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Embryonic stem (ES) cells are pluripotent-undifferentiated
cells that have a great interest for the investigation of develop-
mental biology. Murine ES cells maintain their pluripotency by
the supplementation of the leukemia inhibitory factor (LIF). LIF
is reported to act as a matrix-anchored form, and immobilized
cytokines are useful to sustain their signaling on target cells. In
this study, we used the immobilizable fusion protein composed
of LIF and IgG-Fc region, which was used as a model of the
matrix-anchored form of LIF to establish a novel system for ES
cell culture and to investigate the effect of immobilized LIF on
maintenance of ES cell pluripotency.Mouse ES cellsmaintained
their undifferentiated state on the surface coated with LIF-Fc.
Furthermore, when cultured on the co-immobilized surface
with LIF-Fc and E-cadherin-Fc, mouse ES cells showed charac-
teristic scattering morphologies without colony formation, and
they could maintain their undifferentiated state and pluripo-
tency without additional LIF supplementation. The activation
of LIF signaling was sustained on the co-immobilized surface.
These results indicate that immobilized LIF and E-cadherin can
maintain mouse ES cells efficiently and that the immobilizable
LIF-Fc fusion protein is useful for the investigation of signaling
pathways of an immobilized form of LIF in the maintenance of
ES cell pluripotency.

ES3 cells are pluripotent-undifferentiated cells derived from
the inner cell mass of a blastocyst, and they retain the potenti-
ality of multilineage differentiation in vitro and self-renewal
activity (1, 2). For the maintenance of pluripotency, mouse ES
cells are cultured on a feeder layer of mouse embryonic fibro-
blasts (MEF) or incubated with LIF that is produced by MEF.

LIF is a pleiotropic cytokine, which induces the differentiation
of leukemia cell lines into macrophages (3) and the expression
of acute phase proteins in hepatocytes (4), as well as inhibits
proliferation of endothelial cells (5).
Several studies suggest that the biological signals of growth

factors and cytokines are mediated by two different forms, the
secreted form and the cell membrane- or matrix-anchored
forms, which stimulate different signal transduction cascades
(6–8). It is reported that the LIF signal is mediated by either a
soluble form or by a form bound to extracellular matrices, both
of which induce different effects on cells (9, 10).
Recently, we reported the application of immobilizable

fusion proteins for the analysis of cell function, and we also
reported the establishment of a culture system for stem cells
(11–13). When cells were cultured on the fusion protein of
E-cadherin and IgG Fc domain (E-cad-Fc), they showed scat-
tering behavior and high proliferative ability (11). We also
reported the novel method of immobilizing epidermal growth
factor as a juxtacrine model, and we applied this system to the
analysis of the function of immobilized epidermal growth factor
on hepatocytes (13).
In this study, we focused on the effect of the immobilized

form of LIF on themaintenance of ES cell features, and we used
LIF and IgG-Fc region to design the immobilizable fusion pro-
tein (LIF-Fc). By using this model protein, we investigated the
effect of immobilized LIF on maintenance of ES cell pluripo-
tency. Furthermore, to establish an effective culture system of
mouse ES cells, we applied the co-immobilized surface of
E-cad-Fc and LIF-Fc.

EXPERIMENTAL PROCEDURES

Cell Culture—Weused the followingmouse ES cell lines: two
feeder-dependent ES cell lines, Jxl1 cells (established from 129/
SvJ x 129/SvImJ mice) and R1 cells (14); and feeder-free EB3
cells (15). Jxl1 and R1 cells were maintained on mouse embry-
onic fibroblasts in Dulbecco’s modified Eagle’s medium
(Chemicon), supplemented with 1% nonessential amino acids
(Chemicon), 0.1 mM �-mercaptoethanol (Sigma), 15% (v/v)
fetal bovine serum (FBS), and 1,000 units/ml LIF. For several
experiments, Jxl1 and R1 cells were adapted to the feeder-free
culture condition. Cells were seeded in the media containing
15% knock-out serum replacement (Invitrogen) and 5,000
units/ml LIF. EB3 cells weremaintained on 0.1% gelatin-coated
surfaces in knock-out/Dulbecco’s modified Eagle’s medium
(Invitrogen), supplemented with 1 mM L-glutamine, 1% nones-
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sential amino acids (Invitrogen), 0.1 mM �-mercaptoethanol
(Sigma), 20% (v/v) FBS, and 2,000 units/ml ESGRO (Chemi-
con). Cells were passaged every 2 or 3 days with 0.25% trypsin,
1.0 mM EDTA solution (Invitrogen). M1 (D�) cells (provided
by Cell Resource Center for Biomedical Research, TohokuUni-
versity) were cultured in RPMI 1640 medium (Invitrogen) sup-
plemented with 10% (v/v) FBS. All media contained 50 �g/ml
penicillin, 50 �g/ml streptomycin, and 100 �g/ml neomycin.
Construction and Purification of Fusion Proteins—Expres-

sion and purification of E-cad-Fc fusion proteins were
described previously (16). In brief, the E-cadherin extracellular
domain cDNA, which was generated from mouse E-cadherin
full-length cDNA provided by the RIKEN BRC DNA Bank
(code 1184), and mutated mouse IgG1-Fc domain cDNA
(T252M/T254S), which have high affinity to protein A, were
ligated with pRC/CMV (Invitrogen) fragment to generate the
expression vector “pRC-ECFC.” Using Lipofectamine reagent
(Invitrogen) according to the manufacturer’s directions,
CHO-K1 cells were transfected with pRC-ECFC. After selec-
tion of a highly expressing clone (4G7) with 400 �g/ml G418
(Invitrogen), conditioned media were collected.
To construct LIF-Fc, the cDNA that encodes mouse LIF was

amplified with KOD plus DNA polymerase (TOYOBO) from
the cDNA of mouse embryonic fibroblasts. The specific primer
pair for mouse LIF was used for amplification: 5�-AAG CTT
CAT AAT GAA GGT CTT GGC CG-3� and 5�-GCG GCC
GCT GAA GGC CTG GAC CAC CAC AC-3�; the underlining
represents the HindIII and NotI recognition sites, respectively.
To generate pRC-LIF-Fc vector, pGEM-T easy vector (Pro-
mega) containing mouse LIF cDNA was digested by HindIII
and NotI and subcloned into pRC/CMV vector containing
mutated mouse Fc fragment cDNA (16). CHO-K1 cells were
transfected with pRC-LIF-Fc vector, and a highly expressing
clone was selected as mentioned above.
The fusion proteinswere loaded onto a rProteinAFF column

(GE Healthcare). The column was washed with 20 mM phos-
phate buffer (pH 7.0), and the bound proteins were eluted using
0.1 M sodium citrate (pH 2.7) followed by neutralization with a
1/5 volume of 1.0 MTris-HCl (pH9.0). Eluateswere dialyzed for
3 days in PBS containing 0.9 mM CaCl2 and 0.9 mM MgCl2.
To prepare the coated surface with E-cad-Fc and/or LIF-Fc,

purified E-cad-Fc and LIF-Fc solution was directly added to
nontreated polystyrene plates at the indicated concentration.
After 2 h of incubation at 37 °C, plates were washed with PBS
once, and then cells were seeded.
Western Blot Analysis—The total cellular protein was

extracted with lysis buffer (20 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 1% Nonidet P40, 1% Triton X-100, 1 mM Na3VO4, 1 mM
NaF, and proteinase inhibitors), and cell lysates were centri-
fuged at 17,860 � g for 15 min. Protein concentration of the
supernatant was measured using a DC protein assay kit (Bio-
Rad), and samples were separated by electrophoresis on 7.5%
polyacrylamide gels and electrophoretically transferred to a
polyvinylidene difluoride membrane (Immobilon-P; Milli-
pore). Blots were probed with anti-murine LIF antibody
(Chemicon), anti-STAT3 antibody (BD Biosciences), anti-
phospho-STAT3 (Tyr-705) antibody (Cell Signaling Technol-
ogy), anti-p44/42MAPK antibody (Cell Signaling Technology),

anti-LIF receptor antibody (Santa Cruz Biotechnology), anti-
gp130 antibody (Santa Cruz Biotechnology), or anti-phospho-
p44/42 MAPK (Thr-202/Tyr-204) antibody (Cell Signaling
Technology), followed by horseradish peroxidase-conjugated
secondary antibodies, and developed by ECL reagent (GE
Healthcare) or Immobilon Western Chemiluminescent horse-
radish peroxidase substrate (Millipore).
Definition of LIF-Fc Activity—To determine the specific

activity of purified LIF-Fc, we analyzed the ability to induce the
differentiation of M1 cells (17). M1 cells were suspended in
Dulbecco’s modified Eagle’s mediumwith a final concentration
of 20% FBS, 0.3% agar (Dojindo Molecular Technologies) and
LIF samples, and then they were seeded into 24-well plates at
the concentration of 75 cells/well. ESGRO (Chemicon) was
used as a control to determine LIF activity. Cultures were incu-
bated for 10 days in a fully humidified atmosphere at 5% CO2.
Cultures were scored using amicroscope at�40magnification,
scoring as differentiated any colonieswith a corona of dispersed
cells or composed wholly of dispersed cells. A standard of 50
units was defined as the concentration that induces the differ-
entiation of 50% of M1 colonies.
Characterization of Immobilized Proteins—Following the

manufacturer’s instructions, purified LIF-Fc was labeled with
HiLyte FluorTM 555 labeling kit-NH2 (excitation, 555 nm;
emission, 570 nm; Dojindo). Labeled LIF-Fc (555-LIF-Fc) solu-
tion was diluted 1:10 with native LIF-Fc solution when the con-
centration of total LIF-Fc was greater than 1.0 �g/ml, so that
the fluorescence intensity is a linear function of labeled protein
concentration. 555-LIF-Fc, native LIF-Fc, and E-cad-Fc were
diluted with PBS to the designated concentration, and then 50
�l of mixtures were added to 96-well polystyrene plates. After
2 h of incubation at 37 °C, the fluorescence intensity of nonad-
sorbed fraction was measured with microplate reader (excita-
tion, 535 nm; emission, 595 nm). The amount of immobilized
LIF-Fc was estimated from a calibration curve prepared with
555-LIF-Fc and native LIF-Fc.
Adhesion and Growth Assays—Cells were seeded at a density

of 3.0 � 104 cells/well into 96-well plates precoated with the
indicated substrate. After 4 h of culture, medium and nonad-
herent cells were removed, and cells were washed with the cul-
ture medium. Adherent cells were stained with Alamar Blue
reagent (BIOSOURCE), and absorbance at 570 nm was meas-
ured using a microplate reader. For the cell growth assay, cells
were seeded at a density of 500 cells/well into a 96-well plate
coated with the indicated substrate. The cell number was eval-
uated at 5 days after seeding.
ELISA—The amount of remaining LIF-Fc after the cultiva-

tion of ES cells was analyzed by ELISA method. ES cells were
seeded onto the surface coated with E-cad-Fc and LIF-Fc and
cultured for 3 days. To remove the adhered ES cells, we incu-
bated them in a 2 mM EDTA/PBS solution for 30 min at 37 °C.
After washing three times with PBS, plates were incubated for
16hwith1.0%bovine serumalbumin (BSA)/PBS solution toblock
unspecific interaction. The remaining LIF-Fc was detected after
incubation with an anti-murine LIF antibody for 2 h, followed by
peroxidase-conjugated secondary antibody for 1 h. We used
3,3�,5,5�-tetramethylbenzidine (TMB) as a substrate for peroxi-
dase, and wemeasured the absorbance at 450 nm.
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The amount of adsorbed LIF-Fc onto the gelatinized or
E-cad-Fc-coated surface was also analyzed by ELISA. The
media containing 1,000 units/ml LIF or LIF-Fc were added to
the gelatinized or E-cad-Fc-coated surface. After 3 days of incu-
bation at 37 °C, the amount of nonadsorbed LIF or LIF-Fc in the
supernatant was analyzed by Quatikine Mouse LIF immunoas-
say kit (R & D Systems). The amount of adsorbed LIF or LIF-Fc
was measured by the same method as mentioned above.
ALP Staining and Immunofluorescence—Alkaline phospha-

tase activity was determined using a SigmaDiagnostics alkaline
phosphatase (ALP) kit (Sigma). For immunofluorescence stain-
ing, cells were fixed with 8% formaldehyde solution (pH 7.0–
7.5; Wako Pure Chemical) for 10 min and permeabilized with
0.2% Triton X-100 for 2 min at room temperature. Fixed cells
were incubated with Image-iT FX signal enhancer (Invitrogen)
for 30 min at room temperature. Oct-3/4 was stained with an
anti-mouse Oct-3/4 polyclonal antibody (H-134; Santa Cruz
Biotechnology) for 2 h followed by an Alexa Fluor 546-conju-
gated secondary antibody (Invitrogen) for 1 h. Nuclei were
counterstained with 0.5 �g/ml 4�,6-diamidino-2-phenylindole
(DAPI). Samples were observed by fluorescence microscopy.
The ratio of Oct-3/4-positive cells was calculated by ImageJ
software.
RT-PCR Analysis—Total RNA was isolated with TRIzol rea-

gent (Invitrogen). The first strand cDNAwas synthesized using
Moloney murine leukemia virus reverse transcriptase (Invitro-
gen), and PCR was carried out with rTaq polymerase
(TOYOBO) in the reaction buffer containing 1.5 mM MgCl2.
Primers used are listed in Table 1. PCR products were analyzed
by 2% agarose gel electrophoresis.
Tetraploid Aggregation—Embryos were generated from ES

cells by aggregating them with four-cell stage tetraploid CD-1
embryos generated by electrofusion as described previously
(18, 19). ES cell:embryo aggregates were cultured overnight,
and those that formed blastocysts were transferred to the uteri
of pseudo-pregnant females surrogate mothers. Embryos were
allowed to develop in utero before harvesting for analysis. The
Animal Care Committee of the Medical College of Wisconsin
approved all animal procedures used in this study.

RESULTS
Construction, Purification, and Characterization of LIF-Fc—

CHO-K1 cells were transfected with an expression vector for

LIF-Fc (Fig. 1A), and G418-resistant clones were selected. A
highly expressing clone was selected by ELISA (data not
shown). LIF-Fc was purified from the conditioned media of the
selected clone and analyzed by Western blotting. Under
reduced conditions, the LIF-Fc was detected as an �75-kDa
single band that was recognized by both anti-LIF antibody and
anti-mouse IgG antibody (Fig. 1B). Under nonreduced condi-
tions, LIF-Fc gave rise to an �150-kDa single band, indicating
that LIF-Fc forms the homodimers (Fig. 1C).
Analysis of LIF-Fc Activity—The activity of purified LIF-Fc

was defined as an ability to induce differentiation of M1 cells
(Fig. 2, A and B). LIF-Fc induced the differentiation of M1 cells
in a dose-dependent manner, and the specific activity of LIF-Fc
was estimated as described under “Experimental Procedures”
(in this case 5,074 units/�g).

The activity of LIF-Fc was also evaluated by the ability to
activate the STAT3 andMAPK signaling pathways inmouse ES
cells. As shown in Fig. 2C, LIF-Fc also activated these pathways,
similar to the activation induced by recombinant LIF (ESGRO).
ALP activity is amarker of the undifferentiated state of ES cells.
The ability of LIF-Fc to maintain the undifferentiated state of

FIGURE 1. Construction and expression of the fusion protein of LIF-Fc.
A, plasmid vector to produce LIF-Fc was constructed as described under
“Experimental Procedures.” B, expression of fusion protein was checked by
Western blotting. IB, immunoblot; Ab, antibody. The fusion protein was
detected by either an anti-mouse IgG antibody or anti-LIF antibody. C, LIF-Fc
was separated by SDS-PAGE under a reduced or native condition.

TABLE 1
PCR primers used in this study

Gene
(Unigene symbol) 5� primer (5� to 3�) 3� primer (5� to 3�) Product

length
Annealing
temperature

Cycle
no.

bp °C
Oct-3/4 (Mm.17031) GAAGTTGGAGAAGGTGGAACC GCCTCATACTCTTCTCCGTTGG 528 60 20

TCTTTCCACCAGGCCCCCGGCTC TGCGGGCGGACATGGGGAGATCC 224 60 20
Zfp42/Rex-1 (Mm.285848) AAAGTGAGATTAGCCCCGAG TCCCATCCCCTTCAATAGCA 930 60 20

ACGAGTGGCAGTTTCTTCTTGGGA TATGACTCACTTCCAGGGGGCACT 287 60 20
Nanog (Mm.6047) GAGGAAGCATCGAATTCTGG AAGTTATGGAGCGGAGCAGC 710 60 20

GCGGCTCACTTCCTTCTGACTT GACCAGGAAGACCCACACTCAT 163 60 20
Wnt3 (Mm.159091) TAGAGCTAGACTCCGGGCGATGA TTGCCTTAAACAAGACCACGAAA 297 62 20
Actcl (Mm.686) CCAGATCATGTTTGAGACCTTCAA GAACATTATGAGTTACACCATCGC 124 59 30
Nkx2.5 (Mm.41974) GAGCCTACGGTGACCCTGACCCAG TGACCTGCGTGGACGTGAGCTTCA 264 60 30
Gata4 (Mm.247669) CTGGAGGCGAGATGGGACGGGACACTAC CCGCAGGCATTACATACAGGCTCACC 207 62 24
�-Fetoprotein (Mm.358570) TCGTATTCCAACAGGAGG AGGCTTTTGCTTCACCAG 173 55 30
Bmp2 (Mm.103205) GGGACCCGCTGTCTTCTAGTGTTGC TGAGTGCCTGCGGTACAGATCTAGCA 249 60 30
Polr2a (Mm.16533) CTGATGCGGGTGCTGAGTGAGAAGG GCGGTTGACCCCATGACGAGTG 237 60 24
Gapdh (Mm.333399) CTCATGACCACAGTCCATGC CTCTTGCTCAGTGTCCTTGC 532 60 20
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mouse ES cells was analyzed by ALP activity. Mouse ES cells
maintained ALP activity by LIF-Fc supplementation (Fig. 2D),
indicating that LIF-Fc could retain the original activity of LIF,
even though LIF is conjugated with the Fc domain of IgG and
forms homodimers.
Adsorption of LIF-Fc on Polystyrene Surface and Effect of an

Immobilized LIF-Fc on ES Cells—First, the amount of LIF-Fc
adsorption onto a polystyrene surface was estimated by meas-
uring the fluorescence intensity of 555-LIF-Fc. Adsorption of
LIF-Fc to the polystyrene surface increased in a dose-depend-
ent manner, and the curve could be approximated to Lang-
muir’s adsorption isotherm (Fig. 3, A and B). The amount of
immobilized LIF-Fc onto polystyrene surface was estimated as
about 67 � 15% of initial amount.

Next, we tested the effect of immobilized LIF-Fc on ES cell
culture. EB3 cells adhered to the LIF-Fc-coated surface but not
to the surface coated with mouse IgG (Fig. 3C), indicating that
cell adhesion is mediated by immobilized LIF-Fc not by the Fc
region. In addition, to clarify the effect of the Fc region on the
stable adsorption of LIF-Fc protein, we directly coated native

LIF to the polystyrene surface. ES cells did not adhere to the
surface coatedwith native LIF; therefore, the Fc region is essen-
tial for the stable adsorption of LIF, and LIF-Fc could act as a
substrate for adhesion of ES cells. On the LIF-Fc-coated sur-
face, ES cells formed tightly aggregated colonies (Fig. 3F); sim-
ilarmorphology is observed on the conventional gelatin-coated
surface. To ascertain whether ES cells maintain their undiffer-
entiated phenotypes on immobilized LIF-Fc, we examined the
activity of STAT3 and MAPK. STAT3 was activated on the
LIF-Fc immobilized surface at the same level as on the gelati-
nized surface with LIF, and the activation of STAT3 was sus-
tained to 24 h. The activation of MAPK on the LIF-Fc-coated
surface was slightly higher than on a conventional gelatinized
surface with LIF supplementation (Fig. 3D). When activated by
soluble ligands, many cytokine receptors are usually incorpo-
rated into cells to control the strength and period of signals.
The LIF receptor is also internalized and down-regulated (20).
Within 3 h after stimulation, the protein level of the LIF recep-
tor was decreased by the stimulation of soluble LIF, although
there were no differences on the level of gp130 as described

FIGURE 2. The activity of LIF (A) and soluble LIF-Fc (B) was measured by M1 assay, as described under “Experimental Procedures.” The ability of soluble LIF-Fc to
maintain an undifferentiated state of mouse ES cells was determined by the phosphorylation of STAT3 and MAPK (C) and by ALP activity (D). Bar indicates 100
�m.
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previously (Fig. 3E) (20). On the other hand, immobilized
LIF-Fc had no effect on the incorporation of the LIF receptor,
indicating that immobilized LIFwould not be incorporated into
the cells. Furthermore, ES cells grown on the LIF-Fc-coated
dishes formed aggregated colonies (Fig. 3F) and showed high
ALP activity (Fig. 3G). These results indicate that ES cells could
maintain their undifferentiated phenotypes on a LIF-Fc-coated
surface.
Maintenance of ES Cell Features on the Co-immobilized Sur-

face of LIF-Fc and E-cad-Fc—We demonstrated that ES cells
could maintain their undifferentiated phenotypes on a LIF-Fc-
coated surface without additional LIF supplementation; how-
ever, they still form tight aggregated colonies. Furthermore,

their adhesion to LIF-Fc was not strong; therefore, they could
easily detach from the surface and form floating cell aggregates,
like embryoid bodies (data not shown). Several reports sug-
gested that aggregation would induce heterogeneous signals
depending on the position of cells (21–23). To clear these prob-
lems, we used the co-immobilized surface coated with LIF-Fc
and the fusion protein of E-cadherin and Fc fragment (E-cad-
Fc) that could maintain ES cells without colony formation (11).
First, as described under “Experimental Procedures,” the

amountofLIF-Fcat theco-immobilizingconditionwasestimated.
The amount of adsorbed LIF-Fc reached a plateau at the same
concentration of E-cad-Fc (0.25�g) and gradually increased at the
higher concentration than the concentrationof E-cad-Fc (Fig. 4,A

FIGURE 3. The amount of immobilized LIF-Fc was measured at a low concentration (A) and a high concentration (B) of LIF-Fc. The data indicate means �
S.E. of five separate experiments. C, adhesion of mouse ES cells onto the surface of 96-well plate coated with 0.1% BSA, anti-mouse IgG antibody, 0.1%
gelatin, LIF-Fc, recombinant LIF (10,000 units/ml), or anti-LIF antibody followed by recombinant LIF (10,000 units/ml). After 3 h of incubation, ES cells
adhered to a LIF-Fc-coated surface with equivalent efficiency as to a 0.1% gelatin-coated surface. The data indicate means � S.D. of three separate
experiments. D, activation of STAT3 and MAPK by immobilized LIF-Fc was analyzed by Western blotting. The phosphorylation of MAPK was sustained as
long as 24 h after culturing. E, internalization of the LIF receptor and gp130 was analyzed by Western blotting. The amount of LIF receptor did not change
on the LIF-Fc immobilized surface. F, morphological observation of R1 cells cultured on various substrates. G, ALP activity of ES cells cultured for 4 days
in the 24-well plate immobilized with LIF-Fc. ES cells formed aggregated colonies on LIF-Fc-coated surface, and they maintained ALP activity without LIF
supplementation. Scale bar indicates 100 �m.
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and B). This indicated that LIF-Fc and E-cad-Fc competitively
adsorb to a polystyrene surface. The optimal amount for coating
was estimated from these data. Next, we checked the stability of
the immobilized LIF-Fc during cell culture. After ES cells were
cultured on LIF-Fc- and E-cad-Fc-coated surface for 3 days, the
amount of remaining and detached LIF-Fc was analyzed by the
ELISA. There were no significant decreases in the amount of

immobilized LIF-Fc (Table 2), and LIF-Fc was not detected in the
conditioned media of ES cells (data not shown), indicating that
LIF-Fc is not incorporated by cells but stably immobilized on a
polystyrene surface. Furthermore, therewasnosignificant adsorp-
tion of LIF-Fc onto a gelatinized or E-cad-Fc-coated surface (Fig.
4C); therefore, we used a soluble LIF-Fc for the following
experiments.

FIGURE 4. The amount of immobilized LIF-Fc was measured at a low concentration (A) and a high concentration (B) of LIF-Fc co-immobilized with 0.25 �g of
E-cad-Fc. The data indicate means � S.E. of five separate experiments. C, amount of adsorbed LIF-Fc protein onto gelatinized or E-cad-Fc-coated surface was
analyzed by ELISA. LIF or LIF-Fc was diluted with the culture media for ES cells at 1,000 units/ml and incubated on the gelatinized or E-cad-Fc-coated surface for
3 days. The amount of adsorbed or noninteracted proteins (Supernatant) was analyzed by ELISA. The surface coated with LIF-Fc (1,000 units/ml) was used as a
control to compare the amount of immobilized LIF-Fc. The data represent means � S.E. of 12 separate experiments. D, adhesion of mouse ES cells onto the
surface of 96-well plate coated with 0.1% BSA, 5.0 �g/ml fibronectin, or co-immobilization of 5.0 �g/ml E-cad-Fc and various concentrations of LIF-Fc. After 3 h
of incubation ES cells adhered to the co-immobilized surface with equivalent efficiency as to the surface coated with E-cad-Fc alone. The data indicate means �
S.D. of three separate experiments. E and F, ES cells show higher proliferation ability on the co-immobilized surface with E-cad-Fc and LIF-Fc, depending on the
dose of LIF-Fc. E, morphological observation of ES cells cultured in the 24-well plate; the surfaces were co-immobilized with E-cad-Fc and various concentra-
tions of LIF-Fc. ES cells scattered each other, and they proliferated dose-dependently. Scale bar indicates 100 �m. F, proliferative activity of ES cells on an
indicated surface was evaluated by staining with Alamar Blue reagent. The data indicate means � S.D. of three separate experiments. G, after culturing for 3
days in a 12-well plate, the activation of STAT3 and MAPK by immobilized LIF-Fc was analyzed by Western blotting.
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The adhesion of ES cells onto the co-immobilized surface
was not affected by the concentration of LIF-Fc (Fig. 4D), and
the cells showed scattering morphology similar to those on the
surface coated with E-cad-Fc (Fig. 4E). These results indicate
that at the concentration indicated, ES cells stably adhere onto
the co-immobilized surface by E-cadherin-mediated adhesion
and that a homogeneous environment could be achieved by this
system. Furthermore, depending on the concentration of
immobilized LIF-Fc, the ES cells showed higher proliferation
ability on a co-immobilized surface than on a gelatinized sur-
face (Fig. 4F). The activation of LIF signaling was sustained on
the co-immobilized surface even at the low amount of immo-
bilized LIF-Fc (Fig. 4G, 5 units/well). These results also indicate
that LIF-Fc is stably immobilized and possesses the ability to
induce LIF signaling.
We next examined the ability to maintain undifferentiated

phenotypes on a co-immobilized surface. The expression of
Oct-3/4 (24), Rex-1 (25), and Nanog (26, 27) genes was main-
tained in a dose-dependent manner of immobilized LIF-Fc
without additional LIF supplementation, and the expression of
the genes was retained for at least 15 days. The expression of
these genes diminished upon LIF withdrawal (Fig. 5A). Immu-
nostaining also showed that ES cells cultured on co-immobi-
lized dishes with LIF-Fc and E-cad-Fc for 5 days expressedOct-
3/4 in the nucleus, whereas depletion of LIF led to a marked
reduction in Oct-3/4 staining (Fig. 5B). These results indicate
that a co-immobilized surface of E-cad-Fc and LIF-Fc did effec-
tively maintain the undifferentiated phenotype of ES cells. Fur-
thermore, we tried to apply our culture system to feeder-de-
pendent ES cells. Jxl1 and R1 cells, which are cultured on feeder
cells, were seeded on the gelatinized plate or on the co-immo-
bilized surface of E-cad-Fc and LIF-Fc. After culturing for 5
days, the ratio of Oct-3/4-positive cells was calculated. Most of
cells cultured on the co-immobilized surface retained the
expression of Oct-3/4 (Fig. 5C).
We also checkedwhether themultidifferentiating potency of

ES cells is affected by culturing on a co-immobilized surface. To
assess the potential of ES cells to differentiate into multiple cell
lineages, embryoid bodies were generated from ES cells that
had been cultured for 10 passages on the co-immobilized sur-
face. These embryoid bodies were cultured for an additional 11
days without LIF to induce differentiation. The level of
expression of lineage-specific marker genes was analyzed by
RT-PCR. Similar to results using the conventional culture
methods, embryoid bodies derived from co-immobilized
surfaces developed into ectoderm (Wnt3), mesoderm (Actc1
and Nkx2.5), and endoderm (Gata4, �-Fetoprotein, and
Bmp2) derivatives (Fig. 5D).
Finally, we confirmed the pluripotent ability of ES cells cul-

tured on co-immobilized surface with E-cad-Fc and LIF-Fc by

tetraploid aggregation. ES cells were directly transferred to our
system from culture on feeder cells. After 10 passages with one
freeze/thaw cycle, ES cells were aggregated with four-cell stage
CD-1 tetraploid embryos and transferred to pseudo-pregnant
mice. ES cell-derived embryos were recovered at E9.5. These
results demonstrate that without LIF supplementation, the co-
immobilized surface with LIF-Fc and E-cad-Fc can maintain
the undifferentiated state and pluripotency of ES cells, even
though the quite different morphology was compared with the
conventional culture systems.

DISCUSSION

In this study, we applied two immobilizable model proteins,
E-cad-Fc and LIF-Fc, to establish a new culture system of
mouse ES cells, andwedemonstrated thatmouse ES cells can be
effectively maintained on a co-immobilized surface with the
model proteins. Furthermore, we found that LIF-Fc is not
adsorbed onto the E-cad-Fc-coated surface (Fig. 4C) even
though LIF-Fc has an Fc region. This result indicates that the
surfacewould be occupied by the initial adsorption of E-cad-Fc,
which would prevent the further adsorption of LIF-Fc. There-
fore, the preparation of themixed solution should be important
for the co-immobilization of model proteins.
When cultured on the surface coated only with LIF-Fc,

mouse ES cells still form aggregated colonies, and the adhe-
sion of cells is weak, even though the cells can maintain
undifferentiated phenotypes (Fig. 3). When ES cells form
colonies, the signaling from LIF is needed to reach the center
of the colonies to maintain an undifferentiated state of ES
cells. The soluble LIF might diffuse into the colonies; how-
ever, immobilized LIF cannot interact with the inside cells.
To explain this issue, we suggest the following hypotheses. 1)
LIF-Fc is detached from the surface, and 2) the factors
secreted from ES cells by LIF stimulation contribute tomain-
tain the undifferentiated state of ES cells. We analyzed the
stability of immobilized LIF-Fc by ELISA and obtained the
data that the amount of LIF-Fc did not change after cultiva-
tion of ES cells (Table 2). In addition, immobilized LIF-Fc
prevented the incorporation of the LIF receptor (Fig. 3E).
These results indicate that LIF-Fc was stably immobilized
but not incorporated into cells. Furthermore, similar studies
suggest that chemically immobilized LIF can be effective for
maintenance of murine ES cells (28–30), although the cells
also formed aggregated colonies. Because covalent binding is
more stable than hydrophobic interaction of LIF-Fc and can-
not be digested by enzymatic activity of cells, the results also
indicate the possibility of another pathway that transduces
the LIF signals into the inside of the colonies. In addition,
several studies suggest that colony formation induces the
heterogeneous distribution of mouse ES cells (21–23) and

TABLE 2
The amount of remaining LIF-Fc after cultivation for 3 days with/without ES cells
The data indicate mean � S.E. of three separate experiments.

Amount of LIF-Fc 1.68 4.19 8.38 12.6 16.8
1.68 ng/well

% remaining LIF-Fc (without cells) 137 � 65 121 � 27 104 � 20 93 � 9.5 94 � 7.7

% remaining LIF-Fc (with cells) 143 � 56 126 � 25 104 � 24 104 � 17 106 � 10
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FIGURE 5. ES cells maintain the undifferentiated phenotype and pluripotency on the co-immobilized surface. A, expression of three genes that are
markers of the undifferentiated state was analyzed by RT-PCR. B, ES cells cultured for 5 days in different conditions were stained with anti-Oct-3/4-specific
antibody. On the co-immobilized surface, the expression of Oct-3/4 was observed even though low concentration of LIF-Fc was immobilized. Scale bar
indicates 100 �m. C, adaptation of feeder-dependent ES cells onto the co-immobilized surface with E-cad-Fc and LIF-Fc. Jxl1 and R1 cells were seeded on the
surface coated with several matrices and cultured for 5 days. The ratio of Oct-3/4 positive cells was calculated by ImageJ software. The data indicate mean �
S.E. of five separate experiments. D, ability to differentiate into multilineage cells was assessed by RT-PCR. Feeder-dependent ES cells were seeded on feeder
layer (Feeder) or on the co-immobilized surface (Co-immobilized). After being maintained for 10 passages, cells were cultured to form embryoid bodies.
Embryoid bodies were cultured for 11 days, and then expression of marker genes was analyzed by RT-PCR. ES, undifferentiated cells; EB, embryoid bodies.
Polr2a was used as an internal control. E, feeder-dependent R1 cells were maintained on the co-immobilized surface of E-cad-Fc and LIF-Fc for 10 passages, and
then cells were aggregated with four-cell stage tetraploid CD-1 embryos. The embryos were observed at the stage E9.5.
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also human ES cells (31, 32). Singh et al. (23) reported that
the heterogeneous expression of Nanog and SSEA-1 is
induced when ES cells are maintained in the colony-forming
condition, and that the cells expressing a low level of Nanog
express primitive endodermal marker genes. Furthermore,
Davey and Zandstra (22) suggested that autocrine non-LIF
ligands of gp130 transduce the signaling for maintenance of
an undifferentiated state of mouse ES cells, and they also
suggested the heterogeneity of autocrine signals. Recently, a
number of new culture methods for human ES cells have
been developed that do not require feeder cells or serum to
reduce the risk of pathogens (33–40). In these culture meth-
ods, the undifferentiated human ES cells still form aggre-
gates, and the aggregated colonies are reported to induce
heterogeneity of cells (31, 32).
From these findings, we propose that the close contact

between cells in these aggregates may lead to paracrine or
autocrine interactions that could generate heterogeneity.
Therefore, our system could improve the culture methods of
mouse ES cells by maintaining them in homogeneous
conditions.
We also found that a reduced amount of LIF was required

for maintenance of mouse ES cells on a LIF-immobilized
surface. Although we did not compare the actual amount of
LIF interacting with cells, our results indicate that the immo-
bilization of LIF is more effective in maintaining ES cells
than is possible using soluble forms. We previously reported
that ES cells maintained as a single cell require less amounts
of LIF (11). Therefore, a co-immobilized surface is an effi-
cient system to maintain ES cell properties.
In conclusion, we demonstrated that the culture surface

coated with LIF-Fc can be useful to maintain the undifferen-
tiated state of mouse ES cells, and that ES cells cultured
without any additional LIF supplementation on the co-im-
mobilized surface with E-cad-Fc and LIF-Fc could be main-
tained as single cells with complete ES cell features. More-
over, the new culture system can maintain ES cells in the
homogeneous culture condition to eliminate the risk of
unexpected differentiation, and this system is beneficial for
single cell-based assay of signaling pathways and cell
responses induced by immobilized growth factors.
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