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Abstract

and biological research of ES/iPS cells.

Embryonic stem (ES) cells and induced pluripotent stem (iPS) cells are usually cultured on mouse embryonic
fibroblasts (MEFs) isolated from fetuses. MEFs are primary cells and can only be cultured for several passages before
senescence. Although the STO mouse stromal cell line has been used as a MEF substitute, performance of a STO
feeder layer for ES/iPS cell culture is inferior to a MEF feeder layer. Thus, the development of effective feeder systems
may be beneficial for advancing stem cell technology using ES/iPS cells. We established a STO feeder cell line
expressing mouse leukemia inhibitory factor (LIF) and mouse E-cadherin (designated as STO/EL cells). ES/iPS cells
were cultured on STO/EL feeder cells without LIF addition to the medium, while maintaining the expression of stem cell
markers, Oct3/4, Nanog and Rex1. Quantitative evaluation of feeder performance by an alkaline phosphatase-positive
colony-forming assay revealed that the colony forming efficiency was comparable to that of the conventional and most
reliable culture method using MEFs with LIF addition. STO/EL cells can be used as an efficient feeder system for
supporting ES/iPS cell culture in an undifferentiated state. The STO/EL feeder system may contribute toward medical
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Introduction

Pluripotent cell lines such as ES cells derived from embryos and
iPS cells generated from somatic cells have become important tools for
medical and biological research [1,2]. These pluripotent cells are char-
acterized by self-renewal and a differentiation potential for all cell types
of the adult organism. A robust culture system for maintaining the
self-renewal of ES/iPS cells and differentiation potential is crucial for
research. Undifferentiated ES/iPS cell culture is usually supported by
a feeder cell layer in the presence of anti-differentiation factors such as
LIE MEFs isolated from fetuses are often used as feeder cells for mouse
and human ES/iPS cell culture. However, MEFs are primary cells and
can only be cultured for several passages before senescence. Although
the STO mouse stromal cell line has been used as a substitute for MEFs,
the performance as a feeder for ES/iPS cell culture is inferior to MEFs.
The detailed mechanism for supporting the undifferentiated state of
ES/iPS cells on a MEF feeder layer remains unclear. In addition, STO
cells appear to produce few or less growth factors to support ES/iPS
cell culture. Thus, we theorized that close contact between STO and
ES cells would improve the performance of STO cells as feeders for ES
cell culture. E-cadherin, a Ca**-dependent cell-cell adhesion molecule,
plays important roles in intercellular adhesion, colony formation and
differentiation of ES cells [3]. Previously, we generated E-cadherin-
expressing STO cells that promote cell-cell interactions with ES cells
inherently expressing E-cadherin, and demonstrated improved perfor-
mance comparable to that of a MEF feeder layer [4].

In our E-cadherin gene-engineered feeder system, LIF addition to
the culture medium was essential. In the present study, we constructed
genetically engineered STO cells co-expressing E-cadherin and LIF to
further improve the performance of STO cells as feeders for ES/iPS cell
culture.

Materials and Methods

Cell culture

Mouse ES cell lines, H-1 (Riken BioResource Center, Tsukuba, Ja-
pan) and 129/Sv (Chemicon, Pittsburgh, PA, USA), and a mouse iPS
cell line, iPS-MEF-Ng-20D-17 [2] (Riken BioResource Center) were
maintained on mitotically inactivated feeder cells that were treated
with mitomycin C for 2 h. Cells were cultured on 0.1% gelatin- (Na-
calai Tesque, Kyoto, Japan) coated tissue culture dishes (Greiner Bio-
one, Frickenhausen, Germany) in ES/iPS medium consisting of
Knockout-DMEM™ (Invitrogen, Carlsbad, CA, USA) supplemented
with 4 mM L-glutamine (Wako Pure Chemical Industries, Osaka, Ja-
pan), non-essential amino acids (NEAA; Invitrogen), 100 M 2-mer-
captoethanol (Millipore, Billerica, MA, USA), 100 U/ml penicillin G
potassium (Wako Pure Chemical Industries), 50 pg/ml streptomycin
sulfate (Wako Pure Chemical Industries) and 15% Knock-out-serum-
replacement (Invitrogen). For routine ES/iPS cell culture, 1 x 10°* U/ml
LIF (ESGRO™; Millipore) was added to the medium. Culture medium
was changed every day, and cells were passaged every 2-3 d.

MEFs were isolated from the fetuses of 14 d pregnant BALB/c mice
and cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine
serum (FBS; Biowest, Miami, FL, USA) and 4 mM L-glutamine. STO
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cells were cultured in DMEM supplemented with 10% FBS, 100 U/ml
penicillin G potassium, 50 pg/ml streptomycin sulfate and NEAA. Cells
were cultured at 37°C in a 5% (v/v) CO2 incubator. Animal experimen-
tation was approved by the Ethics Committee for Animal Experiments
of the Faculty of Engineering, Kyushu University (A21-098-1).

Establishment of E-cadherin and LIF expressing STO cells

The expression plasmid vector for E-cadherin, pcDNA4/E-cad-
IRES-EGFP [5] was transfected into STO cells using a lipofection re-
agent (Lipofectamine2000; Invitrogen). Cells were selected in medium
containing 1 mg/ml zeocin (Invitrogen), and stable E-cadherin-ex-
pressing clones (designated as STO/E cells) were established by a limit-
ing dilution method [4]. For construction of an expression plasmid vec-
tor for LIE, LIF cDNA in pMFGmLIF [6] (Riken BioResource Center)
was PCR amplified using the primers, 5-CCG CTC GAG ACC ATG
AAG GTC TTG GCC GCA G-3’ and 5-GGA ATT CCT AGA AGG
CCT GGA CCA CCA C-3 to insert Xhol and EcoRI digestion sites (un-
derlined), respectively. PCR was performed using KOD plus DNA poly-
merase (Toyobo, Osaka, Japan) at an initial denaturation of 94°C for 2
min, followed by 30 cycles of amplification at 94°C for 15 s, 56°C for 30
s and 68°C for 37 s. The PCR product was digested with the relevant
restriction enzymes and ligated into a Xhol and EcoRI-digested pIRES2
vector from pIRES2-DsRed-Express (Clontech, Palo Alto, CA, USA)
to generate pmLIE STO and STO/E cells were transfected with pmLIF
by electroporation using a Neon transfection system (Invitrogen). Cells
were selected by culture in medium containing 800 pg/ml G418 (Sig-
ma-Aldrich). Stable LIF-expressing clones (designated as STO/L cells),
as well as E-cadherin and LIF co-expressing clones (designated as STO/
EL cells) were established by a limiting dilution method.

RT-PCR analysis

After plating ES/iPS cells onto gelatin-coated dishes to remove feed-
er cells, total RNA was extracted from ES/iPS cells using RNAiso Plus
reagent (Takara Bio, Otsu, Japan). RNA was reverse-transcribed into
cDNA from 1 pg total RNA using a ReverTra Ace First Strand cDNA
synthesis kit (Takara Bio). Specific gene sequences were PCR amplified
using the primers shown in Table 1.

Western blot analysis

Cell lysates (50 ug protein) of STO, STO/E, STO/L and STO/EL
cells were subjected to SDS-PAGE in a 10% (w/v) polyacrylamide gel.
Proteins were then transferred onto a polyvinylidene difluoride mem-
brane (GE Healthcare, Buckinghamshire, UK). After blocking with a
5% (w/v) skim milk solution, membranes were incubated with a rab-
bit anti-E-cadherin monoclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) or rabbit anti-mouse LIF polyclonal antibody
(Santa Cruz Biotechnology) for 1 h, and probed with a peroxidase-la-
beled anti-rabbit antibody (Santa Cruz Biotechnology) for 1 h. Proteins
were detected with an ECL detection system (GE Healthcare).

Alkaline phosphatase (AP) staining

Cells were fixed in 4% paraformaldehyde for 5 min at room tem-
perature and treated with a solution containing naphthol AS-MX phos-
phate (Sigma-Aldrich) as a substrate and Fast Violet B Salt (Sigma-
Aldrich) as a coupler for 20 min at 37°C. Cells showing AP activity
stained dark brown and were observed with a phase-contrast micro-
scope (Olympus, Tokyo, Japan).

Target gene (product size)  Primer sequence

FW: 5'-CCA GAT CAT GTT TGA GAC CTT CAA-3’
RV: 5-GAA CAT TAT GAG TTA CAC CAT CGC-3’

FW: 5-GGGACC CGC TGT CTT CTAGTG TTG C-3’
RV: 5-TGA GTG CCT GCG GTA CAG ATC TAG
CA-3’

FW: 5-TCG TAT TCC AAC AGG AGG-3’

RV: 5-AGG CTT TTG CTT CAC CAG-3

FW: 5-CTG GAG GCG AGATGG GAC GGG ACA
CTAC-3

RV: 5-CCG CAG GCATTA CAT ACAGGC TCA
CC-3

FW: 5-CTA CCC CCAATG TGT CCG TC-3’

RV: 5-GCT GTT GAA GTC GCA GGA GAC-3’

FW: 5-GCG GCT CAC TTC CTT CTGACT T-3
RV: 5-GAC CAG GAA GAC CCACAC TCAT-3
FW: 5-CAT CTC TGATCT CGACTG C-3’

RV: 5-CCA GAT GTAGTT GTA GGC G-3’

FW: 5-CTG AGG GCC AGG CAG GAG GAG CAC
GAG-3’

RV: 5-CTG TAG GGA GGG CTT CGG GCACTT-3
FW: 5-ACG AGT GGCAGT TTC TTC TTG GGA-3’
RV: 5-TAT GAC TCA CTT CCA GGG GGC ACT-3

Actcl (124 bp)

BMP2 (249 bp)

a-Fetoprotein (173 bp)

Gata4 (207 bp)

GAPDH (150 bp)

Nanog (163 bp)

Neurod3/ngnl (405 bp)

Oct3/4 (459 bp)

Zfp42/Rex1 (287 bp)

Table 1: Primer sequences for RT-PCR analysis.

ES/iPS cell culture using conditioned medium (CM)

STO, STO/E, STO/L and STO/EL cells treated with mitomycin C
for 2 h were seeded at 5 x 10° cells/well in 6 well culture plates. After 1 d,
medium was replaced with fresh LIF-free ES/iPS medium and cultures
were continued for a further 1 d. Culture supernatants were then col-
lected and filtered through a 0.45 um cellulose acetate filter (Advantec,
Tokyo, Japan). CM was prepared by mixing each culture supernatant
with fresh LIF-free ES/iPS medium at a ratio of 1:1. 129/Sv cells were
cultured for 10 d on a MEF feeder layer in each CM without LIF and
then 1 x 10* cells were re-plated onto a fresh MEF feeder layer. After 3
d culture in ES/iPS medium containing 1 x 10° U/ml LIE, AP-positive
colonies were counted.

Hanging drop assay

Embryoid bodies (EBs) were induced using the hanging drop
method [7]. After harvesting ES/iPS cells, the cells were re-suspended
in LIF-free ES/iPS medium at 7 x 10° cells/ml. Droplets of the cell sus-
pension (15 ul) were placed on the lid of a bacterial grade 100 mm
plastic dish (AsOne, Osaka, Japan). The lid was inverted and placed on
the bottom half of a dish filled with phosphate buffered saline (PBS)
and then incubated at 37°C in a 5% CO, incubator. After 2 d, cells were
transferred to gelatin-coated dishes and cultured in DMEM supple-
mented with 15% FBS, NEAA, 100 U/ml penicillin G potassium and 50
pg/ml streptomycin sulfate.

Colony forming assay

ES/iPS cells were cultured for 10 d on the various feeder layers in
ES/iPS medium with or without LIF and then 1 x 10* cells were re-
plated onto a MEF feeder layer. After 2 d culture in ES/iPS medium
containing 1 x 10° U/ml LIE, AP staining was performed as described
above. AP-positive colonies were counted using microscope images
from five fields of view in three separate wells per sample.

Magnetic force-based culture

Magnetically-labeled ES/iPS cells and a magnetic force were used
to enhance the physical contact between ES/iPS cells and feeder lay-
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ers [4]. Magnetite cationic liposomes (MCLs) were prepared from
colloidal magnetite nanoparticles (Fe,O,, 10 nm average particle
size; Toda Kogyo, Hiroshima, Japan) and a lipid mixture consisting
of N-(a-trimethylammonioacetyl)-didodecyl-D-glutamate chloride,
dilaur+oylphosphatidylcholine and dioleoylphosphatidyl-ethanol-
amine at a molar ratio of 1:2:2 as described elsewhere [8]. For magnetic
labeling of ES/iPS cells, MCLs were added to ES/iPS cell cultures at a
net magnetite concentration of 100 pg/cell. In our previous study, ES
cells rapidly took up MCLs and reached 13 pg/cell at 2 h after MCL
addition, and 95% of cells were magnetically captured, suggesting that
almost all cells were labeled with MCLs and the uptake amount was
sufficient for magnetic cell attraction [9]. After a 2 h incubation, 1 X
10° ES/iPS cells/well were seeded onto feeder layers in 24 well plates.
A cylindrical neodymium magnet (30 mm diameter; 0.4 T magnetic
induction) was then placed under the wells to apply a vertical magnetic
force. Cells were cultured for 7 d, including two passages, under the ap-
plied magnetic force. Then, 1 x 10 cells/well were re-plated onto MEFs
in 24 well plates. After 3 d culture, AP-positive colonies were counted.

ROCK inhibitor and Rho activator treatments

For ROCK inhibitor and Rho activator treatments, Y-27632 (Wako
Pure Chemical Industries) or lysophosphatidic acid (LPA; Enzo Life
Science, Farmingdale, NY, USA) were respectively added at 10 uM to
ES/iPS medium. ES/iPS§ cells were then plated onto feeder layers in ES/
iPS medium containing Y-27632 or LPA. Cells were cultured for 10 d, 1
x 10* cells/well were then re-plated onto MEFs in 24 well plates. After 3
d culture, AP-positive colonies were counted.

Statistical analysis

Data were expressed as the means + standard deviation (SD). Statis-
tical comparisons were evaluated using a one-way analysis of variance
(ANOVA), and P<0.05 was considered significant.

Results

Establishment of genetically engineered STO cells expressing
E-cadherin and LIF

We previously established E-cadherin-expressing STO cells (STO/E
cells) [4]. STO/E feeder layers exhibited excellent performance for sup-
porting undifferentiated culture of mouse ES cells comparable to that
of MEF feeder layers in the presence of LIF [4] Figure 1A. However,
the effectiveness of STO/E feeder layers was greatly reduced without
LIF Figure 1A. In the present study, the LIF gene was introduced into
STO and STO/E cells. Transgene expression was analyzed by RT-PCR
Figure 1B, and protein level expression by western blot analysis Figure
1C. Genetically engineered STO cells expressed elevated levels of E-
cadherin (STOV/E cells), LIF (STO/L cells) and both E-cadherin and LIF
(STO/EL cells) compared with those of MEFs and parental STO cells.
E-cadherin expression was almost identical between STO/E and STO/
EL cells. From the image analysis of RT-PCR Figure 1B, LIF expression
of STO/L cells was 1.7-fold higher than that of STO/EL cells. Western
blot analysis Figure 1C revealed that LIF protein level in STO/L cell
lysate was 1.2-fold higher than that of STO/EL cells. To evaluate the
activity of LIF expressed by genetically modified cells, ES cells were
cultured on MEF feeder layers in CM prepared from STO/L and STO/
EL cell culture supernatants. AP-positive ES cell colonies were counted
after 10 d culture (3 passages) Figure 1D. As compared with conven-
tional ES cell cultures using ES/iPS medium containing 1 x 10° U/ml
LIFE, the number of AP-positive colonies decreased in CM from STO
and STO/E cells. However, the efficiency of the medium was improved

using CM from STO/L and STO/EL cells. For ES/iPS culture in STO/L
CM, the number of AP-positive colonies was comparable to that of ES/
iPS culture in medium containing 1 x 10° U/ml LIF, while AP-positive
colonies in STO/EL CM was slightly lower compared with that of using
STO/L CM. These results indicated that LIF expression in STO/EL cells
was lower compared with that of STO/L cells, and was consistent with
RT-PCR results Figure 1B.

Stem cell marker expression and pluripotency analyses of ES/
iPS cells cultured on STO/EL feeders

Two mouse ES cell lines (H-1 and 129/Sv cells) and a mouse iPS
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Figure 1: STO/EL cell establishment.

(A) Effect of LIF concentration on maintaining ES cell cultures in an undif-
ferentiated state. 129/Sv cells were cultured in various LIF concentrations
(0-1,000 U/ml) on MEF (black column), STO (white column) and STO/E (gray
column) feeder layers. ES cells were re-plated onto a MEF feeder layer and
cultured in medium containing 1 x 10° U/ml LIF for 2 d. Then, AP-positive ES
colonies were counted.

(B) RT-PCR analysis of E-cadherin and LIF expression in STO/EL cells.

(C) Western blot analysis of E-cadherin and LIF expression in STO/EL cells.
(D) Effect of CM on the number of AP-positive ES cell colonies. 129/Sv cells
were cultured on a MEF feeder layer in CM prepared from the various feeder
layers. The control experiment was performed by culturing 129/Sv cells on a
MEF feeder layer in ES/iPS medium containing 1 x 10° U/ml LIF. Experiments
were performed in triplicate, and data are the means + SD, *P<0.05.
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cell line (iPS-MEF-Ng-20D-17) were used to investigate whether STO/
EL cells could support the self-renewal of pluripotent stem cells. ES
and iPS cells cultured on MEE, STO, STO/E and STO/L feeder layers
in LIF-free medium changed morphology and a decrease in the num-
ber of AP-positive cells was observed Figure 2A. iPS cells maintained
a relatively undifferentiated state irrespective of which cells were used
as feeder layer. However, ES and iPS cells cultured on a STO/EL feeder
layer exhibited a typical ES/iPS cell morphology with tightly packed
cell colonies and smooth borders Figure 2A. Cell morphology and the

number of AP-positive cells were very similar to those of cells cultured
on a MEF feeder layer in LIF-containing medium. To further investi-
gate the undifferentiated state of ES/iPS cells cultured on each feeder
layer for 10 d (3 passages), stem cell marker expression was analyzed
by RT-PCR Figure 2B. The expression levels of Oct3/4, Zfp42/Rex1 and
Nanog were detected in ES/ iPS cells cultured on a STO/EL feeder layer.
The stem cell marker expression levels were almost identical to those of
cells cultured on a MEF feeder layer in LIF-containing medium as the
control. However, the expression of stem cell marker genes were low or
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Figure 2: Expression of stem cell marker and pluripotency genes.

(A) AP staining of ES/iPS cells cultured on MEF, STO, STO/E, STO/L and STO/EL feeder layers in medium with (MEF+LIF) or without (MEF, STO, STO/E, STO/L and
STO/EL) LIF. Scale bars: 500 pm.

(B) RT-PCR analysis of genetic markers of the undifferentiated state. ES/iPS cells were cultured on the various feeder layers in LIF-free medium (MEF, STO, STO/E,
STO/L and STO/EL). The control experiment (MEF+LIF) was performed by culturing ES/iPS cells on a MEF feeder layer in medium containing 1 x 10° U/ml LIF.

(C) RT-PCR analysis of marker genes related to formation of the three germ layers. ES/iPS cells were cultured on a STO/EL feeder layer for 10 d in LIF-free medium.
The control experiment (MEF+LIF) was performed by culturing ES/iPS cells on a MEF feeder layer in medium containing 1 x 10° U/ml LIF. ES/iPS cells were then
cultured in suspension with differentiation medium to form EBs. After 11 d, the expression of marker genes was analyzed by RT-PCR.
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absent in cells cultured on MEE STO, STO/E or STO/L feeder layers in
LIF-free medium.

The pluripotency of ES/iPS cells cultured on STO/EL feeders in
LIF-free medium was investigated by analyzing differentiation capabil-
ity via EB formation. For EB formation, ES/iPS cells cultured on STO/
EL feeders in LIF-free medium and MEF feeders in LIF-containing me-
dium, as the control, were transferred to suspension culture in differen-
tiation medium. Expression of marker genes related to the formation of
the three germ layers was analyzed by RT-PCR Figure 2C. Cells in EBs
expressed the marker genes of all three germ layers (Neurod3/ngnl,
Actcl, Gata4, a-fetoprotein and BMP-2), indicating that in vitro pluri-

potency was maintained in ES/iPS cells cultured on STO/EL feeders in
LIF-free medium. Moreover, ES/iPS cells cultured for 10 d on STO/EL
feeders in LIF-free medium, which were transplanted into the femurs
of SCID mice developed into teratomas at the injection sites (data not
shown). These results indicate that STO/EL cells as feeders support the
undifferentiated state and pluripotency of ES/iPS cells.

Colony forming assay of ES/iPS cells cultured on STO/EL
feeders

For quantitative evaluation of feeder performance, an AP-positive
colony-forming assay was performed on ES/iPS cells after 10 d culture

on the various feeder layers. As shown in Figure 3A, ES/iPS cells cul-
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Figure 3: Quantitative analysis of the maintenance of ES/iPS cells in an undifferentiated state by an AP-positive colony forming assay.

(A) ESI/iPS cells were cultured on the various feeder layers for 10 d in LIF-free medium. Then, ES/iPS cells were re-plated onto a MEF feeder layer and cultured in
medium containing 1 x 10° U/ml LIF for 2 d. The control experiment (MEF+LIF) was performed by culturing ES/iPS cells on a MEF feeder layer in medium containing
1 x 10° U/ml LIF.

(B) Effect of the physical interaction of ES/iPS cells with feeder cells using magnetic culture. Magnetically-labeled ES/iPS cells were cultured on the various feeder layers
in LIF-free medium under an applied magnetic force for 10 d. The control experiment (MEF+LIF) was performed by culturing magnetically-labeled ES/iPS cells on a MEF
feeder layer in medium containing 1 x 10° U/ml LIF under an applied magnetic force for 10 d. ES/iPS cells were then re-plated onto a MEF feeder layer and cultured in
medium containing 1 x 10° U/ml LIF for 2 d. *P<0.05 vs the respective data shown in Figure 3A.

(C) Effect of a ROCK inhibitor on ES/iPS cell culture on the various feeder layers. ES/iPS cells were cultured on the various feeder layers in LIF-free medium containing
a ROCK inhibitor (Y-27632) for 10 d. ES/iPS cells were then re-plated onto a MEF feeder layer and cultured in medium containing 1 x 10° U/ml LIF for 2 d. The control
experiment (MEF+LIF) was performed by culturing ES/iPS cells on a MEF feeder layer in medium containing 1 x 10° U/ml LIF and Y-27632 for 10 d. *P<0.05 vs the
respective data shown in Figure 3A.

(D) Effect of a Rho activator on ES/iPS cells cultured on the various feeder layers. ES/iPS cells were cultured on the various feeder layers in LIF-free medium containing
a Rho activator (LPA) for 10 d. ES/iPS cells were then re-plated onto a MEF feeder layer and cultured in medium containing 1 x 10% U/ml LIF for 2 d. The control experi-
ment (MEF+LIF) was performed by culturing ES/iPS cells on a MEF feeder layer in medium containing 1 x 10% U/ml LIF and LPA for 10 d. *P<0.05 vs the respective
data shown in Figure 3A. Experiments were performed in triplicate, and data are the means + SD. Black column, 129/Sv; white column, H-1; gray column, iPS-MEF-
Ng-20D-17.
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tured on a STO/EL feeder layer in LIF-free medium formed a higher
number of AP-positive colonies compared with those of STO, STO/E or
STO/L feeder layers, and the AP level was comparable to that of a MEF
feeder in LIF-containing medium.

To enhance the physical interaction between ES/iPS and feeder
cells, magnetically-labeled ES/iPS cells were attracted to the feeder cells
by magnetic force Figure 3B. The number of AP-positive ES/iPS cell
colonies that were magnetically attracted to the MEF feeder layer in the
presence of LIF was almost identical to that of cultures without magnet-
ic attraction Figure 3A. Similarly, the number of AP-positive ES/iPS cell
colonies cultured on a STO/EL feeder layer did not change in response
to magnetic attraction. The ability to support undifferentiated culture of
ES cells was slightly improved on STO/E and STO feeder layers in the
absence of LIE but was still relatively low. However, the performance of
STO/L feeders was greatly improved by the magnetic attraction.

To investigate whether E-cadherin-mediated signal transduction
was involved in maintaining ES/iPS cells in an undifferentiated state
via modulation of the Rho-ROCK cascade, an inhibitor and activator of
the Rho-ROCK signaling pathway were added to the medium. ES cell
culture on STO, STO/E or STO/L feeder layers in LIF-free medium con-
taining the ROCK inhibitor, Y-27632 resulted in significantly increased
AP-positive colonies for both cell lines Figure 3C, compared with that
of culture without Y-27632 Figure 3A. ROCK inhibitor treatment did
not significantly affect iPS cells. However, addition of the Rho and
Erk1/2 activator, LPA to the medium resulted in decreased AP-positive
colonies for all cell lines and feeder conditions Figure 3D.

Discussion

Undifferentiated culture of pluripotent stem cells is supported by a
complex network of soluble and membrane-bound cytokines, as well as
the extracellular matrix provided by stromal feeder cells. The most reli-
able protocols require freshly isolated MEFs as feeders for the mainte-
nance of ES/iPS cells. However, MEFs exhaust their stem cell supportive
properties and undergo senescence after several passages. There have
been numerous reports on substitutes for MEFs, such as mouse mes-
enchymal cell lines STO [10] and 3T3 [4], human placenta cells [11],
human amniotic epithelial cells [12] and the mouse testicular stromal
cell line JK1 [13]. These feeder cells produce growth factors including
LIF, activin A, transforming growth factor p (TGF-f), basic fibroblast
growth factor (bFGF), Wnts and bone morphogenetic protein-4 (BMP-
4) [14,15], which are important for the self-renewal of ES/iPS cells. In
an analysis of conditioned medium from MEF cultures, 85 proteins
were identified and classified into categories such as differentiation and
growth factors, and extracellular matrix and remodeling [16]. Impor-
tantly, the pluripotency of mouse ES cells is dependent on intracellular
signaling including phosphorylation by the Janus family of tyrosine ki-
nases (JAK) via LIF and the LIF receptor, which leads to activation of
the signal transducer protein STAT3 [17]. The combination of IL-6 and
soluble IL-6 receptor also interacts with and activates a homodimer of
gp130, and the gp130-mediated signaling pathway maintains mouse ES
cells without involvement of the LIF receptor [18,19]. STAT3 activation
sufficiently maintains the undifferentiated state of mouse ES cells, and is
enhanced by inhibition of the mitogen-activated protein (MAP) kinase
(Erk1/2) pathway [17,20]. Human ES cells also express LIF, IL-6 and
gp130 receptors, but STAT3 activation is not essential for maintenance
of human ES cells in an undifferentiated state. Thus, it has been con-
sidered that human ES cells are distinct from mouse ES cells. Recently,
Hanna et al. reported that LIF-dependent “naive” human ES cells, simi-
lar to mouse ES cells, could be derived from conventional human ES

cells by ectopic induction of Oct4, KIf4 and KIf2 combined with LIF
and inhibitors of the glycogen synthase kinase 3b (GSK3b) and Erk1/2
pathways [21]. Therefore, LIF/STAT3 signals may be required to main-
tain a naive state of pluripotency even in human ES cells.

In the present study, we developed a STO/EL feeder system to ac-
tivate JAK/STAT signaling in ES/iPS cells to maintain pluripotency via
LIF produced by the feeder cells in LIF-free medium. We demonstrated
that the STO/EL feeder layer maintains the pluripotency of ES/iPS cells
in LIF-free medium. LIF-expressing STO cells are available from the
ECACC cell bank (SNL; EC07032801) [22], and the cells have been
used as feeders for ES/iPS cell culture [2,23]. In the present study, the
STO/L feeder layer did not sufficiently support undifferentiated cul-
ture of ES/iPS cells Figure 3A in LIF-free medium, albeit STO/L cells
produced sufficient LIF and the expression level was higher compared
with that of STO/EL cells Figure 1C. These results suggest that E-cad-
herin expression plays a pivotal role in the performance of STO cells
as feeders. We hypothesized two possibilities regarding the improved
performance of the STO/EL feeder layer; 1) enhanced physical contact
between STO and ES/iPS cells facilitates LIF signaling, and/or 2) di-
rect signal transduction via E-cadherin modulation of the Rho-ROCK
cascade. The number of AP-positive colonies significantly increased
by culturing magnetically-labeled ES/iPS cells that were attracted to
STO/L feeder cells by magnetic force Figure 3B. This observation sug-
gests that close physical contact with ES/iPS cells is important for STO
feeder layers to perform efliciently. Notably, the feeder performance of
STO and STO/E cells in LIF-free ES cell cultures also slightly improved
in magnetic culture. Although these results suggest that STO cells pro-
duce anti-differentiation factors other than LIF, the production of LIF
by feeder cells or medium supplementation is essential to maintain ES/
iPS cell cultures in an undifferentiated state.

Thus far, several signaling pathways other than the JAK/STAT3
pathway have been identified as regulators of self-renewal in ES/iPS
cells. Harb et al. reported that the Rho-ROCK-myosin signaling axis
determines the cell-cell integrity of self-renewing ES cells [24]. A
ROCK inhibitor blocks apoptosis and supports human ES cell prolifera-
tion without affecting pluripotency following dissociation into single
cells [25]. In this study, ES/iPS cells cultured on each feeder layer with
the ROCK inhibitor, Y-27632 or the Rho activator, LPA (also acts as
an Erk1/2 activator), resulted in significantly increased Figure 3C or
decreased Figure 3D AP-positive colonies. These results indicate that
the Rho-ROCK signaling pathway regulates the undifferentiated state
of ES/iPS cells in the presence and absence of LIF. Nevertheless, it is
difficult to specify the E-cadherin signal from E-cadherin-expressing
feeder cells to ES/iPS cells, because ES/iPS cells also express E-cadherin.
At least, E-cadherin expression in feeder cells did not affect the Rho-
ROCK signaling pathway in ES/iPS cells, although cell-cell interactions
were enhanced between STO and ES/iPS cells. Thus, the Rho-ROCK
signaling pathway does not seem to be the dominant mechanism for
supporting the undifferentiated state of ES/iPS cells using STO/EL feed-
er. Taken together, our results suggest that STO/EL cells support undif-
ferentiated culture of ES/iPS cells in LIF-free medium due to enhanced
LIF/STAT3 signaling in response to LIF expression via forced physical
contact by E-cadherin expression.

Interestingly, the effectiveness of feeder layers for supporting un-
differentiated culture of ES/iPS$ cells in LIF-free medium varies among
the three cell lines Figure 3A. iPS cells cultured on STO, STO/E and
STO/L feeder layers formed a higher number of AP-positive colonies
compared with those of the other two ES cell lines. The gene expres-
sion profiles of ES/iPS cells vary among cell lines due to variations in
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establishment procedures and culture history [26, 27], which may affect
compatibility with various feeder layers. A MEF feeder layer is the most
robust system for maintaining the undifferentiated state of ES/iPS cell
cultures in the presence of LIF. In this study, the STO/EL feeder system
even in LIF-free medium is compatible with the ES/iPS cell lines used
for experimentation, and comparable to that of a MEF feeder system in
the presence of LIE

In conclusion, we demonstrate that E-cadherin and LIF gene trans-
fer into STO cells improves the performance of a STO feeder layer for
ES/iPS cell culture in LIF-free medium. The forced cell-cell interaction
via E-cadherin between ES/iPS and feeder cells enhanced the cytokine
signal through a paracrine mechanism. MEF isolation is a laborious
and time-consuming process requiring the sacrifice of mice. Feeder-
free culture systems for ES cell culture have been reported, but may
cause chromosomal instability in ES cells [28,29]. Thus, although the
long-term stability of ES/iPS cells using a STO/EL feeder layer and ap-
plication to other pluripotent cell lines including human ES/iPS cells
should be examined, the STO/EL feeder system may contribute toward
medical and biological research using ES/iPS cells.
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