
















revealed that DNA-binding proteins such as Sp1, E47, and
CSL bind the endogenous Ptcra enhancer in ES cells
(Supplemental Fig. 3). To determine which DNA motifs

are functionally responsible for establishing the unme-
thylated window at the Ptcra enhancer in ES cells, we
used the premethylation/stable transfection assay to

Figure 6. Mi-2b contributes to the repressive chromatin environment in differentiated cells. (A) Ac-H3K9 and 3Me-H3K4 levels, as
well as RNA polymerase II levels, were examined by ChIP at the Ptcra enhancer within stably integrated Ptcra enhancer–promoter–
reporter–insulator plasmids (construct F2R2) in VL3-3M2 thymocytes. Four independent clones generated by stable transfection with
the premethylated plasmid (M2–M5) and two clones generated by stable transfection with the unmethylated plasmid (Unmet. 5 and
Unmet. 34) were examined. Precipitated DNA samples were amplified using primers specific to the Ptcra enhancer region within the
integrated plasmid. The ChIP signals are shown as a percentage of the input DNA signal and are representative of three independent
experiments. (B) The experimental strategy used to examine the effect of Mi-2b or Brg1/Brm knockdown on DNA methylation at the
integrated Ptcra enhancer is diagrammed. (C) Western blots were performed to examine the efficiency of Mi-2b and Brg1 knockdown
after retroviral transduction of constructs expressing specific shRNAs. Extracts were examined from cells that were left untransduced
(WT) or were transduced with a control retrovirus (Control, no shRNA cassette) or retroviruses expressing shRNAs specific for Mi-2b or
Brg1/Brm (BBM2) transcripts. Retroviral transduction was performed with two independent VL3-3M2 clones containing the
premethylated Ptcra enhancer–promoter–reporter–insulator plasmid (F2R2-M2 and F2R2-M3). GAPDH was analyzed as a loading
control. (D) Bisulfite sequencing was used to examine DNA methylation at the integrated Ptcra enhancer 4 d after retroviral
transduction of the F2R2-M2 and F2R2-M3 VL3-3M2 clones. DNA was examined from untransduced cells (WT) or cells transduced
with the control retrovirus (Control) or the retroviruses expressing the Mi-2b or Brg1/Brm (BBM2) shRNAs. DNA methylation was
examined at the integrated Ptcra enhancer and promoter, as well as at CpGs located upstream of (UP) or downstream from (DN) the
enhancer. (E) EGFP mRNA expression from the F2R2-M2 and F2R2-M3 clones was examined by real-time RT–PCR. As a control, EGFP
mRNA levels were monitored in two different clones (5 and 34) transfected with the unmethylated Ptcra enhancer–promoter–reporter–
insulator plasmid. Gapd mRNA levels were monitored in each sample as a control.
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analyze a series of five substitution mutants and a 30-bp
deletion mutant (Fig. 7A). Ptcra enhancer–promoter–
reporter–insulator plasmids containing these mutant

sequences were premethylated and stably transfected
into ES cells. Several clones containing each mutant were
expanded and analyzed by bisulfite sequencing.

Figure 7. Dynamic regulation of the unmethylated window within the Ptcra enhancer in ES cells. (A) A diagram of the Ptcra

enhancer–promoter–EGFP–insulator plasmid is shown. The 0.37-kb Ptcra enhancer and the 0.5-kb promoter were inserted upstream of
a destabilized EGFP reporter (pd2EGFP). The cloned Ptcra enhancer contains seven CpG dinucleotides (�4130 to �3900). Putative
transcription factor-binding sites are shown as shaded boxes. Regions analyzed by deletion and substitution mutation are indicated by
a dashed line and double-headed arrows, respectively. (B–H) Ptcra enhancer methylation was monitored by bisulfite sequencing in
several independent stable clones containing the wild-type enhancer (B) or six different mutant enhancers (C–H). Other mutations that
had no effect on establishment of an unmethylated window are shown in Supplemental Figures 4 and 5. (I,J) A working model for the
positive and negative regulation of DNA methylation at the Ptcra enhancer mark in pluripotent cells and thymocytes is shown.
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Susceptibility to establishment of the unmethylated
window was eliminated by mutations in an Sp1 site or in
E-box 2 (Fig. 7D,E). Consistent with the hypothesis that
proteins bound to these elements play a central role in
establishment of the unmethylated window, the window
was also absent in 13 of 14 clones containing the Myb-
Ebox2-Sp1 deletion (Fig. 7F). Importantly, Sp1 was shown
previously to play a role in preventing DNA methylation
(Brandeis et al. 1994; Macleod et al. 1994).

Surprisingly, mutation of the Myb site, CSL site, or
E-box 4, which flank the Sp1/E-box 2 cassette, resulted in
greatly enhanced loss of methylation following stable
transfection of the premethylated plasmids into ES cells
(Fig. 7C,G,H). Dramatic loss of methylation was also
observed with a Ptcra deletion mutant, F2R5, in which
the sequences encompassing the CSL site and E-box 4
were removed (Supplemental Fig. 4C). In contrast, muta-
tion of a YY1 site or E-box 3 had no effect on establish-
ment of the unmethylated window (Supplemental Fig. 5).
Although most clones containing the Myb and CSL
mutations showed dramatic loss of methylation, a few
clones were resistant (Fig. 7C,G), perhaps because they
fortuitously integrated into heterochromatin. Impor-
tantly, all of the premethylated mutant plasmids were
strongly resistant to the establishment of an unmethy-
lated window following transfection into VL3-3M2 thy-
mocytes (Supplemental Figs. 6, 7). This finding is consis-
tent with previous evidence that the Myb and CSL sites
play critical positive roles in Ptcra enhancer activity in
thymocytes (Deftos et al. 2000; Reizis and Leder 2001,
2002). These data demonstrate that establishment of an
unmethylated window at the Ptcra enhancer in ES cells is
subject to both positive and negative regulation. More-
over, different tissue-specific enhancers are marked by
different transcription factors in ES cells, with the Alb1
enhancer marked by FoxD3 and the Ptcra enhancer most
likely marked by Sp1 and an E protein.

Discussion

The molecular features of ES cells and iPS cells respon-
sible for their pluripotency and capacity for self-renewal
have been examined in considerable depth, primarily
through analyses of key regulatory proteins and net-
works, and through analyses of histone modification
patterns at genes involved in developmental decisions.
The results presented here suggest that pluripotency may
also require protein–DNA interactions at enhancers for
typical tissue-specific genes. During differentiation and
the accompanying transition to a repressive chromatin
environment, these enhancer marks may be essential for
maintaining competence for transcriptional activation.
Furthermore, we find that establishment of these marks
in ES cells is under both positive and negative control.

Our studies of the Alb1 and Ptcra enhancers suggest
that various transcription factors may mark tissue-specific
enhancers in pluripotent cells. FoxD3 is responsible for
the unmethylated CpG at the Alb1 enhancer, with bind-
ing sites for Sp1 and E proteins required at the Ptcra
enhancer. The only important property of the bound

transcription factors may be an ability to prevent assem-
bly of repressive chromatin during differentiation. How-
ever, it is noteworthy that FoxD3 but not FoxA1 was
capable of promoting the loss of CpG methylation at the
Alb1 enhancer when ectopically expressed in MEFs. This
finding suggests that FoxD3 may possess unique proper-
ties that are important for marking the Alb1 enhancer in
pluripotent cells.

At the Ptcra enhancer, the stable transfection assay
with premethylated plasmids was used to identify an Sp1
site and an E-box that are critical for establishment of the
unmethylated window. An unexpected finding was the
dramatic enhancement of the unmethylated window
when either the Myb site or CSL/E-box 4 cassette was
disrupted. Because a similar enhancement was observed
upon mutation of any of these three sites, factors bound
to the sites appear to act in synergy to limit the action of
factors bound to the intervening Sp1 and E-box 2 sites.
B-Myb and the CSL protein are both expressed in ES cells,
but additional experiments will be needed to determine
whether they are responsible for this negative activity.
Although the significance of this negative activity remain
unknown, the results raise the possibility that broader
loss of methylation in the vicinity of the Ptcra enhancer
in ES cells may be detrimental for proper regulation of the
Ptcra gene.

The striking differences in the fate of premethylated
plasmids transfected into pluripotent ES and iPS cells in
comparison with a variety of differentiated cell types
strengthens the hypothesis that chromatin in pluripotent
cells is fundamentally different from that in differenti-
ated cells. It is formally possible that the differences we
observe are entirely due to the expression of transcription
factors in pluripotent cells that are uniquely capable of
gaining access to repressive chromatin. However, we
favor the view that our findings are related to the general
differences in chromatin structure between pluripotent
and differentiated cells reported by others (see above;
Meshorer and Misteli 2006; Meshorer et al. 2006;
Guenther et al. 2007; Efroni et al. 2008). It has been
proposed that a hyperdynamic chromatin environment is
beneficial for developmental plasticity, presumably by
facilitating diverse gene activation and repression pro-
grams that accompany cell fate decisions. The results
shown here suggest that hyperdynamic chromatin could
be equally beneficial for allowing transcriptional compe-
tence to be established at tissue-specific genes that re-
main silent until long after commitment to a specific
lineage.

The failure to establish unmethylated windows on
premethylated plasmids stably transfected into differenti-
ated cells suggests that the absence of a pre-existing en-
hancer mark at an endogenous tissue-specific gene would
prevent transcriptional activation in differentiated cells.
However, a previous study of the immunoglobulin m

heavy-chain enhancer revealed active transcription from
a premethylated plasmid directly transfected into B cells
when the core m enhancer was flanked by native matrix
attachment regions, whereas the premethylated core
enhancer by itself was resistant to activation (Forrester
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et al. 1999). This result raises the possibility that some
enhancers may not require a mark established in plurip-
otent cells for their activation in differentiated cells.
However, in our experiments but not in the previous
experiments, the enhancer–promoter–reporter cassettes
were flanked by b-globin insulator sequences; these in-
sulators may have been important for maintaining the
premethylated Ptcra and Il12b enhancers in their meth-
ylated and silent states following transfection into differ-
entiated cells, by protecting the enhancer–promoter–
reporter cassette from surrounding chromatin influences
and from the cointegrated drug resistance gene.

Although we found that knockdown of Mi-2b expres-
sion in differentiated cells eliminates the barrier to
establishment of enhancer marks, Mi-2b is not necessar-
ily responsible for the differences in chromatin structure
between pluripotent cells and differentiated cells. Mi-2b

expression levels are comparable in pluripotent and
differentiated cells (Supplemental Fig. 2B), and the NuRD
complex that contains Mi-2b as its nucleosome remodel-
ing ATPase carries out critical functions in maintaining
the undifferentiated state of stem cells (Kaji et al. 2006;
Yoshida et al. 2008). Furthermore, we found that Mi-2b

knockdown in thymocytes was not sufficient for tran-
scriptional activation from the premethylated Ptcra en-
hancer and promoter. We suspect that the Mi-2b/NuRD
complex is one of a variety of protein complexes that
contribute to the repressive chromatin structure ob-
served in differentiated cells.

It is noteworthy that CpGs at the Ptcra and Il12b
enhancers were unmethylated, not only in pluripotent
cells and expressing cells, but also in most other differ-
entiated cell types we examined (Xu et al. 2007), possibly
as a remnant of the unmethylated window established
during early embryogenesis. At these enhancers, the
broad maintenance of the unmethylated windows would
eliminate the need for its re-establishment during the
generation of iPS cells from somatic cells. In contrast, the
Alb1 enhancer was fully methylated in most differenti-
ated cell types, with the unmethylated window largely
restricted to ES cells and hepatocytes (Xu et al. 2007).
Thus, the re-establishment of a mark at this enhancer and
at other enhancers with similar properties may be neces-
sary for reprogramming to a pluripotent state.

Although the enhancer marks we studied at the Alb1,
Ptcra, and Il12b enhancers were identified originally as
unmethylated windows, the bound factors may be more
important for transcriptional competence than the unme-
thylated state. The bound factors may prevent both CpG
methylation and the assembly of silent chromatin struc-
tures at the enhancers during differentiation. Notably,
when premethylated plasmids were stably transfected
into differentiated cells, the CpG methylation presum-
ably led to the rapid assembly of repressive chromatin via
the action of methyl-CpG-binding proteins (Bird and
Macleod 2004), promoting resistance to transcription
factor binding and transcriptional activation.

After the completion of this study, the first genome-
wide bisulfite sequencing analysis with human ES cells
was reported (Lister et al. 2009). Efforts to determine

whether unmethylated CpG dinucleotides are commonly
found at enhancers for typical tissue-specific genes have
not been completed. However, the DNA methylation
properties of the human homologs of the mouse Ptcra,
Il12b, and Alb1 enhancers are consistent with our find-
ings. Specifically, a window of low CpG methylation was
observed at the human PTCRA enhancer in human ES
cells (Lister et al. 2009). The low CpG methylation was
accompanied by low levels of active histone modifica-
tions (Lister et al. 2009), consistent with our published
data with the mouse enhancer (Xu et al. 2007). Also
consistent with our findings (Xu et al. 2007), histone
modifications associated with active or inactive chroma-
tin were not observed at the human IL12B and ALB1
enhancers (Lister et al. 2009). Unfortunately, the CpGs
that are unmethylated in the mouse Il12b and Alb1
enhancers are not conserved in the human enhancers.
The human IL12B enhancer contains no CpGs at all, with
surrounding CpGs heavily methylated. CpGs in the
human ALB1 enhancer were fully methylated, similar
to our finding that the mouse enhancer is fully methyl-
ated except for the CpG that coincides with the FoxD3-
binding site (which is not conserved in the human
enhancer). In the future, it will be important to determine
whether FoxD3 is bound to the human ALB1 enhancer in
ES cells, and whether common sets of factors are bound to
the mouse and human Il12b (IL12B) and Ptcra (PTCRA)
enhancers. Future work will also be needed to determine
whether the unmethylated status of CpGs in these
enhancers is a contributing effector or simply a mark of
important pioneer factor interactions.

In summary, these findings may contribute to an
understanding of the molecular features of ES cells and
iPS cells that are essential for their pluripotency, and of
the initial events leading to the activation of tissue-
specific genes. The reprogramming of somatic cells to
a pluripotent state involves numerous molecular events,
including the silencing of genes that define differentiated
lineages, the activation of genes associated with pluripo-
tency, and broad transitions in chromatin structure. The
barriers that limit the efficiency and success of repro-
gramming remain poorly understood. Efforts to identify
and overcome these barriers may benefit from increased
knowledge of the properties of tissue-specific genes in
pluripotent cells and of the reliance of tissue-specific gene
expression on events that take place prior to lineage
commitment.

Materials and methods

Cell culture and reagents

The VL3-3M2 murine thymocyte line was maintained in RPMI
1640 medium (Cellgro) containing 10% fetal bovine serum (FBS;
Omega Scientific). The J774 macrophage line was maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Cellgro) with 10%
low-endotoxin FBS (Omega Scientific). ES cell line CCE was
maintained on gelatin-coated petri dishes in standard ES me-
dium (DMEM with 15% FBS, 10�4 M nonessential amino acids,
2 mM L-glutamine, 1% pen/strep, 0.05 mM b-mercaptoethanol,
1000 U/mL LIF). ES cell line R1 was maintained on mitomycin
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C-arrested MEFs (feeders). ES cells were differentiated into
macrophages as described (Keller et al. 1993). Macrophages were
activated with LPS (10 mg/mL) and recombinant murine IFN-g
(10 U/mL; PharMingen). LPS/IFN-g activation of ES cell-derived
macrophages results in efficient induction of the endogenous
Il12b gene and many other proinflammatory genes, with expres-
sion levels comparable with those found in primary bone
marrow-derived macrophages (SD Pope, unpubl.).

Primary MEFs were isolated from day 13.5 to day 14.5 em-
bryos from C57BL/6J mice and maintained in DMEM with 10%
FBS and 0.05 mM b-mercaptoethanol. iPS cell lines (Maherali
et al. 2007) were maintained on mitomycin C-arrested MEFs
(feeders) in standard ES medium. It is noteworthy that certain
primary MEF lines exhibited reduced methylation at the �10,695
site of the Alb1 enhancer, whereas other MEF lines contained a
fully methylated enhancer. The Alb1 enhancer was fully methyl-
ated in the MEFs used to generate the iPS cells and in the MEFs
used for other experiments in this study.

Endoderm cells were isolated from mouse ES cells by growing
the cells to induce differentiation, followed by sequential FACS
using CD4-FoxA2 as a marker and, subsequently, CD25-FoxA3.
This procedure has been shown to routinely generate definitive
endoderm capable of differentiating into hepatic cells (Gouon-
Evans et al. 2006; Gadue et al. 2009). Each preparation of cells
was tested by the expression of endogenous endoderm markers.

Antibodies were from Chemicon (FoxD3, AB5678; CSL,
AB5790; b-actin, MAB1501R), Santa Cruz Biotechnologies
(Oct-4, sc-5279; Brg1, sc-10768; GAPDH, sc-59540; B-Myb, sc-
13028; c-Myb, sc-7874; Sp1, sc-59; TBP, sc-273; E47, sc-763; HEB,
sc-357; RNA pol II, sc-899), BD Pharmingen (HMG1, 556528),
and Abcam (histone H3, ab8898), or were prepared in our
laboratory (Mi-2b, GST).

Bisulfite sequencing, RT–PCR, and ChIP

Bisulfite sequencing was performed as described (Xu et al. 2007).
PCR primers are listed in Supplemental Table 1.

For RT–PCR, RNA was extracted using TRI-reagent (MRC),
treated with RNase-free DNase I, and purified with RNeasy kit
(Qiagen). Quantified RNA (2 mg) was reverse-transcribed using
SuperScript II (Invitrogen) and random hexamer primers. cDNA
samples were analyzed in triplicate with the iQ SYBR Green
Supermix (Bio-Rad) using iCycler iQ Real-Time PCR Detection
System (Bio-Rad). PCR amplification parameters were 3 min at
95°C and 45 cycles of 15 sec at 95°C, 30 sec at 60°C, and 30 sec at
72°C. ChIP assays were performed as described (Su et al. 2004),
with the ChIP samples analyzed by real-time PCR.

Plasmids and stable transfection

Mutations in the Ptcra enhancer–promoter–EGFP–insulator
plasmid (Xu et al. 2007) were generated using the QuikChange
Site-Directed Mutagenesis Kit (Stratagene). The Il12b enhancer–
promoter–EGFP plasmid was generated by subcloning a 1.1-kb
Il12b enhancer fragment (�10,258 to �9182) and a 0.4-kb pro-
moter fragment (�356 to +54) into the KpnI/MluI and MluI/
EcoRI sites, respectively. Twenty-five micrograms to 40 mg of
each plasmid were linearized using XmnI (Ptcra) or NotI (Il12b),
followed by in vitro methylation with SssI (CpG) methylase
(New England Biolabs) as described (Xu et al. 2007). The
methylated DNA was extracted with phenol/chloroform, pre-
cipitated with ethanol, and dissolved in 50 mM Tris-HCl (pH
7.4). The Il12b-EGFP BAC was created by homologous recombi-
nation in E. coli. The EGFP cDNA was introduced into the
second exon of the Il12b gene. Short DNA sequence tags
adjacent to the Il12b promoter and enhancer were introduced

by site-directed mutagenesis, followed by homologous recombi-
nation in E. coli.

Stable transfection of ES cells, primary MEFs, VL3-3M2
thymocytes, and J774 macrophages with the premethylated
plasmids was performed as described (Xu et al. 2007). Stable
transfection of ES cells with the premethylated Il12b-EGFP BAC
was performed using Lipofectamine 2000 (Invitrogen). Stable
clones were selected with G418 (150–250 mg/mL) or puromycin
(1–1.5 mg/mL), expanded, and screened as described (Xu et al.
2007).

Retroviral transduction and RNAi

Foxa1 and Foxd3 cDNAs were cloned into the retroviral pQCXIP
vector (Clontech) and transfected into HEK 293T cells with the
packaging vector pCL-10A1 (Clontech) using Lipofectamine
2000. Virus supernatants were collected 48 and 72 h after
transfection, filtered through a 0.45-mm syringe filter, and stored
at 4°C. Primary MEFs (4 3 105 cells per well) were seeded in six-
well plates, and 2 mL of virus supernatant with 20 mL of 1 M
HEPES (pH 7.5) and 5 mL of polybrene (8 mg/mL in 20 mM
HEPES at pH 6.2) were added. Spin infections were performed at
2500 rpm for 1.5 h at 30°C. Cells were selected with puromycin
(1.5 mg/mL) 24 h post-infection. FoxA1 and FoxD3 expression
was monitored by Western blot using anti-Flag antibody (Sigma,
F-3165).

Retroviral RNAi knockdown of Mi-2b and Brg1/Brm was
performed as described (Ramirez-Carrozzi et al. 2006). RNAi
knockdown of FoxD3 in ES cells was performed by transfection
of siRNA oligonucleotides against Foxd3 (Dharmacon) into ES
cells using the manufacturer’s protocol.
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