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Fibroblast Growth Factor Receptor 2 Homodimerization
Rapidly Reduces Transcription of the Pluripotency Gene
Nanog without Dissociation of Activating Transcription
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(Bacl(ground: FGFR2-mediated Nanog gene repression plays a central role in cell fate regulation of blastocysts and ES cells.
Results: FGFR2 homodimerization in ES cells rapidly down-regulated Nanog transcription without dissociation of active

Conclusion: The data illustrate how FGFR2 can induce reversible Nanog down-regulation.
Significance: The study provides insight underlying how FGFR2 dominates early cell fate decision in a potentially reversible
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Nanog or Gata6-positive cells co-exist and are convertible
within the inner cell mass of murine blastocysts and embryonic
stem (ES) cells. Previous studies demonstrate fibroblast growth
factor receptor 2 (FGFR?2) triggers Nanog gene down-regulation
and differentiation to primitive endoderm (PE); however, the
underlying mechanisms responsible for reversible and fluctuat-
ing cell fate are poorly understood. Using an inducible FGFR2
dimerization system in ES cells, we demonstrate that FGFR2
activation rapidly down-regulated Nanog gene transcription
through activation of the Mek pathway and subsequently differ-
entiated ES cells into PE cells. FGFR2 rather selectively
repressed the Nanog gene with minimal effect on other pluripo-
tency genes, including Oct4 and Sox2. We determined the
Nanog promoter region containing minimum Oct4/Sox2 bind-
ing sites was sufficient for this transcriptional down-regulation
by FGFR2, when the reporter transgenes were integrated with
insulators. Of interest, FGFR2-mediated Nanog transcriptional
reduction occurred without dissociation of RNA polymerase II,
p300, Oct4, Sox2, and Tetl from the Nanog proximal promoter
region and with no increase in repressive histone methylation
marks or DNA methylation, implying the gene repression is in
the early and transient phase. Furthermore, addition of a spe-
cific FGFR inhibitor readily reversed this Nanog repression sta-
tus. These findings illustrate well how FGFR2 induces rapid but
reversible Nanog repression within ES cells.

One of the earliest cell specification processes during embry-
onic development involves commitment of pluripotent cells of
the inner cell mass to either the epiblast lineage, which forms
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the embryo proper, or to the extraembryonic PE? lineage, which
sustains the developing embryo. This process begins in the
early blastocyst stage embryo when two transcription factors
Nanog and Gata6 are heterogeneously expressed and fluctuate
in individual cells (1, 2). These fluctuations are resolved and
cells are properly sorted by the late blastocyst stage, where
inner epiblast cells express Nanog, and outer PE cells express
Gatab6 (1).

Strikingly, murine ES cells derived from the inner cell mass of
preimplantation blastocysts maintain a similar Nanog and
Gata6 heterogeneity and fluctuation in culture (3, 4). Indeed,
any given murine ES cell culture can be divided into two popu-
lations: Nanog-high cells and Nanog-low cells, which express
the PE marker Gata6, indicating ES cells closely resemble the
inner cell mass cells from which they are derived (3). This in
vitro system thus serves as a powerful system to define molec-
ular mechanisms underlying how this lineage ambiguity is
maintained in an earliest stage of embryonic life.

Fibroblast growth factor (FGF) ligands, their receptors, and
downstream signaling cascades control many important pro-
cesses during mammalian development, including prolifera-
tion, migration, and differentiation (5, 6). Among the 22 FGF
ligands and five receptors, FGF4 and FGFR?2 are critical during
mouse early embryonic development as null mutations in these
are lethal around the time of implantation (2). FGF4 is the most
highly expressed FGF ligand in the preimplantation embryo,
where it is detectable in the eight-cell morula and later becomes
restricted to the epiblast of the late blastocyst stage embryo (2).
FGFR?2 is also the major receptor expressed in the blastocyst
embryo, though FGFR1 is also found and is thought to function
later in the embryo as null embryos display post-implantation
abnormalities (2).

Previous studies both in vivo and in vitro have shown that
FGF is a key external signaling factor to trigger PE differentia-

3The abbreviations used are: PE, primitive endoderm; FGFR, fibroblast
growth factor receptor; LIF, leukemia inhibitory factor; FKBP, FK506 bind-
ing protein; TK, thymidine kinase.
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tion. Disruption of FGFR2 prevents PE formation (7), and when
FGF signaling is blocked by overexpression of a dominant neg-
ative mutant of FGFR2 or by the FGFR-specific inhibitor
SU5042, PE layer formation is eliminated (8 —10). In addition,
disruption of Grb2 prevents the formation of PE in blastocysts,
a phenotype that can be rescued by expression of a Grb2-Sos
fusion protein (11). Introduction of an active Ras mutant in ES
cells results in PE differentiation (12). Furthermore, Mek was
determined to be a responsible downstream protein kinase
using Mek mutants and specific inhibitors (13). Together, these
studies suggest the FGFR2/Grb2/Ras/Mek pathway plays a vital
role in PE specification.

Although FGEFR activation of the Mek pathway has been
demonstrated to be central to this process of PE commitment, it
is poorly understood how the FGFGR/Mek signal leads to
downstream transcriptional changes, i.e. Nanog down-regula-
tion and Gata6 up-regulation. Currently, two major cis-regula-
tory regions have been implicated in the control of Nanog gene
expression: the proximal promoter region and the distal
enhancer region. Oct4 and Sox2 proteins or Oct4 and Sox bind-
ing protein bind to each other and to the Nanog promoter <200
bp upstream of the transcription start site and are necessary
and sufficient for transcription (14, 15). In addition, many other
activating and repressive transcription factors have been iden-
tified to associate with the Nanog regulatory regions (16, 17);
however, to date, the mechanism is largely undetermined
regarding how the FGFR/Mek signal modifies Nanog gene tran-
scription. We previously demonstrated that addition of sodium
vanadate, a protein tyrosine phosphatase inhibitor, to ES cell
aggregation cell culture can block the negative feedback loop of
protein tyrosine phosphorylation and is sufficient to induce
FGFR-mediated Nanog down-regulation (13). Cellular signal-
ing is complex and difficult to further dissect in this system as
sodium vanadate inhibits a broad range of protein tyrosine
phosphatases and conventional ES cell culture uses fetal calf
serum that contains a variety of growth factors. To this end,
here we developed an inducible system to specifically activate
the FGFR2 isotype and downstream signaling using a synthetic
small molecule and sought to illustrate how the FGFR signal
leads to a reversible Nanog down-regulation.

EXPERIMENTAL PROCEDURES

Murine Embryonic Stem Cell Culture—Murine ES cells were
maintained in an undifferentiated state on gelatin-coated cell
culture dishes in knock-out Dulbecco’s modified Eagle’s
medium (KO DMEM; Invitrogen) supplemented with 10%
knock-out serum replacement (Invitrogen), 1% fetal bovine
serum (FBS; Atlanta Biologicals, Norcross, GA), 2 mm L-glu-
tamine, 100 units/ml penicillin, 100 pg/ml streptomycin, 25
mMm HEPES (Mediatech, Manassas, VA), 300 um monothioglyc-
erol (Sigma), and 1000 units/ml recombinant mouse leukemia
inhibitory factor (LIF) (ESGRO; Chemicon, Temecula, CA). ES
cells were maintained at 37 °C in 5% CO,.

FGFR?2 Plasmid Construction and Stable Cell Line Creation—
We generated transgenic ES cells with an inducible FGFR2
activation system using the Argent regulated homodimeriza-
tion kit (Ariad Pharmaceuticals, Inc., Cambridge, MA). The
portion of the pC,M-F 2E plasmid containing a myrisotoyla-
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tion signal, two tandem FK506 binding domains (FKBP36V),
and a C-terminal hemagglutinin (HA) tag was digested using
EcoRIand BamHI restriction enzymes. The digested region was
then ligated into the pCAG-IRES-Hyg plasmid. This modified
plasmid allows for constitutive expression in ES cells driven by
the chicken B-actin promoter and provides a hygromycin
resistance gene for clonal selection. The cytoplasmic domains
of FGFR2 were PCR-amplified using the forward primer (5'-
GACTAGTATGAAGACCACGACCAAGAAGC-3') and the
reverse primer (5'-GCTCTAGATGTTTTAACACTGCCGT-
TTATGT-3'). Following amplification, the PCR fragment was
digested with Spel and ligated in-frame into the Spel site of the
pCAG-F36V-IRES-Hyg vector at the C-terminal end of the
F36V domain. R1 ES cells were transfected with the vector and
were selected with hygromycin (200 ug/ml) for 2 weeks, and
individual clones were isolated and expanded.
Immunocytochemistry and X-Gal Staining—Immuno-
staining was performed on ES cells grown on chamber slides
(Falcon, Franklin Lakes, NJ). Cells were first fixed in 3.7% form-
aldehyde for 15 min at room temperature, permeabilized for 5
min at room temperature with 0.5% Triton X-100 in PBS,
blocked for 30 min in 1% BSA in PBS, and incubated with HA
tag antibody (1:100 dilution; Cell Signaling, 2367) at 1:100 dilu-
tion for 2 h at room temperature. Cells were washed six times
with PBS and incubated with a rhodamine anti-mouse second-
ary antibody (1:100; Jackson ImmunoResearch Laboratories;
115-295-66) for 1 h. Microscopy was performed using an Olym-
pus IX70 inverted fluorescent microscope with an Optronics
digital camera. The system was run by MagnaFire software
(version 2.1). X-Gal staining was performed using the in situ
B-galactosidase staining kit (Stratagene, Cedar Creek, TX)
according to the manufacturer’s instructions. Cells were grown
in medium containing LIF and were treated with AP20187 (10
nM) plus dimethyl sulfoxide vehicle control, SU5402 (20 um),
PD98059 (25 um), or LY294002 (20 um). Medium was removed,
and cells were fixed and stained in a solution containing 1
mg/ml X-gal. Cells were incubated overnight at 37 °C and ana-
lyzed by bright field light microscopy at room temperature.
Immunoblot Analysis—Cells were lysed in 100 ul of radioim-
mune precipitation assay buffer (50 mm Tris-Cl, pH 7.4, 150 nm
NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, and pro-
tease inhibitors), and cell lysate protein concentrations were
determined by D Protein Assay (Bio-Rad). 10 g of lysate per
lane was separated through polyacrylamide by SDS-PAGE
using 4 —15% gradient mini-PROTEAN TGX precast gels (Bio-
Rad). Proteins were transferred to a 0.2-mm nitrocellulose
ready gel blotting sandwich membrane (Bio-Rad). Blocking was
performed with 4% BSA in Tris-buffered saline Tween 20
(TBST; 100 mMm NaCl, 50 mm Tris, 0.05% Tween 20, pH 7.5) on
a shaking platform for 1 h at room temperature. Membranes
were incubated with anti-Nanog (1:1,000 dilution; Chemicon;
AB5731), Oct4 (1:1,000 dilution; Santa Cruz Biotechnology;
sc-5279), Sox2 (1:1,000 dilution; Santa Cruz Biotechnology;
sc-20088), or B-actin (1:1,000 dilution; Cell Signaling; 4970)
overnight at 4 °C. Washing was performed with TBST, and
membranes were incubated with horseradish peroxidase-con-
jugated immunoglobulin G (1:5,000 dilution; Santa Cruz Bio-
technology) for secondary antibody. Proteins were visualized
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using enhanced chemiluminescence detection (Pierce, Thermo
Scientific). Anti-phosphotyrosine (Cell Signaling, 9411) and
B-actin (Cell Signaling, 4967) blot and multiplex blot using
anti-phospho-90RSK, phosphor-Akt, phosphor-Erk1/2, phos-
phor-S6, and elF4E immunoblots (Cell Signaling, 5301) were
performed by Cell Signaling Technology using 30 ug/lane of
protein on a 4-20% gradient gel. Blots were developed using
LI-COR Odyssey near infrared imaging system.

Real-time RT-PCR—For reverse-transcription polymerase
chain reaction (RT-PCR), total RNA was extracted using the
RNAqueous kit (Ambion, Austin, TX). To remove contaminat-
ing DNA from the RNA preparation, we used the TURBO
DNA-free kit (Ambion). First-strand cDNA synthesis was car-
ried out using the High capacity cDNA reverse transcription kit
using random primers (Applied Biosystems, Foster City, CA).
Quantitative polymerase chain reaction was performed using
Power SYBR Green dye (Applied Biosystems). Primers were
designed using Primer3 software (18) to conform to general
guidelines suggested in the SYBR Green PCR Master Mix Pro-
tocol (Applied Biosystems). Samples were run in duplicate or
triplicate, and standard curves were generated for each primer
set on each PCR run. Reactions were performed on the MJ
Research DNA Engine Opticon 2 real-time PCR instrument
using Opticon Monitor software (version 3.1.32, Bio-Rad).
Gene expression analysis was performed using the compar-
ative CT method using B-actin for normalization. Primer
sequences can be found in supplemental Table 1.

ChIP—ChIP was performed as described previously (19).
Chromatin was sheared to a size of 200 —1000 bp, with an aver-
age of 500 bp on ice using a Fisher Scientific Sonic Dismembra-
tor Model 100 (Fisher Scientific). In general, 10 pulses of 10 s of
sonication at a power setting of 4 with a 1-min rest between
pulses was sufficient to shear chromatin to the desired size.
Antibodies used for ChIP are as follows: H3K4me3 (Millipore,
07-473), H3K9me3 (Abcam, ab8898), H3K27me3 (Millipore,
17-622), H3K36me3 (Abcam, ab9050), RNA polymerase II
(Abcam, ab5131), p300 (Santa Cruz Biotechnology, sc-584),
Sox2 (Santa Cruz Biotechnology, sc-17320X), Oct 3/4 (Santa
Cruz Biotechnology, sc-8628X), and Tet1 (Millipore, 09-872).

DNA was purified using the QIAquick PCR purification kit
(Qiagen, Germantown, MD). PCR was performed using quan-
titative real-time PCR as described above with slight modifica-
tions to DNA samples. Each IP sample was diluted 1:5 in auto-
claved dH,O, whereas input samples were diluted 1:50 in
autoclaved dH,O. Standard curves for each primer set were
prepared by generating serial dilutions of input DNA (1:10,
1:100, 1:1,000, and 1:10,000). Each sample (IP and input) was
run in triplicate for each primer set. Protein binding enrich-
ment was analyzed by calculating % input. Primer sequences
used for real-time PCR analysis for ChIP can be found in sup-
plemental Table 1.

DNA Methylation—CpG methylation of the proximal pro-
moter region of the Nanog gene was examined using a bisulfite
sequencing method as described previously (20, 21).

Luciferase Plasmid Construction—Luciferase reporter plas-
mids containing insulator elements were constructed using two
copies of the 1.2-kb chicken -globin core HS4 insulator from
the pJC13-1 plasmid (22). pJC13-1 was cut with Sall, blunt
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ended using T4 DNA polymerase (New England Biolabs), and
cut with BamHI to obtain the 2.4-kb HS4 insulator. The
pENTR/H1/TO plasmid (Invitrogen) containing zeocin and
kanamycin resistance genes was digested with BglIl and EcoRV
to prepare for ligation of the HS4 insulator. After, the BamHI
digested end was ligated to the cohesive compatible end BgllI,
whereas the Sall-digested blunted end was ligated to the blunt
end provided by EcoRV digestion to create the plasmid pHS4-
Zeo. To insert a luciferase reporter driven by Nanog or thymi-
dine kinase promoter activity, the previously constructed
Nanog —332 bp pGL2-basic reporter was digested with the
Kpnl, purified, and digested with BamHI and Pvul, and the
3.1-kb fragment containing the Nanog promoter and luciferase
reporter was ligated to pHS4-Zeo digested with Kpnl and
BamHI to generate p5'HS4 —330Luc-Zeo. Subsequent report-
ers with varying promoters were easily constructed by digesting
p5'HS4-330Luc-Zeo with Spel and NotI and PCR amplifying
promoter inserts with an Spel restriction site in the forward
primer and a Not1 restriction site in the reverse primer.

Stable Transfection Reporter Assays—Insulated luciferase
reporter constructs were digested with Nhel, and transfections
were carried out as described above using 2 ug of DNA lucifer-
ase reporter vector co-transfected with the puromycin-resis-
tant selectable vector pCAG ER Puro. ES cells were selected
with 1.25 pg/ml of puromycin for 14 days, and individual colo-
nies were manually picked up and transferred to a 24-well plate.
After expansion of individual clones, cells were plated at 6 X
10* cells per well in a six-well cell culture dish and treated with
AP20187 for 0, 6, or 24 h. Total RNA was extracted from cells,
and cDNA was synthesized as described above. Real-time PCR
was carried out as described using primers specific for endoge-
nous Nanog, luciferase, or -actin gene expression.

Statistics—Statistical significance was determined using a
two-tailed ¢ test with a p value of < 0.01.

RESULTS

Inducible FGFR2 Homodimerization System—Previous stud-
ies have demonstrated protein homodimerization can be
induced using the human cytoplasmic protein FK506 binding
protein (FKBP) with a single F36V (Fv) amino acid substitution
upon addition of a synthetic small molecule dimerizer AP20187
(23-25). This system initiates intracellular signaling pathways
when expressed in cells as a fusion protein containing drug (Fv
FKBP) binding domains linked to intracellular signaling
domains. To control fibroblast growth factor signal transduc-
tion in ES cells, we constructed a pharmacologically inducible
FGFR?2 receptor by expressing two Fv FKBP domains linked to
the intracellular FGFR2 domain, which is targeted to the inner
face of the plasma membrane through the myristoylation sig-
nal, and dimerization is induced by addition of the dimerizer
AP20187 (Fig. 1, A and B). Additionally, we created an Fv FKBP
homodimerization system, which lacks FGFR2 intracellular
domains to serve as a negative control (supplemental Fig. 1A4).
Stable ES cell clones were generated containing control or
FGFR2 homodimerization systems (hereafter called FGFR2 ES
cells), and constitutive expression was confirmed by immuno-
cytochemistry staining for the C-terminal hemagglutinin (HA)
epitope tag (Fig. 1B, supplemental Fig. 1A4).
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FIGURE 1. Inducible FGFR2 homodimerization system stimulates tyrosine and Erk1/2 phosphorylation. A, schematic representation of the FGFR2
activation system. The AP20187 synthetic ligand binds to two FKBP domains located on the inner face of the plasma membrane. Ligand binding induces fusion
protein dimerization and activates FGFR2 kinase domains to initiate downstream signal transduction. B, plasmid constructs for generation of FGFR2 FKBP
activation system and imunocytochemistry staining of ES cell clones that stably express FGFR2 FKBP activation system using an anti-HA antibody. Scale bar, 100
um. Cand D, ES cells stably expressing FGFR2 homodimerization system were treated with or without AP20187 (10 nm) over a time course (15 min to 3 h).
Immunoblotting was performed using anti-phosphotyrosine and B-actin control antibodies (C) or anti-phospho-p90RSK, Akt, Erk1/2, S6, and control elF4E
antibodies (D). CAG, cytomegalovirus early enhancer/chicken B-actin promoter; MW, molecular weight; Myr, myristoylation signal; IRES, internal ribosome entry

site.

FGFR2 Dimerization Effectively Induced PE Differentiation
and Nanog Gene Repression through the Mek Pathway—Using
10nm AP20187, we confirmed FGFR2 homodimerization could
induce tyrosine phosphorylation of the fusion protein. As
expected, we saw an increase in tyrosine phosphorylation in the
78-kDa fusion protein and did not see a band corresponding to
wild type FGFR2 receptor at 92 kDa (Fig. 1C). In addition, we
examined phosphorylated substrates p90RSK, Akt, Erk1/2, and
S6 ribosomal protein (Fig. 1D). Erk1/2 was rapidly phosphory-
lated within 15 min of AP20187 treatment, and p90RSK, a
downstream effector of Erk1/2, was also phosphorylated,
although not as robustly. S6 kinase ribosomal protein is known
to be phosphorylated by various mitogen and growth factors,
and accordingly, we saw an increase in S6 phosphorylation fol-
lowing FGFR2 homodimerization.

Next, we examined whether FGFR2 homodimerization can
induce PE differentiation using ES cells harboring a GFP trans-
gene under the control of the a-fetoprotein (AFP) promoter
that we described previously (26). When AFP-GFP FGFR2 ES
cells were treated with AP20187 for 48 h, the compact, dome-
shaped colony appearance was lost, and cells adopted a dis-
persed, differentiated morphology, and some cells became
GFP-positive, indicating these cells differentiate along the PE
lineage (Fig. 2A). Furthermore, we confirmed differentiation to
PE lineage in these cells by RT-PCR analysis. We found that
Nanog mRNA was down-regulated in FGFR2 ES cells treated
with AP20187 for 48 h, and these cells additionally express
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markers of PE including Gata6 and AFP (Fig. 2B). Interestingly,
these cells continue to express the pluripotency associated gene
Oct4. In addition to transcripts, we also examined protein levels
of Nanog, Oct4, and Sox2 over a time course of AP20187 treat-
ment (Fig. 2C). Notably, we found Nanog protein was down-
regulated by 6 h, which in conjunction with the Nanog mRNA
data, indicates Nanog was down-regulated following FGFR2
homodimerization. Oct4 and Sox 2 proteins were less affected
and maintained through 24 h of homodimerization.

The critical role of the FGFR/Mek kinase activities in Nanog
down-regulation was confirmed using Nanog B-geo cells in
which B-galactosidase is expressed under the control of endog-
enous Nanog promoter (Fig. 2D) (26). In untreated ES cells, we
found Nanog was heterogeneously expressed, which is consis-
tent with our previously reported observations (3). In cells
treated with AP20187 and the FGFR inhibitor SU5402, we saw
an increase and more homogeneous Narnog expression pattern,
in agreement with the fact that blocking FGFRs can improve ES
cell maintenance (27). In addition, AP20187 treatment with the
Mek inhibitor PD98059 partially rescued Nanog expression,
indicating that this pathway is important for Nanog down-reg-
ulation. In contrast, AP20187-induced cells treated with the
PI3K inhibitor LY294002 did not prevent Nanog down-reg-
ulation. These effects were not seen in ES cell clones treated
with AP20187, which contained the control homodimeriza-
tion plasmid rather than the FGFR2 kinase domains (supple-
mental Fig. 1B).
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FIGURE 2. FGFR2 homodimerization induces Nanog down-regulation and
PE differentiation. A, AFP-GFP ES cells stably expressing FGFR2 homo-
dimerization system were treated with or without AP20187 (10 nm) for 48 h.
Images of representative colonies are shown using phase contrast (upper
panels) or GFP filter (lower panels) microscopy. Scale bars, 200 um. B, RT-PCR
analysis of gene expression in FGFR2 ES cells treated with or without AP20187
(10 nm) for 48 h. C, immunoblotting was performed over an AP20187 (10 nm)
treatment time course (0-24 h). D, FGFR2 homodimerization-induced Nanog
down-regulation can be prevented by FGFR or Mek1/2 inhibitors. Nanog
B-geo ES cells containing F36V FGFR2 construct were treated with AP20187
(10 nm) for 48 h and either vehicle control (dimethyl sulfoxide (DMSO)), FGFR
inhibitor (SU5402; 20 um), Mek1/2 inhibitor (PD98059; 25 um), or PI3K inhibi-
tor (Lys-94002; 20 um) and stained with X-gal to examine Nanog expression.
Scale bar, 200 pum.

This partial rescue of Nanog expression indicates either the
Mek inhibitor is unable to completely abrogate strong FGFR2
stimulation induced by AP20187 treatment or that additional
FGFR?2 signaling pathways may contribute to Nanog repres-
sion. We have previously shown that PI3K or Jnk inhibition
does not likely contribute to Nanog repression during ES cell
aggregation (13).

FGFR2 Dimerization Rapidly and Selectively Induced Nanog
Down-regulation—We next examined the kinetics of Nanog
down-regulation comparing two common methods of ES cell
differentiation to our system of FGFR2 homodimerization.
Both LIF withdrawal and retinoic acid addition to the medium
are previously known to down-regulate Nanog and induce dif-
ferentiation (26). Nanog gene expression was examined using
real-time RT-PCR in ES cells differentiated for 0, 3, 6, or 24 h.
LIF and retinoic acid treated cells showed slightly reduced
Nanog expression by 6 h, and this reduction become more pro-
nounced by 24 h when Nanog expression was at half the level
seen in undifferentiated ES cells (Fig. 3A4). In contrast, Nanog
expression was noticeably reduced by 30 min after FGFR2
homodimerization and continued to steadily decrease until
transcript expression was significantly reduced over 80% by 6
and 24 h (Fig. 3A4).

To address the specificity of gene down-regulation following
FGFR2 stimulation, we performed gene expression profiling
using FGFR2 ES cells treated with 0, 1, 3, or 6 h of AP20187.
Although many genes were up-regulated by FGFR2 stimula-
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tion, we found that gene down-regulation occurred only in a
small percentage of genes (Fig. 3B). Examination of Nanog
mRNA by real-time RT-PCR confirmed this gene is rapidly and
significantly down-regulated following FGFR2 stimulation (Fig.
3C). Interestingly, in contrast to Nanog, Oct4 and Sox2 expres-
sion is gradually lost over 6 and 24 h of FGFR2 stimulation of
differentiation (Fig. 3C), indicating that Nanog is rapidly and
selectively down-regulated among these key pluripotency
genes. As expected and confirming earlier experiments, FGFR2
stimulation induces PE differentiation, as seen with a signifi-
cant increase in Gata6 transcripts by 24 h (Fig. 3C).

FGFR2 Dimerization Induced Transcriptional Repression of
Nanog—The rapid reduction in Nanog mRNA and protein fol-
lowing FGFR2 stimulation led us to examine whether Nanog is
down-regulated at the transcription or post-transcription
level. To do this, we examined Nanog pre-spliced mRNA
(pre-mRNA) by real-time PCR using intron and exon sense and
antisense primers, respectively. As a control, we also examined
expression of Oct4 pre-mRNA because we did not see a
decrease in Oct4 mRNA previously. We found FGFR2 stimula-
tion induced a rapid and significant down-regulation in Nanog
pre-mRNA, which paralleled our previous Nanog mRNA
results, indicating Nanog was no longer highly transcribed (Fig.
3C). In contrast, and as we expected, Oct4 pre-mRNA did not
decrease significantly over the time course of FGFR2 stimula-
tion. These data indicate that Nanog was transcriptionally
down-regulated following FGFR2 dimerization.

To further investigate changes in transcription and chroma-
tin status of the Nanog gene after FGFR2 stimulation, we exam-
ined the status of histone modifications and enrichment of
RNA polymerase II, and p300 at the Nanog locus ranging from
—1,500 to +5,600 bp (Fig. 44). In undifferentiated ES cells, we
found the H3K36me3 modification was enriched toward the 3’
end of the Nanog coding region (Fig. 4B), a distribution consis-
tent with previous reports of K36me3 in active chromatin (28,
29), and indicates that the Nanog gene is actively transcribed
and elongation of the transcript occurs. After 6 h of differenti-
ation induced by AP20187, we saw a noticeable decrease in
enrichment toward the 3’ end of the gene. This pattern suggests
that transcriptional elongation was decreased in these differen-
tiated cells at this early time point. By 24 h of differentiation,
this pattern was significant, with a near total loss of the K36me3
modification throughout the Nanog locus. This further sup-
ports a model where FGFR2 homodimerization down-regu-
lates Nanog gene expression at the transcriptional level.

The H3K4me3 mark was predominantly enriched in undif-
ferentiating ES cells near the transcription start site (Fig. 4C).
Unexpectedly, FGFR2 ES cells treated with AP20187 for 6 h
display a significant increase in enrichment of H3K4me3 in the
5' promoter region, around the transcription start site, and a
marked increase into the first intron. This broadening enrich-
ment was largely decreased in FGFR2 ES cells treated with
AP20187 for 24 h though increased enrichment remained in the
promoter region of the gene.

We next examined enrichment of RNA polymerase II using
an antibody that specifically recognizes the phosphorylated
CTD serine 5 version of the enzyme, which indicates RNA
polymerase II initiation. Here we found undifferentiated ES
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experiments relative to B-actin is expressed as fold change over time, where 0 h is set to a value of 1. Error bars indicate S.D. *, p < 0.01.

cells display enrichment for RNA polymerase II around the
transcription start site (Fig. 4D). Similar to the enrichment of
H3K4me3, this binding pattern increased in ES cells stimulated
with AP20187 for 6 h. By 24 h of AP20187 dimerization, binding
of RNA Polymerase II was significantly reduced to a very low
level, indicating Nanog is no longer actively transcribed by 24 h.
In addition, we also examined binding of the transcriptional
co-activator p300. We found p300 was slightly enriched at the
transcription start site in undifferentiated ES cells and that this
pattern was not significantly changed following 6 or 24 h of
FGFR2 homodimerization induced by AP20187 (Fig. 4E). It is
possible that this co-activator protein dissociates from the
locus at a later time.

We also examined histone modifications H3K9me3 and
H3K27me3, which are associated with repressed chromatin.
Undifferentiated ES cells displayed very low enrichment of both
modifications over the entire gene locus, as expected (Fig. 4, F
and G). In 6- and 24-h FGFR2-stimulated cells, however, we did
not see an increase in these modifications. Note that % input
was much lower in the H3K9me3 and H3K27me3 associations
when compared with other histone marker associations above.

Additionally, Tet1 association to the Nanog gene was exam-
ined in the system (Fig. 5A4). Tetl has been recently shown to
associate with the Nanog proximal promoter region and to pre-
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vent Nanog repression and DNA methylation (30). We found
enrichment of Tetl in undifferentiated ES cells at the Oct4/
Sox2 binding site of the Nanog promoter and that this associa-
tion was not altered within 24 h of FGFR2 dimerization. In
contrast, there was no Tetl association in mouse embryonic
fibroblasts. Indeed, DNA methylation of the Nanog promoter
region was not increased either within 16 h of FGFR2 dimeriza-
tion (Fig. 5B).

Proximal Promoter Region Is Sufficient for FGFR2 Dimeriza-
tion-induced Nanog Down-regulation—To determine the re-
gion of the Nanog promoter responsive to FGFR2 stimulation,
we constructed reporter vectors containing various length
Nanog promoter regions driving expression of firefly luciferase.
Previously, Oct4 and Sox2 binding sites located between —180
and —165 bp upstream of the Nanog transcription start site
have been shown to be essential for transcriptional activation
(14, 15). To maintain a sufficient level of reporter gene activity,
we generated 332- and 190-bp Nanog promoter length lucifer-
ase reporters, which contain Oct4-and Sox2 binding sequences.
To examine these reporters in a more natural chromatin
arrangement and to protect transgenes from positional effects,
we stably integrated these reporters flanked on the 5’ end by
two copies of the well characterized chicken B-globin HS4
insulator. Though transgenes are ideally flanked by insulator
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FIGURE 5. FGFR2 homodimerization does not induce Tet1 dissociation
from the Nanog promoter region or CpG methylation. A, real-time PCR
analysis of enrichment of Tet1 at the Nanog gene locus in ES cells harvested
after 0, 6, or 24 h of treatment with AP20187 and in mouse embryonic fibro-
blasts. Enrichment is expressed as % input. B, CpG methylation (%) at the
Nanog proximal promoter region in ES cells harvested after 0 or 16 h of treat-
ment with AP20187 and in mouse embryonic fibroblasts. *, p < 0.01.

elements, it is also possible to insert insulator elements on
only one side of the transgene because transgenes are typi-
cally inserted as multiple copies in a single location. To fol-
low this strategy, we removed unnecessary vector backbone
and co-transfected FGFR2 ES cells with insulated Nanog
luciferase reporter and a plasmid containing the puromycin
resistance gene driven by the CAG promoter to generate
stable clones using drug selection.

AUGUST 31, 2012+VOLUME 287+NUMBER 36

constructed additional insulated luciferase reporter vectors
containing only the Oct4/Sox2 consensus binding sequence
from the Nanog promoter (—185 to —160) followed by a mini-
mal thymidine kinase (TK) promoter (—155 to +50), which
maintains the distance between the binding elements and the
transcription start site, and a minimal TK promoter (—190 to
+50) lacking any Nanog sequence to serve as a control reporter.
The Oct4/Sox2 TK reporter also responded to FGFR2
dimerization, as seen by a significant decrease in both endoge-
nous Nanog and luciferase transcripts in stable clones treated
with AP20187 for 6 and 24 h (Fig. 6C). The kinetics of luciferase
down-regulation appear slightly slower than Nanog down-reg-
ulation, which is especially noticeable at the 6-h time point.
However, by 24 h of AP20187 treatment, these transcripts were
down-regulated to comparable levels. This indicates the —190
to —160 region of the Nanog promoter contains an FGFR2
responsive element that mediates Nanog down-regulation. The
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control 190-bp TK reporter did not similarly decrease by 6 or
24 h (Fig. 6D), indicating the reduction in promoter activity is
not a general phenomenon as it was not seen in the TK reporter
lacking Nanog promoter elements. Interestingly, integration
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FIGURE 6. Oct4 and Sox2 consensus binding sites are sufficient for FGFR2-
mediated Nanog repression. A, schematic of insulated Nanog promoter or
TK promoter reporters. Two copies of HS4 insulator elements from the
chicken B-globin locus (indicated in red) are located 5’ to the reporter trans-
gene. 330- and 190-bp Nanog promoters contain only Nanog promoter
sequence driving luciferase reporter activity. For the 155-bp TK reporter,
Oct4/Sox2 consensus sequence from the Nanog locus was inserted upstream
of the thymidine kinase minimal promoter and the 190-bp thymidine kinase
control reporter lacks endogenous Nanog sequence, containing only thymi-
dine kinase promoter driving luciferase reporter activity. FGFR2 ES cells were
stably integrated with a 330-bp Nanog promoter (B), 190-bp Nanog promoter
(C), Oct4/Sox2 Nanog TK promoter (D), or control TK promoter (E). Insulated
Nanog reporter cell lines were harvested after 0, 6, or 24 h of treatment with
AP20187 (10 nm). Real-time PCR was performed to examine expression of
endogenous Nanog or luciferase transcripts. Average mRNA expression value
relative to B-actin is expressed as fold change over time, where O his setto a
value of 1. Each graph displays average values of four clones, with two exper-
iments for each clone. Error bars indicate S.D. *, p < 0.01.
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and insulator protection appears to be necessary to mediate
FGFR2 induces Nanog down-regulation, as a transiently trans-
fected or a stably integrated 330-bp Nanog promoter luciferase
reporter, which lacked insulator elements did not similarly
respond to FGFR2 dimerization (supplemental Table 2).

Nanog Down-regulation by FGFR2 Dimerization Does Not
Coincide with Oct4/Sox2 Dissociation from Proximal Promoter—
Because Oct4 and Sox2 are known to bind to each other and
to the region of the Nanog promoter, we hypothesized one or
both of these proteins may dissociate from the Nanog pro-
moter to mediate down-regulation following FGFR2 stimu-
lation. We examined Oct4 and Sox2 binding to the proximal
promoter to determine whether enrichment of one or both
factors is altered by FGFR2 stimulation. Using ChIP, we
found that Oct4 and Sox2 were both enriched around the
Oct4/Sox2 binding site in undifferentiated ES cells as previ-
ously reported and found that 6 h of FGFR2 stimulation did
not significantly reduce binding, although after 24 h of
FGFR2 stimulation, there did appear to be an overall
decrease in Oct4 enrichment (Fig. 7, A and B). These data
indicate that initial transcriptional down-regulation of
Nanog by FGFR2 occurs without any reduction of Oct4/Sox2
binding to the proximal promoter region.

FGFR2 Dimerization Induces Reversible Nanog Down-
regulation—Because our ChIP data above indicated a relatively
open chromatin conformation as well as association with active
transcription factors within the proximal promoter region of
Nanog, we sought to determine whether Nanog down-regula-
tion following FGFR2 dimerization is reversible. To examine
reversibility, we treated ES cells with AP20187 for 6 h, removed
existing medium, washed the cells with PBS, added fresh
medium containing a specific inhibitor of FGFR (SU5402), and
harvested cells after 6 and 18 h. We found AP20187 treated cells
display the characteristic Nanog down-regulation compared
with untreated control ES cells within 6 h (Fig. 8). Interestingly,
addition of the FGFR inhibitor rapidly restored Nanog mRNA
expression within 6 h. These results suggest this process of
Nanog down-regulation mediated by FGFR2 activation is a
reversible process.
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FIGURE 7. FGFR2 homodimerization does not induce Oct4 and Sox2 dissociation from the Nanog promoter region. Real-time PCR analysis of enrichment
of Oct4 (A) or Sox2 (B) at the Nanog locus in ES cells (ESCs) harvested after 0, 6, or 24 h of treatment with AP20187 (10 nm). Enrichment is expressed as % input.
Samples were run in triplicate for each primer, and the average % input is plotted. Error bars indicate S.D.
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DISCUSSION

The present work utilizes a system to induce FGFR2 homo-
dimerization using the synthetic chemical dimerizer AP20187.
We demonstrate that robust activation of FGFR2 kinase
induces Erk1/2 phosphorylation as well as other intracellular
signaling pathways in ES cells and is able to overcome hetero-
geneity of Nanog and Gata6 expression to induce Nanog
down-regulation and PE differentiation rather homoge-
neously. Using inhibitors of FGFR, PI3K, or Mekl/2, we
demonstrate the importance of the Mek signal in mediating
Nanog down-regulation. Indeed, FGFR2 dimerization selec-
tively down-regulates Nanog among the key pluripotency
transcription factors Nanog, Oct4, and Sox2. This system of
rapid and homogeneous Nanog down-regulation has enabled
us to study underlying mechanisms.

The reduction in Nanog transcript was seen within 1 h and
reached ~90% by 6 h. Although the current study does not
exclude the involvement of enhanced Nanog mRNA degrada-
tion, Nanog is likely transcriptionally down-regulated as both
pre-spliced and mature mRNA are similarly reduced. In
accordance with these results, we also found that the histone
modification H3K36me3, which is associated with transcrip-

Nanog mRNA

Fold Change

Time (hours)
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FIGURE 8. FGFR2 homodimerization induced Nanog down-regulation is
reversible by addition of an FGFR inhibitor. Real-time PCR analysis of
Nanog mRNA in ES cells treated with AP20187 (AP; 10 nm) alone, FGFR inhib-
itor SU5402 alone (20 um), or AP20187 for 6 h followed by 6 or 18 h of FGFR
inhibitor incubation. Average mRNA value relative to B-actin is expressed as
fold change over time, where 0 h is set to a value of 1. Error bars indicate S.D.
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tional elongation, is decreased after FGFR2 stimulation, indi-
cating a reduction in elongating Nanog transcripts. Surpris-
ingly, RNA polymerase II phosphorylated at serine 5 is not
rapidly lost following 6 h of FGFR2 dimerization but is rather
transiently enriched. This phosphorylated form of the enzyme
is associated with transcript initiation, and accumulation
around the transcription start site after 6 h of FGFR2 stimula-
tion, at a time when Nanog is reduced to >90% suggests pro-
gressive elongation is not occurring. The persistence of RNA
polymerase II enrichment could potentially be explained by
RNA polymerase 1II stalling following initiation at the Nanog
locus. Similarly, the persistent enrichment of H3K4me3 was
seen following 6 h of FGFR2 dimerization, indicating this locus
retains an open chromatin conformation in the early stages of
differentiation.

The data of repressive histone modifications (K27me3 and
K9me3) indicate that down-regulation of Nanog gene tran-
scription is not accompanied by repressive chromatin changes
within 24 h of FGFR2 activation. Recently, the protein Tetl,
which hydroxylates 5-methylcytosine, has been shown to asso-
ciate with the Nanog promoter region and is essential for pre-
venting the Nanog gene from transcriptional repression and
DNA methylation (30). Consistent with this repressive histone
modification data, Tetl association to the Nanog promoter
region was not altered within 24 h of FGFR2 activation. Fur-
thermore, DNA methylation of the region was not increased
within 16 h of FGFR2 activation as well.

Furthermore, Nanog down-regulation occurred without dis-
sociation of critical transcription activators Oct4 and Sox2
from its proximal promoter region. The retained components
related to active transcription, including RNA polymerase II,
p300, Oct4, Sox2, and Tetl, which were not rapidly lost even
when Nanog was down-regulated may be related to natural
fluctuations seen in Nanog in ES cell culture (4) and lend sup-
port to the idea that cells derived from the inner cell mass are
plastic in their expression of Nanog and Gata6 (31). The ability
of cells that are not actively expressing Nanog to maintain the
locus in a poised state may facilitate the rapid re-expression of
the gene during the stage when expression of Gata6 and Nanog
are fluctuating prior to cell commitment to EPI or PE. Indeed,
we found FGFR-induced Nanog down-regulation is reversible
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FIGURE 9. Schematic overview of a reversible Nanog gene down-regulation upon FGFR2 activation. Pol/, polymerase.
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following treatment with the FGFR inhibitor SU5402. Taken
together, the present study provides insight for mechanisms
underlying how FGFR2 dominates early cell fate decision
between epiblast and hypoblast in a potentially reversible
manner.

How this transient repression is achieved despite association
of these active transcriptional components remains an impor-
tant question. Interestingly, we have demonstrated that a very
minimal region of the Nanog promoter, which contains Oct4
and Sox2 binding elements is sufficient to mediate Nanog
down-regulation in response to FGFR2 stimulation. Because
Nanog promoter elements were not properly regulated in non-
integrated reporters (supplemental Table 2), the chromatin
structure, including nucleosome positioning, might be critical
for appropriate gene regulation, a phenomenon that has been
previously noted in a number of genes (32). Based on our exper-
imental data of persistence of active transcriptional marks fol-
lowing FGFR2 stimulation, FGFR2 dimerization may induce
association of repressor proteins with Oct4 or Sox2 to mask its
activation domain; or Oct4 and Sox2 may serve as a scaffold for
factors involved in transcriptional activation of the Nanoglocus
in undifferentiated cells and upon differentiation, these factors
are replaced by proteins associated with gene repression (Fig.
9). The system developed here will be useful to identify differ-
ential binding partners of Oct4 and Sox2 in the active and tran-
siently repressed Nanog promoter, thus dissecting further
molecular mechanisms underlying FGFR2-mediated cell fate
specification within the inner cell mass of the early blastocyst.
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