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Extraembryonic endoderm (ExE) is differentiated from
the inner cell mass of the late blastocyst-stage embryo to
form visceral and parietal endoderm, both of which have
an important role in early embryogenesis. The essential
roles of Gata-6 and Gata-4 on differentiation of visceral
endoderm have been identified by analyses of knockout
mice. Here we report that forced expression of either
Gata-6 or Gata-4 in embryonic stem (ES) cells is suffi-
cient to induce the proper differentiation program to-
wards ExE. We believe that this is the first report of a
physiological differentiation event induced by the ecto-
pic expression of a transcription factor in ES cells.
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During early mouse development, the zinc finger-con-
taining transcription factors, Gata-6 and Gata-4, are ex-
pressed in the extraembryonic endoderm (ExE) lineages,
primitive endoderm (PrE), and the PrE derivatives: vis-
ceral endoderm (VE) and parietal endoderm (PE) (Morri-
sey et al. 1996). Gata-6 null mice die at embryonic day
(E)5.5–E7.5 because of defects in VE formation and sub-
sequent extraembryonic development (Morrisey et al.
1998). Mice null for Gata-4 die between E8 and E9 be-
cause of defects in heart morphogenesis (Kuo et al. 1997;
Molkentin et al. 1997). Gata-4 null embryonic stem (ES)
cells can generate cardiac myocytes but are partially de-
fective in their ability to generate proper visceral endo-
derm and definitive endoderm of the foregut (Narita et
al. 1997). This data suggested that such GATA factors

might hold a pivotal role in the initiation and promotion
of differentiation of ExE.

In our previous work, Gata-4 mRNA was increased
during differentiation induced by elevation of Oct-3/4 or
withdrawal of leukemia inhibitory factor (LIF) in ES cells
(Niwa et al. 2000). To examine whether the induction of
GATA factors is sufficient to drive the proper differen-
tiation program toward ExE, we forced Gata-6 or Gata-4
overexpression in ES cells.

Results and Discussion

A large number of transcription factors, GATA factors,
and hepatocyte nuclear factors (HNFs) are expressed in
ExE. Gata-6 and Gata-4 are master regulator candidates
because loss-of-function of either Gata-4 or Gata-6 re-
sulted in loss of expression of all HNFs. In contrast,
GATA factors were retained in mutant embryos lacking
HNFs (Duncan et al. 1997, 1998; Barbacci et al. 1999;
Coffinier et al. 1999). We introduced various endoderm-
associated transcription factor genes into the supertrans-
fection vector pCAG-IP (Niwa et al. 2002), and analyzed
their gain-of-function phenotypes in MG 1.19 ES cells
using episomal supertransfection (Gassmann et al. 1995;
Niwa et al. 1998). This method allowed for efficient pro-
duction of stable supertransfectants, reaching 50% of the
treated cells. Thus, differentiation events induced by
overexpression of transgenes can be easily confirmed by
observing the morphology of primary transfectants.
Among them, Hnf3�, Hnf4�, Hnf1�, Pdx1, Pax6, and
Pax4 expression vectors cannot induce any morphologi-
cal change (data not shown). The Ngn3 and Hnf3� vec-
tors yielded no colonies, presumably due to toxic effects
of overexpression. In contrast, we noticed altered mor-
phologies of colonies that were transfected with Gata-6
and Gata-4 (Fig. 1A), which were dispersed refractive
cells with stellate morphology. The morphology of these
cells was reminiscent of PE cells (Jetten et al. 1979). The
Gata-6 and Gata-4 transfectants were clearly distin-
guishable from Oct-3/4 (Niwa et al. 2000) and Stat3F
(Niwa et al. 1998) expressing cells, which displayed pave-
ments of closely apposed, large, flattened cells similar to
ES cells cultured without LIF and were identified as
mixed populations of different germ layer cells by differ-
entiation marker gene expression patterns. Similar re-
sults were observed by conventional transfection of
these vectors into germline-competent EB3 ES cells (data
not shown).

ExE gene marker expression was tested by Northern
blot and RT–PCR in several supertransfectants (Fig.
1B,C). Induction of endogenous Gata-6 and Gata-4 was
detected in both Gata-6 and Gata-4 transfectants. This is
indicative of cross- and self-transactivation between
these two GATA factors. Western blotting confirmed the
proper production of GATA-4 and GATA-6 proteins in
these transfectants (Fig. 1D). Neither Gata-6 nor Gata-4
was detectable in parental ES cells, empty vector ex-
pressing clones, Oct-3/4 transfectants, or Stat3F trans-
fectants by Northern blot (Fig. 1B). However, a faint band
for Gata-6 and Gata-4 was detected in undifferentiated
ES cells and empty vector expressing clones by RT–PCR
(Fig. 1C), which was compatible to the previous report
for Gata-6 expression in ES cells as well as in blastocysts
(Koutsourakis et al. 1999). Gata-6 and Gata-4 were also
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weakly induced in Oct-3/4 or Stat3F clones (Fig. 1C). The
promotion of Gata-4 expression in Oct-3/4 transfectants
was in agreement with our previous report (Niwa et al.
2000). The level of induced expression of the endogenous
Gata-4 was much lower than the level of Gata4 trans-
gene and endogenous Gata-4 expression induced by ec-
topic Gata-6 expression. Hnf3�, an early marker for en-
doderm differentiation (Farrington et al. 1997), and the
parietal endoderm marker genes Sparc (osteonectin; Ma-
son et al. 1986), LamininB1 (Senior et al. 1988), tissue
plasminogen activator (tPA; Strickland et al. 1976), and
disabled homolog 2 (Dab2; Morrisey et al. 2000) were
induced strongly in Gata-4 and Gata-6 transfectants in
parallel to the increased expression levels of GATA fac-
tors (Fig. 1B). This suggested a quantitative effect of
these GATA factors on ExE differentiation.

To examine whether GATA overexpression in ES cells
restricts their cell fate to the PrE lineage, we studied the
expression of other differentiation marker genes. Exog-
enous GATA expression resulted in more obvious down-
regulation of Oct-3/4 than in Oct-3/4 or Stat3F transfec-
tants (Fig. 1B). These results suggested that the differen-
tiation process induced by GATA factors may include
active repression of Oct-3/4. Fibroblast growth factor
(Fgf)-5, a marker of primitive ectoderm in early develop-
ment (Hebert et al. 1991), was detected in Oct-3/4 and
Stat3F transfectants, but not in GATA transfectants by
our RT–PCR analysis (Fig. 1C). The mesoderm marker

Brachyury (T; Wilkinson et al. 1990) and the neurecto-
dermal motor neuron marker islet-1 (Isl1 Ericson et al.
1992) were also activated in Oct-3/4 and Stat3F, but not
in GATA transfectants (Fig. 1C). This data clearly indi-
cated that GATA factors restrict cell fate to ExE whereas
Oct-3/4 and Stat3F interfere with ES self-renewal with-
out tight restriction of cell fates.

Analyses of knockout mice indicated that Gata-6
could be regarded as an upstream regulator of Gata-4
because loss of Gata-6 expression resulted in the absence
of Gata-4, whereas loss of Gata-4 lead to the up-regula-
tion of Gata-6 (Kuo et al. 1997; Morrisey et al. 1998).
Because overproduction of both GATA factors caused
similar differentiation events, as shown above and forced
expression of one GATA factor resulted in activation of
both endogenous genes, we focused on the function of
Gata-6 in further analysis. To monitor the differentia-
tion process triggered by Gata-6 more precisely, we gen-
erated an inducible Gata-6 transgene integration by su-
pertargeting in ZHTc6 ES cells (Niwa et al. 1998). This
strategy allowed for the establishment of ES cell lines
with an ideally regulatable transgene expression con-
trolled by tetracycline (Tc). Correctly targeted clones
were selected by Southern blot analysis (Fig. 2A), and
withdrawal of Tc from these clones, to induce Gata-6
transgene expression, resulted in the induction of uni-
form differentiation as observed in supertransfection
(Fig. 2C). Out of these supertargeted clones, we used
SKG612 as a representative clone for detailed analysis.
Gata-6 transgene expression was evident from 24 h after
withdrawal of Tc by Northern blot, and then endogenous
Gata-6, Gata-4, Hnf3�, Sparc, LamininB1, tPA, and the
VE marker �-fetoprotein (Afp; Dziadek and Adamson
1978) were gradually up-regulated (Fig. 2E). We could de-
tect Gata-6 protein on Western blots after 24 h of induc-
tion by Tc withdrawal. Gata-4 protein up-regulated by
Gata-6 was also detected after 24 h of Gata-6 induction
(Fig. 2B). Morphological changes in SKG612 cells were
apparent from 72 h after Tc withdrawal. From then the
cells proliferated slowly and migrated while still main-
taining their stellate shapes and multiple branching filo-
podia (Fig. 2C). The electron micrograph (Fig. 2D)
showed a dilated rough endoplasmic reticulum, charac-
teristic of PE (Enders et al. 1978). Stem cell marker genes
Oct-3/4 and Sox-2 (Yuan et al. 1995) were gradually
down-regulated. In contrast, the zinc finger protein Rex-
1/Zfp42 and the transcriptional co-factor Utf-1, which
were identified as targets of Oct-3/4 (Ben-Shushan et al.
1998; Nishimoto et al. 1999), were down-regulated more
rapidly than Oct-3/4 (Fig. 2E). RT–PCR analysis (Fig. 2F)
revealed that chicken ovalbumin upstream promoter
transcription factor (Coup-tf)-I and -II, which were
known to be up-regulated in PrE in blastocysts (Murray
and Edgar 2001), were up-regulated in addition to Hnf4�
and Hnf1�. It was reported previously that bone morpho-
genetic protein (Bmp)-2 expressed in VE, whereas Bmp-4
is found in the inner cell mass (ICM) and embryonic
ectoderm of the embryo (Coucouvanis and Martin 1999).
In our Gata-6 inducing cells, Bmp-2 is gradually up-regu-
lated while Bmp-4 is extinguished immediately. In addi-
tion to the PE markers, the early VE markers Afp and
transthyretin (Ttr; Abe et al. 1996) were also gradually
up-regulated. This data confirmed that Gata-6 triggered
the proper differentiation program toward ExE, espe-
cially towards PE.

As shown above, overexpression of GATAs induced

Figure 1. Supertransfection of Gata-4 and Gata-6 expression
vector into MG 1.19 embryonic stem (ES) cells. (A) Photographs
of colonies 7 d after transfection with each expression vector
and selected in the presence of leukemia inhibitory factor (LIF).
Gata-6 and Gata-4 transfectants show similar PE like morphol-
ogy. (B) Northern blot analysis of endoderm markers in total
RNAs from undifferentiated (stem), empty, Gata-6, Gata-4, Oct-
3/4, and Stat3F supertransfected MG 1.19 ES cells. Reciprocal
transactivation between Gata-6 and Gata-4 results in endoderm
marker gene expression. (C) RT–PCR analysis of germ layer
markers. (D) Western blots of nuclear extracts from empty,
Gata-6, and Gata-4 vector transfected MG 1.19 cells. Induced
expression of Gata-6 protein results in Gata-4 protein expres-
sion, and vice versa.

ES cell differentiation by GATA factors

GENES & DEVELOPMENT 785

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


terminal differentiation of PE, although weak expression
of GATAs were induced in PrE. To examine if strong
Gata-6 expression acts to promote terminal differentia-
tion, we induced Gata-6 expression in cells differentiated
by withdrawal of LIF, which would become a mixture of
PrE and mesoderm. Significant levels of endogenous
Gata-6 transcripts were induced after 48 h of culture in a
LIF-depleted medium. As shown in Figure 3A, endog-
enous Gata-6 and Gata-4 appeared at day 2 and day 4 in
the LIF depleted culture, and both were strongly up-regu-
lated when Gata-6 transgene expression was induced at
day 4. Endoderm structural genes Sparc, LamininB1, and
tPA were only weakly induced under LIF-depleted cul-
ture conditions, but the differentiating cells, in which
Gata-6 was induced after LIF withdrawal, strongly ex-
pressed these transcripts. Stem-associated genes were
gradually down-regulated under LIF depleted culture
conditions, but when Gata-6 is induced after LIF with-
drawal, the expression of such genes was tightly down-

regulated, as found at 96 h after Tc withdrawal in
SKG612 cells (Fig. 2E). As shown in Figure 3B, significant
morphological change was led by induced Gata-6 expres-
sion, suggesting that strong Gata-6 expression might be
involved in promoting the terminal differentiation of PrE
to PE.

In Gata-6 knockout embryos, cellular defects were evi-
dent in VE (Morrisey et al. 1998), but overexpression of
Gata-6 in ES cells mainly induced the PE phenotype.
Because the VE phenotype can only be maintained in
proper culture conditions, and VE cells can transdiffer-
entiate into PE cells in two-dimensional culture (Hogan
and Tilly 1981), it could be possible that we missed the
induction of VE in our normal culture system. Because
VE differentiation is maintained by embryoid body for-
mation (Abe et al. 1996), we examined the effect of
Gata-6 expression on VE differentiation by culturing
SKG612 ES cells in the presence or absence of Tc in
suspension, and compared the cells’ ability to express VE
marker genes. In this case, as shown in Figure 3C, the
precocious expression of ExE transcription factors
Hnf3�, Hnf4�, Hnf1�, and Coup-tf II were observed on

Figure 3. Gata-6 promotes terminal differentiation of extraem-
bryonic endoderm (ExE) after withdrawal of leukemia inhibitory
factor (LIF) and promotes visceral endoderm (VE) differentiation
under aggregated cell culture. (A) Northern blot analysis of
SKG612 cells after (I) 4 d culture in the presence of LIF and
tetracycline (Tc), (II) 2 d culture in the absence of LIF and pres-
ence of Tc, (III) further 2 d (total 4 d) following the withdrawal
of Tc from a culture that was grown for 2 d in the absence of LIF
and presence of Tc, (IV) 4 d culture in the absence of LIF and the
presence of Tc. Gata-6 works not only as initiator but also as
promoter of endoderm differentiation. (B) Photographs of
SKG612 cells cultured under conditions described above. (C)
SKG612 cells were cultured in suspension for 0, 2, 4, or 6 d in
the presence of LIF and in the presence or absence of Tc. RNA
was isolated at each time point and analyzed by RT–PCR. Note
the correlation between the expression of endoderm-associated
genes and concurrent or prior expression of Gata-6. (D) Electron
micrograph of differentiated SKG612 cells in aggregated culture.
Magnification, ×6000.

Figure 2. Gata-6 overexpression in stem cells leads to endo-
derm differentiation and blocks stem cell states. (A) An induc-
ible Gata-6 transgene integration by supertargeting. For diagno-
sis of the supertargeting event, the selected clones were ana-
lyzed by Southern blot hybridization as reported previously
(Niwa et al. 1998). A 3.2-kb SacI fragment was detected with a
probe from the 5� end of lacZ, indicative of the replacement of
the Oct-3/4 cDNA with Gata-6. Original ZHTc6 cells retained
the 4.8-kb fragment of the preexisting Oct-3/4 transgene. Super-
targeting events had taken place in all clones tested, and
SKG612 is representing one of such clones. (B) Western blot
analysis of SKG612 embyonic stem (ES) cells using anti-Gata-6
or anti-Gata-4 antibody after incubation for 24 h at the indicated
concentrations of tetracycline (Tc). Induced expression of
Gata-6 and Gata-4 protein was detected in SKG612 cells. (C)
Colony morphology of SKG612 cells cultured for 4 d in the
presence of leukemia inhibitory factor (LIF) and absence of Tc.
(D) Electron micrograph of differentiated SKG612 cells. Magni-
fication, ×4000. (E) Time course for the activation of endoderm
associated genes and the repression of stem associated genes
during the differentiation of SKG612 cells, analyzed by North-
ern blot. (F) Time course for the activation of endoderm associ-
ated genes and the repression of Bmp-4, analyzed by RT–PCR.
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Gata-6 induction. VE markers Bmp-2, Indian hedgehog
(Ihh; Maye et al. 2000), Ttr, Afp, and apolipoprotein E
(ApoE; Basheeruddin et al. 1987) were also enhanced by
induction of Gata-6. Electron microscopic analysis con-
firmed that the cells that covered the surface of the em-
bryoid body formed in the absence of Tc have a morpho-
logical future as VE (Fig. 3D). These cells displayed many
microvilli and micropinocytotic vesicles and were joined
together by small apical junctions. This data indicated
that Gata-6 can enhance VE differentiation in the proper
culture conditions, without enforcing differentiation
to PE.

We have clearly shown that expression of these GATA
factors is sufficient for triggering differentiation toward
ExE. There have been several trials to induce differentia-
tion in ES cells by overexpression of tissue-specific tran-
scription factors; however, we believe that this is the
first report of the induction of a physiological differen-
tiation event by ectopic expression of a transcription fac-
tor in ES cells. ES cells might have a limited choice to
undergo differentiation directly into PrE, trophectoderm
(TE), and epiblast/primitive ectoderm. They can also dif-
ferentiate by formation of embryoid bodies (EBs) via tran-
sition to primitive ectoderm, which might be essential
to acquire competency for differentiation into embry-
onic germ layers. If so, forced expression of transcription
factors specifically expressed in embryonic tissues can-
not induce differentiation because of the lack of compe-
tency. Gata-4 overexpression causes a different response
in ES and P19 embryonal carcinoma (EC) cells, inducing
ExE and cardiomyocyte (Grepin et al. 1997), respectively.
This difference might be based on the differential com-
petency between these pluripotent cells because the P19
EC cells bear a characteristic resemblance to the primi-
tive ectoderm.

What is the trigger of GATA expression in the natural
course of ExE differentiation? Gata-6 and Gata-4 mRNAs
were detectable in undifferentiated ES cells by RT–PCR,
but not by Northern blot analysis, indicating very weak
expression of these genes. Gata-4 transcripts were in-
creased during differentiation induced by Oct-3/4 over-
expression, Stat3F expression, withdrawal of LIF, or EB
formation. We found that forced expression of Gata-6 or
Gata-4 was sufficient to induce differentiation in the
presence of LIF. The induction of endogenous Gata-4 and
Gata-6 indicated the presence of cross- and auto-regula-
tion pathways whose function could override the mecha-
nism to maintain ES self-renewal. This data suggested
that the repression of this GATA network is an impor-
tant part of the molecular mechanism to maintain the ES
cells in an undifferentiated state, a state that was re-
leased by withdrawal of LIF or up-regulation of Oct-3/4.
However, down-regulation of Oct-3/4 induced TE tran-
scription factors such as Hand-1 and Cdx-2 but not
Gata-4 and Gata-6 (Niwa et al. 2000), which indicated
that Oct-3/4 did not repress the GATA network directly.
Next, we considered the endoderm differentiation model
shown in Figure 4C. We hypothesized that unidentified
transcription factor(s) activated by the cooperation of
Oct-3/4 and its cofactor(s) acts as a repressor of Gata-6.
During ES self-renewal, expression of Gata-6 is repressed
by the hypothetical repressor X, at a point below the
threshold level necessary to trigger differentiation; how-
ever, once expression of the repressor X is down-regu-
lated, Gata-6 expression is up-regulated initially, then
Gata-6 and Gata-4 trans- and self-activate themselves.

Once the GATA protein expression level is increased
beyond the threshold, the ExE differentiation process can
progress.

Because it was reported that COUP-TF could act as a
repressor on the Oct-3/4 promoter (Ben-Shushan et al.
1995), COUP-TF induced by GATA expression might
play some role to block stem cell self-renewal. Indeed,
overexpression of Coup-tf I in ES cells using supertrans-
fection repressed endogenous Oct-3/4 expression. This
resulted in differentiation to epithelial cells that ex-
pressed the TE marker gene Hand-1 (Fig. 4A), a marker
gene that was never induced in GATA transfectants
(data not shown). However, the morphology of these ep-
ithelial cells was different from that of the TE-like cells
induced by the down-regulation of Oct-3/4 (Fig. 4B). This
data also suggested that COUP-TF alone is not sufficient
to mimic the effect of GATA factors, and that the coop-
erative function of the GATA factors and their target
genes, including Coup-tf, might be important to trigger
the proper differentiation program toward ExE, and the
down-regulation of stem-cell-specific genes.

Why is weak induction of GATA factors by overex-
pression of Oct-3/4 or inactivation of STAT-3 not suffi-
cient to induce the terminal differentiation of the ExE?
Our data clearly indicates that there is a threshold level
for the promotion of a terminal differentiation event.
Because strong expression of GATA factors can trigger
the differentiation of ES cells, it might be possible that
their weak induction is sufficient for initiation of differ-
entiation but not for promotion. Alternatively, weak
GATA induction could be just a result of PrE differen-
tiation. It will be necessary for us to clarify this point by

Figure 4. Forced expression of Coup-tf I represses stem cell
marker genes. (A) Northern blot analysis of stem cell and dif-
ferentiation marker genes in total RNAs from MG1.19 embry-
onic stem (ES) cells supertransfected with empty or Coup-tf I
expression vectors. Overexpression of Coup-tf I results in down-
regulation of stem cell marker genes Oct-3/4 and Utf-1. (B)
Colony morphology of Coup-tf I supertransfectants. These cells
show epithelial-like morphology distinct from extraembryonic
endoderm (ExE). (C) Model for early endoderm differentiation of
ES cells. See the text for details.
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both in vitro and in vivo studies, in addition to identify-
ing the repressor of Gata-6.

Materials and methods
Plasmid construction
Mouse Hnf3�, mouse Hnf3�, rat Hnf4�, rat Hnf1�, mouse Pdx1, mouse
Ngn3, mouse Pax6, mouse Pax4, mouse Gata-6, mouse Gata-4, mouse
Oct-3/4, human Coup-tf I, or Stat3F cDNA were introduced between
EcoRI or BstXI sites of pCAG-IP (Niwa et al. 2002) for episomal expres-
sion. For supertargeting, mouse Gata-6 cDNA was introduced between
the SfiI sites of the pSuperKO vector (Niwa et al. 1998).

ES cell culture and transfection
ZHTc6, MG 1.19, and their derivatives were cultured without feeders in
LIF-supplemented medium as described previously (Niwa et al. 1998).
Transfection of episomal expression vectors into MG 1.19 ES cells (su-
pertransfection) was done as described previously using Lipofectamine
2000 (Invitrogen) (Niwa et al. 2002). For supertargeting, 1 × 107 ZHTc6
cells were electroporated with 100 µg of linearized SuperKO–Gata-6 plas-
mid DNA at 800 V and 3 µF using a Bio-Rad Gene Pulser, and then
selected in the presence of 300 µg/mL G418 and 1 µg/mL Tc. Targeted
clones were maintained in the continuous presence of Tc (1 µg/mL), and
the supertargeting events were confirmed by Southern blot analysis as
described previously (Niwa et al. 1998).

RNA isolation, Northern blot, and RT–PCR analyses
Total RNA was isolated from ES cells by TRIZOL Reagent (Invitrogen).
Next, 5 µg of total RNA was separated on a denaturing formaldehyde gel
of 1% agarose, blotted on to a Hybond-N nylon membrane (Amersham),
and then analyzed by nonradioactive filter hybridization (Gene Image,
Amersham). For RT–PCR analyses, cDNA was synthesized from 1 µg of
total RNA, with an oligo-dT primer and Maloney murine leukemia virus
RT (ReverTra Ace, Toyobo). One twentieth of the single strand cDNA
products were used for each PCR amplification. Primer sets are listed in
Table 1. By applying the indicated numbers of PCR cycles in Table 1, all
cDNAs were amplified in quantitative ranges, which were confirmed by
testing various cycles for the samples giving maximum levels of signals
in each primer sets.

Nuclear extracts and Western blot analyses
ES cells were washed with PBS, scraped off the plates, and collected by
centrifugation. Nuclear extracts were prepared as described by Gobert et
al. (1996). Aliquots (7 µg) of nuclear extracts were fractionated on a 10%
SDS–polyacrylamide gel and electroblotted onto PVDF membrane (Im-
mobiron, Millipore). After treatment in blocking buffer (1× TTBS plus
3% skimmed milk), membranes were sequentially probed with the anti-

Gata-6 (sc-7244, Santa Cruz) or anti-Gata-4 (sc-9053, Santa Cruz) HRP-
conjugated anti-goat or rabbit IgG, then further developed using ECL
reagents (Amersham)

Electron microscopy
Differentiated SKG612 ES cells were fixed with a fixative (2% paraform-
aldehyde, 2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4) for
2 h at room temperature and stored at 4°C for several weeks. After wash-
ing with 0.1 M cacodylate buffer (pH 7.4) three times (5 min each), cells
were postfixed with ice-cold 1% OsO4 in the same buffer for 2 h. The
samples were rinsed with distilled water, stained with 0.5% aqueous
uranyl acetate for 2 h at room temperature, dehydrated with ethanol, and
embedded in Poly/Bed 812. Ultra-thin sections of these cells were cut,
doubly stained with uranyl acetate and lead citrate, and viewed with a
JEM 1010 transmission electron microscope (JEOL).
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