. reported that c-kit? AFS cells increased

between 17 and 18 weeks of gestation, and disap-

peared at 19–20 weeks of gestation (Da Sacco et al.

2010). Our findings showed that c-kit? AFS cells were

present from 16–22 weeks of gestation. The discrep-

ancy may partially be due to the heterogeneity of the

original cell population. The c-kit? and c-kit- cells

showed similar characteristics in passage 5 and

passage 10 as shown by the MTT assay. It suggested

that both the c-kit? and c-kit- AFS cells had good

proliferate capacities even at the 10th passage.

In our study, Oct4, Sox2 and Nanog were more

frequently positive in c-kit? AFS cells than in c-kit-

AFS cells. By flow cytometric analyses, Oct-4 was

positive in 88.44% of c-kit? AFS cells and in 3.07% of

c-kit- AFS cells. Sox2 was positive in 91.1% of c-kit?

AFS cells and in 0.55% of c-kit- AFS cells. Nanog

was positive in 72.5% of c-kit? AFS cells and in

0.84% of c-kit- AFS cells. Oct4, Sox2 and Nanog

have been associated with the maintenance of the

undifferentiated state and the pluripotency of ES cells

(Prusa et al. 2003). Our results suggest that the c-kit?

AFS cells possess more ES cell characteristics than

c-kit- AFS cells even though both expressed MSCs

surface makers. It suggests that there may be different

differentiation capacities between the two types of

cells. The mesenchymal differentiation capacity was

evaluated by adipogenic and osteogenic induction in

vitro for the c-kit? and c-kit- AFS cells. Both types of

cells were successfully differentiated into the osteo-

genic and adipogenic lineages. The osteogenic gene

osteopontin and adipogenic gene adiponectin were

detected by RT-PCR respectively.

Our data also showed that c-kit? AFS cells have

stronger myocardial-like cell differentiation capacity

than c-kit- AFS cells by real-time PCR and western

blot analysis. Two types of cells were cocultured

with rat neonatal cardiomyocytes for cardiomyocyte

induction (Yeh et al. 2010). The induced c-kit? AFS

cells were positive for GATA-4, cTnT, a-actin and

Cx43 mRNA by real-time PCR analysis and corre-

sponding protein expression by western blot analy-

sis. However, the induced c-kit- AFS cells were

only mildly positive for GATA-4 mRNA and

protein expression. GATA-4 is an important tran-

scription factor in early myocardial development.

cTnT is a protein whose only known function is as

part of the troponin complex of myofibrils in cardiac

and embryonic skeletal muscles (Antin et al. 2002).

Fig. 5 Adipogenic and osteogenic differentiation of c-kit? and

c-kit- AFS cells. a Oil-Red O staining for lipid vacuoles

accumulation after adipogenic differentiation in c-kit? AFS

cells (a) and c-kit- AFS cells (b). Von Kossa staining for

mineralization after osteogenic differentiation in c-kit? AFS

cells (c) and c-kit- AFS cells (d), b RT-PCR for adiponectin and

osteopontin expression after adipogenic and osteogenic differ-

entiation. Adiponectin (187 bp): 1 c-kit?; 2 c-kit-; osteopontin

(173 bp): 3 c-kit?; 4 c-kit-. (Color figure online)
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Alpha-actin is one of the isoforms of the actin

family found in muscle tissue (Oma and Harata

2011). Gap junctions play significant regulatory

roles in embryonic development, electrical coupling,

metabolic transport, apoptosis, differentiation, tissue

homeostasis and carcinogenesis (Laird 2010). Cx43

is one of the gap junction proteins and is essential

for the development of normal cardiac architecture

and ventricular conduction. Therefore, our data

revealed that the induced c-kit? AFS cells had

more myocardial cells characteristics including the

stronger expression of GATA-4 and several mature

myocardial genes c-TnT, a-actin and Cx43. In

contrast, the induced c-kit- AFS cells expressed

weaker GATA-4 levels than c-kit? AFS cells and

had no expression of the mature myocardial genes.

Conclusion

Our study demonstrates that AF cells from

16–22 weeks of gestation could be used for obtaining

Fig. 6 Myocardial

induction in c-kit? and

c-kit- AFS cells. a Real-

time PCR analysis of

GATA-4, cTnT, a-actin and

Cx43 mRNA expression

were performed in

c-kit ? and c-kit- AFS cells.

Results were shown as

means ± SD from three

independent experiments. 1
c-kit? AFS cells before

induction; 2 induced c-kit?

AFS cells; 3 c-kit- AFS

cells before induction; 4
induced c-kit- AFS cells.

b Western blot analysis of

GATA-4, cTnT, a-actin and

Cx43 protein expression

were performed for c-kit?

and c-kit- AFS cells
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c-kit? cell. We obtained pure stem cells population

using c-kit surface markers by flow cytometric sorting.

The c-kit? and c-kit- AFS cells had similar morphol-

ogy and proliferation characteristics, as well as

mesenchymal differentiation capacity along the oste-

ogenic and adipogenic lineages. The c-kit? AFS cells

had stronger myocardial-like cells differentiation

capacity than c-kit- AFS cells. The c-kit? AFS cells

may possess more ES cell characterictics than c-kit-

AFS with higher Oct-4, Sox2, and Nanog expression.

The c-kit? AFS cells have the potential in clinical

application for myogenesis in cardiac regenerative

therapy.
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