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Introduction

Most members of the histone H1 family bind to a stretch of 
linker DNA in a sequence-independent manner, connecting adja-
cent nucleosomes to generate higher-order chromatin structures 
to accurately control gene expression.1,2 H1foo, an oocyte-specific 
histone H1, is expressed during development in fully meiotically 
competent germinal vesicle-stage oocytes until the late two-cell 
embryonic stage.3,4 This expression is essential for oocyte matura-
tion in mice5 and has beneficial effects on developing oocytes and 
the fertilized egg.

H1foo shows only a very low sequence homology with 
somatic histone H1, though it shares a general domain structure 
with somatic histone H1.3,4 H1foo is most closely related to the 
oocyte-specific cleavage-stage histone H1 in sea urchin and his-
tones B4/H1M in Xenopus laevis. Recent studies have suggested 
that histone B4 is involved in the nuclear reprogramming of 
somatic cells transferred to Xenopus oocytes via the modification 
of gene activities.6,7 However, it is still unclear whether H1foo has 
the same biological function as that observed in Xenopus or that 
observed for H1 variants that globally repress gene activity.2,8,9

Mammalian oocytes contain the histone H1foo, a distinct member with low sequence similarity to other members in 
the H1 histone family. Oocyte-specific H1foo exists until the second embryonic cell stage. H1foo is essential for oocyte 
maturation in mice; however, the molecular function of this H1 subtype is unclear. To explore the function of H1foo, we 
generated embryonic stem (ES) cells ectopically expressing H1foo fused to an EGFP (H1foo-ES). Interestingly, ectopic 
expression of H1foo prevented normal differentiation into embryoid bodies (EBs). The EB preparations from H1foo-ES 
cells maintained the expression of pluripotent marker genes, including Nanog, Myc and Klf9, and prevented the shift 
of the DNA methylation profile. Because the short hairpin RNA-mediated knockdown of H1foo-EGFP recovered the 
differentiation ability, H1foo was involved in preventing differentiation. Furthermore, ChIP analysis revealed that H1foo-
EGFP bound selectively to a set of hypomethylated genomic loci in H1foo-ES, clearly indicating that these loci were 
targets of H1foo. Finally, nuclease sensitivity assay suggested that H1foo made these target loci decondensed. We 
concluded that H1foo has an impact on the genome-wide, locus-specific epigenetic status.
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The H1foo gene is regulated by DNA methylation at tissue-
dependent and differentially methylated region (T-DMR), and 
the expression of H1foo is stringently suppressed by DNA meth-
ylation at the T-DMR in non-expressing cells after differentia-
tion.10 Cellular differentiation alters the genome-wide epigenetic 
status of multiple gene loci, with changes in de novo methylation 
and demethylation at T-DMRs.11,12 The altered epigenetic status 
resulted in cell-type-specific DNA methylation profiles: pluripo-
tent cells with hypomethylation of numerous T-DMRs contain-
ing genes for transcription factors (and their targets) essential for 
pluripotency, as well as pluripotent cells with hypermethylation 
of T-DMRs containing genes for tissue-specific gene expression.13 
The DNA methylation status of T-DMRs is closely associated 
with the chromatin structure, including histone modifications, 
and changes to histone modifications that affect the DNA meth-
ylation status and vice versa.14,15

We explored the link between H1foo and DNA methylation 
by investigating mouse embryonic stem (ES) cells with ectopic 
expression of H1foo on the basis of the hypothesis that H1foo 
influences the epigenetic status. We found that H1foo binds to 
chromatin and hinders the differentiation of mouse ES cells by 
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In these ES cell lines, EGFP was only 
detected in the nucleus (not in the nucle-
oli) based on fluorescence images (Fig. 1A;  
Fig. S1A). Western blotting of nuclear 
extract indicated that expression level of 
H1foo-EGFP was lower than those of H1e- 
and H1f0-EGFP (Fig. 1B). The expression 
of H1s-EGFP did not affect the protein 
levels of endogenous H1 in nucleus, and 
the mRNA expression of the intrinsic H1 
family genes and the ES cell marker genes  
(Fig. 1B–D; Fig. S1B and C).

H1foo-EGFP prevents differentiation. 
We examined the embryoid body (EB) for-
mation in the ES cell lines to investigate 
the effects of H1foo on pluripotency. All of 
the ES cell lines formed EBs with similar 
sizes after culturing for 7 d. Interestingly, 
after culturing for 14 d, EBs derived from 
H1foo-ES were small and irregular-shaped 
compared with EBs derived from the con-
trol lines (EGFP-, H1e- and H1f0-ES) in 
which EBs formed yolk-sac-like structures 
(Fig. 2A, Fig. S1D). These data suggested 
that the differentiation capacity of the 
H1foo-ES cell line was different from that 
of the control cell lines (H1e-, H1f0- and 
EGFP-ES).

Even after seven days, EBs derived 
from H1foo-ES maintained high expres-
sion levels of stem cell marker genes such 
as Oct4 and Nanog. In contrast, the expres-
sion of stem cell marker genes was reduced 
in EBs derived from the control cell lines  
(Fig. 2B; Fig. S1E). In addition, differen-
tiation marker genes, such as Gata4 and 
neural marker genes, were not induced in 
EBs and differentiated neurons derived 
from H1foo-ES (Fig. 2B; Figs. S1F and 2).  
In contrast, overexpression of H1e and 
H1f0 increased expression of ectoderm and 
neural marker genes (Figs. S1F and 2B). 
These data indicated a difference between 
the gene regulatory network of H1foo-ES 
and the control cell lines.

To further confirm the role of H1foo in 
preventing the differentiation of H1foo-ES cells, we attempted to 
investigate the differentiation ability of H1foo-ES by knockdown 
(KD) of the H1foo-EGFP-encoding transcript using shRNA. 
Under culturing conditions that induced neural differentia-
tion, the KD resulted in reduced expression of H1foo-EGFP, 
induced expression of the neural marker TubbIII, and reduced 
expression of Oct4 (Fig. 2C and D). Clearly, KD of the H1foo-
EGFP-encoding transcript rescued the differentiation potency 
to a neural lineage. H1foo-EGFP expression should thus influ-
ence the pluripotency of ES cells. We concluded that H1foo-ES 

maintaining expression of pluripotent genes through regulation 
of the chromatin structure.

Results

Establishment of ES cell lines ectopically expressing H1foo-
EGFP. We established mouse ES cell lines stably expressing 
EGFP-fused mouse H1s: three cell lines expressing H1foo-EGFP 
(H1foo-ES) and cell lines expressing H1e-EGFP, H1f0-EGFP 
and EGFP (H1e-, H1f0- and EGFP-ES, respectively) as controls. 

Figure 1. Establishing H1foo-EGFP expressing ES cell lines. (A) Subcellular localization of H1foo-
EGFP. After wash with PBS(-), ES cells expressing H1s-EGFP fusion protein (indicated at the left 
side of the panels) were stained with 1 μg/ml Hoechest33342 for 10 min, and then were visual-
ized by the confocal microscopy. The scale bars denote 5 μm. (B) The level of histone H1 proteins 
was evaluated by western blotting of nuclear extract prepared from EGFP-, H1foo-, H1e- and 
H1f0-ES cells. Endogenous and exogenous H1 were detected using anti-H1 (clone, AE-4 and 
1415–1) and anti-GFP, respectively. CBB stain was used as loading control. (C) RT-PCR of H1 family 
genes and (D) marker genes for pluripotent stem cells in EGFP-, H1foo-, H1e- and H1f0-ES cells. 
RT(-) indicate PCR for Actb without reverse transcription. ©
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that H1foo-EGFP bound to specific loci to change the epigenetic 
status. Importantly, the DNA methylation status of these loci was 
not affected by the overexpression of other H1 subtypes in ES 
cells (Fig. 4B). These data suggest that H1foo marks genome 
loci for epigenetic regulation; however, H1foo does not always 
contribute to the demethylation process.

H1foo-EGFP binds to selected oocyte-specific genes. Because 
H1foo expression is specific to oocytes, we investigated whether 
H1foo-EGFP binds to T-DMRs containing certain oocyte-spe-
cific genes (Sohlh2, Nobox, Zp2, Padi6, Nlrp5 and Nlrp4f ). ChIP 
analysis revealed that oocyte-specific genes such as Sohlh2, Nobox 
and Zp2 are H1foo targets (Fig. 4A). Other oocyte-specific genes 

cells lack pluripotency because of the ectopic 
expression of H1foo.

H1foo-EGFP prevents the shift of the 
DNA methylation profile from stem status 
to differentiation status. To clarify whether 
the DNA methylation profile is influenced by 
H1foo-EGFP expression, we performed com-
bined bisulfite restriction analysis (COBRA) 
of EBs derived from a 7-d culture, focusing on 
77 hypomethylated (EShypo T-DMRs) and 
97 hypermethylated T-DMRs (Tissuehypo 
T-DMRs) in normal ES cells, which were 
selected on the basis of the previous genome-
wide DNA methylation analysis of mouse 
ES cells.13 Despite the DNA methylation 
profiles of H1foo-ES and EGFP-ES (Fig. 3A 
and B; Table S1), the DNA methylation pro-
files of EBs derived from EGFP-ES clearly 
shifted from the stem state to the differentia-
tion state (Fig. 3A, lane 1 vs. lane 2). This 
change was slightly observed in EBs derived 
from H1foo-ES (Fig. 3A, lane 3 vs. lane 4), 
suggesting that the resistance to differentia-
tion is accompanied by the prevention of the 
shift of the DNA methylation profile from 
the stem state to the differentiation state. In 
contrast, similar methylation profile altera-
tions were observed for Tissuehypo T-DMRs. 
Hypermethylation of 6 T-DMRs and hypo-
methylation of 29 T-DMRs were observed for 
the EBs derived from EGFP-ES and H1foo-ES 
(Fig. 3B). Thus, H1foo selectively affected the 
DNA methylation during EB formation.

H1foo-EGFP binds to selected EShypo 
T-DMR genes and Tissuehypo T-DMR 
genes. To elucidate whether H1foo binds to 
EShypo and Tissuehypo T-DMRs in which 
DNA methylation is affected by the expression 
of H1foo-EGFP, we performed ChIP assays 
using an anti-GFP antibody. T-DMRs of 
Nanog, Myc, and Klf9 in H1foo-ES were pre-
cipitated with anti-GFP antibodies (Fig. 4A).  
We observed that the T-DMRs were resistant 
to DNA methylation by H1foo during the 
differentiation into EBs. In contrast, the Sall4- and Hsp90aa1-
containing T-DMRs, where DNA methylation was not affected 
in H1foo-ES cells, did not precipitate. H1foo-EGFP directly 
bound to specific T-DMRs. We tentatively designated these 
T-DMRs as H1foo targets; the remaining T-DMRs were desig-
nated non-H1foo targets.

H1foo targets were found in both hypermethylated (Fbp2 
and Uty) and hypomethylated (Rnd2, Cdc25c, Ntng1, Adamts19 
and Prl8a9) T-DMRs in the H1foo-ES line by the ChIP assay  
(Fig. 4A). H1foo targets were not detected in Tissuehypo 
T-DMRs (e.g., Cdc6 ) which DNA methylation was not affected 
by H1foo-EGFP expression. These ChIP data clearly indicated 

Figure 2. H1foo-expressing ES cells exhibit defective differentiation. (A) Phase-contrast im-
ages of the EBs derived from EGFP-, H1foo-, H1e- and H1f0-ES cells after 7 and 14 d of culture. 
Scale bars denote 200 μm. (B) RT-PCR of maker genes for pluripotent stem cells (Zfp42, 
Dppa3, Nanog, Sall4 and Oct4) and markers for developmental stages (differentiation), includ-
ing endoderm markers (Gata4, Gata6 and Sox17), mesoderm markers (Kdr), and an ectoderm 
marker (Nog), in EGFP-, H1foo-, H1e- and H1f0-ES (U columns) and EBs cultured for 7 d  
(D columns). (C) RT-PCR of H1foo-EGFP-encoding transcripts during neural differentiation of 
H1foo-ES transfected with shRNA. Cont.-shRNA (Cont), H1foo-shRNA1(shRNA1) and H1foo-
shRNA2 (shRNA2) were transfected by lipofection of H1foo-ES at 0, 3, and 6 d of culture for 
neural differentiation. After 10 d of culture, cells were collected, and RNA was isolated for RT-
PCR. (D) Immunofluorescence images of neural differentiated H1foo-ES rescued by transfec-
tion with H1foo-shRNA. The H1foo-ES line was probed for Tubb3 (red, left), Oct4 (red, right), 
and DAPI (blue) after 10 d of culture. Scale bars denote 450 μm.
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were resistant to the treatment. 
Similarly, H1foo targets involv-
ing oocyte-specific genes (Sohlh2, 
Nobox and Zp2) were nuclease-
sensitive only in H1foo-ES (Fig. 6).  
These data suggest that H1foo is 
involved in locus-specific nucleo-
some positioning, resulting in a 
DNA methylation change.

Discussion

Ectopic expression of H1foo allowed 
continuous expression of pluripo-
tent marker genes such as Nanog, 
Myc and Klf9 under differentia-
tion condition, and prevented dif-
ferentiation of ES cells. This effect 
is accompanied by the inhibition 
of the shift in the DNA methyla-
tion profiles of multiple hypo- and 
hypermethylated T-DMRs. H1foo-
EGFP selectively bound to a sub-
set of T-DMRs (H1foo targets) 
globally distributed through the 
genome, thereby affecting the 
DNA methylation status of the ES 
cells. Therefore, H1foo is involved 
in locus-specific, global epigenetic 
regulation.

The involvement of histone H1 
in epigenetic gene silencing and 
chromatin packaging has been 
established by monitoring the 
changes in the chromatin struc-
ture—because of DNA demethyl-
ation at the H19-ICR imprinting 
locus in the triple knockout (KO) 

of H1 subtypes (H1c, H1d and H1e)16—as well as the strong 
inhibitory in vitro effect on nucleosome mobility17 and transcrip-
tion.18,19 The chromatin architecture determines the gene activity 
associated with epigenetic changes.14,15 The chromatin structure 
is open at H1foo target genes; thus, H1foo is likely a biphasic 
epigenetic regulator.

Histone B4 is a Xenopus homolog of H1foo and is function-
ally different from somatic histone H1 because it influences the 
chromatin structure and dynamics.6,20 In the mouse egg, linker 
histones in the male pronucleus are rapidly displaced by H1foo 
after fertilization.3 The H1 histones in the somatic nucleus are 
transferred to the oocytes and are displaced by H1foo.21 The dis-
placement of linker histones with B4 is also observed in mam-
malian somatic nuclei that express Nanog, Oct4 and Sox2, when 
the nuclei are transferred to Xenopus oocytes.7 We showed that 
H1foo can maintain demethylation of T-DMRs in pluripotency-
related genes as well as methylation of the T-DMRs in selected 
somatic genes, suggesting that H1foo is involved in epigenetic 

(Padi6, Nlrp5 and Nlrp4f ) are not H1foo targets. We therefore 
speculated that there is a difference in the DNA methylation sta-
tus of the H1foo targets Sohlh2, Nobox and Zp2. In these H1foo 
target genes, DNA was hypomethylated by more than 20% 
(Fig. 5). In contrast, the methylation status of Padi6, Nlrp5 and 
Nlrp4f was not affected by H1foo-EGFP expression. Increased 
methylation was not observed for oocyte-specific genes targeted 
by H1foo.

Nucleosome positions change with the DNA methylation 
status of H1foo targets. To determine the nucleosome structure 
of the H1foo targets, we performed a nuclease-sensitivity assay 
with these targets. We found that H1foo targets with induced 
hypomethylation (i.e., Rnd2, Cdc25c, Ntng1, Adamts19 and 
Prl8a9) were sensitive to nuclease treatment in H1foo-ES but not 
in EGFP-ES (Fig. 6), indicating decondensed structures. In con-
trast, H1foo targets with hypermethylation induction (i.e., Fbp2 
and Uty), originally sensitive in EGFP-ES, were resistant to the 
treatment in H1foo-ES. In this experiment, non-H1foo targets 

Figure 3. H1foo affects DNA methylation at specific loci. (A) DNA methylation status of EShypo (77 sites) 
and (B) Tissuehypo (97 sites) T-DMRs in EGFP- and H1foo-expressing ES cells and EBs cultured for 7 d. 
Methylation levels are visualized with a heatmap by using the MultiExperiment Viewer32 and are depicted 
in gray-scale. For COBRA, PCR products were digested with HpyCH4IV to estimate the DNA methylation 
level. Data represent the mean of triplicates of cell culture. DNA methylation levels at T-DMRs in four 
marker genes are shown in the right panels of (A). Numbers at the bottom indicate samples: 1, EGFP-ES; 2, 
EB from EGFP-ES; 3, H1foo-ES; 4, EB from H1foo-ES. T-DMRs examined in this figure were selected on the 
basis of previous genome-wide methylation analysis.13
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Cloned cDNA was inserted into pEGFP-N3 (Clontech) via the 
NheI and EcoRI sites to generate expression vectors for H1e- and 
H1f0-EGFP.

For the H1foo Knockdown (KD), a specific shRNA target-
ing the H1foo open reading frame was cloned into the pSingle-
tTS-shRNA vector (Clontech) via the XhoI and HindIII sites. 
Similarly, a sequence targeting the LacZ-encoding mRNA was 
cloned and denoted control-sh. The shRNA sequences and the 
primer sequences are listed in Table S2.

Cell culture, transfection and selection of stable clones. ES 
cell line J1, derived from the 129S4/SvJae mouse embryo, was 
kindly provided by Dr En Li.29 The ES cells were cultured on 
a gelatin-coated dish (Sigma-Aldrich) in the presence of 1500 
U/ml leukemia inhibitory factor (ESGRO; Millipore) under 
standard conditions.30 Cells were cultured in 6-well dishes to 
50% confluence and were then transfected with 5 μg of plasmid 
and 5 μl of Lipofectamine 2000 (Invitrogen) per dish. Twenty-
four hours after transfection, cells were replated and cultured 

regulation in somatic nuclei and male pronuclei 
introduced into eggs. These data suggest the 
conserved molecular function between H1foo 
and B4.

The oocyte-specific homeobox gene Nobox 
regulates the expression of many genes in the 
ovary, including Zp2, Oct4, Gdf9, Nlrp4f and 
H1foo.22 Another gene, Sohlh2, is required for the 
expression of several important oocyte-specific 
genes, including H1foo.23 H1foo induced site-
specific DNA hypomethylation in the T-DMR 
containing Nobox and Sohlh2. H1foo is indis-
pensable for meiotic maturation of oocytes in 
mice.5 These data indicated the importance of 
transcription factor networks and the H1foo-
driven epigenetic regulation of genes for the 
regulation of oocyte-specific genes during 
oogenesis. Favorable and adverse effects that 
inhibit cell differentiation could define the strict 
expression profile of H1foo.

There are at least seven histone H1 subtypes 
with different amino acid sequences in somatic 
cells, and the ratio of the subtypes is different 
in different cell types,24 suggesting cell-type-
dependent function and regulation. To study 
the role of histone H1 subtypes, however, a 
single gene KO was not useful for the detec-
tion of cell subtype function25 because other 
H1s subtypes could complement the function 
of the single gene. Previous studies required a 
triple H1-encoding gene KO in order to observe 
a phenotypic change.20,26 Despite these obser-
vations, ectopic expression of H1foo prevented 
cell differentiation via the blockage of a shift 
in the DNA methylation profile; this did not 
occur during normal differentiation of ES cells. 
In addition, the depletion of somatic H1s (H1c, 
H1d and H1e) prevented normal differentiation 
of ES cells27 and overexpression of somatic type H1s promoted 
differentiation of ES cells. These data indicate the import role 
of the displacement or replacement of H1 subtypes in normal 
function of cells and disorganization of H1 subtypes could be 
involved in pathogenesis and ectopic expression of cancer related 
antigens.28 Thus, the expression of H1foo must be stringently 
regulated. In summary, H1foo prevents the shift of the DNA 
methylation profile following nucleosome positioning through 
binding to chromatin.

Materials and Methods

Plasmids. The expression vector for mouse H1foo-EGFP was 
kindly provided by Dr Mamoru Tanaka.21 Mouse full-length 
H1e- and H1f0-encoding cDNAs were isolated from total RNA 
from mouse ES cells by RT-PCR. The cDNA was cloned into 
the pGEM-T Easy vector (Promega), and the resulting constructs 
were confirmed by BigDye sequencing (Applied Biosystems). 

Figure 4. H1foo is localized at specific genomic loci. (A) ChIP assay of H1foo-EGFP. H1foo- 
and EGFP-ES cells were subjected to the ChIP assay using an antibody against GFP (P 
lanes). The rabbit IgG antibody was used as a negative control for the IP (C lanes) Left side 
of the panels indicates the type of T-DMRs. Tissuehypo genes were classified into two, 
indicated by (i) and (ii) according to the DNA methylation changes of T-DMRs in H1foo-ES 
cells. Aliquots of chromatin fragments were subjected to PCR without IP (I lanes). (B) DNA 
methylation status of Tissuehypo genes in EGFP-, H1foo-, H1e- and H1f0-ES cells. Bars in-
dicate the mean values with error bars (S.E.) in triplicates of cell culture. Numbers indicate 
EGFP-ES,1 H1foo-ES,2 H1e-ES3 and H1f0-ES.4
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with 10% Knockout Serum Replacement Medium (Invitrogen), 
0.1 mM nonessential amino acids (Invitrogen), and 0.1 mM 
β-mercaptoethanol (Invitrogen). The culture medium was 
exchanged on day 4 and every 2 d thereafter.

RT-PCR. Total RNA was isolated from cells and tissues with 
the TRIzol reagent (Invitrogen) according to the manufactur-
er’s instructions. For RT-PCR analysis, first-strand cDNA was 
synthesized from 3 μg of total RNA by using the oligo(dT)20 
primer and the SuperScript III First-Strand Synthesis System for 
RT-PCR (Invitrogen). The PCR was conducted with LA Taq 
DNA polymerase (Takara). PCR reactions were performed under 
the following conditions: denaturation at 95°C for 3 min and 30 
cycles (only Actb, 20 cycles), each cycle comprising 95°C for 30 
sec, 60°C for 30 sec, 72°C for 15 sec. PCR products were sub-
jected to agarose gel electrophoresis and stained using ethidium 
bromide.

for a week in the presence of 300 μg/ml G418 (Invitrogen) 
in a 10-cm dish. G418-resistant colonies were transferred to 
a 96-well plate. Cells that expressed the fusion proteins were 
collected, frozen in liquid nitrogen, and stored in Cell Culture 
Freezing Media (Cell Banker1; JUJI FIELD INC.) at -80°C 
until use.

Embryoid body formation and neural differentiation of ES 
cells. For EB formation, 3 × 106 cells were cultured in 10-cm 
bacteriological dishes in the absence of ESGRO, and the medium 
was exchange every 2 d. For neural differentiation, PA6 cells 
were plated onto a 10-cm dish and cultured for 5 d in Minimum 
Essential Medium (MEM) α (Invitrogen) supplemented with 
10% FBS. After the cells were confluent, the cell surface was 
washed three times with 10 ml of PBS(-) to minimize the con-
tamination of FBS. Subsequently, ES cells (1 × 105) were cultured 
on PA6 feeder cells in Glasgow MEM (Invitrogen) supplemented 

Figure 5. DNA methylation status of oocyte-specific genes in H1foo-ES cells. Top: schematic diagram of genes. The vertical lines denote the positions 
of cytosine residues of CG sites. The thick gray horizontal line indicates the region included in the PCR fragment. Bottom: open and filled circles repre-
sent unmethylated and methylated cytosines, respectively. The thick red horizontal lines under the circles indicate the position of the ChIP amplicon.
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60°C for 45 sec, and 72°C for 30 sec, followed by a final extension 
for 10 min at 72°C.

For COBRA, PCR products were digested with HpyCH4IV 
(New England Biolabs). Restriction enzyme-treated DNA was 
purified by gel filtration using Sephadex G-5 (GE Healthcare), 
and the concentrations (ng/ml) of cut (derived from methyl-
ated DNA) and uncut fragments (derived from unmethylated 
DNA) were quantified by MultiNA Microchip Electrophoresis 
(Shimadzu). The methylation level was calculated as the concen-
tration ratio of the cut fragments to the cut plus uncut fragments. 
For sequencing, the PCR fragments were cloned into the pGEM-
T Easy vector (Promega).

ChIP assay. The ChIP assay was performed with 1 × 107 
cells per assay by using the ChIP-IT Express Kit (Active Motif) 
according to the manufacturer’s instructions. Briefly, fixed cells 
were lysed and mixed with an enzymatic shearing cocktail for  
10 min. Anti-GFP antibodies (Abcam) were used for IP, and rab-
bit IgG antibodies (Abcam) were used as a negative control to 
determine the IP specificity. After IP, recovered DNA was sub-
jected to PCR with LA Taq DNA polymerase. PCR reactions were 
performed under the following conditions; denaturation at 95°C 
for 3 min and 30 cycles, each cycle comprising 95°C for 30 sec, 
60°C for 30 sec, 72°C for 15 sec. PCR products were subjected to 
agarose gel electrophoresis and stained using ethidium bromide.

Nuclease-sensitivity assay. The nuclease-sensitivity assay can 
be used to determine the sensitivity of DNA regions to nucleases. 
This assay can thus reveal the location of open or closed chroma-
tin. The method is based on the more rapid nuclease-catalyzed 
hydrolysis observed with open chromatin structures than with 
closed chromatin structures. Nuclease-sensitivity assays were per-
formed with 2 × 106 cells per assay by using the EpiQ Chromatin 
Analysis Kit (Bio-Rad) according to the manufacturer’s instruc-
tions. Briefly, living cells were lysed and sheared with the EpiQ 
enzyme for 1 h. DNA was then purified and used for PCR with 
LA Taq DNA polymerase. PCR reactions were performed under 
the same conditions as ChIP assay.

RT-qPCR. We performed RT-qPCR using a high throughput 
gene expression platform based on microfluidic dynamic arrays 
(Fluidigm). A single aliquot of each cDNA sample, equivalent 
to 12.5 ng RNA, was pre-amplified using TaqMan PreAmp 
Mastermix (Applied Biosystems) according to manufacturer’s 
protocol. Following pre-amplification, the samples were diluted 
1:5 in TE buffer (pH 8.0). Primers and Universal probes were 
purchased from Roche (Table S2). BioMark 48 × 48 arrays were 
prepared according to the manufacturer’s instructions. Following 
loading of the assays and samples into the chip by the IFC con-
troller, PCR was performed with the following reactions condi-
tions: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles 
of 95°C for 15 sec and 60°C for 60 sec. Data was processed by 
automatic global threshold setting with the same threshold value 
for all assays and linear baseline correction using BioMark Real-
time PCR Analysis software.

Immunocytochemical analysis. Cells cultured in 4-well 
dishes were fixed with 4% paraformaldehyde (Wako) and perme-
abilized with 0.2% Triton X-100 (Wako) followed by blocking 
with 5% BSA (Sigma) and incubation with the primary antibody 
overnight at 4°C. The secondary antibody was added and the 
incubation was continued for 1 h at room temperature. Nuclei 
were stained with DAPI (1 μg/ml; Wako). The following pri-
mary antibodies were used: mouse anti-Tubb3 (1:500; Covance), 
and mouse anti-Oct4 (1:200; Santa Cruz). The following sec-
ondary antibodies were used goat anti-mouse Alexa-Flour 594 
(1:1000; Invitrogen). Fluorescence images were acquired with a 
confocal microscope (CellVoyager CV1000; Yokogawa).

Western blotting. Nuclear fractions of each sample were col-
lected using Nuclear Extract Kit (Active Motif ) according to 
the manufacturer’s protocols. The proteins were fractionated by 
5–20% SDS-PAGE (XV PANTERA Gel; DRC), blotted onto 
nitrocellulose membranes and incubated at 4°C with mouse 
anti-GFP (B-2, 1:200; Santa Cruz), mouse anti-H1 (AE-
4, 1:500; Santa Cruz) and mouse anti-H1 Carboxyterminal 
end (1415–1, 1:200; Abcam) antibodies. Protein bands were 
detected using secondary antibody coupled to horseradish per-
oxidase (Jackson ImmunoResearch) and then SuperSignal West 
Pico (Thermo).

DNA methylation analysis using the bisulfite method. 
Genomic DNA was extracted from ES cells as described previ-
ously.31 Genomic DNA was digested with HindIII (Takara), 
and 5 μg of digested DNA was denatured with 0.3 M NaOH. 
Sodium metabisulfite (pH 5.0) and hydroquinone were added 
at final concentrations of 2.0 M and 0.5 mM, respectively. The 
reaction mixture was incubated under the following conditions: 
15 cycles of 95°C for 30 sec and 50°C for 15 min. Next, DNA 
was purified using the gel extraction kit (QIAGEN), eluting in 
100 μl of elution buffer. DNA was treated with 0.3 M NaOH at 
37°C for 15 min, precipitated with 6 M ammonium acetate (pH 
7.0) and ethanol, and dissolved in 200 μl of TE (pH 8.0). For 
each bisulfite PCR, 2 μl of DNA solution was used as a template, 
and BIOTAQ HS DNA polymerase (Bioline) was used to cata-
lyze the amplification. PCR was performed with the following 
thermocycling conditions: denaturation at 95°C for 10 min and 
43 cycles, each cycle comprising incubation at 95°C for 30 sec, 

Figure 6. Chromatin structures are correlated with the DNA methyla-
tion status of H1foo-targets. Nuclease sensitivity assay with H1foo-tar-
gets in EGFP- and H1foo-ES cells. DNA fragments in undigested (-) and 
digested (+) nucleosomes were amplified by PCR.
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