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Generation of induced pluripotent stem (iPS) cells from somatic cells has been successfully
achieved by ectopic expression of four transcription factors, Oct4, Sox2, Klf4 and c-Myc, also
known as the Yamanaka factors. In practice, initial iPS colonies are picked based on their

embryonic stem (ES) cell-like morphology, but often may go on to fail subsequent assays, such as
the alkaline phosphate (AP) assay. In this study, we co-expressed through lenti-viral delivery the
Yamanaka factors in amniotic fluid-derived (AF) cells. ES-like colonies were picked onto a
traditional feeder layer and a high percentage AF-iPS with partial to no AP activity was found.
Interestingly, we obtained an overwhelming majority of fully stained AP positive (AP+) AF-iPS
colonies when colonies were first seeded on a feeder-free culture system, and then transferred to a
feeder layer for expansion. Furthermore, colonies with no AP activity were not detected. This
screening step decreased the variation seen between morphology and AP assay. We observed the
AF-iPS colonies grown on the feeder layer with 28% AP+ colonies, 45% AP partially positive (AP+/−)
colonies and27%APnegative (AP−) colonies,while colonies screenedby the feeder-free systemwere
84% AP+ colonies, 16% AP+/− colonies and no AP− colonies. The feeder-free screened AP+ AF-iPS

colonieswerealsopositive forpluripotentmarkers,OCT4, SOX2,NANOG, TRA-1-60, TRA-1-81, SSEA-3
and SSEA-4 as well as having differentiation abilities into three germ layers in vitro and in vivo. In this
study, we report a simplistic, one-step method for selection of AP+ AF-iPS cells via feeder-free
screening.

© 2011 Elsevier Inc. All rights reserved.
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Introduction
Generation of human induced pluripotent stem (iPS) cells from
somatic cells has been successfully achieved by ectopic expression
of two combinations of specific transcription factors, Oct4, Sox2,
Klf4 and c-Myc or Oct4, Sox2, Nanog and Lin28 [1,2]. By
transduction of these factors into cells, it is possible to reprogram
the differentiated cells into an embryonic stem (ES) cell-like
pluripotent state and can differentiate into all major cell types
represented by the three embryonic germ layers. More impor-
tantly, this biological breakthrough has the potential to create not
only new human disease models [3–5], but also allow for patient-
specific therapies devoid of immune rejection and ethical
concerns. There are many established methods to improve the
generation of iPS cells, including transient transduction by
plasmids [6], non-integrating adenoviral vector [7], three or less
transcription factors combined with small molecules [8,9],
polycistronic cassette containing all four factors [10,11], a piggyBac
transposition system [12,13], direct delivery of reprogramming
proteins [14] and synthetic modified mRNA [15]. In addition,
different cell types have been reported to reprogram more readily
than fibroblasts, such as neural progenitor cells [16,17], keratino-
cytes [18], melanocytes [19], adipose stem cells [20]and amniotic
fluid-derived (AF) cells [21,22]. Of the cell types that have been
reprogrammed, AF cells pose more of an interest due to their
earlier developmental stage and clonogenicity [23,24]. Zhou et al.
(2009) and Galende et al. (2010) both claimed high efficiency and
rapid reprogramming to produce iPS cells from human AF cells
[21,22].

However, studies on iPS cells have a common, recurrent
predicament in which cells that are reprogrammed exist in varied
states of reprogramming quality. Fully reprogrammed iPS cells
have a set of stringent assays based on similarities to ES cells
consisting of global and specific ES gene promoter methylation
status (demethylated Oct4, Nanog), ES-like genome wide expres-
sion profile, viral silencing, germ layer differentiation, teratoma
formation and the recently uncovered epigenetic status [25,26].
Yet, with the ongoing advancements in ES research, concisely
defining a fully reprogrammed iPS cell has becomemore andmore
difficult, where previously set standards may no longer suffice. But
regardless of the increasing requirements that a true iPS cell has to
meet, there are preliminary rounds of assays that can discriminate
the good from the bad. In practice, one of the first assays
performed in assessing the quality of the iPS colonies is the
alkaline phosphatase (AP) activity stain. Normally, iPS colonies
will exhibit AP staining ranging from “negative (−)”, “partially
stained (+/−)” to “positive stained (+)”. AP− iPS cells tend to
have similar ES-like morphology but lack some of the pluripotent
markers such as SSEA4 and TRA-1-60 [20]. AP+ iPS cells have the
potential to be bona fide pluripotent cells with full ES cell markers
and differentiation potentials. With the amount of iPS colonies
generated, only a portion will yield colonies that are potentially
fully reprogrammed or nearly ES-like, but the methods for
isolating these colonies tend to be labor intensive and time
consuming. In our study, we have also observed the heterogeneous
mixture of AP+, AP+/−, and AP− iPS colonies derived from AF
cells by lentiviral delivery of the Yamanaka factors. Ten days post-
transduction, colonies with ES-like morphology were picked for
further growth and screening on a feeder-free system. We found
that over 80% iPS colonies screened with the feeder-free system
were AP+ versus 28% on directly seeded on the feeder layer
system. Also, AP− colonies were not found in the group screened
with feeder-free culture. The feeder-free AP+ colonies were
further characterized and positive for their pluripotent markers
and differentiation abilities in vitro and in vivo. The AP+ iPS
colonies positive for standard ES assays obtained in this study
suggest feeder-free screening can serve as a novel, yet simplistic
selection method for AP+ iPS colonies that may more likely yield
fully reprogrammed iPS cells.
Materials and methods

Cell culture of amniotic fluid-derived cells

AF samples were obtained with informed patient consents and the
protocols of this study were approved under the Institutional
Review Board (IRB) of Cathay General Hospital, Taipei, Taiwan. The
AF cells were isolated from second-trimester amniocentesis
according to our previous report [27]. AF cells were cultured and
passaged routinely at 80−90% confluence with alpha-modified
minimum essential medium (α-MEM, Hyclone, Logan, UT)
containing 20% fetal bovine serum (FBS, Hyclone), 4 ng/mL basic
fibroblast growth factor (bFGF, Peprotech, London, UK), 50 U/mL
penicillin and 50 μg/mL streptomycin (Sigma, St. Louis, MO) at
37 °C and 5% CO2 in a humidified incubator. AF cells at passage 4–6
were used for the generation of induced pluripotent stem cells.

Generation and selection of AF-iPS cell

Pre-prepared lentivirus packaged with Yamanaka factors (Oct4,
Sox2, Klf4, and c-Myc) was purchased from Vectorite Biomedica
Inc. (VBI, Tapei, Taiwan). The virus titer used for transduction was
1×109 with multiplicity of infection (MOI) of 20. For viral
transduction, 1×105 AF cells were seeded on each well of 12-
well culture plates. The viral mixture was then added into the
culture medium with 2 μg/mL polybrene (Sigma) and incubated
for two days. On day 2, the cells were split on 100 mm tissue
culture dishes coated with irradiated mouse embryonic fibroblasts
(MEF, provided by Bioresource Collection and Research Center,
Hsinchu, Taiwan) as feeder layer (1×106 cells/ dish). Next day, the
culture medium was changed to human ES cell culture medium
composed of Dulbecco'sModified EagleMedium: NutrientMixture
F-12 (DMEM/F12, Invitrogen, Carlsbad, CA) medium supplemen-
ted with 20% KnockOut serum replacement (KOSR, Invitrogen),
0.1 mM nonessential amino acids (NEAA, Invitrogen), 1 mM
GlutaMax-1 (Invitrogen), 0.1 mM 2-mercaptoethanol (Invitro-
gen), 10 ng/mL bFGF, 50 U/mL penicillin, and 50 μg/mL strepto-
mycin. On day 10 post-transduction, singular ES-like colonies were
picked based on morphology and cultured either on irradiated
MEF feeder layer with ES culture medium (Group 1: Feeder
System) or on Matrigel™ (BD Bioscience, Bedford, MA)-coated
surface with mTeSR™1 (StemCell Technologies,Vancouver, Cana-
da) medium (Group 2: feeder-free system). To assess the
reprogrammed cells in Group 2, we designed a grading system
with grades 0 to 3, according to the morphology of colonies. Grade
0 colonies were loosely attached with no ES-like morphology.
Grade 1 colonies were attached with signs of regional and/or
peripheral differentiation. Grade 2 colonies were ES-like but in a
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loosely clumped state. Grade 3 colonies were ES-like with a visible,
distinct periphery. On day 17, AF-iPS with ES-like morphology
comprising of all the colonies in Group 1 and grade 2 and 3
colonies in Group 2 were reseeded on an irradiated MEF feeder
layer for expansion and further characterization. The workflow
chart is shown in Fig. 1.

Alkaline phosphatase and immunofluorescence staining

For detecting AP activity, the AP detection kit was obtained from
Millipore (Millipore, Billerica, MA) and performed following the
manufacturer's instruction. For immunofluorescence staining, cells
were fixed with 4% paraformaldehyde (Sigma), permeabilized
with 0.05% Triton X-100 (Sigma) if necessary and blocked with
10% donkey serum. For the identification of ES markers in AF-iPS
colonies, colonies were stained with primary antibodies against
SOX2 (1:200, Millipore), NANOG (1:500, Abcam, Cambridge, MA),
SSEA4 (1:100, Abcam), SSEA3 (1:100, Abcam), TRA-1-60 (1:200,
Abcam), TRA-1-81 (1:200, Abcam), and OCT4 (1:400, Abcam). For
the detection of lineage markers in differentiated AF-iPS cells in
vitro, cells were stained with primary antibodies againstα-smooth
muscle actin (1:100, Abcam), α-fetoprotein (1:500, Sigma),
albumin (1:200, Abcam), nestin (1:100, R&D Systems, Minneap-
olis, MN), troponin T-C (1:100, Santa Cruz Biotechnology, Santa
Cruz., CA), β3-tubulin(1:400, Sigma) followed by staining with
secondary AlexaFluor-conjugated antibodies (Invitrogen) and
observed under fluorescent inverted microscope (Axio Observer,
Zeiss, Germany).

Karyotype analysis

Karyotype analysis of AF-iPS cells was performed at passage 8 at
the laboratory of Prenatal Diagnosis, Cathay General Hospital,
Taipei, Taiwan using standard protocols for G-banding of chromo-
somes. The karyotype description followed the International
System for Human Cytogenetic Nomenclature (ISCN:2009, Karger
Ag, Basel, http://atlasgeneticsoncology.org/ISCN09/ISCN09.html).

RT-PCR

Total RNA of each sample was extracted using TRIzol reagent
(Invitrogen) and performed reverse transcription using the
RevertAid™ H Minus First Strand cDNA Synthesis Kit (Fermentas,
•AF cell Virus Transduction

•Seeded on feeder layer

•iPS colonies 
Group 1:  Fee
Group 2:  Fee

D0                 D2                         D

Fig. 1 – Schematic representation of generation and selection of iPS
seeded onto two groups: Group 1, feeder system; Group 2, feeder-fr
from both groups were plated on a feeder layer for further AP stai
Glen Burnie, MD). Specific cDNA was amplified by PCR using
DreamTaq PCR Master Mix (Fermentas) and then, analyzed by gel
electrophoresis. The primers and conditions used were reported
previously [1,28].

In vitro differentiation

For the generation of embryoid bodies (EB), AF-iPS cells were
treated with 200 U/mL collagenase IV (Biochrom, Cambridge, UK)
in DMEM/F12 basal medium and suspended in ultra-low attach-
ment 6-well microplates (Corning, Lowell. MA) with DMEM/F12
supplemented with 20% KOSR, 0.1 mM NEAA, 1 mM GlutaMax-1,
0.1 mM 2-mercaptoethanol, 50 U/mL penicillin, and 50 μg/mL
streptomycin for 7 days. EBs were then transferred onto Matri-
gel-coated plates and cultured for another 10 days. The spontane-
ous differentiating AF-iPS cells were detected for ectodermal
(nestin and β3-tubulin), mesodermal (troponin T-C andα-smooth
muscle actin), and endodermal (α-fetoprotein and albumin)
markers by immunofluorescence staining as mentioned above.

In vivo differentiation

The animal study conducted conformed to the Animal Protection
Law (2010.01.10 Amended) published by the Council of Agricul-
ture, Taiwan and approved by the Animal Care and Use Committee
of Food Industry Research and Development Institute, Hsinchu,
Taiwan. For teratoma formation (n=3), 2×106 AF-iPS cells were
injected intramuscularly into the NOD-SCIDmice (Biolasco, Taipei,
Taiwan). Seven to eight weeks post-injection, teratomas were
harvested and fixed with 10% formaldehyde (Sigma). Tissue
sections were embedded in paraffin and stained with hematoxylin
and eosin. The histopathological analysis was performed by Taipei
Institute of Pathology (Taipei, Taiwan).
Results

Generation of AF-iPS cells

AF cells were transducted with lentiviral mixture which included
OCT4, SOX2, KLF4 and cMYC genes separately at the ratio of 1:1:1:1.
Two days post-infection, the AF cells were split onto feeder layer
plates. We observed ES-like morphology colonies appearing on
picked and seeded onto:
der System
der-free System

10                  D17     D23
ss ss

•AP staining of
Group 1 and 2

•iPS cells of Group 1 and Group 2
seeded on new feeder layer

cells from AF cells. On day 10, initial iPS cells were picked and
ee system, Matrigel coated surface. On day 17, selected iPS cells
ning.

http://atlasgeneticsoncology.org/ISCN09/ISCN09.html
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day 7 (efficiency: 0.1–0.5%) followed by manually picking of select
colonies (Fig. 3A) for further growth and characterization on day
10 post-transduction. These selected colonies were seeded on
either a feeder layer system with ES medium (Group 1) or on a
feeder-free system, with a surface Matrigel-coated with mTeSR-1
medium (Group 2). All of the seeded cells on Group 1 grew and
maintained similar morphology to an ES colony, while the colonies
seeded on Group 2 grew with morphological differences (Fig. 2).
Grade 0 and 1 colonies were disqualified for further characteriza-
tion. The reprogrammed cells of Group 1 and grades 2 and 3 of
Group 2 were reseeded onto a new feeder layer for expansion and
AP activity staining (Figs. 3B and C).

Selection of fully stained AP+ AF-iPS

To quickly identify the quality of AF-iPS colonies, AP activity
staining was performed for the reprogrammed cells from Group 1
and grades 2 and 3 of Group 2. Colonies stained for AP were
classified into three groups: “AP+” colonies were AF-iPS colonies
exhibiting strong and homogeneous AP activity, one of the main
characteristics of pluripotency. “AP+/−” colonies were partially
stained colonies exhibiting partial, heterogeneous AP activity.
“AP−” colonies were colonies that exhibited very little to no AP
activity (Fig. 3D). Tallying the results from the AP assessment
resulted in 80–88% of “AP+” AF-iPS colonies from the feeder-free
system versus 25–31% from the feeder system (Table 1). No “AP−”

AF-iPS colonies were found from the feeder-free system. Compar-
atively, roughly two thirds of the ES-like reprogrammed colonies
from Group 1 showed “AP+/−” to “AP−” staining.

CharacterizationofAF-iPS cells selected fromfeeder-free system

After selection by the feeder-free system as grade 3 colonies, AP+
AF-iPS colonies were maintained in the traditional feeder system
and further characterized for their expression of human ES cell
markers by immunofluorescence staining analysis, including
OCT4, SOX2, NANOG, SSEA-3, SSEA-4, TRA-1-60 and TRA-1-81.
The results showed that the AP+ AF-iPS colonies from the feeder-
free system were consistent with human ES characteristics (a
typical example as shown in Fig. 4A). Gene expressions of OCT4,
SOX2 and NANOG of three AF-iPS lines from different donors
were also confirmed by RT-PCR analysis (Fig. 4B). The AF-iPS cells
maintained normal chromosomal karyotypes at passage 8 after
selection (a typical example as shown in Fig. 4C).
Grade 3 Grade 2

Grade 0    Loosely attached cells with no ES-like mo
Grade 1    Attached cell colony with signs of regiona
Grade 2    ES-like colony in a loosely clumped state
Grade 3    ES-like colony with distinct periphery

Fig. 2 – Grading system for AF-iPS on feeder free system. Grade sc
Matrigel coated surface.
In vitro and in vivo differentiation of AF-iPS cells

To determine the pluripotency of the AF-iPS cells selected by the
feeder-free system, differentiation capabilities into three germ
layers were performed in vitro and in vivo. EBs were formed in
suspension on ultralow attachment plates for one week and then
seeded on Matrigel-coated plates for adherence and further
differentiation in vitro. The resulting cell populations were stained
positively for the lineages of three germ layers, including α-
smooth muscle actin (SMA) and troponin T-C (mesoderm), nestin
and β3-tubulin (ectoderm), α-fetoprotein (AFP) and albumin
(endoderm) (Fig. 5A). The gene expressions of the three germ
layers were also confirmed by RT-PCR analysis of RUNX1
(mesoderm), GATA4 (endoderm), NESTIN and SOX1 (ectoderm)
(Fig. 5B). To investigate the teratoma-forming ability of AF-iPS
cells in vivo, we injected 2×106 AF-iPS cells intramuscularly into
NOD/SCID mice. Typical teratoma-like masses were observed and
harvested for histopathological analysis after six to eight weeks
post-transplantation. We observed the teratoma comprised of
tissues from all three germ layers, such as the glands (endoderm),
bone (mesoderm), and neural tube (ectoderm) (Fig. 5C).
Discussion

In this study, we reported an efficient method for the generation
and selection of AP+ iPS cells from AF cells. Early studies involving
amniotic fluid-derived stem cells demonstrated a specific popu-
lation of CD-117 expressing cells that were able to differentiate
into the three germ layers in vitro, but were not able to do so
with in vivo[27]. Despite the existence of this subpopulation of
pluripotent cells, it has been noted that only 1% of the collected AF
cells are likely to be positive for some pluripotent markers, while
the remaining heterogeneous mixture is comprised of committed
progenitor cells and fully differentiated cells [29,30]. Furthermore,
prolonged passaging of AF-derived stem cells demonstrated a
sustained loss of pluripotent marker expressions [31]. Rather than
isolating the already small subpopulation with unstable pluripo-
tent markers found in amniotic fluid, generation of iPS from AF
cells may serve as an alternative method to acquire pluripotent
AF cells. In light of this, AF cells have been recent targets for
reprogramming to a pluripotent state and have exhibited higher
efficiencies than fibroblasts, suggesting AF cells may be a more
suitable source for iPS cells and future patient-specific therapies
Grade 1 Grade 0
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Fig. 3 – Morphology of AF-iPS colonies and AP staining. (A) Typical morphology of AF-iPS colony on day 10 post transduction of
Yamanaka factors. Colonies were picked and seeded on either a feeder system (Group 1) or feeder-free system (Group 2). (B) Typical
morphology of Group 1 AF-iPS colony prior to AP staining. (C) Typical morphology of Group 2 AF-iPS colony prior to AP staining.
(D) AP staining of AF-iPS colonies from respective Group 1 and Group 2.
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[21,22]. There has been reported different methylation status of
key senescence related genes that are over expressed in fibroblasts
from older donors, which in turn has been shown to be a major
barrier in iPS generation, suggesting donor age may affect the
efficiency and quality of iPS generation [32,33]. In practice,
amniotic fluids are routinely collected from second-trimester
amniocentesis for karyotype analysis. The AF cells can be easily
isolated and cultured without interrupting diagnostic procedures
Table 1 – Frequency of AF-iPS colonies in different stainings of al

Exp. Group No. of colonies

Seeding Gro

1st 1. Feeder system 48 48
2. Feeder-free system 48 10

2nd 1. Feeder system 48 48
2. Feeder-free system 48 8

a AP: alkaline phosphatase; +: positive; +/−: partial positive; −: negative.
[23,34], and thus have no ethical concerns other than those
normally required for donation of human tissue for research
including generation of iPS lines. Therefore, the potential isolation,
storage, and reprogramming of prenatal AF cells may serve as a
better candidate for future iPS generation.

Our initial results were consistent with previous studies dem-
onstrating that reprogramming in AF cells takes place more
efficiently than most other cell types [21,22]. However, we found a
kaline phosphatase from feeder and feeder-free systems.

AP activity staining a

wth (%) + (%) +/− (%) − (%)

(100) 12 (25) 21 (44) 15 (31)
(21) 8 (80) 2 (20) 0 (0)
(100) 15 (31) 22 (46) 11 (23)
(17) 7 (88) 1 (12) 0 (0)



DAPI

DAPI

DAPI

OCT4

SOX2

NANOG

DAPI

DAPI

SSEA3

SSEA4

DAPI

DAPI

TRA-1-60

TRA-1-81

B C

OCT4

SOX2

NANOG

-actin

A

Fig. 4 – Characterization of AP+ AF-iPS colonies from a feeder-free system. (A) Immunofluorescent staining of pluripotent markers
on AP+ AF-iPS colonies, including nuclear antigens for OCT4, SOX2, NANOG and cell surface antigens for SSEA-3, SSEA-4, TRA-1-60
and TRA-1-81. Scale bar, 50 μm. (B) Gene expression of OCT4, SOX2 and NANOG of AF-iPS cells from different donors by RT-PCR
analysis. ES cell as positive control. AF cells, unreprogrammed cells. (C) Karyotyping analysis of a typical AP+ AF-iPS cells. The cells
maintained normal karyotype at passage number 8 after feeder-free selection.
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high percentage of AF-iPS colonies with partial to no AP activity,
which was also noted by Li et al. [8]. This situation is not limited to
amniotic fluid cells but all reprogramming cells. A variation exists
betweencolonies exhibitingES-likemorphologyandAP activity, and
methods of decreasing this variationwould benefit and speed up iPS
research. There are currently no reliable methods to quickly and
accurately distinguish the AP+ iPS colonies from the AP− colonies.
With the advancingdevelopmentof feeder-free systems, hES and iPS
cells can be cultured and maintained on a Matrigel-coated surface
and serum-free medium [20,35,36]. In order to approach clinical
applications, the generation of iPS cells eventually needs to be on a
chemically defined, feeder-free and serum-freemedium. This served
as the basis for our study of AF-iPS cells in feeder and feeder free
environments, which also yielded a very useful and straightforward
screeningmethod. According to this selectionmethod, the initial ES-
like reprogrammed colonieswerepicked and culturedonto a feeder-
free, Matrigel-coated surface combined with mTeSR-1 serum-free
medium. A grading system was devised in accordance to colony
morphology. Although the total count of grade 2 and 3 colonies was
only 20% of the feeder system, the high percentage of good quality
AP+ colonies suggest iPS colonies could be successfully screened
visually and rather simplistically. This selection method also could
screen against AP− colonies. The selected AP+ AF-iPS cells were
confirmed to express typical pluripotent markers and could
differentiate into the cells of three germ layers in vitro and in vivo.

Despite current findings by using other methods to promote the
efficiency of cell reprogramming, distinguishing AP+ pluripotent
colonies from AP+/− colonies and AP− colonies from initial iPS cell
generation still remains a challenge. In practice, ES-like colony
morphology in the feeder system does not necessarily predict the
level AP staining. By using a Matrigel-coated surface and mTeSR-1
mediumsystemas a selectingplatform, it is possible to reliably obtain
high quality AF-iPS cells with greater efficiency without introducing
exterior factors, such as reporter genes thatmay further compromise
cell integrity. Furthermore, it has been found that during the process
of iPS generation, culturing of iPS under serum-free and feeder-free
culture conditions may induce further epigenetic modifications
sustaining undifferentiated growth of pluripotent cells [37].
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Conclusion

In conclusion, we have verified that AF cells not only reprogram
rapidly to a pluripotent state, but have also found that fully
stained AP+ AF-iPS colonies and AP− AF-iPS can be readily
selected and screened for by subculture on a Matrigel-coated
surface, feeder free system. By being able to efficiently generate
and select for AP+ AF-iPS cells, researchers may have more
optimized methods for iPS generation, which cuts down both
time and labor. Simplistic and standardized methods also
provide consistent quality and quantity of iPS cells needed for
the basic study of underlying molecular processes, investigation
of congenital disorders, prenatal cellular therapy and various
recessive genetic disorders.
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