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Abstract Recent findings have demonstrated that amniotic
fluid cells are an interesting and potential source of mesen-
chymal stem cells (MSCs). In this study, we isolated MSCs
from canine amniotic fluid and then characterized their
multilineage differentiation ability. Canine amniotic fluid
stem (cAFS) cells at passage 5 had a fibroblast-like mor-
phology instead of forming colonies and were positive for
pluripotent stem cell markers such as OCT4, NANOG, and
SOX2. Flow cytometry analysis showed the expression of
MSC surface markers CD44, CD29, and CD90 on the cAFS
cells. In addition, these cells were cultured under conditions
favorable for adipogenic, chondrogenic, and osteogenic in-
duction. The results of this experiment confirmed the
mesenchymal nature of cAFS cells and their multipotent
potential. Interestingly, although the cells exhibited a
fibroblast-like morphology after hepatogenic induction, re-
verse transcription-polymerase chain reaction revealed that
the expression of several hepatic genes, such as albumin,
tyrosine aminotransferase, and alpha-1 antiproteinase, in-
creased following maturation and differentiation. These
findings indicated that cAFS cells have functional properties
similar to those of hepatocytes. Taken together, the results of
our study demonstrated that cAFS cells with mesenchymal

characteristics can be successfully isolated from canine am-
niotic fluid and possess functional properties characteristic
of hepatocytes. The findings of our work suggest that cAFS
cells have the potential to be a resource for cell-based
therapies in a canine model of hepatic disease.
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Introduction

Previous reports have suggested that amniotic fluid cells
(AFCs) are a new potential source of mesenchymal stem
cells, especially since AFCs are not associated with the
ethical issues surrounding embryonic stem cell research
(Sessarego et al. 2008; Cananzi et al. 2009). Amniotic fluid
is considered an important diagnostic tool for evaluating the
fetal status during pregnancy due to its contact with the fetus
during development. Several recent reports have found that
stem cells derived from human AFCs express pluripotent
markers such as OCT4, NANOG, and SOX2 (You et al.
2009; Yadav et al. 2010; Decembrini et al. 2011). Further
research has also demonstrated the multipotent potential of
amniotic fluid stem (AFS) cells by showing that they un-
dergo successful differentiation into multiple lineages in-
cluding adipocytes, osteocytes, chondrocytes, and neuronal
cells (Kim et al. 2007). Some of these differentiated cells are
being tested for possible use in cell-based therapy (You et al.
2009). However, the safety and efficacy of AFS cells must
first be tested in preclinical animal models.

Dogs have been gaining attention from biomedical
researchers as a new bridge laboratory animal model for the
study of human diseases (Neff and Rine 2006; Schneider et al.
2007, 2008; Naggara et al. 2010). The dog has been considered
an alternative animal model for evaluating the mechanisms of
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new therapeutic drugs or for preclinical studies (Ladiges et al.
1990; Storb et al. 1998) because these animals have physio-
logical characteristics similar to those of humans. Interestingly,
the time-course of liver disease development in dogs and
humans is similar, and a high degree of similarity between
dog and human liver diseases has been reported in clinical,
molecular, and pathological studies (Spee et al. 2006, 2007).
Since stem cells can differentiate into hepatocytes, therapies
using these cells could be a potential alternative treatment for
terminal liver diseases. However, an appropriate source of
human mesenchymal stem cells for producing hepatocytes
has not been identified (Atala 2006).

Therefore, we performed the present study to isolate
canine amniotic fluid stem (cAFS) cells, which are also
mesenchymal stem cells (MSCs). We also evaluated the
pluripotency, multipotency, and hepatogenic differentiation
potential of these cells. Based on our findings, we suggest
possible strategies for developing cell-based therapies in a
canine model of hepatic disease.

Materials and Methods

Isolation and expansion of cAFS cells. The study protocol
was approved by the Research Ethics Committee and the
Institutional Animal Care and Use Committee of Chungnam
National University (Republic of Korea). Canine amniotic
fluid samples were collected from pregnant beagles (n03) at
the full-term stage of gestation by Cesarean section using an
18-gauge needle. The EUB-405 PLUS ultrasound unit
(Hitachi, Tokyo, Japan) with convex 5 MHz and/or linear
7.5 MHz probes was used for taking imaging of fetus. The
cAFS cells were immediately isolated from amniotic fluid
and cell debris by centrifugation at 3,000 rpm for 30 min.
The pelleted cells were then resuspended in 5 mL of
phosphate-buffered saline (PBS; Gibco, Carlsbad, CA) sup-
plemented with 1% penicillin/streptomycin (Gibco). After
being washed twice, the cAFS cells were then grown in low-
glucose Dulbecco’s modified Eagle’s medium (L-DMEM;
Sigma-Aldrich, St. Louis, MO) supplemented with 10%
fetal bovine serum (FBS; Gibco), 1% penicillin/streptomy-
cin, 5 ng basic fibroblast growth factor (bFGF; Sigma-
Aldrich), and 10 ng epidermal growth factor (EGF; Sigma-
Aldrich) in a 25-cm2 flask at 39°C with 5% CO2 and 5% O2.
After 16 h, the unattached cells were removed by changing
medium. The attached cAFS cells were allowed to grow to
70–80% confluence (5–7 d) before being routinely trypsi-
nized with 0.25% trypsin–EDTA (Sigma-Aldrich) and sub-
cultured at a dilution of 1:3 (or plated at a density of
5,000 cells/cm2). The remaining cells were transferred to
cryopreservation media (10% dimethylsulfoxide, 90%
FBS), frozen at −80°C in an isopropanol-jacketed closed
container, and stored in liquid nitrogen the next day. The

population doubling time of cAFS cells was calculated from
passage 2 to passage 12 using the algorithm provided at
http://www.doubling-time.com (Widera et al. 2009).

Total RNA isolation and reverse transcription-PCR. Total
RNA was extracted from adipogenically, chondrogenically,
and osteogenically differentiated cAFS cells, and canine
bone marrow stem cells (cBMs) (as a control) using an
RNA extraction kit (Macherey–Nagel; Duren, Germany),
according to the manufacturer’s instructions. RNA samples
(1 μg total RNA) were combined with an oligo dT primer to
synthesize cDNA using iScript reverse-transcriptase (Bio-Rad,
Hercules, CA). cDNA was amplified by polymerase chain
reaction (PCR) using appropriate primers for several pluripo-
tent markers and expression of genes specific for adipogenic
(lipoprotein lipase (LPL) and leptin), osteogenic (osteocalcin
(Osteo) and runt-related transcription factor 2 (RUNX2)), and
chondrogenic (aggrecan (AGG) and cartilage oligomeric ma-
trix protein (COMP)) differentiation (Table 1). PCR was car-
ried out with a 3-min denaturation at 94°C followed by 30–35
cycles at 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s, and a
final extension for 5 min at 72°C. As the positive control, β2-
microglobulin was amplified with 25 cycles of reverse
transcription-polymerase chain reaction (RT-PCR) and a prim-
er annealing temperature of 60°C. The amplified DNA frag-
ments were separated by 2% agarose gel electrophoresis with a
known standard (100-bp ladder; Elpis Biotech., Daejeon,
Republic of Korea), stained with ethidium bromide, and visu-
alized under ultraviolet light. Digital images were captured
with ImageQuant (GE Healthcare), and the RT-PCR results
were evaluated using ImageJ software (National Institute of
Health, Bethesda, MD). Band intensities were measured by
densitometry. Quantification of relative gene expression was
performed using that of β2-microglobulin as a control.
Identities of the target genes amplified by RT-PCR were con-
firmed by DNA sequencing (SolGent Co., Ltd., Daejeon,
Republic of Korea).

Flow cytometric analysis for cAFS cell identification. Cell
surface proteins on the cAFS cells were analyzed by flow
cytometry. Cells from passage 5 were washed with L-
DMEM and detached from the culture disc with 0.25%
trypsin–EDTA. The cells were pelleted, resuspended in
PBS containing 2% FBS at a concentration of 1×105cells/
mL, and labeled with monoclonal antibodies against the
following factors: CD29 (Abcam, Cambridge, MA), CD34
(Acris; Herford, Germany), CD44 (Serotec; Kidlington,
UK), and CD90 (DB Biosciences-Pharmingen, Franklin
Lakes, NJ). After being washed three times with PBS con-
taining 2% FBS, the cells were further incubated with fluo-
rescein isothiocyanate-conjugated goat anti-mouse IgG
(Invitrogen, Carlsbad, CA). The stained cells were washed
three times with PBS containing 2% FBS and fixed with 4%
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paraformaldehyde before they were analyzed by flow
cytometry using a FACScan instrument operating with
CELLQuest software (Becton Dickinson, Franklin Lakes,
NJ). Flow cytometer settings were established using un-
stained cells. The cells were gated by forward scatter to
eliminate debris. To reduce possible autofluorescence, we
removed the signal from unstained cells in the measurement
channel. A minimum of 10,000 events was counted for each
analysis.

Immunocytochemistry. The AFS cells were plated on a four-
well dish (Nunc; Roskilde, Denmark), fixed with 4% para-
formaldehyde in PBS at room temperature for 20 min and
rinsed with PBS for 5 min. The cells were then permeabi-
lized and blocked with 0.1% Triton X-100 (Sigma-Aldrich),
1% bovine serum albumin (BSA; Gibco), and 10% normal
donkey serum (Invitrogen) in PBS for 45 min at room
temperature. After blocking, the cells were incubated over-
night at 4°C in a humidified chamber with antibodies spe-
cific for SOX2 SSEA-1, SSEA-4, alkaline phosphatase
(Santa Cruz, Santa Cruz, CA), OCT4, and NANOG

(Abcam) diluted in PBS containing 1% BSA. Next, cells
were washed three times for 15 min with 0.1% Tween-20 in
PBS. The cells then incubated with appropriate secondary
antibodies diluted in PBS containing 1% BSA for 1 h at
room temperature. The following antibodies were used:
SOX2, Rhodamine Red-conjugated donkey anti-goat second-
ary antibody; SSEA-1 and alkaline phosphatase, Rhodamine
Red-conjugated donkey anti mouse IgG secondary antibody;
SSEA-4, Rhodamine Red-conjugated donkey anti-mouse
IgM secondary antibody; and OCT4 and NANOG, Alexa
Fluor 488 rabbit anti-mouse IgG secondary antibody
(Invitrogen). Finally, the cells were counterstained with
1 ng/mL 6-diamino-2-phenylindole (DAPI; Sigma-Aldrich)
for 30 min at 25°C. Images were captured with a confocal
laser scanning microscope (LSM5 Live Configuration
Variotwo VRGB, Germany).

Measurement of the multilineage differentiation potential. The
capacity of cAFS cells to differentiate into adipogenic,
chondrogenic, and osteogenic lineages was analyzed as
described by Zuk et al. (2001) at passage 5 in order to

Table 1. Primers for RT-PCR

F forward primer, R reverse
primer

Markers Gene Primer sequence (5′–3′) Amplicon
size(bp)

Ann.
temp. (°C)

Stemness Oct4 F : GAGGCTCTGCAGCTCAGTTT 502 53
R : AGCCCAGAGTGGTGACAGAC

Nanog F : AAGCAAGAGGTGGCAGAAAA 348 52
R : ATGGACTCCAGATCACCCAT

Sox2 F : CATGGCAATCAAAATGTCCA 219 53
R : AGACCACGGAGATGGTTTTG

Adipocytes LPL F: AAAACCATCGTGGGCAATTA 204 55
R : ACAATTTGGATTCCCAGCAA

Leptin F: TTCCACCATCCTGCCACTAT 200 54
R: ACCATCTGGAATGCAAGGTC

Chondrocytes AGG F : ATCAACAGTGCTTACCAAGACA 130 52
R : ATAACCTCACAGCGATAGATCC

COMP F : AGACATACTGGCAGGCGAAT 197 53
R : CCAGCCGTAGGATGTCTTGT

Osteoblasts Runx2 F: CCCAACTTCCTGTGCTCTGT 197 54
R : TCGTTGAACCTTGCTACTTGG

Osteo F : AGGGAAGTATGCGAGCTCAA 198 54
R : GATGACAAGGACCCCACACT

Hepatocyte AFP F : TATTGGACAATTATGCATCAGGCA 345 60
R : TCTTCCTCAAAGCAGGCTTCCT

TAT F : TTTGCTATGGAGCTTTGGCTGC 276 60
R : AATGGTAGTGCAGCTCGCAGAA

ALB F : AACTGCACTTGTTGAACTGCTGA 259 55
R : AGATGAATAAAGCTCTAGGTCTTCA

TTR F : TGGAATTAGACACCAAGTCCTAC 324 53
R : GGGAAGTGCTTTAATAGGAATGTT

α1-AT F : AAATGCAGCACCTGGAGAGCAA 361 60
R : GTGTCTCTGTCGACGATGATGA

Housekeeping β2-Microglobulin F : TCTACATTGGGCACTGTGTCAC 136 55
R: TGAAGAGTTCAGGTCTGACCAAG
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evaluate their MSC properties. Non-induced control sam-
ples were maintained in proliferation media during all dif-
ferentiation studies. A total of 20,000 cAFScells/well were
seeded in six-well plates and cultured as a monolayer until
confluence was reached before adipogenic, chondrogenic,
and osteogenic differentiation was induced. After 3 d, the
cells were treated with different induction media made with
L-DMEM supplemented with different components listed in
Table 2. All media were changed every third day for 21 d.

Adipogenic differentiation was confirmed on day 21 by
intracellular accumulation of lipid-rich vacuoles stained
with Oil Red O (Sigma-Aldrich). Cells were fixed with
formaldehyde solution (10% [v/v] in PBS; Samchun
Chemical, Seoul, Republic of Korea), washed with 3%
(v/v) isopropanol (Amresco, Solon, OH), and stained with
a working solution of 0.5% (w/v in 60% isopropanol) Oil
Red O for 20 min. Chondrogenic and osteogenic differenti-
ation were confirmed by the presence of calcium minerali-
zation and deposition, respectively, observed with Alizarin
Red S (Sigma-Aldrich) staining. Cells were washed twice
with distilled water (DW) and fixed in ice-cold 70% ethanol
for 1 h. After being carefully washed three times with DW,
cells were stained with 40 mM Alizarin Red S for 10 min
and then washed twice with DW at room temperature. And
then, the stained cells were analyzed by light microscopy.

Hepatogenic differentiation. Hepatogenic differentiation
was induced using a previously described method (Zuk et al.
2001) with modifications. After reaching 85% confluence,
cells were pre-cultured in L-DMEM supplemented with
20 ng/mL EGF and 10 ng/mL bFGF (conditioning step) to
stop cell proliferation prior to the induction of differentiation

into a hepatic phenotype. We then performed a two-step
differentiation protocol. Cells were cultured for 2 wk in an
induction medium consisting of L-DMEM supplemented with
20 ng/mL hepatocyte growth factor (HGF; Sigma-Aldrich)
and 5 ng/mL bFGF. This was followed by incubation in
maturation medium consisting of L-DMEM supplemented
with 20 ng/mL oncostatin M (Sigma-Aldrich), 1 μmol/L
dexamethasone, and 5 mmol/L nicotinamide (Sigma-
Aldrich) to achieve maturation in up to 4 wk. All culture
media were changed twice a week, and hepatic differentiation
was assessed at different time points by RT-PCR specific for
liver-associated genes using appropriate primers (Table 1) and
β2-microglobulin as a positive control.

Statistical analysis. All data were analyzed using a one-way
ANOVA. All calculations were carried out using the
GraphPad Prism 2.0 software package (GraphPad Software,
Inc., San Diego, CA). All experiments were independently
performed at least three times.

Results

cAFS cell culturing. In order to establish a method for
isolating and culturing cAFS cells, we determined whether
the culturing of these cells was affected by gestation stage.
We also analyzed the number and size of viable cAFS cells
that were obtained. Although the concentration of cAFS
cells decreased during the full-term stage of gestation, we
obtained a sufficient number of cells. Therefore, cAFS cells
collected during the full-term stage of gestation were used in
this study. As shown in Fig. 1A, B, and C, morphological

Table 2. Components used to supplement 500 mL L-DMEM to induce adipogenic, chondrogenic, and osteogenic differentiation

Component Type of induction

Adipogenic Chondrogenic Osteogenic

FBS (v/v) 10% 10% 10%

EGF 10 ng 10 ng 10 ng

bFGF 5 ng 5 ng 5 ng

Penicillin/streptomycin 10,000 IU/10,000 IU/100 mL 10,000 IU/10,000 IU/100 mL 10,000 IU/10,000 IU/100 mL

Dexamethasone 1 μM 0.1 μM 0.1 μM

Indomethacin 0.2 mM – –

Insulin 1 mg/mL 0.1 mg/mL –

3-Isobutyl-1-methylxanthin (IBMX) 1 mM – –

Transforming growth factor-β1 (TGF-β1) – 10 ng/mL –

Ascorbate-2-phosphate – 50 μM 50 μM

Sodium pyruvate – 100 μg/mL –

ITS – 50 mg/mL –

cis-3-Hydroxy-DL-proline – 20 μg/mL –

β-Glycerol-phosphate – – 10 mM
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differences between passages 0, 3, and 5 were observed.
Cells in primary culture and in passage 3 appeared to form
colonies. However, cells at passage 5 developed a
fibroblast-like morphology instead of forming colonies. A
difference in doubling time was observed between early (2–
6) and late (7–12) passages. The cumulative population
doubling level was calculated and plotted in a graph
(Fig. 1D). Cells were cultured and maintained until passage
12. After the passage 6, cAFS cell proliferation decreased
rapidly. These results indicated that cAFS cells undergo
morphologic changes over time, and proliferation capacity
also varies with passage.

The expression of stemness markers in cAFS cells. We
determined whether the cAFS cells had the potential of
pluripotent adult stem cells by immunocytochemistry and
RT-PCR. At passage 5, the cAFS cells were immunostained
for pluripotent stem cell markers OCT4, NANOG, and
SOX2 (Fig. 2A–C). RT-PCR was performed to measure
the expression of stem cel l markers (Fig. 2D) .
Immunocytochemistry and RT-PCR results revealed that
cAFS cells have a differentiation potential similar to that
of pluripotent adult stem cells. In addition, we analyzed cell
surface markers by flow to evaluate the multipotency of
cAFS cells as a potential source of MSCs. At passage 5,
the majority of cAFS cells expressed CD29 (β1 integrin),

CD44, and CD90 (Thy1) adhesion molecules (Fig. 2E, G,
and H) but did not express the hematopoietic lineage marker
CD34 (Fig. 2F). Immunocytochemical staining also con-
firmed that the cAFS cells were positive for the mesenchy-
mal stem cell markers CD44, CD29, and CD90 but were
negative for CD34 (data not shown). These results demon-
strated that cAFS cells have the same potential as pluripo-
tent and multipotent adult stem cells.

Multilineage differentiation potential. cAFS cells were ex-
amined under conditions favorable for adipogenic, chondro-
genic, and osteogenic induction. Fat vesicles were observed
within 21 d of adipogenic differentiation induction. Lipid-
laden vesicles increased in size as shown by Oil Red O
staining (Fig. 3A and D). Seven to 14 d after inducing
chondrogenic differentiation, the cAFS cells showed posi-
tive Alizarin Red S staining (Fig. 3B and E). In the osteo-
genic differentiation medium, the cAFS cells developed an
osteogenic phenotype after 21 d. After differentiation was
confirmed by a transition from a spindle to cuboidal shape,
these cells were positive for Alizarin Red S staining (Fig. 3C
and F).

Expression of adipocyte-specific genes such as LPL and
leptin were detected by RT-PCR (Fig. 3G). The expression
levels of these two genes in the cAFS cells were similar to
those in the cBMs that had differentiated into adipocytes
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Figure 1. Changes in morphology and proliferation of canine amni-
otic fluid stem (cAFS) cells according to passage. Morphological
differences were observed between passages 0 (A), 3 (B), and 5 (C).
The cumulative population doubling level was calculated and is

displayed graphically (D). Scale bar020 μm. Data in the bar graph
represent the means±SEM of three independent measurements. *P<
0.01, compared with passage 6.
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(Table 3). The expression of chondrocyte-specific genes,
such as COMP and aggrecan, were also detected by RT-
PCR (Fig. 3G). COMP gene expression was detected only
in cBMs, but similar levels of aggercan gene expression
were found in the cAFS cells and cBMs (Table 3). The
differentiated cAFS cells also expressed osteoblast-specific
genes such as RUNX2 and osteocalcin (Fig. 3G). RUNX2
gene expression was detected only in cAFS cells whereas
osteocalcin gene expression in cAFS cells was higher com-
pared with that in the cBMs (Table 3). These results con-
firmed the mesenchymal nature of cAFS cells.

RT-PCR detection of hepatic gene expression in cAFS cells
differentiated into hepatocyte-like cells. Morphological
changes of the cAFS cells were assessed during different
stages of hepatogenic induction. Although the cells
exhibited a fibroblast-like morphology after differentiation,
we did not observe typical hepatocyte morphology, such as
small, round, or epithelioid. In order to determine whether
the differentiated cAFS cells possessed the functional char-
acteristics of hepatocytes, expression of several hepatic
genes was measured by RT-PCR 28 d after differentiation.
cBMs were used as a control. RT-PCR results showed that
the expression levels of albumin (ALB), tyrosine amino-
transferase (TAT), and alpha-1 antiproteinase (α1-AT) in-
creased after maturation and differentiation (Fig. 4). ALB
and TAT gene expression was induced in the cAFS cells, but
this was not detected in the cBM cells (Fig. 4). Early

hepatocyte markers such as AFP (expressed in fetal
hepatocytes) and TTR (pre-albumin) were not detected
during either the induction of differentiation or matura-
tion (data not shown). Results of this experiment indi-
cated that cAFS cells have functional properties similar
to those of hepatocytes.

Discussion

Isolation and characterization of MSCs derived from various
tissues and sources are critical for stem cell therapy, regen-
erative medicine research, and tissue engineering (Miki et
al. 2005; De Coppi et al. 2007a, b; Perin et al. 2007).
Recently, an increasing number of reports have been pub-
lished regarding the characterization of AFCs and suggest
that these cells are a new potential source of MSCs (Cananzi
et al. 2009). Accordingly, the study of MSCs from amniotic
fluid has become a new focus in stem cell research (Zhang
and Chen 2008; Park et al. 2011). However, the potential
use of AFCs in medical applications has yet to be explored.
The dog has historically been a useful model for studying
mechanisms and testing new treatments for several human
pathologic conditions including prostate cancer, cardiovas-
cular diseases, bone regeneration, diabetes, leukemia, spinal
cord injury, and solid organ transplantation (Miyamoto et al.
1996; Andrawiss et al. 1999; Fleeman and Rand 2001;
Junghanss et al. 2003; Cui et al. 2007; Lim et al. 2007;

D

CD44
E

ve
nt

s
CD29

E
ve

nt
s

CD34

E
ve

nt
s

CD90

E
ve

nt
s

E F G H

A B C

β-MG

Oct 3/4

Sox 2

Nanog

cAFSs

R
T

-P
C

R

Control
(cBMs)

OCT 3/4 Nanog Sox2

Figure 2. Expression of stemness and mesenchymal stem cell markers
in cAFS cells. After passage 5, cAFS cells were immunostained for the
pluripotent stem cell markers OCT4 (A), NANOG (B), and SOX2 (C),
and observed at ×400 magnification (scale bar030 μm). Nuclei were
visualized by DAPI staining. Expression of OCT4, NANOG, and

SOX2 was confirmed by RT-PCR (D). Canine bone marrow stem cells
(cBMs) were used as a control. The housekeeping gene β2-
microglobulin (β-MG) was used for normalization. Expression of cell
surface makers CD29 (E), CD34 (F), CD 44 (G), and CD90 (H) on
cAFS cells was measured by flow cytometry.
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Perin et al. 2008). Consequently, canines may also be very
useful for studying the use of AFCs for clinical applications.

In the present investigation, we demonstrated that it is
possible to isolate MSCs derived from canine amniotic
fluid. We subsequently characterized the multilineage dif-
ferentiation ability of these cells. We also determined wheth-
er the culturing of cAFS cells was affected by the stage of
gestation (early [20–30 d] versus full-term [50–60 d]). After
isolating and culturing cAFS cells collected during both

stages, we determined the number and size of viable cells.
Although the concentrations of cAFS cells decreased during
the full-term stage of gestation, we still obtained a sufficient
number of cells (data not shown). Therefore, cAFS cells
isolated from amniotic fluid during full-term gestation were
used in this study. Doubling time of the cAFS cells in-
creased gradually with the number of passages, but our
results demonstrated that cAFS cells isolated during the
full-term stage could be cultured and expanded in vitro for
up to 12 passages (Fig. 1D). The morphology of cAFS cells
was fibroblast-like after passage 5 (Fig. 1C). This finding
was consistent with data from previous reports that indicated
this type of morphology is developed by MSCs derived
from various tissues (Bossolasco et al. 2006; Patki et al.
2010; Vieira et al. 2010).

Stem cell pluripotency is defined as the potential to
differentiate into any of the three germ layers: endoderm,
mesoderm, and ectoderm. OCT4, NANOG, and SOX2 are
pluripotency markers and are usually found in embryonic
stem cells. According to the results of our RT-PCR and
immunocytochemistry assays (Fig. 2A–D), cAFS cells
expressed all three of these pluripotency-specific markers,

Figure 3. Differentiation potential of cAFS cells. Adipogenic (A, D),
chondrogenic (B, E), and osteogenic (C, F) differentiation of the cAFS
cells. (A, B, C): unstained group; (D): Oil Red O staining; (E, F): Alizarin
Red S staining (×400magnification). The expression of genes specific for

adipocytes (LPL and leptin), osteoblasts (RUNX2 and osteocalcin), and
chondrocytes (COMP and aggrecan) was evaluated by RT-PCR in cAFS
cells and cBMs (G).M: 100-bp DNA ladder, cAFS: canine amniotic fluid
stem cell, cBM: canine bone marrow stem cell.

Table 3. Quantification of RT-PCR results for adipogenic, chondro-
genic, and osteogenic marker expression by Image J 1.43u software

Adipocyte Osteocyte Chondrocyte

LPL Leptin RUNX2 Osteo COMP AGG

cAFS 179.3 157.904 179.451 122.396 43.264 93.921

cBM 188.831 177.755 39.308 100.901 154.742 90.046

This value expressed as arbitrary units

cAFS canine amniotic fluid stem cell, cBM canine bone marrow stem
cell
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indicating the stemness of these cells. In addition, expres-
sion of NANOG in cAFS cells was higher than that in cBMs
(control cells). NANOG is required to maintain the undif-
ferentiated state and for the self-renewal of stem cells. As
shown in Fig. 2D, NANOG expression in cBMs was weak.
In a human study, NANOG was shown to be involved in the
proliferation and colony formation of MSCs (Liu et al.
2009). Moreover, forced expression of NANOG in human
bone marrow-derived MSCs sustains their expansion and
differentiation capabilities (Go et al. 2008). Thus, the im-
portance of NANOG remains unclear, and comprehensive
investigations are required to elucidate the stemness markers
of MSCs. In addition, cAFS cells expressed high levels of
the mesenchymal cell markers CD44, CD29, and CD90 but
were negative for the hematopoietic lineage marker CD34
(Fig. 2E–H). These findings are similar to those reported for
multipotent and pluripotent stem cells derived from human
AFCs (Tsai et al. 2004; Chen et al. 2009; Zucconi et al.
2010).

In the current study, cAFS cells differentiated into adipo-
genic, osteogenic, and chondrogenic lineage cells. Cheong
et al. (2005) found that cord-lining mesenchymal cells from
explants of human umbilical cord amniotic membrane de-
velop to adipocyte-like cells and observed the accumulation
of lipid droplets with Oil Red O staining. Consistent with
our data, lipid-laden vesicles were visualized using Oil Red
O in cAFS cells cultured under conditions that promoted
adipogenic differentiation (Fig. 3A and D). Additionally,
RT-PCR also showed that adipocyte-related genes, such as
LPL and leptin, were abundantly expressed in the cells
(Fig. 3G).

Under osteogenic conditions, intact human amniotic
membranes are able to differentiate into an osteogenic

lineage. Calcium contents as well as and RUNX2 and
osteocalcin (bone morphogenetic protein) expression are
also increased (Lindenmair et al. 2010). In the present study,
osteogenic-differentiated cAFS cells were positive for
Alizarin Red S staining, thereby confirming the presence
of calcium mineralization and deposition. These cells also
expressed osteoblast-specific genes such as RUNX2 and
osteocalcin. Compared with cBMs, cAFS cells expressed
higher levels of these genes. Our results suggest that the
osteogenic differentiation potential of cAFS cells is greater
than that of cBM cells.

It has been reported that COMP and aggrecan are
expressed during chondrogenic differentiation of human
amniotic fluid-derived stem cells (Kolambkar et al. 2007;
Kruger et al. 2012). In the present study, chondrogenic-
differentiated cAFS cells were negative for the expression
of COMP but positive for aggrecan gene expression
(Fig. 3G). Nevertheless, the cells were positive for
Alizarin Red S staining (Fig. 3F). These findings imply
that the aggrecan gene plays a more important role in
chondrocyte differentiation of cAFS cells than the
COMP gene. Taken together, these results demonstrated
for the first time that cAFS cells have a capacity for
multilineage differentiation. However, it remains unclear
whether these cells have greater therapeutic potential
than adult MSCs.

ES and induced pluripotent stem (iPS) cells readily form
teratomas when transplanted into immunodeficient mice
(Takahashi et al. 2007). To test pluripotency in vivo, we
transplanted cAFS (passages 4–5, 2×106 or 1×107/0.5 mL)
and mouse embryonic stem cells (1×106/0.5 mL) subcuta-
neously into severe combined immunodeficiency mice
(Taconic), respectively. However, although mouse

Figure 4. RT-PCR analysis of hepatic gene expression in cAFS
cells differentiated into hepatocyte-like cells. RT-PCR was per-
formed to evaluate the expression of markers specific for hepato-
genic differentiation [alpha-fetoprotein (AFP), albumin (ALB),
tyrosine aminotransferase (TAT), alpha-1 antiproteinase (α1-AT),

and transthyretin (TTR; pre-albumin)]. Total RNA was extracted
from cAFS cells and cBMs 28 d after differentiation. UD: undif-
ferentiated, D: differentiated, M: 100-bp DNA ladder. β2-
microglobulin (β-MG) was used as a control.
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embryonic stem cells as control were observed tumor for-
mation, we could not find that within 1 mo after transplant-
ing cAFS cells (data not shown). Since teratoma formation
can be a serious complication of stem cell therapy, cAFS
cells could have a therapeutic advantage over ES cells or iPS
cells in the context of tissue engineering or the treatment of
diseases that require organ transplantation.

Liver transplantation is a last resort for patients with end-
stage liver disease. However, this procedure is limited by a
lack of suitable organ donors, tissue rejection, and the high
cost of surgery. Once the technical hurdles associated with
in vitro hepatocyte differentiation of adult stem cells are
overcome, many more patients may benefit from stem cell
therapy than the current number of patients who receive
liver transplants. Therefore, many investigators have been
searching for various methods to induce the differentiation
of adult stem cells into hepatocytes. In the current study,
hepatocyte differentiation was induced by major factors
such as HGF, OSM, nicotinamide, and dexamethasone.
HGF, which is an endocrine or paracrine factor, is essential
for liver development. OSM can promote the maturation of
hepatocytes, which is confirmed by intracellular glycogen
accumulation and morphological changes that result in dif-
ferentiated hepatocytes expressing hepatic differentiation
markers (Kamiya et al. 1999). Additionally, nicotinamide
and dexamethasone are important factors in the hepatogenic
development pathway. Chivu et al. (2009) demonstrated that
dexamethasone promotes the development of hepatogenic
morphology through the suppression of cell division.
Unexpectedly, cAFS cells that underwent hepatic differen-
tiation in the present study did not show typical hepatocyte
morphological changes. However, we did observe the ex-
pression of genes critical for hepatocyte differentiation.
After being induced to hepatocytic differentiation,
cAFS cells were strongly positive for TAT, α1-AT,
GS, and ALB, all markers of mature hepatocytes
(Fig. 4). The expression of some hepatocyte-specific
genes, including ALB and TAT, was greater in cAFS
cells compared with cBM cells. After 14 d of induction
and 28 d of differentiation (data not shown), expression
of early hepatocyte markers (such as AFP and TTR)
was not detected. These results indicated that nicotin-
amide, dexamethasone, HGF, and OSM could induce
hepatogenesis in cAFS cells, which is consistent with
data from other studies (Takashima et al. 2004; Hong et
al. 2005; De Kock et al. 2009).

Taken together, these results suggest that cAFS cells
have the capacity for multilineage differentiation.
Following differentiation, these cells possessed function-
al properties similar to those of hepatocytes. Our find-
ings suggest that cAFS cells have the potential to be a
resource for cell-based therapies in canine models of
hepatic disease.
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