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Fig. 3. MeCP2 suppresses GFAP expression. A: Four-day-expanded
E14.5 neuroepithelial cells were infected with recombinant retrovirus
engineered to express only GFP (pMY), or MeCP2 together with
GFP (MeCP2), and cultured with LIF (50 ng/ml) for 4 days to
induce astrocyte differentiation. The cells were then stained with
antibodies against GFP (green) and GFAP (red). B: The percentage
of GFAP-positive cells in each GFP-positive cell population after
4 days’ culture was determined (mean * SD). Scale bar = 50 pm.

from differentiating into GFAP-positive cells (16% in
Fig. 3B). In addition, there was no significant difference
in the number of dead cells between control and MeCP2-
expressing virus-infected cells (Supplemental Fig. 2), indi-
cating that the reduction in the number of GFAP-positive
cells caused by MeCP2 expression was not due to the spe-

cific killing of astrocytes. Furthermore, the proliferation
rate of control and MeCP2-expressing virus-infected cells
was similar when judged by bromodeoxyuiridine (BrdU)
uptake (data not shown). Neither selective cell death nor
inhibition of proliferation, therefore, appears to account
for the reduction of astrocyte differentiation. These obser-
vations suggest that MeCP2 functions as a suppressor of
astrocytic gene expression.

MeCP2 Binds to the Hypermethylated
GFAP Exon 1

MeCP2 is known to suppress gene expression by
binding to methylated CpG dinucleotides via a DNA-
binding motif called the methyl-cytosine binding domain.
Accordingly, if MeCP2 inhibits GFAP gene expression,
the gene should possess a methylated region. As men-
tioned above, CpG sites in the GFAP promoter region
between —1,622 bp and -1,423 bp, including the
STAT3-binding site, are hypomethylated both in neuro-
epithelial cells at late gestation and in differentiated cell
populations containing many neurons. In an effort to
identify highly methylated regions of the GFAP gene
other than the STATS3 site-containing region, we found
that the exon 1 region (+20 to +449 bp) was heavily
methylated in E14.5 neuroepithelial cells as well as in
neuron-containing differentiated cells (Fig. 4A). These
results raised the possibility that exon 1 could be a bind-
ing target for MeCP2 in neurons.

To examine whether MeCP2 binds to hyperme-
thylated exon 1 of the GFAP gene in neurons, we per-
formed a ChIP assay using anti-MeCP2 antibody fol-
lowed by PCR to detect coimmunoprecipitated exon 1
in undifferentiated neuroepithelial cells and neuron-con-
taining differentiated cells. As shown in Figure 4B, the
level of MeCP2 binding to exon 1 was significant in
neuron-containing differentiated cells but was much
lower in undifferentiated neuroepithelial cells. We also
confirmed that MeCP2 could bind to hypermethylated
exon 1 in undifferentiated neuroepithelial cells when
expressed ectopically (data not shown). It seems likely
from these experiments that the expression of MeCP2 in
neurons contributes to the silencing of the GFAP gene
as a consequence of MeCP2 binding to the hypermethy-
lated exonl region of the gene.

MeCP2 Binds to the Hypermethylated Proximal
Region of the S100B Gene To Suppress
Its Expression :

S100B is a soluble calcium-binding protein synthe-
sized in astrocytes and, like GFAP, is known as a typical
marker for astrocytes (Burette et al., 1998). The results
decsribed above showed that MeCP2 has the potential
to suppress an astrocytic marker, GFAP expression; how-
ever, they did not reveal whether the MeCP2-mediated
suppression is confined only to the GFAP gene or might
extend to other astrocyte-specific genes such as S100pB.
Neuroepithelial cells derived from E14.5 telencephalon
were infected with control and MeCP2-expressing retro-
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Fig. 4. MeCP2 binds to the hypermethylated exon 1 of GFAP gene
in neurons. A: Four-day-expanded E14.5 neuroepithelial cells (undif-
ferentiated) were differentiated in medium containing 0.5% FBS for
4 days (differentiated). The methylation status of CpG sites within
the GFAP gene exon 1 region (+20 to +449 bp) in undifferentiated
neuroepithelial cells (upper) and differentiated cells (lower) was ana-

viruses and cultured for 4 days under conditions that
favor astrocyte differentiation. We found that 59% and
3% of the virus-infected cells were S100f positive in the
control and MeCP2-expressing populations, respectively
(Fig. 5A,B). These indicate that MeCP2 can dramatically
inhibit S100B expression as well as GFAP expression.

To address the question of whether the suppression
of S100f gene expression by MeCP2 occurs through a
mechanism analogous to that of the GFAP gene, we
next analyzed the methylation status of CpG sites around
the transcriptional initiation site, including exon 1, of
the S1008 gene in undifferentiated neuroepithelial cells
and neuron-containing differentiated cells. There are
four CpG sites, at =322, =207, —64, and +7 bp relative
to the transcriptional start site. As shown in Figure 5C,
although the methylation frequency of the CpG dinucleo-
tide at —322 bp was very low, it was high at the other
three CpG sites in both undifferentiated and differentiated
cells. These three CpG sites may thus be targets for
MeCP2 binding to repress gene expression. To examine
whether MeCP2 can associate with these methylated CpG
sites, ChIP analysis was performed with an anti-MeCP2
antibody followed by PCR to detect a coimmunoprecipi-
tated DNA fragment spanning —234 and +84 bp in the
S100B gene. As shown in Figure 5D, a strong association
between MeCP2 and the hypermethylated region of the
S100B gene was observed in cells expressing MeCP2.
These data reveal that MeCP2 can bind to the highly
methylated region of the S100B3 gene as well as to that of
the GFAP gene to suppress expression of both genes. Col-
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lyzed by bisulfite sequencing. White and black circles indicate unme-
thylated and methylated CpG sites, respectively. B: ChIP assays were
performed using anti-MeCP2 antibody and PCR primers to detect a
DNA fragment spanning —18 and +510 bp in the exonl region of
GFAP gene in undifferentiated neuroepithelial cells (left lanes) and
differentiated cells (right lanes).

Exoni

lectively, these results further support the argument that
MeCP2 restricts astrocytic lineage-specific gene expression
in neurons expressing higher amounts of MeCP2.

MBD1 and MeCP2 Have a Redundant Function
Regarding the Suppression of Astrocytic Gene
Expression

MeCP2 belongs to a protein family composed of at
least five members, all of which share a functional
methyl-CpG-binding domain, except for MBD3, which
is incapable of binding to methylated DNA (Hendrich
and Bird, 1998). The other methyl-CpG binding pro-
teins may thus have a functional redundancy with
MeCP2 in inhibiting astrocytic gene expression. In par-
ticular, it has been reported that MBD1 is expressed in
the brain and plays an important role in adult neurogen-
esis and hippocampal function in mouse (Zhao et al.,
2003). Therefore, we decided to determine whether
MBD1 can suppress GFAP expression. To this end, we
infected E14.5 neuroepithelial cells with control and
MBD1-expressing retroviruses and cultured them with
LIF for 4 days to induce astrocyte differentiation. As
shown in Figure 6A, MBD1 expression resulted in the
inhibition of GFAP-positive astrocyte differentiation of
neuroepithelial cells. The control retrovirus-infected cells
became GFAP positive astrocytes at a frequency of 54%
(Fig. 6A), whereas only 24% of MBD1-infected cells
were GFAP positive (Fig. 6B). These data imply that
MeCP2 and MBD1, both of which are highly expressed

-199-



976 Setoguchi et al.

2 8
| L]

Positive cells (%)
8
| |

20 b=
0
pMY MeCP2
+1
¢ 4+—4— D
-322 - 207 - 64 +7 pMY MeCP2
lgG
U ndiffer-
entiated
- MeCP2
S B S
g § Input { . -
Differ-
entiated § %
4 4
O ® ® ®

Fig. 5. MeCP2 binds to the hypermethylated proximal region of the
S100B gene to suppress its expression. A: Neuroepithelial cells were
infected with recombinant retrovirus engineered to express only GFP
(PMY), or MeCP2 together with GFP (MeCP2), and cultured with
LIF (50 ng/ml) for 4 days to induce astrocyte differentiation. The
cells were then stained with antibodies against GFP (green) and
S100B (red). B: The percentage of S100B-positive cells within the
GFP-positive cell population after 4 days’ culture was determined
(mean * SD). C: The methylation status of four CpG sites (—322,

in neurons, are functionally redundant and suppress
astrocytic gene expression in neurons.

DISCUSSION

It is becoming apparent that interplay between
cell-extrinsic cues and cell-intrinsic programs has impor-

—207, —64, and +7 bp) around the S100B transcriptional initiation
site (+1 bp) including exon 1, in undifferentiated neuroepithelial cells
and differentiated cells, was analyzed by bisulfite sequencing. White and
black circles indicate unmethylated and methylated CpG sites, respec-
tively. Nucleotide position are designated base on GeneBank accession
number L22144. D: ChIP assays were performed using anti-MeCP2
antibody and PCR. primers to detect a DNA fragment spanning —234
and +84 bp in the S100B gene in control (pMY) and MeCP2-express-
ing virus-infected neuroepithelial cells. Scale bar = 50 pm.

tant roles in the fate specification of NSCs. We have
previously reported that the change in DNA methylation
of a cell-type-specific gene promoter is a critical deter-
minant for the switch from neurogenesis to astrocyto-
genesis of NSCs during development (Takizawa et al.,
2001). We propose here that not only DNA methylation
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Fig. 6. MBD1 inhibits GFAP expression in neuroepithelial cells. A:
Neuroepithelial cells were infected with recombinant retrovirus engi-
neered to express only GFP (pMY), or MBD1 together with GFP
(MBD1), and the cells were cultured with LIF (50 ng/ml) for 4 days
to induce astrocyte differentiation. The cells were then stained with
antibodies against GFP (green) and GFAP (red). B: The percentage
of GFAP-positive cells within the GFP-positive cell population after
" 4 days’ culture was determined (mean * SD).

but also the expression of MBDs is involved in the
maintenance of neuronal identity.

Neurons differentiated from neuroepithelial cells at
midgestation do not express an astrocyte-specific gene
GFAP, even when stimulated with the astrocyte-induc-
ing cytokine LIF. However, this is not surprising, in that
the hypermethylated status of the STAT3-binding site in
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the GFAP gene promoter is maintained (Takizawa et al.,
2001). As gestation proceeds, neuroepithelial cells gradu-
ally lose methylation at the STAT3-binding site and gain
the potential to differentiate into GFAP-expressing astro-
cytes. Nevertheless, these neuroepithelial cells can still
give rise to neurons, and these neurons do not express
GFAP even if they are stimulated by the STAT3-activat-
ing cytokine LIF. These findings suggested to us that a
mechanism other than STAT3 site methylation must
exist to suppress astrocytic genes in neurons.

DNA methylation-mediated gene silencing occurs
mainly through the following two mechanisms. First,
CpG methylation within a transcription factor recogni-
tion sequence can interfere directly with binding of the
transcription factor to the sequence (Watt and Molloy,
1988). Second, and more generally, methylation-medi-
ated gene silencing can be executed through the action
of MBD family members such as MeCP2 and MBD1,
which preferentially bind to methylated CpG (Hendrich
and Bird, 1998). The MBDs themselves are transcrip-
tional repressors whose association with other corepres-
sor proteins and histone-modifying enzymes leads to re-
pressive chromatin remodeling and gene silencing (Hen-

"drich and Bird, 1998). Among the MBDs, at least
‘MeCP2, MBD1, MBD2, and MBD3 are known to be

expressed predominantly in neurons in the CNS (Coy
et al., 1999; Jung et al.,, 2002; Shahbazian et al., 2002;
Kishi and Macklis, 2004). We found in the present study
that exon 1 of the GFAP gene is heavily methylated
even in neuroepithelial cells at late gestation and in neu-
rons differentiated from these neuroepithelial cells. Like-
wise, the proximal promoter region including exon 1 of
another astrocytic marker gene, S1008, is highly methyl-
ated in both types of cells. We further demonstrated that
MeCP2 actually binds to these highly methylated regions
and suppresses expression of both GFAP and S100(3
genes. Similarly, MBD1 also inhibited GFAP expression
in neuroepithelial cells, which normally respond to LIF
stimulation and express the gene. Collectively, these
observations suggest that MBDs participate in the sup-
pression of astrocytic gene expression in neurons ex-
pressing abundant amounts of MBDs. In this context, it
is intriguing that neurons can be divided into two
groups: neurons with a hypermethylated STAT3-binding
site in the GFAP gene promoter and those without it.
However, the functional difference between these two
neuronal types is currently unknown.

In this report, we have suggested the involvement
of MBDs, including MeCP2, in the suppression of
GFAP gene expression in neurons. Thus, a dysfunction
of MeCP2 or other MBDs in the brain might affect
GFAP expression. Indeed, it has been reported that
many glial gene transcripts, including GFAP, related to
known neuropathological mechanisms are up-regulated
in the brains of RTT patients (Colantuoni et al., 2001).
In addition, GFAP is the major intermediate filament of
mature astrocytes, and its specific expression in this cell
type suggests an important function (Messing and Bren-
ner, 2003). While the absence of GFAP has relatively
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minor effects on development, its overexpression leads
to an increase in lethality in transgenic mice (Messing
et al., 1998). Furthermore, GFAP-coding mutations are
known to be responsible for most cases of Alexander dis-
ease, a devastating neurodegenerative disorder (Messing
et al., 2001). Therefore, the precise control of GFAP
expression level modulated by MBDs may be necessary
for normal development and function of the CNS. In
contrast to reports on the human case of RTT, Tudor
et al. (2002) have reported that the results of numerous
microarray analyses revealed no dramatic changes in
transcription even in MeCP2 mutant mice displaying
overt disease symptoms; statistical analyses of the data
indicated that even relatively subtle changes in transcrip-
tion would have been detected if present. We also
examined whether GFAP is expressed in neurons pre-
pared from MeCP2-deficient mice at postnatal day 2
and found no obvious GFAP expression in neurons as
assessed by immunocytochemistry (data not shown).
These observations might reflect either a difference in
sensitivity of humans and mice to the loss of MeCP2
(note that male mutant mice are viable, whereas it is
thought that many, although not all, human males with
MeCP2 mutations die perinatally; Hagberg et al., 1983;
Dotti et al., 2002), or functional compensation by
another methyl-binding protein, such as MBD1, that has
similar and possibly redundant functions, as suggested in
this work. Whatever the reason, we need to await fur-
ther studies to unravel the cause of the discrepancy
between MeCP2 mutant mice and human RTT
patients. Another group has shown recently that MeCP2
is expressed in embryonic nonneuronal cells, including
astrocytes, as judged by immunocytochemistry and
Western blotting (Nagai et al., 2005). They further indi-
cated that knockdown of MeCP2 in astrocytes reduces
their proliferation. Conversely, we could not detect
MeCP2 expression in astrocytes in our experiments.
Although the reason for this inconsistency is unclear, it
may be attributable to differences in sensitivity between
the two antibodies used to detect MeCP2.

Kishi and Macklis (2004) have reported that
MeCP2 is not involved in fate determination of neuro-
epithelial cells as judged from both in vivo and in vitro
analysis of MeCP2 mutant mice. They showed that
MeCP2 is abundantly expressed in neurons but that
expression is very low, if any exists, in undifferentiated
neuroepithelial cells, so that the absence of MeCP2
might not affect the fate decision of the cells. Neuroepi-
thelial cells at late gestation express astrocytic genes in
response to astrocyte-inducing cytokines, a property that
makes them suitable to examine whether MeCP2 sup-
presses astrocytic gene expression. In the present study,
we demonstrated that astrocytic gene expression was
inhibited when E14.5 neuroepithelial cells were trans-
duced by MeCP2-expressing retroviruses. This result
suggests that MeCP2 is involved in the suppression of
astrocytic gene expression in cells such as neurons,
which abundantly express MeCP2. It does not, however,

necessarily mean that MeCP2 physiologically controls
fate specification of neuroepithelial cells.

We have argued in this paper that MBDs inhibit
astrocyte-specific gene expression in neurons, but other
interpretations remain possible. It has been suggested that
neurogeninl (Ngnl), a proneural basic helix-loop-helix
transcriptional factor, can inhibit transcription of GFAP
by sequestering the CBP-Smadl complex away from
astrocyte-specific genes and by inhibiting the activation
of STATSs, which are necessary for astrocytogenesis (Sun
et al., 2001). We have also detected Ngnl expression in
mature neurons in the adult mouse brain (J.K. and K.N.,
unpublished observations). Therefore, it is possible that
proneural gene products such as Ngnl function as tran-
scriptional suppressors for astrocytic genes, in concert
with MBD:s. In any case, the present study suggests that
the binding of MBDs to highly methylated regions of
their target genes may be a key molecular mechanism
restricting the differentiation plasticity of neurons.
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ES cells represent a valuable model for investigating early embryo
development and hold promise for future regenerative medicine
strategies. The self-renewal of pluripotent mouse ES cells has been
shown to require extrinsic stimulation by the bone morphogenetic
protein (BMP) and leukemia inhibitory factor signaling pathways
and the expression of the transcription factors Oct4 and Nanog.
However, the network of interactions among extrinsic and intrinsic
determinants of ES cell pluripotency is currently poorly under-
stood. Here, we show that Nanog expression is up-regulated in
mouse ES cells by the binding of T (Brachyury) and STAT3 to an
enhancer element in the mouse Nanog gene. We further show that
Nanog blocks BMP-induced mesoderm differentiation of ES cells by
physically interacting with Smad1 and interfering with the recruit-
ment of coactivators to the active Smad transcriptional complexes.
Taken together, our findings illustrate the existence of ES cell-
specific regulatory networks that underlie the maintenance of ES
cell pluripotency and provide mechanistic insights into the role of
Nanog in this process.

pluripotency | T (Brachyury) | self-renewal | mesoderm differentiation |
leukemia inhibitory factor

ouse ES cells are self-renewing, pluripotent cell lines derived

from preimplantation embryos (1, 2). Strict culture condi-
tions must be followed to maintain the self-renewal of pluripotent
mouse ES cells. Two extrinsic culture requirements, a feeder layer
of fibroblasts and the addition of FBS, have been identified as
necessary to sustain proliferation of undifferentiated mouse ES
cells and their activities pinpointed to specific molecules (reviewed
in ref. 3). Thus, self-renewal of mouse ES cells can be sustained in
feeder-free conditions by supplementing the culture media with the
cytokine leukemia inhibitory factor (LIF) (4, 5). In the absence of
LIF, ES cell colonies flatten and form epithelium-like sheets (4, 5).
More recently, the self-renewal promoting activity of animal serum
has been identified as being mediated by ligands of specific families
of the TGF-B8 superfamily, including the bone morphogenetic
protein (BMP) family members BMP2 and BMP4 and the growth
and differentiation factor (GDF) family member GDF6 (6). In the
absence of BMP/GDF signals, LIF is not sufficient to prevent the
neural differentiation of ES cells, whereas the absence of both
BMP/GDF and LIF stimulation results in a flattened cell pheno-
type similar to that observed during LIF withdrawal (6).

The intracellular signaling cascades initiated by both LIF and
BMP/GDF that sustain self-renewal of mouse ES cells have been
worked out to a significant degree of detail (reviewed in ref. 3). In
summary, binding of LIF to its cognate LIF receptor results in the
recruitment of gp130 and the formation of a ternary complex that
catalyzes the tyrosine phosphorylation, dimerization, and nuclear
translocation of the downstream signal transducer STAT3. BMP/
GDF, in turn, promotes ES cell self-renewal by inducing the
expression of members of the inhibitor of differentiation (Id) family
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of negative transcriptional modulators, most likely mediated by
activation of the TGF-8 downstream signal transducer Smad1 (6).

In addition to extrinsic requirements, the pluripotency of mouse
ES cells has been shown to depend on intrinsic determinants, such
as the expression of the POU transcription factor Oct4 (7) and the
divergent homeodomain-containing factor Nanog (8, 9). Both
factors are absolutely required for ES cells to maintain their
pluripotent identity. Thus, the lack (7) or down-regulation (10) of
Oct4 expression induces trophoectoderm differentiation, whereas
ES cells lacking Nanog function differentiate to endoderm lineages
(8). The relationships among extrinsic and intrinsic determinants of
ES cell identity are only recently beginning to be understood. The
maintenance of pluripotent ES cell self-renewal by Oct4 requires
functional LIF/STAT3 and BMP/GDF/1d signaling cascades (6,
10), but the function of LIF/STAT3 does not seem to be the
maintenance of Oct4 expression (10). Overexpression of Nanog, in
turn, circumvents the necessity of either LIF or BMP/GDF stim-
ulation (6, 9), although synergism between Nanog function and
LIF/STATS3 signaling has been noted (9).

During the investigation of the early events of ES cell specifica-
tion toward mesoderm lineages, we have recently shown that ES cell
cultures normally contain a population of cells expressing T
(Brachyury) [T encodes one of the earliest markers of mesoderm
differentiation (11, 12)] that we have termed early mesoderm-
specified (EM) progenitors (13). Interestingly, in the presence of
LIF, the mesoderm-specification of EM progenitors is reverted to
generate fully pluripotent ES cells by a mechanism involving Nanog
and T, prompting the possibility that T regulates Nanog expression
in EM progenitors (13). Here, we show that T and STAT3
coordinately bind to a regulatory element in the mouse Narnog
promoter, resulting in increased Nanog expression in EM progen-
itors. Furthermore, we provide evidence from gain- and loss-of-
function experiments demonstrating that Nanog prevents the pro-
gression of BMP-induced mesoderm differentiation of ES cells by
directly binding to Smad1 and interfering with the recruitment of
coactivators, thus blocking the transcriptional activation of down-
stream targets, including that of T.
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Fig. 1. Presence of STAT- and T- A
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moter. (A) Schematic representation of
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munoprecipitation. (D) LIF-dependent binding of STAT3 to the putative STAT-binding site in the Nanog regulatory region. WT and mutated versions of
double-strand oligonucleotides for the putative STAT-binding site were used as probes. Input lysates were also blotted with anti-FLAG antibody.

Results

T- and STAT-Binding Sites in the Mouse Nanog Gene. To gain insights
into the regulation of Nanog expression by T, we analyzed the
mouse Nanog gene in search of regulatory sequences. At 4.91 kb
upstream of the translation start site of Nanog, we identified a 20-bp
sequence forming an imperfect palindrome that shares homology
with the proposed binding site for T (14) (Fig. 14). We tested the
ability of T to bind to oligonucleotides representing this sequence,
but not to mutated versions thereof, by performing in vitro pull-
down assays of biotin-labeled oligonucleotides incubated with ly-
sates of NIH 3T3 cells expressing Myc-tagged T (Fig. 1B). We also
investigated the ability of endogenous T to bind the region of
interest in the Nanog promoter in vivo by chromatin immunopre-
cipitation (ChIP) assays of ES cells with a T-specific antibody (Fig.
1C). Our search for putative regulatory elements in the Nanog
promoter also identified a predicted STAT-binding site 44 bp
upstream of the T-binding site (Fig. 14). We tested the ability of
STATS3 to bind to this site in vitro (Fig. 1D) and in vivo (Fig. 1C)
using experimental approaches similar to the ones used to charac-
terize the T-binding site. These results uncover the presence of
functional binding sites for T and STAT3 in the mouse Nanog
promoter.

Functional Characterization of the Nanog EM Enhancer. We next
analyzed the significance of the T- and STAT3-binding sites in the
Nanog promoter for the biology of EM progenitors. We generated
two constructs driving the expression of luciferase, one comprising
5.2 kb of the Nanog genomic sequence upstream of the translation
start (—5203Nanog-Luc, which included both STAT3- and T-
binding sites) and the other lacking the 5’-most 1 kb (and thus both
STAT3- and T-binding sites, —4191Nanog-Luc). Transient trans-
fection of ES cells with either reporter construct resulted in a
similar, ~40-fold transcriptional induction (compared with a pro-
moterless luciferase construct) when ES cells were cultured in
medium containing 1,000 units/ml LIF (Fig. 24), a condition in
which EM progenitors are generated at very low frequency (13).
These results indicate that the regulatory elements responsible for
the constitutive expression of Nanog in ES cells are located in the
first 4.2 kb of the mouse Nanog gene upstream of the translation
start, consistent with the recent identification of functional Oct4/
Sox2-binding sites in the proximal mouse Nanog promoter (15, 16).

Importantly, the transcriptional activity of the —5203Nanog-Luc
was increased by ~4-fold with respect to that of the —4191Nanog-
Luc in ES cells adapted to grow in medium supplemented with 400
units/ml LIF (Fig. 24), in which the EM progenitor population
represents ~20% of the culture (13) (see also Fig. 3). These findings
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suggest that the up-regulation of Nanog expression in EM progen-
itors is controlled by regulatory sequences located between base
pairs —5,203 and —4,192 upstream of the translation start of the
mouse Nanog gene, a region containing the functional STAT3- and
T-binding sites. To address whether this region could function as a
transcriptional enhancer, we cloned it into a luciferase reporter
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Fig.2. Regulation of Nanog expression by LIF/STAT3 signalingand T. (A and
B) Analysis of transcriptional activities of the Nanog regulatory region by
luciferase reporter assay in mouse ES cells (1,000 or 400 units/ml LIF). (4) Both
—5203Nanog-Luc and —4191Nanog-Luc showed a similar activation with
1,000 units/ml LIF, whereas —5203Nanog-Luc activity was further increased in
cultures maintained with 400 units/ml LIF. (B) Both the T- and STAT3-binding
sites were required for activation of Nanog EM enhancer activity in ES cells
cultured with 400 units/ml LIF. WT indicates base pairs —5203 to —4192.
MUT/T, MUT/S, and MUT/TS indicate the mutation in T-, STAT3-, or both T-
and STAT3-binding sites, respectively, in the Nanog EM enhancer. Bars show
mean = SD (n = 4). (C) Tand STAT3 physically interact inside cells. T and STAT3
were coimmunoprecipitated when STAT3 was activated by LIF. [P,
immunoprecipitation.
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_construct driven by a minimal promoter. This construct increased
transcription levels by ~4.5-fold when transiently transfected into
ES cells cultured with 400 units/ml LIF (Fig. 2B). Moreover, the
enhancer activity of this region was lost when either or both the
STAT3- and the T-binding sites were mutated (Fig. 2B). These
results demonstrate the existence of an enhancer of Nanog expres-
sion located between base pairs —5,203 and —4,192 in the mouse
Nanog gene that is active in conditions that promote the appearance
of EM progenitors and to which we refer as the Nanog EM
enhancer.

Because the binding sites for STAT3 and T are located in close
proximity to one another in the Nanog EM enhancer and because
both T box transcription factors (17-19) and STAT3 (20, 21) have
been described as physically interacting with other transcription
factors for the regulation of specific promoters, we decided to
analyze whether T and STAT3 could interact inside the cell. We
tested this possibility in NIH 3T3 cells by cotransfecting expression
vectors encoding tagged versions of STAT3 and T (FLAG-STAT3
and Myc-T) and carrying out immunoprecipitation assays. Inter-
estingly, we found an association of T with STAT3 only when
nuclear translocation of STAT3 was activated by stimulation with
LIF (Fig. 2C).

The Nanog EM Enhancer Is Active in EM Progenitors. We next
investigated whether the activity of the Nanog EM enhancer was
restricted to EM progenitors. For this purpose, we used transgenic
reporter ES cells that express EGFP under the regulatory se-
quences of the mouse T gene (T-EGFP ES cells). The maintenance
of these cells in culture medium supplemented with 400 units/ml
LIF increased the size of the EM progenitor population, which
reached a plateau of ~20% of the cells after 15 passages and was
readily detected by the activity of the T-EGFP reporter (13) (see
also Fig. 3). To visualize the activity of the Nanog EM enhancer in
specific cells, we used it to drive the expression of a red fluorescent
protein (DsRed2). T-EGFP ES cells stably expressing this second
reporter showed activity of the Nanog EM enhancer only in EM
progenitors, as evaluated by the colocalization of EGFP and
DsRed? signals in these cells (Fig. 34). Consistent with the results
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Fig. 3. The Nanog EM enhancer is active in EM
progenito}sA Fluorescent images of T-EGFP and
Nanog EM enhancer DsRed2 expression in ES cell
colonies formed in culture with 400 units/ml LIF.
The coexpression of EGFP with DsRed2 in WT (A4),
but not when T- and/or STAT3-binding sites are
mutated (B-D), indicates that the activity of the
Nanog EM enhancer in EM progenitor cells is regu-
lated by T and STAT3. (Scale bar: 102m.)

of the luciferase reporter assays, mutation of either or both STAT3-
and T-binding sites in the Nanog EM enhancer abrogated the
activity of this reporter in EM progenitors (Fig. 3 B—D). Our results
thus far demonstrate that the up-regulation of Nanog expression in
EM progenitors depends on the binding of STAT3 and T to specific
sites in the EM enhancer in the mouse Nanog gene.

Nanog Blocks Mesoderm Induction by BMPs. Because BMPs are
potent inducers of mesoderm differentiation in the context of
embryo development (22-24), as well as in mouse ES cells (25-28),
we next tested whether the generation of EM progenitors was
modified by increasing or decreasing BMP signaling in cultures of
ES cells. After three passages in medium containing 400 units/ml
LIF, the size of the EM progenitor population reached ~6% in
cultures of T-EGFP ES cells (Fig. 44). This percentage almost
doubled when cells were incubated in the presence of recombinant
BMP2, BMP4, or BMP7 and was reduced by half upon incubation
with noggin (Fig. 44), a secreted factor that blocks BMP signaling
(29, 30). We then tested whether BMP signaling also regulated the
maintenance of EM progenitors. When pure populations of EM
progenitors were plated in culture medium containing 400 units/m]
LIF, ~75% of the resulting cells underwent a transition to ES cells,
whereas the remaining ~25% maintained EM progenitor identity
(Fig. 4B). When the cultures were supplemented with BMPs, the
maintenance of EM progenitors increased by ~2-fold, whereas it
was decreased by half upon incubation with noggin (Fig. 4B).
Interestingly, overexpression of Nanog in EM progenitors resulted
in a decrease in their maintenance similar to that induced by noggin
(Fig. 4B). These results indicate that the generation and mainte-
nance of EM progenitors depends, at least in part, on the differ-
entiation-promoting activity of BMPs and suggest that Nanog’s
ability to reduce the numbers of EM progenitors may depend on the
blockade of BMP signaling.

Signaling by BMPs is intracellularly transduced by receptor-
regulated Smads (Smadl, Smad5, and Smad8) and the comediator
Smad4 and is antagonized by inhibitory Smads [Smad6 and Smad7
(reviewed in ref. 31)]. To characterize the mechanism by which
Nanog blocks BMP signaling, we first analyzed the etfects of Nanog
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Fig. 4. BMP signaling promotes the mesoderm specification of ES cells. (A) Flow-cytometric analysis of T-positive cells in T-EGFP ES cells cultured for three
passages with 400 units/ml LIF under conditions of inhibition (noggin) or activation (BMP2, BMP4, and BMP7) of BMP signaling. Bar shows mean = SD (n = 4).
(B) Flow-cytometric analysis of T-positive cells produced from purified T-positive cells cultured with 400 units/ml LIF under conditions of inhibition or activation
of BMP signaling. Inhibition of endogenous BMP signaling by noggin decreased the percentage of T-positive cells at a similar level of Nanog overexpression,
whereas BMP activation increased the percentage of T-positive cells. Bar shows mean = SD (n = 4). (C) RT-PCR analyses in ES cells cultured with 400 units/ml LIF
with or without addition of BMP7 show that BMP-dependent /d7 expression is negatively regulated by overexpressing Nanog and enhanced when Nanog
function isdown-regulated. (D) A reporter construct of — 11471d 1-Luc containing the Smad-bindingsites, but not —9271d1-Luc, was activated in a BMP-dependent
manner in ES cells cultured with 400 units/ml LIF. Nanog and inhibitory Smads (Smad6 and Smad7) down-regulated —11471d1-Luc activity in a similar manner.

Bars show mean = SD (n = 4).

overexpression and down-regulation in the BMP-induced expres-
sion of IdI, a well characterized transcriptional target of BMP
signaling (32). Gain of Nanog function in ES cells induced de-
creased basal levels of Id] expression and greatly impaired the
ability of BMP signaling to up-regulate IdI expression (Fig. 4C).
Conversely, down-regulating Nanog function with Nanog-specitic
short hairpin RNAs (shRNAs) resulted in increased levels of Id1
expression (Fig. 4C). Next, we used IdI-luciferase reporter con-
structs containing (—1147Id1-Luc) or lacking (—927Id1-Luc) the
Smad-binding sites (33) and analyzed their activity in ES cells.
Transient transfection of these reporters in ES cells resulted in a
~4.5-fold activation of the —1147Id1-Luc reporter when compared
with the —927Id1-Luc reporter (Fig. 4D), indicating the existence
of a significant level of endogenous BMP signaling associated with
our culture conditions (see Discussion). Addition of BMP to the
culture medium resulted in a strong up-regulation of the —11471d1-
Luc reporter as compared with the —927Id1-Luc reporter (Fig. 4D).
That the activation of the —11471d1-Luc reporter was due to BMP
signaling was further confirmed by the fact that cotransfection of ES
cells with cDNAs encoding inhibitory Smads drastically reduced the
transcriptional activity of the reporter induced by endogenous or
exogenous BMPs (Fig. 4D). Interestingly, Narnog overexpression in
ES cells closely mimicked the effect of inhibitory Smads (Fig. 4D),
suggesting that Nanog may block BMP signaling by interfering with
the formation of activated Smad complexes.

Nanog Binds to Smad1. Inhibitory Smads negatively regulate BMP
signaling by binding to activated receptor-regulated Smads, hence
limiting their availability to form transcriptionally active complexes
with Smad4 and/or other nuclear cofactors (reviewed in ref. 31). To
address whether Nanog blocked BMP signaling by a similar mech-
anism, we first analyzed its ability to interact with the receptor-
regulated Smadl inside the cell. Coimmunoprecipitation assays in
NIH 3T3 cells revealed that Nanog was indeed able to bind Smad1
only when the latter was activated by cotransfection of a constitu-
tively active ALK3. Similarly, the interaction of endogenous Nanog
and Smad1 could be detected in ES cells and was enhanced by BMP
stimulation (Fig. 6 A and B, which is published as supporting
information on the PNAS web site).

Next, we mapped the interaction domain of Smad1 with Nanog.
The different Smads contain two conserved domains, the N-
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terminal Mad homology (MH) 1 and the C-terminal MH2 domain,
separated by a poorly conserved linker. The interaction of receptor-
regulated Smads with Smad4 and other transcription factors and
cofactors, as well as with inhibitory Smads, occurs through the MH2
domain (reviewed in ref. 31). In cells cotransfected with Nanog and
expression constructs encoding the individual MHI1, MHI1 plus
linker, or MH2 domains of Smadl, interaction with Nanog was
found exclusively with the MH2 domain (Fig. 6C). These results are
consistent with a negative role of Nanog in BMP signaling by
interfering with the interaction of receptor-activated Smads with
Smad4 and/or additional nuclear factors.

The paralogous transcriptional coactivators cCAMP responsive
element-binding protein (CREB) binding protein (CBP) and p300
are nuclear cofactors important for TGF-f signaling, including that
of BMPs, which interact with the MH2 domain of receptor-
regulated Smads and Smad4 (reviewed in ref. 31). To gain further
insights into the mechanism of Nanog-mediated down-regulation of
BMP signaling, we tested whether Nanog interfered with the
recruitment of p300 to the complexes of activated Smads. For this
purpose, Myc-tagged Smadl, hemagglutinin (HA)-tagged p300,
and constitutively active ALK3 were expressed in NIH 3T3 cells
with or without HA-tagged Nanog. Immunoprecipitations of cell
lysates were performed with anti-Myc antibodies followed by
Western blotting using anti-HA antibodies. In the absence of
Nanog, Smad]l efficiently coimmunoprecipitated p300. In the pres-
ence of coexpressed Nanog, the amount of p300 bound to Smad1
decreased in a Nanog dose-dependent manner (Fig. 6D). The
functional significance of these findings was further verified by the
fact that overexpression of p300 completely rescued the down-
regulation in the transcriptional activity of the /d promoter induced
by Nanog (Fig. 54). These results indicate that Nanog negatively
regulates BMP signaling by interfering with the recruitment of the
coactivator p300 to the Smad transcriptional complex.

Nanog Blocks the Induction of T Expression by BMPs. Finally, the
finding that the expression of Xbra, the homologue of 7 in Xenopus,
is regulated by TGF-B signals (34) prompted us to investigate
whether T could be a transcriptional target of BMP signaling in ES
cells, and, if so, whether Nanog could directly block the induction
of T by BMPs. In a preliminary analysis, we identified a BMP-
responsive element in the ~1.2-kb region upstream of the transla-
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Fig. 5. Nanog down-regulates the
expression of BMP targets. (A) Over-
expression of p300 rescues the
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blocks BMP-induced Texpression in the presence of LIF/STAT3 signaling. Black arrows depict positive direct transcriptional regulation, gray arrows depict positive
posttranslational regulation, and red lines represent inhibitory regulation. See Results for details.

tion initiation site of the mouse T promoter (data not shown). We
then generated a series of luciferase reporter constructs covering
this region. We transfected these constructs into ES cells cultured
in medium containing 400 units/ml LIF and supplemented with
BMP7 and further mapped the BMP-responsive element to a
region located between base pairs —396 and —204 of the mouse T’
gene (Fig. 5C). Under these conditions, the activity of the —396T-
Luc reporter was ~5-fold that of the —204T-Luc reporter and
decreased by half upon coexpression of inhibitory Smads or Nanog
(Fig. 5B). Interestingly, the down-regulation of the —396T-Luc
activity induced by Nanog could be completely rescued by the
coexpression of p300 (Fig. 5B). The analysis of this region in the
mouse 7 promoter detected three motifs with homology to the
reported consensus of BMP-responsive Smad-binding sites (35).
These results indicate that T is a direct transcriptional target of
BMP signaling and that Nanog down-regulates T expression by
inhibiting BMP signaling at the level of the formation of active
Smad/p300 complexes.

Discussion

Differentiation-Promoting Activity of BMPs. The results from our
analyses indicate that the generation of EM progenitors from ES
cells depends on the direct mesoderm-inducing ability of BMP
stimulation (Figs. 4 and 5). This finding is consistent with reported
roles of BMP signaling during embryo development (22-24) and
with previous studies of ES cell differentiation in vitro (25-28).
However, the mesoderm-differentiating activity of BMPs seems to
be at odds with their role in maintaining the self-renewal of
pluripotent ES cells (6). Indeed, BMP signaling seems to have
contrasting effects on the maintenance of ES cell pluripotency. On
the one hand, BMPs are necessary to prevent ES cell differentiation
toward neural fates (6, 26, 36). On the other hand, signaling by
BMPs induces a loss of ES cell pluripotency by promoting their
differentiation toward nonneural fates such as mesoderm-derived
lineages (refs. 25 and 27 and this work). These opposing effects of
BMPs can be partially explained by differences in the experimental
conditions used in those studies. Thus, in the absence of LIF, low
concentrations of BMPs (~0.25-10 ng/ml) promote mesoderm
differentiation (25-27) at the expense of neural fates (26). In the
presence of LIF, however, similarly low concentrations of BMPs
prevent neural differentiation of ES cells (6, 36) and maintain their
pluripotency with no signs of mesoderm differentiation (6). Con-
sistent with this notion, we did not detect increased generation of
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EM progenitors with BMP concentrations <100 ng/ml in the
presence of LIF (data not shown). Thus, LIF seems to render ES
cells refractory to the mesoderm-inducing activity of BMPs. Our
studies demonstrate that this resistance depends, at least in part, on
a negative feedback mechanism mediated by Nanog and T.

A Negative Feedback That Blocks Mesoderm Specification in ES Cells.
Our results also provide mechanistic insights into the relationships
among ES cell pluripotency determinants. Thus, we characterize a
negative feedback mechanism that prevents mesoderm specifica-
tion of ES cells in the presence of LIF (Fig. 5D). In this mechanism,
mesoderm differentiation of ES cells is initiated by BMP signaling.
Possible sources of BMP activity in our culture conditions include
FCS (25), the fibroblast feeder layer, and/or ES cells themselves
(6). Consistent with this, we detect a significant activation of the
—11471d1-Luc reporter even in the absence of exogenous BMP
supplements (Fig. 4C). As a direct consequence of BMP signaling,
ES cells undergoing mesoderm specification activate the expression
of T (Fig. 5B). In the presence of LIF, activated STAT3 interacts
with T and binds to the Nanog EM enhancer, thus resulting in the
up-regulation of Nanog expression in these cells. Increased levels of
Nanog, in turn, directly block the mesoderm-differentiation activity
of BMPs, thereby limiting the progression of mesoderm specifica-
tion and down-regulating 7" expression, ultimately regenerating
pluripotent ES cells from EM progenitors.

However, it is clear that the functions of LIF and Nanog in the
maintenance of ES cell pluripotency are not restricted to partici-
pating in the negative feedback mechanism characterized here.
Thus, the complete lack of Nanog function promotes differentiation
of ES cells to endoderm lineages (8), indicating the existence of
roles of Nanog other than that of preventing mesoderm differen-
tiation. Indeed, the up-regulation of Nanog expression by T and
STATS3 takes place only in EM progenitors (Fig. 34), whereas the
constitutive expression of Nanog in ES cells is regulated by more
proximal regions of the Nanog promoter (Fig. 24).

Mouse ES cells, consistent with their developmental origin in the
embryo epiblast, have the ability to give rise to derivatives of all
three primary germ layers. However, unlike cells in the epiblast, in
which pluripotency is very transient, mouse ES cells can be main-
tained in culture indefinitely in a pluripotent state. The mecha-
nism(s) whereby the adaptation to culture conditions releases
epiblast cells from the loss of pluripotency remain an outstanding
question in the biology of ES cells. Our results provide insights into
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the mechanisms by which the determinants of ES pluripotency
interact to actively prevent lineage specification of ES cells.

Materials and Methods

ES Cell Culture. Mouse ES cells (J1 line, ref. 37) were maintained on
mouse embryonic fibroblasts in standard media containing 15%
FBS (HyClone) and LIF (1,000 or 400 units/ml, ESGRO; Chemi-
con). In some cases, BMP2, BMP4, BMP7 (all 200 ng/ml), or
noggin (100 ng/ml) was supplemented in the cultures [BMP7 and
noggin were kind gifts from S. Choe (The Salk Institute for
Biological Studies); BMP2 and BMP4 were from R & D Systems].
In each passage, 3 X10° cells were plated in a 6-cm dish. For clonal
analyses, T-positive and -negative cells were separately isolated by
using FACS (MoFlo; Cytomation, Fort Collins, CO) and plated at
a density of 1 X 10* cells per 6-cm dish. Before analyses, trypsinized
cells were allowed to attach to gelatin-coated plates for 45 min, thus
removing >95% of feeder cells and recovering >95% of ES cells.

Fluorescent Reporter Constructs. The first 24 bp of the T coding
sequence in a mouse genomic bacterial artificial chromosome
(BAC) (RP23-456ES, BACPAC Resources, Oakland, CA) were
replaced with an EGFP-Neo cassette by homologous recombina-
tion in bacteria (38). The bacterial strain DY380 was kindly
provided by N. G. Copeland (National Cancer Institute, Frederick,
MD). Transgenic ES cell lines expressing this construct (7-EGFP)
were obtained by electroporation and G418 selection. DNA frag-
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Maintenance of embryonic stem cell pluripbtency by

Nanog-mediated reversal of mesoderm specification
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SUMMARY

Embryonic stem cells (ESCs) can be propagated mdeﬁmtely in

culture, while retaining the ability to differentiate into any cell type

in the organism. The molecular and cellular mechanisms underlying
ESC pluripotency are, however, poorly understood. We characterize

a population of early mesoderm-specified (EM) progenitors that

is generated from mouse ESCs by bone morphogenetic protein
stimulation. We further show that pluripotent ESCs are actively
regenerated from EM progenitors by the action of the divergent
homeodomain-containing protein Nanog, which, in turn, is upregulated
in EM progenitors by the combined action of leukemia inhibitory

factor and the early mesoderm transcription factor T/Brachyury. These
findings uncover specific roles of leukemia inhibitory factor, Nanog, and
bone morphogenetic protein in the self-renewal of ESCs and provide
novel insights into the cellular bases of ESC pluripotency.
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INTRODUCTION

Mouse embryonic stem cells (ESCs) are perma-
nent cell lines derived from preimplantation
embryos? that display the peculiarities of
combining unlimited self-renewal and pluri-
potency abilities while retaining a normal -
KARYOTYPE (see review?). Arguably, most of
the recent interest in ESC research results from
the successful derivation of human pluripotent
cell lines,*> which has created new prospécts
for future cell replacement therapies. However,
many basic questions about the biology of
these promising cells need to be answered if
their potential is to be realized. Human ESCs
share with their mouse homonyms the pecu-
liarities of self-renewal and pluripotency. The
molecular mechanisms by which self-renewal
and pluripotency are maintained in human
and mouse ESCs, however, appear to differ
(see review®). Moreover, the cellular bases of
pluripotency of either mouse or human ESCs
are largely unknown.

In this paper, we analyze the dynamics of
expression of Brachyury (T), which encodes
the transcription factor T/Brachyury, one of
the earliest markers of mesoderm differen-
tiation”> in cultures of mouse ESCs. We show
that mouse ESCs cultured on feeders in the

presence of LEUKEMIA INHIBITORY FACTOR10

(LIF) and serum contain mesoderm-specified
progenitors, the number of which is dependent
on the amount of LIF in the culture medium.
We also show that, in the presence-of LIF, the
specification of these cells to a mesoderm fate
can be reversed, so that they give rise to fully
pluripotent ESCs. We further demonstrate that
the reversal of mesoderm specification is regu-
lated by NanoG.11:12 Specifically, we identify a
negative feedback mechanism by which, in the
presence of LIE, Nanog expression is upregu-
lated by T, the expression of which is, in turn,
repressed by Nanog. Our findings indicate
that ESC pluripotency is actively maintained
by specific molecular mechanisms that prevent
and/or reverse cell differentiation.
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METHODS
Embryonic stem cell culture
Mouse ESC lines J113 and SAT1, 2, 6,and 11 (derived
in our laboratory from C57BL/6 X 129/TerSv blasto-
cysts) were maintained on mouse embryonic
fibroblasts in standard media containing 15%
fetal bovine serum (HyClone, Logan, UT, USA)
and LIF (1,000 or 400 U/ml, ESGRO; Chemicon,
Temecula, CA). In each passage, 3 10° cells were
plated in a 6-cm dish. For clonal analyses, T and
- T cells were separately isolated using fluorescence-
activated cell sorting (FACS) (MoFlo; Dako, Fort
Collins, CO, USA) and plated at a density of 1 x 10*

per 6-cm dish. Attached cells were found after 8h -

and traced over the following 2 days. Before FACS
analysis, trypsinized cells were allowed to attach
to gelatin-coated plates for 45 min, thus removing
more than 95% of feeder cells and recovering more
than 95% of ESCs. '

For differentiation assays, ESCs were aggre-
gated in hanging drops (5x 103 cells each) for
3 days without LIF, and the embryoid bodies
thus formed were cultured without LIF on
gelatin-coated dishes for 5 days. For immuno-
cytochemical analyses of myosin or albumin,
embryoid bodies were cultured for 12 days,
and for Tujl analyses, embryoid bodies were
cultured for 2 days in medium supplemented
with 1pM all-trans retinoic acid (Sigma-
Aldrich Corp., St Louis, MO, USA).

The human ESC line HUES7 (a gift from
D Melton) was maintained essentially as
described elsewhere,!4 except that LIF was
omitted from the culture medium and
Plasbumin-25 (Bayer Corp., Elkhart, IN, USA)
was substituted for Plasmanate. In some cases, a
supplement of LIF (400 U/ml) was added.

Fluorescent reporter constructs

The first 24 bp of the T coding sequence in a
mouse genomic bacterial artificial chromosome
(BAC) (RPCI23-456E5; BACPAC Resources
Center, Oakland, CA, USA) were replaced with
ENHANCED GREEN FLUORESCENT PROTEIN
(eGFP)-Neo or DsRed2-Neo cassettes by
homologous recombination in bacteria.!> The
bacterial strain DY380 was kindly provided by
NG Copeland. Transgenic ESC lines expressing
these constructs (T-eGFP or T-DsRed2) were
obtained by electroporation and G418 selection.

Reverse transcriptase PCR analysis
Total RNA isolation, cDNA synthesis, and semi-
quantitative reverse transcriptase polymerase

chain reaction (RT-PCR) analysis were performed
as described elsewhere. 1617 Primer sequences and
PCR conditions are available on request.

Immunostaining

Cells were fixed in 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 30 min at 25°C,
followed by washing with PBS+0.1% Tween-20
(PBT), blocking with 5% goat or donkey serum/
PBT, and incubation at 4°C overnight with the
following primary antibodies: anti-Oct4 (1:200,
Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-GFP (1:200, Molecular Probes, or 1:100, Santa
Cruz), anti-DsRed (1:200, Clontech, Mountain
View, CA, USA), anti-Tujl (1:200, Sigma-
Aldrich), anti-myosin (1:50, Developmental
Studies Hybridoma Bank, University of Iowa,
clone MF20), or anti-albumin (1:300, Biogenesis,
Kingston, NH, USA). After washing with PBT,
cells were incubated with Alexa 488-conjugated
(1:200, Molecular Probes, Invitrogen, Carlsbad,
CA, USA) and/or Cy3-conjugated (1:200; Jackson
ImmunoResearch Laboratories, West Grove,
PA, USA) secondary antibodies specific to the
appropriate species for 2h at 25°C. After incu-
bation with 4',6-diamidino-2-phenylindole and
washing with PBT, specific immunoreactivities
were imaged by confocal microscopy (Radiance
2100, Bio-Rad, Hercules, CA, USA).

Nanog—;short hairpin RNA

Nanog-short hairpin RNAs (Nanog-shRNAs)
driven by a mouse U6 promoter (a gift from
G Tiscornia) were amplified by PCR and inserted
into a vector containing a puromycin-resistance
cassette. The sequence and design of the Nanog—
shRNAs are available on request.

Western blotting analysis

Antibodies against STAT3 (1:1,500; Cell Signaling
Technology, Beverly, MA, USA), tyrosine-
phosphorylated STAT3 (1:1,500; Cell Signaling
Technology), Nanog (1:600; a gift from
S Yamanaka), T (1:1,000; Orbigen, San Diego,
CA, USA), and B-actin (1:5,000; Abcam,
Cambridge, MA, USA) were used for western
blotting analysis.

Expression constructs

The entire coding sequences of mouse T, dnT,
Nanog, and human Nanogl (hNanogl) were
subcloned into pTRE2pur (Clontech) or a vector
containing a cytomegalovirus (CMV) promoter
and puromycin-resistance cassette. Transfection

GLOSSARY

KARYOTYPE
Characterization of the
chromosomal complement
of the cell, including numbet,
form, and size of the
chromosomes

LEUKEMIA INHIBITORY
FACTOR

A glycoprotein cytokine of
pleiotropic actions, most
notably to preserve the
pluripotency of mouse
embryonic stem cells in
culture

NANOG

A divergent homeodomain-
containing transcription
factor identified as an
absolute requirement of
mouse embryonic stem cell
pluripotency

ENHANCED GREEN
FLUORESCENT PROTEIN
A spontaneously fluorescent
protein isolated from the
jellyfish Aequoria victoria,
frequently used as a reporter
for imaging of living cells
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Figure 1 Leukemia inhibitory factor regulates the percentage of T-expressing cells in mouse embryonic
stem cell cultures. (A) Reverse transcription polymerase chain reaction analysis of T expression in T-eGFP
embryoid bodies (unselected cells), and in T* or T~ cells isolated from them. T-eGFP expression
recapitulated endogenous T expression. (B) Fluorescent images of T (€GFP)/Oct4 and T (DsRed2)/Nanog
(eGFP) expression in mouse embryonic stem cell colonies after 25 passages in medium containing leukemia
inhibitory factor 1,000 or 400 U/m]. 4',6-Diamidino-2-phenylindole staining identifies individual nuclei in each
field. T* cells were observed in colonies formed in culture with leukemia inhibitory factor not only at 400 U/ml
(right and center panels), but also at 1,000 U/ml (left panels, arrowheads). Scale bars, 50 um (left and center
panels) and 10 um (right panels). (C) Embryonic stem cells cultured with leukemia inhibitory factor 400 U/ml
expressed the mesoderm marker T, but not ectoderm or endoderm markers. Markers of all three lineages
were expressed in embryonic stem cells cultured in the absence of leukemia inhibitory factor (0). Reverse

transcriptase polymerase chain reaction analyses of ectoderm (Sox7), mesoderm (7), and endoderm
(HNF4a) early marker genes in T-eGFP embryonic stem cells obtained after 20 passages in medium
containing leukemia inhibitory factor 1,000 or 400 U/ml, or after 4 passages in medium without the factor.
(D,E) Western blotting analysis of (D) T and (E) tyrosine-phosphorylated STAT3 (STAT3-P) in T-eGFP
embryonic stem cells cultured as in (C). The levels of f-actin (D) and STAT3 (E) are shown as controls.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LIF, leukemia inhibitory factor; STAT3-P, tyrosine-
phosphorylated STAT3; T-eGFP, transgenic embryonic stem cell line expressing enhanced green fluorescent
protein under the regulatory regions of the mouse T gene.

of mouse ESCs was carried out with lipo-
fectamine 2000 and transfection of human ESCs
with ExGen 500 (Fermentas, Hanover, MD, USA),
following the manufacturer’s instructions.

RESULTS

Mouse embryonic stem cells contain

a population of T-expressing cells

To characterize the early steps of mouse ESC
differentiation toward mesoderm lineages,
we generated transgenic ESC lines expressing
eGFP under the regulatory sequences of T, one
of the earliest markers of mesoderm differ-
entiation.””8 The expression of eGFP in nine

independent T-eGFP ESC lines faithfully reca-
pitulated that of endogenous T, as assayed
by the presence of T transcripts in T-eGEP-
positive (T™) cells sorted from embryoid bodies
differentiated in vitro, and by their absence in
T-eGFP-negative (T") cells (Figure 1A and data
not shown). Interestingly, colonies of undif-
ferentiated T-eGFP ESCs grown under stan-
dard culture conditions (on a fibroblast feeder
layer in culture medium containing serum and
LIF 1,000 U/ml) contained T cells. These cells
were found in small numbers (1-3 cells per
colony) in colonies of otherwise undifferenti-
ated morphology (6.7%, n=120, Figure 1B), and
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Figure 2 Dedifferentiation of lineage-specified mesoderm progenitors into pluripotent stem cells.

(A) Reverse transcription polymerase chain reaction analysis of embryonic stem cell, ectoderm,
mesoderm, and endoderm marker gene expression in T-eGFP embryonic stem cells obtained after 20
passages in medium containing leukemia inhibitory factor 400 U/ml, and in embryoid bodies derived from
unselected T-eGFP embryonic stem cells, and from purified T+ or T~ cells. (B) Experimental procedure for
characterizing T+ and T~ cells derived from a single T* cell (early mesoderm-specified progenitor cell).
Asingle T* cell forms a mosaic colony in clonal density cultures with leukemia inhibitory factor 400 U/ml.
Each mosaic colony was independently picked up and expanded. Then, T+ and T~ cells originally derived
from a single T* cell were re-sorted by fluorescence-activated cell sorter to analyze their differentiation
potential in vitro. (C) Reverse transcriptase polymerase chain reaction analysis for ectoderm, mesoderm,
and endoderm marker gene expression in embryoid bodies derived from re-sorted T+ or T~ cells.

(D) Immunocytochemical analysis of Tuj1 (neuronal lineage), myosin (muscle lineage), and albumin
(hepatic lineage) production in embryoid bodies derived from re-sorted T+ or T~ cells. Scale bars,100 pm.
Graphs show the percentage of embryoid bodies containing antigen-positive cells. Bar shows mean +SD
(n=3; 30 embryoid bodies were examined in each dish).

DAPI, 4',6-diamidino-2-phenylindole; ES cells, embryonic stem cells; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; T-eGFP, transgenic embryonic stem cell line expressing enhanced green
fluorescent protein under the regulatory regions of the mouse T gene.

MARCH 2006 VOL 3 SUPPLEMENT 1 SUZUKI ETAL. NATURE CLINICAL PRACTICE CARDIOVASCULAR MEDICINE 8117

=213-



ARTICLE

www.nature.com/clinicalpractice/cardio

no colonies formed exclusively by T cells were
ever detected under these culture conditions.
Flow cytometric analyses of cultures of T-eGFP
ESCs revealed a 0.59%£0.05% of T* cells (n=4),
a fraction that remained virtually invariable
after more than 50 passages (data not shown).
These findings are consistent with the widely
known (although frequently overlooked) fact
that mouse ESCs;'even when maintained under
optimal culture conditions, exhibit some degree
of spontaneous differentiation. Indeed, this very
fact has been recognized as a hallmark of a ‘good’
ESCline.? Our observation is also consistent with
the identification of T as a transcript selectively
enriched in undifferentiated mouse ESCs.!1>18
Since the addition of LIF is critical for the
maintenance of undifferentiated ESCs, we next
investigated whether the percentage of T* cells in
our cultures depended on the amount of LIF in
the culture medium. T-eGFP ESCs cultured in the
absence of exogenous LIF differentiated exten-
sively over time and could not be grown over five
passages. Under these conditions, the percentage
of T* cells rose exponentially and markers of
ectoderm, mesoderm, and endoderm lineages
were expressed (Figure 1C and data not shown),
indicating that the majority of ESCs underwent
spontaneous differentiation. In contrast, reduc-
tion of exogenous LIF to 400 U/ml resulted in
colonies of normal ESC morphology (Figure 1B)
that could be maintained in culture for over 50
passages with no signs of differentiation or
crisis. This finding is consistent with the range of
exogenous LIF concentrations reported to sustain
self-renewal of pluripotent mouse BSCs, 1012
with the activation of STAT3 phosphorylation
under these conditions (Figure 1E), and with the
fact that ESCs cultured in medium containing
LIF 400U/ml for extended periods of time,
when injected into blastocysts, result in degrees
of chimerism and contribution to the germ-
line not different from ESCs maintained in LIF
1,000 U/ml (our unpublished observations).
Despite their apparently undifferentiated
morphology, colonies of T-eGFP ESCs adapted
to grow in medium supplemented with LIF
400 U/ml contained large numbers of T* cells
(Figure 1B). The adaptation process was gradual,
so that the percentage of T* cells increased over
time when the cells were switched to culture

- medium containing LIF 400 U/ml and reached

a plateau of 21.2+2.0% at 15 passages (n=4),
after which the fraction of T" cells remained
constant (data not shown). Also, the expression

of T at both mRNA (Figure 1C) and protein
(Figure 1D) levels was increased in cultures
supplemented with LIF 400U/ml when
compared with T-eGFP ESCs grown in medium
containing 1,000 U/ml. To rule out the possibility
that the increased number of T* cells under these
conditions represented a peculiarity of the ESC
line (J1) used in these experiments, we established
four independent ESC lines from a different
genetic background (C57BL/6 x 129/TerSv) that
were used to generate additional T-eGFP trans-
genic lines. With small variations, all four lines
displayed similar dynamics of accumulation of
T+ cells when cultured in medium containing
LIF 400 U/ml (data not shown).

Other than the increased numbers of T+ cells,
we could not detect any differences in cultures
maintained with LIF 400 versus 1,000 U/ml. Thus,
the increase in T expression was not accompanied
by upregulation of other transcripts involved
in mesoderm differentiation, and no markers -
of ectoderm or endoderm differentiation were
detected in ESC cultures supplemented with
LIF 400 U/ml (Figure 1C). Moreover, T* cells
generated under these conditions showed prolif-
eration rates similar to those of T~ cells when
plated at high density (0.2x10° cells yielded
4.18+0.27x10% and 4.00£0.31x105 cells,
respectively, after 7 days in culture, n=3), coex-
pressed the pluripotency-associated markers
Oct4, Nanog, and RexI (Figure 1B), and stained
positive for alkaline phosphatase (not shown).

Taken together, our results indicate that, in
cultures of mouse ESCs, a population of T* cells
exists, the size of which is controlled by the
amount of LIF present in the culture medium.
Importantly, lowering the concentration of LIF
to 400 U/ml did not appear to be detrimental for
the self-renewal of mouse ESCs, even though
T cells formed up to 20% of the cells in
these culture conditions. For these reasons, and
since the size of the Tt fraction was more-
amenable to analysis, we continued our studies
in culture medium containing LIF 400 U/ml
(unless otherwise stated).

T+ embryonic stem cells are mesoderm-
specified progenitors

To characterize the identity of T* cells, we first
analyzed their ability to generate differentiated
progeny. For this purpose, we performed in vitro
differentiation assays of bulk T-eGFP ESCs as
well as of sorted populations of T+ and T~ cells. In
these assays, unsorted ESCs and T~ cells behaved
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similarly, giving rise to differentiated cells that
expressed markers of ectoderm, mesoderm,
and endoderm fates (Figure 2A). In contrast,
embryoid bodies formed from T cells differenti-
ated exclusively into cells expressing markers of
mesoderm lineages (Figure 2A), indicating that
the T cells present in our cultures of T-eGFP
ESCs were lineage-specified. Thus, we termed
this population of T* cells ‘early mesoderm-
specified’ (EM) progenitors.

Next, we analyzed the differentiation poten-
tial of T~ cells generated from EM progeni-
tors (Figure 2B). In vitro differentiation assays
revealed that T~ cells derived from EM progenitor
cells were able to give rise to cells of ectoderm,
mesoderm, and endoderm lineages (Figure 2C).
Moreover, T~ cells readily generated beating
cardiomyocytes that stained positive for myosin,
albumin-positive cells after prolonged periods
under differentiation-promoting conditions, and
Tujl-positive cells after treatment with retinoic
acid (Pigure 2D). Our results show that T* cells
represent a population of EM progenitors that, in
the presence of LIF, are able to recover the self-
renewal abilities and pluripotency characteristics
of mouse ESCs.

Nanog regulates the transition
of early-mesoderm-specified progenitors
to embryonic stem cells
In our characterization of the transcriptional
profile of EM progenitors, we did not detect
changes in the expression of the pluripotency-
associated markers Oct4 and Rex] or in the levels
of Gbx2, Fgf5, or Lif expression (see below).
However, we detected a clear upregulation in the
expression of the pluripotency-associated marker
Nanog, when compared with that of ES T~ cells
(Figure 3A), raising the possibility that Nanog
function is mechanistically linked to the transi-
tion of ESCs to EM progenitors, or vice versa. To
investigate these possibilities, we used a Nanog
expression transgene driven by a strong constitu-
tive promoter, which resulted in sustained over-
expression of Nanog transcripts in T-eGFP ESCs
(Figure 3B). In these conditions, the expression
of T was downregulated (Figure 3B), and the
transition of EM progenitors to ESCs was facili-
tated, as evaluated by the ~3-fold reduction in the
percentage of T cells (7.8 + 1.1%, n=4; Figure 3F),
when compared with that of mock-transfected
T-eGFPESCs (23.3:+2.0%, n=4; Figure 3E).
For the converse experiment, downregulation
of Nanog function, we assayed the efficiency of
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shRNAs to induce partial Nanog silencing, since
complete loss of Nanog function is incompat-
ible with ESC pluripotency.!! Introduction of
Nanog—shRNA into T-eGFP ESCs resulted in a
marked decrease in the levels of Nanog, as evalu-
ated by RT-PCR (Figure 3D) and immunoblot-
ting with specific antibodies (Figure 3C). In these
conditions, cell colonies of undifferentiated ESC
morphology formed, and no signs of endoderm
differentiation were apparent (data not shown,).
However, the number of T* cells generated from
EM progenitors expressing Nanog—shRNA more
than doubled that of mock-transfected T-eGFP
ESCs maintained under similar culture conditions
(60.4+5.1% versus 23.3 £2.0%, respectively, both
n=4; compare Figure 3G and 3E). Together with
the results of our gain-of-function experiments,
these findings demonstrate that Nanog controls
the dedifferentiation of EM progenitors to ESCs.

Positive regulation of Nanog expression

by T and LIF/STAT3

We next investigated the mechanism by which
Nanog expression is upregulated in EM progeni-
tors. Based on our observations that Nanog
expression is increased in cell populations with
high levels of T expression (Figure 3A), we first
asked whether T could induce Nanog expres-
sion. For this purpose, we used a doxycycline-
inducible conditional expression system. ESCs
expressing the tetracycline-inducible transcrip-
tional activator (rtTA)20 were transfected with
a construct containing the full-length T cDNA
driven by a tetracycline-responsive promoter
(T-rtTA ESCs). In the absence of doxycycline,
T-rtTA ESCs cultured in medium supplemented
with LIF 1,000 U/ml formed colonies of undiffer-
entiated ESCs, with a morphology indistinguish-
able from that of parental untransfected ESCs.
Under these conditions, T expression in T-rtTA
ESCs was negligible, demonstrating the tight
regulation of the inducible system (Figure 3H).
Upon addition of doxycycline to cultures of
T-rtTA ESCs, T expression was induced progres-
sively and became detectable by RT-PCR after
12h of doxycycline induction (Figure 3H).
T-rtTA ESCs cultured in the presence of doxy-
cycline started to acquire the characteristic flat-
tened morphology of differentiated colonies
48-72h after doxycycline induction (not shown,).
Importantly, Nanogexpression increased in T-rtTA
ESCs after 12h of doxycycline induction, paral-
leling that of T (Figure 3H). These results indi-
cate that the expression of Nanog can be regulated
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Figure 3 Nanog is sufficient and necessary for dedifferentiation of early mesoderm-specified progenitors
into pluripotent stem cells. (A) RT-PCR analysis of gene expression in T+ or T~ cells isolated from T-eGFP ES
cells. T* cells had a higher level of Nanog expression. (B) RT-PCR analysis of Oct4, Nanog, and T expression
in T-eGFP ES cells carrying control or CMV-Nanog constructs. Overexpression of Nanog is associated with
downregulation of T expression. (C) Western blotting analysis of Nanog in T-eGFP ES cells carrying control
or Nanog-shRNA constructs. Nanog—shRNA efficiently downregulates the level of Nanog protein in ES cells.
(D) RT-PCR analysis of Nanog expression in T+ or T~ cells isolated from T-eGFP ES cells carrying control or
Nanog-shRNA constructs. (E-G) Fluorescent images of T (eGFP)/Oct4 expression in representative colonies
formed from single T+ cells carrying control (E), CMV-Nanog (F), or Nanog-shRNA (G) constructs. T-eGFP
ES cells were transfected with each construct, then T* cells were isolated, selected with puromycin, and
cultured for 7 days with leukemia inhibitory factor (LIF) 400 U/ml. 4',6-Diamidino-2-phenylindole staining
identified individual nuclei in each field. Scale bar, 20 um. (H) RT-PCR analysis of Oct4, Nanog, and T
expression in doxycycline-dependent T-inducible ES cells cultured with LIF 1,000 U/ml. T expression was
induced by doxycycline, and Nanog upregulation was associated with an increased level of T. Numbers at
the top indicate induction hours with doxycycline. (I) RT-PCR analysis of Oct4 and Nanog expression in
T-eGFP ES cells carrying control or CMV-dnT constructs. dnT downregulated Nanog expression without
affecting Oct4 expression in ES cells cultured with LIF 400 U/ml.

CMV, cytomegalovirus; DAPI, 4',6-diamidino-2-phenylindole; dox, doxycycline; eGFP, enhanced green
fluorescent protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT, reverse transcription;
shRNA, short hairpin RNA; T-eGFP, transgenic ES cell line expressing eGFP under the regulatory regions of
the mouse T gene.
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by T and suggest that the upregulation of Nanog
expression found in EM progenitors may depend
on their increased levels of T expression.

To test this possibility, we analyzed the conse-
quences of blocking the function of T in ESCs
in the expression of Nanog and the genera-
tion of EM progenitors. For this purpose, we
used a truncated version of T previously shown
to function as a dominant-negative (dnT).2!
T-eGFPESCs stably expressing dnT formed colo-
nies with undifferentiated ESC morphology in
culture medium containing LIF 400 U/ml (data
not shown). The level of Nanogexpression in these
cells, however, was downregulated in comparison
with that of mock-transfected T-eGFP cells under
similar culture conditions (Figure 3I). Moreover,
the blockade of T function resulted in an impaired
transition of EM progenitors to ESCs (46.7 £2.6%
of T* cells versus 22.1+1.5% in control condi-
tions, both n=4), consistent with the reduced
levels of Nanog expression found in these condi-

tions. Thus, our results from gain-of-function -

and loss-of-function experiments identify a
negative feedback mechanism by which increased
T expression in EM progenitors upregulates the
expression of Nanog, which, in turn, downregu-
lates T expression and promotes the regeneration
of an ESC phenotype.

DISCUSSION

Our studies identify a population of T-expressing
cells normally present in cultures of mouse ESCs;
we have termed these T-expressing cells ‘early
mesoderm-specified (EM) progenitors. The
expression of T is generally considered to be a
marker of early mesodermal fate during embryo
development, as well as during ESC differentiation.
However, the significance of T expression in ESC
cultures is not straightforward, for T itself does not
confer mesoderm identity and is dispensable for
mesoderm formation.2? Nevertheless, we show
that EM progenitors are specified to mesoderm
fates, as evidenced by their differentiation to meso-
derm, but not endoderm or ectoderm, lineages,
upon LIF withdrawal in vitro (Figure 2A,C,D). It
is formally possible that EM progenitors could also
give rise to endoderm lineages in vitro under
specific culture conditions (serum-free medium
supplemented with >30ng/ml of activin A or
hepatocyte-differentiation medium??), although
we have not explored this possibility. In the pres-
ence of LIE, however, EM progenitors are pheno-
typically indistinguishable from ESCs, as the two
populations coexist in colonies of undifferentiated
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Figure 4 Maintenance of embryonic stem cell pluripotency by a negative
feedback involving Nanog and T. Schematic diagram outlining the genetic
relationships identified in this study and the proposed mechanism of Nanog action
for the maintenance of pluripotent mouse embryonic stem cells. Embryonic stem
cells that initiate mesoderm differentiation express the early mesoderm marker 7.
When leukemia inhibitory factor (LIF) is present, T upregulates the expression of
Nanog, which, in turn, provides negative feedback to downregulate T expression
and eventually leads to the regeneration of embryonic stem cells from early
mesoderm-specified progenitors. In the absence of LIF signaling, T is not sufficient
to upregulate Nanog expression, and mesoderm differentiation proceeds. The
relevance of this negative feedback mechanism for maintaining the pluripotency
of embryonic stem cells is evident in long-term cultures. Thus, the size of the

early mesoderm-specified population cannot be maintained in embryonic stem
cells in which either Nanog or T function is experimentally downregulated. In such
conditions, the cultures progressively accumulate early mesoderm-specified
progenitors and eventually lose pluripotency.

EM, early mesoderm-specified; ES cell, embryonic stem cell.

morphology and both maintain pluripotency over
extended periods of time in culture. Moreover, EM
progenitors maintain the expression of pluri-
potency-associated markers such as Oct4, Nanog,
and RexI and have high levels of alkaline phospha-
tase activity (Figures 1B, 3A, and data not shown).
Indeed, in the presence of LIE EM progenitors and
ESCs interchange their identities at a rate that
depends, precisely, on the amount of LIE In this
sense, the regeneration of a pluripotent ESC
phenotype from EM progenitors is reminiscent of
the reversion to ESCs of early primitive ectoderm-
like (EPL) cells.24 Unlike EPL cells, however, EM
progenitors display expression levels of RexI and
Gbx2 comparable to those of ESCs and do not
express Fgf5 (Figure 3A).

Our results also show that, in the presence of
LIF, Nanog overexpression is sufficient to accel-
erate the transition of EM progenitors to ESCs
(Figure 3F). More importantly, downregulation
of Nanog function resuits in impaired transition
of EM progenitors to ESCs (Figure 3G). Thus, we
identify Nanog as a critical component of a nega-
tive feedback mechanism that blocks the progres-
sion of ESC differentiation toward mesoderm
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