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Abstract

Human amniotic epithelial cells (HAEs) have a low immunogenic profile and possess potent immunosup-
pressive properties. HAEs also have several characteristics similar to stem cells, and they are discarded after
parturition. Thus, they could potentially be used in cell therapy with fewer ethical problems. HAEs have a short
life, so our aim is to establish and characterize immortalized human amniotic epithelial cells (iHAEs). HAEs
were introduced with viral oncogenes E6/E7 and with human telomerase reverse transcriptase (hTERT) to create
iHAEs. These iHAEs have proliferated around 200 population doublings (PDs) for at least 12 months. High
expression of stem cell markers (Oct 3/4, Nanog, Sox2, Klf4) and epithelial markers (CK5, CK18) were detected
by immunohistochemistry and reverse transcription polymerase chain reaction (RT-PCR). These iHAEs were
expanded in ultra-low-attachment dishes to form spheroids similarly to epithelial stem/precursor cells. High
expression of mesenchymal (CD44, CD73, CD90, CD105) and somatic (CD24, CD29, CD271, Nestin) stem cell
markers was detected by flow cytometry. The iHAEs showed adipogenic, osteogenic, neuronal, and cardiac
differentiation abilities. In conclusion, the immortalization of HAEs with the characteristics of stem cells has been
established, allowing these iHAEs to become useful for cell therapy and regenerative medicine.

Introduction

During recent years, human mesenchymal stem cells
(hMSCs) have become one of the most promising tools in

regenerative medicine. The applicability of these cells for al-
logeneic transplantation and stem cell–based therapies could
further be boosted by standardized collection, quality control,
and careful selection of functional and safe cell banking
products. However, to provide sufficient stem cell numbers
for cell banking and cell-based therapies, their limited repli-
cative potential has to be overcome. In this regard, ectopic
expression of human telomerase reverse transcriptase
(hTERT) has proven valuable. Besides prolongation of the
cellular life span, improvement of growth characteristics,
stabilization of the karyotype, and maintenance of the original
cellular phenotype (Egusa et al., 2007; Park et al., 2003; Stadler
et al., 2008; Takeda et al., 2004; Wai, 2004), hTERT has also
been demonstrated to retain or even improve differentiation
potential ( Jacobs et al., 1999; Kiyono et al., 1998; Lessard and
Sauvageau, 2003; Tamagawa et al., 2004; Zhang et al., 2006).

The amnion is a fetal-origin tissue deriving from the in-
ner cell mass (ICM) in the blastocyst and is composed of a
single layer of epithelial cells (human amniotic epithelial
cells, HAEs) on a thicker basement membrane and collagen
spongy layer containing mesenchymal cells (human amniotic
mesenchymal cells, HAMs). At days 8–9 after fertilization,
the ICM differentiates into two layers, epiblast and hypo-
blast. From the epiblast, small cells that later constitute the
amniotic epithelium appear between the trophoblast and the
embryonic disc. The epiblast gives rise to the amnion as well
as to all of the germ layers of the embryo (Miki and Strom,
2006; Miki et al., 2005). Thus, HAE cells maintain the plas-
ticity of pregastrulation embryo cells and supposedly have
the potential to differentiate into various tissues.

Several studies have shown that HAE cells are a heter-
ologous population positive for stem cell markers, and they
display multilineage differentiation potential, differentiating
into cells of the endoderm (liver, lung epithelium), meso-
derm (bone, fat), and ectoderm (neural cells) (Manuelpillai
et al., 2010; Miki et al., 2010; Murphy et al., 2010; Parolini
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et al., 2008; Toda et al., 2007; Tsutsumi et al., 2001). They
have a low immunogenic profile and possess potent immu-
nosuppressive properties, because they do not express major
histocompatibility complex (MHC) class II and mildly ex-
press MHC class I (Adinolfi et al., 1982; Akle et al., 1981;
Lekhanont et al., 2009; Miki et al., 2010; Sakuragawa et al.,
1995; Tohyama et al., 1997; Wolbank et al., 2007). Under
certain conditions, HAEs also have been reported to differ-
entiate to mature neural cells that synthesize and release
neurotransmitters, including acetylcholine, norepinephrine,
and dopamine (Sakuragawa et al., 1997; Venkatachalam
et al., 2009). HAEs also can be obtained without creating
legal or ethical problems and without invasive procedures
because they are discarded after parturition (Lekhanont
et al., 2009; Wolbank et al., 2007). These observations suggest
that cells derived from the fetal side of the placenta may
retain a multipotent phenotype long after they differentiate
from the epiblast.

These properties are a potentially useful and noncontro-
versial source of cells for transplantation and regenerative
medicine. However, HAE cells, which are usually isolated
from fresh amniotic membrane, undergo growth limitation
and stop growing after 4–5 passages. These cells are difficult
to culture in vitro because of the environment and complexity
of cell populations. HAE cells reach senescence because of
DNA damage or shortened telomeres, implying that it would
be difficult to obtain sufficient quantities of stable cells for
cell transplantation therapy (Wai, 2004).

To resolve these problems, we attempted to establish
several strains of HAE cells without a life span limitation by
introducing retrovirus-carrying hTERT and human papil-
loma virus type 16 (HPV16) E6/E7 genes (Takeda et al., 2004;
Terai et al., 2005). Both Rb/p16INK4a inactivation with E7
and telomerase activation with E6 are required to extend the
life span of human epithelial cells (Kiyono et al., 1998). This
method was highly efficient in extending the life span of
HAE cells.

In the present study, we established iHAE cells and in-
vestigated their proliferative ability, differentiation capabilities,
and pluripotential markers.

Material and Methods

Isolation of fresh HAE cells and culture

Amniotic membrane was peeled mechanically from the
chorion of a placenta obtained with informed consent from a
patient undergoing cesarean section. As previously de-
scribed (Toda et al., 2007), fresh HAE cells (fHAE) were
isolated by sequential 0.2% trypsin digestion and cultured in
Dulbecco’s modified Eagle medium (DMEM) Nutrient
Mixture F12 HAM (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS), 1%
antibiotic-antimycotic solution (GIBCO BRL, Grand Island,
NY, USA), and 5 ng/mL epidermal growth factor (EGF; R&D
Systems, Vienna, Austria) at 37�C, 5% CO2, and 95% air
humidity to a subconfluent state. Cultured fHAE cells were
harvested when they became confluent, and then were see-
ded into a culture flask to make HAE first generation (HAE
p1). The population doubling level (PDL) at each passage
was calculated using the following formula: [log (cell num-
ber at passage) - log (cell number of seeding)]/log2 (Miki
et al., 2010). The population doubling time was calculated

from the slope of the linear regression curve of cell number
versus time of treatment over a 72-h period. On the basis of
the formula, the cell population doubling time (TD) = t[log2/
(logNt - logN0)], [N0 and Nt representing the cell number at
an initial time point and at time t (hours) of proliferation,
respectively], was calculated. The study and the use of am-
nion membrane were approved by the Research Ethics
Committee of the University of Toyama.

Infection of retrovirus constructs and establishment
of cell line

HAE cells were stably introduced with HPV16 E6/E7 and
hTERT genes by a retrovirus infection, as described previ-
ously ( Jacobs et al., 1999; Takeda et al., 2004). The CSII-
CMV-hTERT was co-infected with the CSII-EF-16E6E7 to
create iHAE A cells, and the CSII-CMV-cdk4R24C-PGK-
hTERT was co-infected with the CSII-EF-16E6E7 to create
iHAE B cells.

Construction of the destination vectors pDEST-CLXSN
and pDEST-CMSCVpuro and the expression vectors pCMSCV
puro-16E7 and pCLXSNhTERT were performed. The HPV16
E6E7 segment was cloned into the destination vectors. Briefly,
after cloning the segments of HPV16 E6E7 (16E6E7) and the
splice of donor site-mutant version of HPV16 E6 (16E6SD)
(Sudo et al., 2007) into pDONR201 (Invitrogen), these segments
were recombined into retroviral vectors by LR reaction (In-
vitrogen) to generate pCMSCVpuro-16E6E7. Construction of
the destination vector pDEST-CL-SI-MSCVpuro (designated as
pSI-CMSCVpuroDEST previously), for retroviral expression of
shRNA, pCL-SIMSCVpuro-p53-shRNA (designated as pSI-
CMSCVpuro-p53Ri previously), and the entry vector pENTR-
H1R-stuffer were as described previously (Terai et al., 2005). To
generate p16shRNA expression vectors pSI-CMSCVpuro-H1R-
p16shRNA1, 6 and 8, 5¢-AAC GCA CCG AAT AGT TAC G-3¢,
5¢-GGA CGA AGT TTG CAGGGG A-3¢, and 5¢-GCC CAA
CGC ACC GAA TAG TTA CGGTC-3¢ were chosen, respec-
tively, as the targeted sequences. Production of recombinant
retroviruses was as described earlier (Kiyono et al., 1998). In-
fected cells were selected in the presence of 0.5lg/mL puro-
mycin or 50–200 lg/mL G418. For combinations of retroviral
infections, cells were first transduced with p16INK4a shRNA,
and then with hTERT.

Immunofluorescence

Cells were harvested and fixed in - 20�C acetone for
10 min, and then air dried for subsequent immunocyto-
chemical reactions. After blocking with BLOCK ACE (Dai-
nippon Pharmaceutical, Osaka, Japan) for 30 min, cells were
incubated in the following primary antibodies diluted 1:200
in phosphate-buffered saline (PBS) containing 1% bovine
serum albumin (BSA) and Triton- · 100 for 24 h at 4�C: Oct
3/4 (rabbit, H-134), Nanog (goat, N17), Klf4 (rabbit, H-180),
Nestin (rabbit, H-85), c-Myc (mouse, Santa Cruz Biotech-
nology, CA, USA), Sox2 (mouse, R&D Systems, MN, USA),
vimentin (mouse, clone V9, Dako, Glostrup, Denmark), cy-
tokeratin 5 (CK5; mouse, AF 138, Covance, USA), cytokeratin
18 (CK18; mouse, Progen, Heidelberg, Germany), microtu-
bule-associated protein2 (MAP2; mouse, Abcam, Japan),
glial fibrillary acidic protein (GFAP; mouse, Progen Biotech.,
Heidenberg, Germany), b tubulin (Tuj1; mouse, R&D Sys-
tems, Inc., Japan), Nkx2.5 (goat, N-19, Santa Cruz),
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connexin43 (rabbit, Cell Signaling Technology, Boston, MA,
USA), myosin light chain-2v (MLC-2v; rabbit, Proteintech,
Chicago, IL, USA), a-myosin heavy chain (a-MHC; mouse,
clone 3-48, Abcam, Cambrige, UK), and cardiac troponin T
(cTnT; mouse, clone 1F11, Abcam).

Cells were incubated with biotinylated secondary anti-
body (Nichirei, Tokyo, Japan) for 1 h at room temperature,
followed by incubation with fluorescein isothiocyanate
(FITC) or R-phycoerythrin (RPE)-conjugated streptavidin
(DakoCytomation, Glostrup, Denmark) for 30 min at room
temperature. Nuclear staining was performed with Hoechst
33342 (Dojindo Laboratories, Kumamoto, Japan). All sam-
ples were visualized using fluorescent microscopy (Leica
DM/RBE, Wetzlar, Germany), and figures were analyzed with
a DP70 digital microscope camera (Olympus, Tokyo, Japan).

Flow cytometry analysis for cell-surface marker

Isolated fHAE cells, HAE p1 cells, and iHAE cells were
harvested and washed in 0.5% BSA/0.01 M PBS solution.
After 4% paraformaldehyde (PFA) fixation, cells were re-
suspended in 0.5% BSA/PBS solution and incubated for 1 h
at room temperature with the following FITC-conjugated
primary antibodies (Beckman Coulter, CA, USA): CD14,
CD29, CD34, CD44, CD49f, HLA-DR, CD105, CD271,
Nestin, phycoerythrin (PE)-conjugated CD24, CD45, CD133,
BCRP (ABCG2), SSEA-4, CD73 (BD Bioscience Pharmingen,
CA, USA), and PC 5-conjugated CD90 (Beckman Coulter).
Negative control was performed with mouse immunoglo-
bulin G (IgG) 1-isotyped antibodies conjugated to FITC, PE,
or PC5 (Beckman Coulter, France). Samples were analyzed
on a BD FACSCanto� II System (BD Biosciences). A total
of 3 · 104events were acquired in a histogram figure with

BD FACSDiva� Software (BD Biosciences). Data were
further analyzed with Cell Quest software (BD Biosciences)
and WinMDI software v. 2.9 (The Scripps Research In-
stitute).

Reverse transcription polymerase chain reaction

Total RNA was extracted from 5 · 106 of each of fHAE,
HAE p1, HAE p2, and iHAE cells using TRIzol RNA ex-
traction buffer (Nippon Gene, Tokyo, Japan). cDNA was
synthesized from 1 lg of total RNA using an Omniscript RT
Kit (QIAGEN, Tokyo, Japan). cDNA was subjected to the
polymerase chain reaction (PCR) using a Taq PCR Core Kit
(QIAGEN, Tokyo, Japan). DNase I digestion of RNA was
performed on purified RNA using a One-Step DNase I kit
(QIAGEN, Inc., CA, USA). PCR was performed on cDNA
under the specific conditions for following genes: OCT 3/4,
NANOG, KLF4, SOX2, PPARc2, alkaline phosphatase (ALP),
osteopontin (OPN), and G3PDH primer sequences. The op-
timal annealing temperatures and cycles were as described
in Table 1. For neuronal differentiation markers such as GFAP
and MAP2, the primer sequences and optimal annealing
temperatures and cycles were as described previously
(Habich et al., 2006) and the TUJ1 primer was designated as:
forward, 5¢-CTC AGG GGC CTT TGG ACA TC-3¢, reverse,
5¢-CAG GCA GTC GCA GTT TTC AC-3¢, 25 cycles of 95�C
for 30 sec, 60�C for 30 sec, 72�C for 30 sec. For the cardiac
differentiation markers a-MHC, GATA 4, cTNT, and NKX2.5,
the primer sequences and optimal annealing temperatures
and cycles were as described previously (Zhao et al., 2005).
After the reaction, PCR products were size-fractionated by
2% agarose gel electrophoresis and stained with ethidium
bromide. Digital images were captured by LAS-3000

Table 1. Primers and Conditions Used in RT-PCR Gene Expression

Gene Sequence (5’–3’) Cycles Product Size (bp) Anneal. Temp. �C

OCT 3/4
Sense GAA GCT GGA GAA GGA GAA GCT G 35 244 60
Antisense CAA GGG CCG CAG CTT ACA CAT GTT C

NANOG
Sense CAG AAG GCC TCA GCA CCT AC 35 216 56
Antisense CTG TTC CAG GCC TGA TTG TT

SOX2
Sense AGT CTC CAA GCG ACG AAA AA 35 410 56
Antisense GGA AAG TTG GGA TCG AAC AA

KLF4
Sense GTT TTG AGG AAG TGC TGA G 35 332 55
Antisense CAG TCA CAG TGG TAA GGT TT

PPARc2
Sense GCT GTT ATG GGT GAA ACT CTG 35 1161 58
Antisense TCG CAG GCT CTT TAG AAA CTC

ALP
Sense GAC ATC GCC TAC CAG CTC AT 35 307 58
Antisense TCA CGT TGT TCC TGT TCA GC

OPN
Sense GCG TAA ACC CTG ACC CAT C 35 643 58
Antisense TGC TCA TTG CTC TCA TCA TTG

G3PDH
Sense CAA GAA GGT GGT GAA GCA GG 35 411 57
Antisense ATG GTA CAT GAC AAG GTG CG
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(Fujifilm, Tokyo, Japan) and Multi-Gauge v3.0 software
(Fujifilm, Tokyo, Japan).

Sphere formation

fHAE, HAE p2, and iHAE cells were cultured at a density
of 4 · 105 cells per well in ultra-low-attachment dishes
(Costar, Corning Incorporated, NY, USA) in 24 wells for 2
weeks.

Differentiation-induction experiments

Adipogenic differentiation. Cells were seeded into 8-well
Lab-Tek chamber slides (Nalge Nunc International, USA) at
5 · 103 cells/cm2 in MSCGM� Mesenchymal Stem Cell
Growth Medium (Lonza, Walkersville, MD, USA). Cells
were exposed to Adipogenic Induction Medium (AIM,
Lonza, Walkersville, MD, USA) followed by 1–3 days of
culture in Adipogenic Maintenance Medium (AMM, Lonza)
for 3 weeks with the medium changed every third day.
Subsequently, cells were fixed with 4% PFA and stained with
Oil Red O (Nakarai Tesque, Kyoto, Japan), which was used
to visualize fat drops.

Osteogenic differentiation. Cells were seeded into 2-well
Lab-Tek chamber slides (Nalge Nunc International, USA) at
5 · 103 cells/cm2 in the cultured medium, and then treated
by the Differentiation BulletKit-Osteogenic (Lonza) followed
by 1–3 days of culture in Osteogenic Maintenance Medium
(Lonza) for 2–3 weeks with the medium changed every third
day. To identify osteogenic differentiation, cells were fixed
with 70% ethanol, and stained by Alizarin Red S (Fisher
Scientific, Pittsburg, PA). Alkaline phosphatase activity was
observed by using the Vector Red Alkaline Phosphatase
Substrate Kit I (Vector Labs, Burlingame, CA) as described
previously (Egusa et al., 2007; Stadler et al., 2008).

Neuronal differentiation. Cells were seeded into 12-
multiwell dishes (Nalge Nunc International, USA) at 5 · 103

cells/cm2 in NeuroCult� NS-A Basal Medium (Human)
(StemCell, Technologies, Inc., Vancouver, BC, CA) contain-
ing NeuroCult� NS-A Proliferation Supplements (StemCell,
Technologies, Inc.) and 20 ng/mL recombinant human epi-
thelial growth factor (EGF). Twelve-well dishes were coated
by Poly-L-Ornithine (BD BioCoat�, BD Biosciences, Cana-
da). Cells were maintained in neuronal induction medium
for 3 weeks with the medium changed every third day. Cells
were fixed with 4% PFA and stained with MAP2, GFAP,
Tuj1, and Nestin antibodies.

Cardiac differentiation. DMEM containing 20% FBS was
used as a differentiation medium. Cells were seeded at a
density of 1 · 103 cells/cm2 in the differentiation medium. On
the next day, 10 lM 5-azacytidine (5-aza) (Sigma-Aldrich)
was added for 24 h, and the differentiation medium was
changed two or three times a week for 4 weeks.

Results

Establishment of iHAE cells with an extended life span

To extend the life span of HAE cells, two different types of
cells were established by introducing combinations of E6E7
and/or hTERT using a retrovirus infection. HAE cells were

FIG. 1. Establishment of immortalized HAE cells. (A) PDL
of two introduced HAE cell lines with combination of genes
E6/E7 and hTERT. iHAE A (red), iHAE B (blue). (B) Phase-
contrast image of the two introduced HAE cells. (Upper left)
iHAE A; (upper right) iHAE B; (lower left) fresh isolated HAE;
(lower right) fresh isolated HAM cells. Scale bar, 100 lm). (C)
Expression of epithelial cell–specific markers Cytokeratin
(CK) 5 (green) and CK18 (red) in the two introduced HAE
cells. Scale bar, 200 lm.

58 ZHOU ET AL.



isolated from amniotic tissue propagated in vitro until they
reached replicative senescence. HAE cells were co-infected
with CSII-EF-16E6/E7 and CSII-CMV-hTERT to create iHAE
A cells. iHAE B cells were created with CSII-EF-16E6/E7 and
CSII-CMV-cdk4R24C-PGK-hTERT. After introduction of the
genes, both HAE cell types were immortalized and ex-
panded to at least PDL60 with no signs of growth retardation
(Fig. 1A). The two introduced HAE cells were cuboidal-
shaped, with epithelial cell-like morphology (Fig. 1B). CK5
and CK18 (cytokeratins), specific markers for epithelial cells,
were both expressed in these introduced HAE cells (Fig. 1C).
HAE B cells were expandable up to at least 70 PDLs by
passage over 50 generations, whereas HAE A cells showed
the same growth rate as HAE B cells (Fig. 1A). However in
our study, the life span of HAE cells introduced with hTERT
alone did not extended beyond 10 passages (data not
shown). The doubling times of each iHAE cell population
were observed.

Analysis of pluripotency of iHAE cells

To investigate the stemness of iHAE cells, RT-PCR, sphere
formation assay, and immunocytochemical analysis were
performed with cells at passages 35–40. RT-PCR results
showed stem cell–specific gene expression, such as OCT 3/4,
NANOG, SOX2, and KLF4 in fHAE, HAE p1, HAE p2, and
iHAE cells (Fig. 2A). The expression of OCT 3/4 and NANOG
genes in iHAE A cells was greater than that in fHAE cells.
Other stem cell–specific genes, SOX2 and KLF4, in iHAE A
cells showed similar expression to fHAE cells. As in iHAE A
cells, iHAE B cells also expressed these stem cell marker
genes while SOX2 expression was greater than that in iHAE
A cells. When both iHAE cells were cultured in a 24-well
ultra-low-attachment dishes, they made spheroids of 1 · 104

cells/well (Fig. 2B). Numerous spheres of various sizes were
observed after 3 or 4 days of floating culture.

The reactions against stem cell–specific markers Oct 3/4,
Sox2, and Klf4 were stronger in iHAE cells. There were
scattered positive cells that were stained with anti-Oct 3/4
antibody in the cytoplasm rather than the nucleus and a few
cells were positive in the nuclei of fresh HAE and HAE
passage 1, whereas all nuclei reacted strongly in iHAE cells.
The staining patterns of Klf4 and Sox2 were the same as that
of Oct 3/4. Nanog was weakly observed in the perinuclear
area (Fig. 3).

Surface markers analysis of iHAE cells

Surface marker expression of iHAE A and iHAE B was
evaluated by flow cytometric analysis. To investigate more
characteristics of iHAE cells, hematopoietic (CD14, CD34,
CD45, and HLA-DR), mesenchymal (CD44, CD73, CD90,
and CD105) and somatic (CD24, CD29, CD49f, CD133,
CD271, BCRP, SSEA4, and Nestin) stem cell markers were
used, because there are no common markers for epithelial
stem cells. The results are summarized in Table 2. Compared
to fresh HAE cells, both iHAE cells had higher expression of
CD105, CD73, and CD90, whereas Nestin was expressed
similarly to fresh HAE cells (Fig. 4). The expression of MSC
markers (CD44, CD73, CD90, and CD105) and some somatic
stem cell markers (CD24, CD29, CD271, and Nestin) in both
iHAE cells was increased compared to fresh isolated HAE
cells, even after prolonged in vitro propagation (Table 2).
Interestingly, both immortalized HAE cells expressed mes-
enchymal markers CD44 and CD90, whereas fHAE did not
express these at all. The somatic (CD24, CD29, and CD271)
stem cell markers showed greater expression in iHAE cells
than in fHAE and HAE p1 cells, whereas CD 49f marker was
expressed lower in iHAE cells. CD133 and BCRP were ex-
pressed at very low levels in iHAE cells. The expression of
another stemness marker, SSEA-4, which was positive in
about 56.1 – 11% of fHAE cells, disappeared in both iHAE
cells (Table 2).

Adipogenic, osteogenic, neural, and cardiac
differentiation

The multipotency of iHAE cells was assessed by induction
using differentiation media, and the results were evaluated by
cytochemical staining and RT-PCR assays. Adipogenic dif-
ferentiation of iHAE cells was estimated by Oil Red O stain-
ing. Various sizes of lipids droplets were observed in both

FIG. 2. Stem cell marker genes expression and sphere for-
mation. (RT-PCR and sphere formation). (A) RT-PCR of stem
cell marker genes OCT 3/4, NANOG, SOX2, and KLF4. Lane
1, freshly isolated HAE cells (fHAE cells); lane 2, HAE cells
cultured at passage 1 (HAE cells p1); lane 3, HAE cells cul-
tured at passage 2 (HAE cells p2); lane 4, iHAE A; lane 5,
iHAE B; lane 6, negative control. G3PDH mRNA was used as
an internal control. (B) iHAE cells made spheroid bodies
after they were cultured on ultra-low- attachment dishes for
3 days. Scale bar, 100 lm.
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FIG. 3. Expression of stem cell markers Oct 3/4 (red), Nanog (green), Sox2 (red), and Klf4 (green). First row, fHAE cells;
second row, HAE p1; third row, iHAE A cells and fourth row, iHAE B cells. All the images are merged with nuclear staining
of Hoechst 33342 (blue). Scale bar, 200 lm.

Table 2. Surface Markers Expression (Mesenchymal Stem Cell Markers, Hematopoietic

Stem Cell Markers and Somatic Stem Cell Markers) by Flow Cytometry Analysis

Marker Fresh HAE HAE Passage 1 iHAE A iHAE B

Mesenchymal stem cell markers
CD105 0.1 – 0 4.5 – 4.25 46.6 – 0.55 42.8 – 0.11
CD90 0.0 – 0 19.1 – 0.02 4.1 – 0.51 1.7 – 0.02
CD73 69.2 – 2.4 48.4 – 1.7 95.5 – 0.07 55.6 – 0.42
CD44 0.17 – 0.0 3.4 – 2.1 58.9 – 0.16 21.7 – 0.09

Haematopoietic stem cell markers
CD34 0.0 – 0 0.13 – 0.22 0.6 – 0.0 0.13 – 0.0
CD45 0.0 – 0 0.1 – 0.0 0.23 – 0.0 0.1 – 0.0
HLA-DR 0.1 – 0.0 0.03 – 0.0 0.03 – 0.0 1.97 – 0.01
CD14 0.0 – 0 0.0 – 0 0.0 – 0 0.1 – 0.0

Somatic stem cell markers
CD24 5.5 – 6.31 58.2 – 3.94 100 – 0.0 92.7 – 0.07
CD29 92.0 – 7.05 83.0 – 1.59 100 – 0.0 98.7 – 0.23
CD49f 91.4 – 0.14 90.0 – 5.63 67 – 0.1 25.4 – 0.06
CD133 3.1 – 5.13 0.13 – 0.0 0.3 – 0.0 0.33 – 0.0
CD271 55.2 – 10.79 51.9 – 1.67 70.8 – 0.03 60.1 – 0.01
BCRP 0.1 – 0.1 0.07 – 0.0 0.0 – 0 0.0 – 0
SSEA-4 56.1 – 10.91 33 – 2.07 0.0 – 0 0.0 – 0
Nestin 54.6 – 10.41 43.6 – 1.45 67.1 – 0.01 57.03 – 0.02

Data represent average – standard deviation (SD), n = 3.
HAE, human amniotic epithelial cells; iHAE, immortalized human amniotic epithelial cells.
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iHAE cytoplasm with a cell cluster-like appearance after 3
weeks’ induction. However, noninduced cells also showed
small lipids droplets in the cytoplasm (Fig. 5A). RT-PCR
analysis indicated that PPARc2 mRNA, the adipogenic dif-
ferentiation marker, was highly expressed in the induced cells
compared to the cells without induction (Fig. 5B).

Osteogenic differentiation of iHAE cells was detected by
staining with Alizarin Red S (Fig. 6A) after 3 weeks of induc-
tion. Both iHAE cells showed the presence of mineralization of
osteocytes (Alizarin Red–positive cells) with a cluster-like ap-
pearance after induction. iHAE B especially was remarkably
positively stained. Expression of osteogenic-specific genes ALP
and OPN were detected in all cells after differentiation stimu-
lation. Especially, expression of the iHAE B cell line demon-
strated OPN mRNA, even without induction (Fig. 6B).

Neuronal differentiation potency was revealed by staining
with neuronal-specific markers such as MAP2, GFAP, Tuj1,
and Nestin. After induction, MAP2- and Tuj1-positive
staining were clearly seen in the cytoplasm with the ap-
pearance of microtubules, which are essential for neurogen-
esis. GFAP was also stained in the cytoplasm with less
positive cell numbers than MAP2 or Tuj1. Nestin, as a neural

stem cell marker, was weakly stained compared with the
other three markers after induction (Fig. 7B). The expression
of GFAP, MAP2, TUJ1, and choline acetyltransferase (CHAT)
were detected in both iHAE cells by RT-PCR analysis after
differentiation stimulation (Fig. 7C). These findings were
consistent with the immunofluorescence results.

After 4 weeks of cardiac induction, iHAE cells expressed
Nkx2.5 protein in nuclei. The expression of connexin 43 was
detected in cytoplasm. This protein is present in the gap
junction between adjacent cells and makes the possible
transmission of the action potential during cardiogenesis. The
majority of both iHAE cells were stained with cardiac a-MHC
and cTnT in cytoplasm after cardiac induction, whereas car-
diac MLC-2v was stained in the perinuclear area (Fig. 8A). As
for changes in mRNA, the intensities of these cardiac-specific
contracting proteins in the induced iHAE cells were changed
more than in the cells without induction (Fig. 8B).

Discussion

In this study, we found that combinations of hTERT with
HPV16E6/E7 genes extended the life span of HAE cells,

FIG. 4. Flow cytometric analysis of MSC markers CD105, CD73, CD90, and neural stem cell marker Nestin. First row,
freshly isolated HAE cells (fHAE cells); second row, HAE cells cultured at passage 1 (HAE cells p1); third row, iHAE A;
fourth row, iHAE B.
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which was difficult with in vitro culture. This result sug-
gested that these immortalized cell lines were successfully
established by downregulation of p16INK4a and p53 ex-
pression and activation of telomerase (Kiyono et al., 1998;
Takeda et al., 2004), although normal somatic cell popula-
tions proliferated no more than 50 PDs (Miki et al., 2005;
Miki et al., 2010; Sudo et al., 2007). It has been reported that
the extension of the life span of human umbilical cord blood-
derived mesenchymal stem cells (UCBMSCs) with trans-
fecting hTERT alone did not require inhibition of the
p16INK4a/Rb pathway (Terai et al., 2005). This indicates
that telomerase activity was not sufficient to immortalize
HAE cells, which agrees with inhibition of the p16INK4a/Rb
pathway being necessary to immortalize human placenta-
derived mesenchymal cells (hPDMCs) (Kiyono et al., 1998;
Zhang et al., 2006).

When iHAE cells were transplanted into the testis, liver,
and muscle of nude mice at a concentration of 1 · 106 cells/
part, no tumors were seen during the monitoring period of
more than 6 months. Even when iHAM cells were trans-
fected with the same oncogenes, carcinogenic effects are not
induced in those cells (data not shown).

Surface marker expression of HAE cells was affected by
the exogenously expressed E6/E7 and/or hTERT genes.
When iHAE cells were compared to freshly isolated HAE
cells and cultured HAE cells at p1 or p2, they displayed

higher proportions of positivity for CD73, CD105, CD44,
CD24, CD29, and CD271 than fHAE and cultured p1 or p2
HAE cells. However, our results suggested that the pro-
portion of MSC markers increased gradually from primary
culture, as continuous cultures were performed. Surface
markers thought to be absent on HAE cells, including CD
90 (Thy-1), showed positive populations in the iHAE cells.
Recently, it was reported that upon cultivation in EGM-2 a
subpopulation of CD90-negative human bone marrow
MSCs evolved after prolonged culture, probably due to
angiogenic growth factors in the medium (Sudo et al.,
2007).

In addition to surface markers, iHAE cells expressed mo-
lecular markers of pluripotent stem cells, including Oct 3/4,
Nanog, Sox2, and Klf4, indicating that HAE cells with an
extended life span after long-term culture still maintained
‘‘stemness’’ characteristics (Izumi et al., 2009; Simat et al.,
2008). iHAE cells expressed stem cell–specific genes such as
OCT 3/4, NANOG, SOX2, and KLF4. But compared to cul-
tured p1 and/or p2 HAE cells, OCT 3/4, and SOX2 expres-
sion in iHAE cells were more like those in fHAE cells
(Fig. 2A).

In contrast, with adipogenic and osteogenic differentia-
tion, iHAE B cells highly expressed mRNA of PPARc2 and
OPN, even in the noninduced cells, but noninduced iHAE
A did not express these two markers. Although iHAE A

FIG. 5. Adipogenic differentiation of the two iHAE cell
lines. (A) Oil Red O staining of iHAE A and B cells with or
without adipogenic induction. (Upper left) iHAE A cells
without induction; (upper right) iHAE A cells with induction;
(lower left) iHAE B cells without induction; (lower right) iHAE
B cells with induction. Scale bar, 100 lm. (B) RT-PCR of
PPARc2 mRNA (an adipogenic differentiation marker) from
iHAE A and iHAE B cells with (+) or without (-) adipogenic
differentiation.

FIG. 6. Osteogenic differentiation of the two iHAE cell
lines. (A) Alizarin Red S staining of iHAE A and B cells with
or without osteogenic induction. (Upper left) iHAE A cells
without induction; (upper right) iHAE A cells with induction;
(lower left) iHAE B cells without induction; (lower right) iHAE
B cells with induction. Scale bar, 200 lm. (B) RT-PCR of os-
teogenic specific genes (ALP and OPN) from iHAE A and
iHAE B cells with (+) or without (-) osteogenic differentiation.
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FIG. 7. Neuronal differentiation of the two iHAE cell lines. (A) Phase-contrast image of iHAE cells with (+) or without (-)
neuronal induction. Scale bar, 100 lm. (B) Immunocytochemistry of neuronal specific markers MAP2 (green), GFAP (red),
Tuj1 (green), and Nestin (red) with or without induction of neuronal differentiation. All the images are merged with nuclear
staining of Hoechst 33342 (blue). Scale bar, 100 lm. (C) RT-PCR of neuronal-specific genes (MAP2, GFAP, TUJ, and CHAT)
from iHAE A and iHAE B cells with (+) or without (-) induction of neuronal differentiation.
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FIG. 8. Cardiac differentiation of the two iHAE cell lines. (A) Immunocytochemistry of cardiac specific markers Nkx 2.5
(green), Connexin 43 (red), MHC (red), MLC 2v (green), and c TnT (red) with or without induction of cardiac differentiation.
All of the images are merged with nuclear staining of Hoechst 33342 (blue). Scale bar, 200 lm. (B) RT-PCR of cardiac specific
genes (a-MHC, GATA 4, cTNT, and NKX 2.5) from iHAE A and iHAE B cells with (+) or without (-) induction of cardiac
differentiation. Human heart cells were used as a positive control (last lane).
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and iHAE B were introduced with the same genes, such as
E6E7 and hTERT, their differentiation potentials were dif-
ferent. Here, cdk4R24C might play an important role. We
also found that iHAE B cell can make a cluster-like struc-
ture during differentiation induction; this looks like a cell
colony or aggregation, and seems to have much more dif-
ferentiation potency than other two-dimensionally cultured
cells. These findings are consistent with the report of Par-
olini et al. that the surface marker expression of hCMSC
was unaffected by the exogenously expressed Bmi-1, E6, E7,
and/or hTERT genes (Parolini et al., 2008). It will be nec-
essary to investigate in detail the relationships between the
expression of stem cell markers and differentiation ability
with immortalization. The iHAE cells can differentiate into
many mesodermal lineage-like tissues such as adipose,
bone, and neural cells. After induction by 5-aza, iHAE cells
expressed some cardiac-specific genes such as NKX 2.5,
CONNEXIN 43, GATA 4, cardiac a-MHC, MLC-2v, and c
TNT, suggesting that iHAE cells also have the ability to
differentiate into cardiomyocyte-like cells.

We also examined the differentiation of iHAE cells to
another endodermal tissue, the pancreas, as previously re-
ported. Wei et al. cultured HAE cells for 2–4 weeks in the
presence of nicotinamide to induce pancreatic differentiation
(Wei et al., 2003). Subsequent transplantation of the insulin-
expressing HAE cells corrected the hyperglycemia of strep-
tozotocin (STZ)-induced diabetic mice. In the same setting,
HAM cells were ineffective, suggesting that HAE, but not
HAM cells, were capable of acquiring a b-cell fate (Bailo
et al., 2004; Szukiewicz et al., 2010a; Szukiewicz et al., 2010b).
In our study, iHAE cells could spontaneously express some
pancreatic-related genes, such as PC1 and PC2 (data not
shown), and thus it is possible that iHAE cells could also
differentiate into insulin-producing cells, a lineage of endo-
dermal cells.

The recent notion of epithelial-to-mesenchymal transition
(EMT) is related to embryonic development and metastasis.
Several groups have demonstrated that human pancreatic
insulin-producing cells proliferate and undergo EMT in vitro
(Cole et al., 2009; Joglekar et al., 2009; Russ et al., 2008; Russ
et al., 2009). Another recent report suggested that adult hu-
man islets contain a minor fraction of CD90/CD105 double-
immunopositive, mesenchymal cells (Carlotti et al., 2010).
This concept was also supported by a similar study dem-
onstrating the presence of CD105 + /CD73 + /CD90 + MSCs in
freshly isolated islets (Davani et al., 2007). In our iHAE cells,
we also found CD105/CD73/CD90-positive expression,
suggesting that EMT occurred in these cells. Although in vivo
proliferation involves a mesenchymal intermediate, this re-
mains unclear (Cole et al., 2009). We think that the coming
years may realize the possible potential of our iHAE cells for
replacement therapy.

In conclusion, the immortalized HAE lines established in
this study can be seen as a first step to a proof of principle for
their applicability in cell-based therapy approaches. Specifi-
cally, their differentiation potential and immunosuppressive
effects are of major importance. By introducing genes such as
HPV16 E6/E7 and hTERT, we established two HAE cell
lines. The immortalized HAE cells retained characteristics of
the parental cells with regard to morphology and showed
similar or even improved differentiation potential. Collec-
tively, the unique properties of HAE cells, in combination

with immortalization by E6E7 and/or hTERT, resulted in an
efficient new cell source. These cells may be useful for cell
therapy and regenerative medicine research.
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