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SUMMARY
Inmammals, DNA ismethylated at CpG sites, which play pivotal roles in gene silencing and chromatin organization. Furthermore, DNA

methylation undergoes dynamic changes during development, differentiation, and in pathological processes. The conventional

methods represent snapshots; therefore, the dynamics of this marker within living organisms remains unclear. To track this dynamics,

we made a knockin mouse that expresses a red fluorescent protein (RFP)-fused methyl-CpG-binding domain (MBD) protein from the

ROSA26 locus ubiquitously; we named it MethylRO (methylation probe in ROSA26 locus). Using this mouse, we performed RFP-mediated

methylated DNA immunoprecipitation sequencing (MeDIP-seq), whole-body section analysis, and live-cell imaging.We discovered that

mobility and pattern of heterochromatin as well as DNAmethylation signal intensity inside the nuclei can be markers for cellular differ-

entiation status. Thus, the MethylROmouse represents a powerful bioresource and technique for DNAmethylation dynamics studies in

developmental biology, stem cell biology, as well as in disease states.
INTRODUCTION

Methylation occurs at the cytosine base of CpG dinucleo-

tides, to form5-methylcytosine (5mC), which is sometimes

called ‘‘the fifth nucleotide of DNA’’ based on its heritabil-

ity. 5mC is frequently concentrated in repetitive sequences,

such as pericentromeric regions and the transposable ele-

ments of normal somatic cells (Yamagata et al., 2007; Yoder

et al., 1997), and is enriched in specific gene loci, such as

differentially methylated regions of imprinted genes

(Bird, 2002). Moreover, hypermethylation of CpG islands

and hypomethylation of repeated DNA elements are key

features of cancers (Bergman and Cedar, 2013; Ehrlich,

2002, 2009). Once these CpG sites are methylated, they

are recognized by proteins of the methyl-CpG-binding

domain (MBD) family, which then recruit additional pro-

tein complexes to these regions to repress gene expression

and/or to generate a higher-order condensed chromatin

structure called heterochromatin, to stabilize chromatin

organizations (Bird, 2002; Clouaire and Stancheva, 2008).

The importance of this epigenetic marker is highlighted

by the fact that the loss of DNA methylation leads to early

embryonic lethality in mice (around embryonic day 9.0

[E9.0]) (Li et al., 1992; Okano et al., 1999), and recent

studies have indicated that DNA methylation undergoes

dynamic changes during the mouse embryonic develop-

ment, such as preimplantation and primordial germ cell

development (Reik, 2007; Seki et al., 2005; Wu and Zhang,
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2010), and stem cell differentiations (Yamaji et al., 2013). It

is also well accepted that the DNA methylation status

changes dramatically in tumorigenic and pathological pro-

cesses in humans (Bergman and Cedar, 2013; Ehrlich,

2009), and it has become increasingly evident that the

DNA methylation status changes dynamically in response

to microenvironmental changes (Bergman and Cedar,

2013; Feil and Fraga, 2011; Waterland and Jirtle, 2004).

For instance, the dietary intake in pregnant mice affects

the DNA methylation status of transposable elements and

imprinted genes in the offspring, but not in the mother,

which then affects their susceptibility to diet-related

chronic diseases (Waterland and Jirtle, 2003, 2004). More-

over, the discovery of proteins of the ten-eleven transloca-

tion (TET) family as 5mC hydroxylases further supports

this notion that DNA methylation is dynamic (Guo et al.,

2011; Ito et al., 2010; Wu and Zhang, 2010).

Although there is a strong need to investigate the dy-

namics of DNA methylation status, at present, there are

no appropriate methods to study this epigenetic dynamics

in living cells or, especially, in organisms. The major ap-

proaches available to date to study DNA methylation are

bisulfite sequencing (Frommer et al., 1992), methylated

DNA immunoprecipitation (MeDIP) combined either

with microarray analyses or next-generation sequencing

(MeDIP-seq) (Clark et al., 2012), and immunohistochem-

istry (Ito et al., 2010; Jørgensen et al., 2006). However, all

of these techniques require fixation of the cells, hence
s
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rendering it almost impossible to study the dynamics of

this pivotal epigeneticmarker, particularly in vivo. Further-

more, quantification using these methods usually requires

at least a few thousand cells; thus, the results obtained are

the average of the whole, and variations within specific

populations are usually ignored in these experiments. In

the case of immunohistochemistry, the intact chromatin

structure is destroyed by the acid treatment that is required

for the enhancement of the accessibility of the anti-5mC

antibody to methylated DNA (Jørgensen et al., 2006).

Previously, we succeeded in visualizing the DNAmethyl-

ation status by injecting aGFP-fusedMBDofMBD1 protein

(EGFP-MBD-NLS) mRNA into living mice zygotes. Using

thismethod, we visualized theDNAmethylation dynamics

in preimplantation mouse embryos and found that DNA

hypomethylation of major and minor satellites is a key

signature that distinguishes germ cells from somatic cells

(Yamagata et al., 2007; Yamazaki et al., 2007). Importantly,

this method cannot only track epigenetic changes in four

dimension, but can also achieve it at the single-cell resolu-

tion, which was difficult using the conventional methods.

However, because mRNA injection was used to express the

probe, these epigenetic live-cell imaging studies were

limited to preimplantation-stage embryos (until morula

stage), and advanced stages of embryonic and fetal develop-

ment aswell as organismal-level analyses were not possible.

Mouse embryonic stem cells (ESCs) were originally

derived from the inner cell mass of the blastocyst (Evans

and Kaufman, 1981), and these cells are developmentally

advanced compared to early cleavage- and morula-stage

embryos. This was indicated by the fact that trophoblast

cells seldom arise from ESCs (Beddington and Robertson,

1989), even after they were cultured in chemical inhibitors

‘‘2i’’-containing media to maintain naive pluripotency

(Morgani et al., 2013). These observations implicate that

irreversible epigenetic conversion has taken place in

ESCs, whereas it was derived from early embryonic cells.

Indeed, although recent studies using high-throughput

DNA-sequencing analyses, either combined with bisulfite

sequencing or chromatin immunoprecipitation (ChIP),

have uncovered the epigenetic differences between preim-

plantation embryos and ESCs (Habibi et al., 2013; Smith

et al., 2012; Yamaji et al., 2013), when these epigenetic

changes occur and how these are reflected to 3D chromatin

structures are still not known.

Here, to track the dynamic changes in this major repres-

sive epigenetic marker during development and differenti-

ation, especially in the ESC-derivation process, we have

knocked in a red fluorescent protein (RFP)-fused MBD re-

porter probe (mCherry-MBD-NLS) into the ROSA26 locus

and generated a mouse strain that captures global DNA

methylation status in living conditions. Using this reporter

mouse, we have discovered that heterochromatin struc-
Ste
ture, which contains hypermethylated DNA, was highly

dynamic in preimplantation embryo, whereas this dy-

namics was greatly reduced in pluripotent ESCs. We also

found that this heterochromatin fixation occurred during

the ESC-derivation process, revealed by live-cell imaging

analyses. Thus, this model will become a powerful bio-

resource and technique for understanding DNA methyl-

ation dynamics in developmental biology, stem cell

biology, and in disease states.
RESULTS

Generation of mCherry-MBD-NLS-Expressing ESCs

The cytomegalovirus (CMV) and ‘‘containing the chicken

b-actin promoter and cytomegalovirus enhancer, b-actin

intron and bovine globin poly-adenylation signal’’ (CAG)

promoters are known for their strong and ubiquitous

expression inmice. However, these promoters tend to yield

heterogeneous gene expression, probably because of an un-

certain position effect or random gene silencing of these

transgenes within the mouse genome; in particular, they

are not suitable for quantitative analysis in live-cell imag-

ing (Figures 1A and 1C). For these reasons, we decided to

knock in our gene of interest into a specific gene locus, to

avoid heterogeneous gene expression. We chose the

ROSA26 locus because it is well known for its ubiquitous

and uniform expression in mice (Soriano, 1999; Srinivas

et al., 2001) and is widely used for reporter gene expression

(Abe et al., 2011; Shioi et al., 2011). As shown in Figure 1D,

we used the pBigT system to knock in mCherry-MBD-NLS

(Srinivas et al., 2001). We fused RFP because it has a better

signal-to-noise ratio and less self-fluorescence compared

with GFP; in addition, it has low absorbance and light scat-

tering and reaches tissues in depth, which render it more

suitable for whole-body imaging (Figure 1B) (Shcherbo

et al., 2007). Using a conventional gene-targeting method,

themCherry-MBD-NLS cDNAwas successfully knocked into

the ROSA26 locus with high efficiency (28 out of 96). As ex-

pected, mCherry-MBD-NLS was only expressed when the

neomycin-resistance gene cassette was excised by Flipase

(FLP) (Figure 1F). In excellent agreement with a previous

study by Kobayakawa et al. (2007), the mCherry-MBD-

NLS probe localized to pericentromeric regions of chromo-

somes and formed foci in interphase nuclei in ESCs

(Figure 1G). Importantly, the expression of the mCherry-

MBD-NLS probe from ROSA26 locus was uniform

compared with probe expression from the CMV promoter

(compare Figures 1G and 1C).
MeDIP Using an Anti-RFP Antibody

Several lines of evidence have proven that the EGFP-MBD-

NLS probe can recognize methylated DNA efficiently both
m Cell Reports j Vol. 2 j 910–924 j June 3, 2014 j ª2014 The Authors 911



Figure 1. Generation of mCherry-MBD-NLS-Expressing ESCs
(A) CAG promoter yielded heterogeneous expression in preimplantation embryos. Morula-stage embryos from ‘‘Green mouse,’’ which express
EGFP from CAG promoter, are shown (Okabe et al., 1997). Note that some cells (arrows) had extremely low signals compared with sur-
rounding cells. DIC, differential interference contrast.
(B) Schematic representation of hMBD1 and the mCherry-MBD-NLS protein structure. NLS, nuclear localization signal; CXXC, cysteine-rich
domains; TRD, transcriptional repression domain.
(C) CMV promoter also yielded heterogeneous expression in ESCs that express EGFP from CAG promoter (Green ESCs). mCherry-MBD-
NLS was expressed from the CMV promoter. Note that some cells (arrows) had no detectable RFP signals compared with surrounding
cells.

(legend continued on next page)
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in vitro and in vivo (Ohki et al., 2001; Tsumura et al.,

2006; Yamazaki et al., 2007). For instance, Shirakawa and

colleagues have resolved the structure of MBD binding to

methylated DNA by nuclear magnetic resonance spectros-

copy (Ohki et al., 2001), and we have previously demon-

strated that MBD of human MBD1 (hMBD1) can bind spe-

cifically to methylated DNA by dot-blot analysis (Yamazaki

et al., 2007). On the other hand, Okano and colleagues

showed that EGFP-MBD-NLS probe does not form any

foci within the nuclei of Dnmt triple-knockout ESCs (Tsu-

mura et al., 2006). To further confirm the validity of this

DNA methylation probe, we performed a MeDIP analysis

in mCherry-MBD-NLS-expressing ESCs using a commer-

cially available anti-RFP antibody. Intriguingly, anti-RFP

antibody-mediated MeDIP yielded a highly specific

enrichment of the methylated DNA fragments compared

with conventional MeDIP analysis using an anti-5mC

antibody (Figure 2A). We then processed these enriched

DNA fragments for deep sequencing. As shown in Figures

2B and 2C, the overall RFP-mediated MeDIP-seq profile

was very similar to that of the 5mC MeDIP-seq data and

exhibited positive correlations on a genome-wide scale us-

ing different-sized windows (Pearson’s correlation coeffi-

cients were 0.489 for 2 kbp, 0.597 for 5 kbp, and 0.690

for 10 kbp windows). The similarity was further visualized

by HilbertViz software (Anders, 2009), which converts

one-dimensional information into two dimensions, to

present patterns visually (Figures 2D–2F). Importantly,

the patterns of both RFP- and 5mC-mediated MeDIP-seq

data were similar to that of the constitutive heterochro-

matin marker H3K9me3 ChIP sequencing (ChIP-seq)

(Mikkelsen et al., 2007) and strikingly opposite to that of

H3K9ac ChIP-seq, which marks active chromatin (Karmo-

diya et al., 2012) (Figures 2E and 2F). These data strongly

support the hypothesis that the mCherry-MBD-NLS probe

captures the heterochromatic regions within chromo-

somes. Next, we compared the enrichment of MeDIPed

DNA on CpG islands. As shown in Figure 2G, the anti-

RFP antibody precipitated a comparable amount of CpG

island-containing DNA as that precipitated with the anti-
(D) Targeting of mCherry-MBD-NLS to the ROSA26 locus. From top to b
with a promoter-less Neo selectable marker and a tpA transcriptio
pROSA26PA, containing genomic ROSA26 sequences for homologous r
selection in ESCs; wild-type ROSA26 locus, with the location of the pri
targeted locus after FLP-mediated excision of the FRT-flanked (Neo, t
(E) Validation of genotypes by PCR. The presence of short and long arm
type; Het, heterozygous knockin. Primers used for genotyping are lis
(F) Confirmation of mCherry-MBD-NLS protein expression in mouse ESC
the pCAGGS-FLP vector to excise the Neor cassette (labeled as a-RFP)
these cells expressed EGFP (middle image). OCT4 was used as a loadin
(G) The mCherry-MBD-NLS probe localized to pericentromeric regions (
control, H2B-EGFP was knocked into to the other ROSA26 locus.

Ste
5mC antibody (the Pearson’s correlation coefficient of

the reads per kilobase per million mapped reads [RPKMs]

was 0.845), which indicated that RFP-mediated MeDIP-

seq is comparable to 5mC-mediated MeDIP-seq. This result

was further validated by comparing MeDIP-seq data with

bisulfite-sequencing data of the CpG island from a previ-

ous report by Kobayashi et al. (2012). The CpG islands

that were defined as heavily methylated by Kobayashi

et al. (2012) (Figure 2G, the distribution indicated as red

contour lines) located at RPKM with higher values,

whereas CpG islands group with light levels of methyl-

ation (indicated as blue contour lines) located at lower

end of intensity. Moreover, both 5mC-mediated MeDIP-

seq and RFP-mediated MeDIP-seq were able to distinguish

heavy- and light-level methylated CpG islands with high

statistical significance (Student’s t test p values were 1.50

3 10�5 for 5mC and 1.95 3 10�11 for RFP, respectively).

Finally, MeDIP-seq data from 5mC and RFP were

compared in closer detail. As shown in Figure 2H, the

vast majority of signal patterns were strikingly similar be-

tween 5mC- and RFP-mediated MeDIP-seq data. Taken

together, these data clearly demonstrated that the

mCherry-MBD-NLS probe does indeed capture DNA

methylation and that this epigenetic reporter can be

used for RFP-mediated MeDIP analysis without using an

anti-5mC antibody.

MethylRO Mice Are Viable and Fertile

We then injected these ESCs into eight-cell-stage embryos

of ICR mice to generate chimeric mice, and then male

chimeric mice were crossed with C57BL/6 female mice to

obtain ROSA26-mCherry-MBD-NLS heterozygous reporter

mice. We further crossed these reporter mice with FLP-ex-

pressing transgenic mice to excise the neomycin cassette

and induce mCherry-MBD-NLS expression (Figure 1D). As

shown in Figures 3A and 3B, the mCherry-MBD-NLS-ex-

pressing mice were viable and fertile, indicating that the

expression of this probe from the ROSA26 locus has no

obvious toxicity regarding mouse development, survival,

and fertility. We named this epigenetic reporter mouse
ottom are shown pBigT, a plasmid containing a FRT-flanked cassette
nal stop sequence, into which the mCherry-MBD-NLS was cloned;
ecombination, and a diphtheria toxin gene (PGK-DTA), for negative
mers indicated; structure of the targeted locus; and structure of the
pA) cassette. FRT sites are indicated by solid arrowheads.
s was confirmed by PCR using the primers indicated in (D). WT, wild-
ted in Table S1.
s. ROSA26-mCherry-MBD-NLS ESCs were transfected transiently with
. Because Green ESCs were used for knockin (Fujihara et al., 2013),
g control (bottom image).
arrows) and formed foci in interphase nuclei in ESCs. As an internal

m Cell Reports j Vol. 2 j 910–924 j June 3, 2014 j ª2014 The Authors 913



Figure 2. Proper Binding of mCherry-MBD-NLS to Methylated CpG Revealed by RFP-Mediated MeDIP
(A) MeDIP was performed either using anti-RFP or anti-5mC antibodies. ESCs expressing H2B-EGFP with and without mCherry-MBD-NLS
were fixed and precipitated with the indicated antibodies, and precipitated DNA was run on a gel. M, 100 bp DNA ladder.
(B) RFP- and 5mC-mediated MeDIP-seq data of all chromosomes (Chr.) were compared using Integrative Genomics Viewer (Broad Institute,
version 2.3.31). The MeDIPed signal was subtracted with Input signal, and positive and negative values are indicated by red and blue bars,
respectively.

(legend continued on next page)
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‘‘MethylRO’’ as an abbreviation of ‘‘methylation probe in

the ROSA26 locus.’’

Expression Profiles of the mCherry-MBD-NLS Probe in

Fetal and Adult Mouse Organs and Tissues

Next, we examined various tissues and organs of adult and

fetal MethylRO mice. As expected, RFP signals were de-

tected in all tissues examined, confirming that this probe

is expressed ubiquitously within both fetal and adult

mouse bodies (Figures 3C and 3D). Previously, the only

way to detect DNA methylation in tissue sections was to

immunostain the samples with an anti-5mC antibody.

However, this procedure requires acid treatment (usually

4 N HCl for 15–20 min at room temperature) prior to anti-

body addition, and staining results vary depending on the

duration of acid processing (Jørgensen et al., 2006). There-

fore, to gain further insights on how this probe functions

inside nuclei, we prepared tissue sections of an E12.5 fetus

and observed it in closer detail (Figures 3E and 3F). Impor-

tantly, we observed a typical pattern of the mCherry-MBD-

NLS probe inside nuclei inmost somatic cells (compare Fig-

ures 1G and 3F), which implies that this probe is functional

inside the mouse body, similar to that seen in ESCs.

Furthermore, the mCherry-MBD-NLS probe colocalized

with puncta inHoechst-stained nuclei, whichmark hetero-

chromatic regions; this clearly indicated that the probe is

functional and recognizes heterochromatin within the

mouse body (Figure 3F).

We then went on to examine MethylRO adult testicular

sections because germ cells undergo dynamic epigenetic re-

programming during development and differentiation (Sa-

saki and Matsui, 2008; Seki et al., 2005; Yamagata et al.,

2007). Surprisingly, a majority of the cells located inside

seminiferous tubules exhibited weak fluorescent signals

compared with surrounding somatic cells (myofibroblasts

and Leydig cells) (Figure 4A). This was not due to the low

or absent expression of the mCherry-MBD-NLS probe

within germcells because the fluorescence ofH2B-mCherry
(C) Comparison of RFP- and 5mC-mediated MeDIP-seq data by scatterp
RPKM scores of 5mC and RFP MeDIP-seq, respectively. Each point indic
coefficients of the scores are 0.489 for a 2 kbp window, 0.597 for a 5
(D) MeDIP data were verified further using Hilbert curves. Methylated D
blue, as in (B). Chromosome 1 is shown as an example.
(E) RFP-mediated MeDIP-seq data correlated positively with silent ch
data were compared with the results of a previous report (Mikkelsen
(F) RFP-mediated MeDIP-seq data correlated negatively with active c
data were compared with the results of a previous report (Karmodiya
(G) Enrichments of RFP- and 5mC-mediated MeDIP-seq signals were co
are RPKM scores of 5mC- and RFP-mediated MeDIP-seq, respectively. E
CpG island groups, defined as previous report (Kobayashi et al., 2012),
methylated level.
(H) Closer comparison of 5mC- and RFP-mediated MeDIP-seq data. Ge

Ste
expressed under the control of the ROSA26 locus was

observed in germ cells, from spermatogonia to elongating

spermatids (Figure 4B; Figure S1 available online). More-

over, when we stained the testis section with recombinant

EGFP-MBD-NLS protein, we found that this probe formed

heterochromatic foci in somatic cells, but not in germ cells

(Figure 4C). These results imply that the genomic DNA of

germ cells is hypomethylated in pericentromeric regions,

which supports our andother groups’ previousfindings (Fil-

ipponi et al., 2013; Yamagata et al., 2007). Taken together,

these data clearly demonstrated that the MethylRO mouse

model can be used to study global DNA methylation pat-

terns in tissues and organs of mice without using an anti-

5mC antibody and acid treatment.

Fluorescent Live-Cell Imaging of MethylRO Embryos

Finally, we performed live-cell imaging of preimplantation

embryos collected from MethylRO mice. As shown in Fig-

ure 5A and Movie S1, we have successfully imaged global

DNA methylation dynamics throughout the preimplanta-

tion developmental stages. This was not possible when

we injected EGFP-MBD-NLS probe mRNA into one-cell

zygotes because the signal starts to decrease from the

eight-cell stage onward, and it was extremely difficult or

impossible to detect signals in blastocyst-stage embryos,

probably because of the degradation of the probe, as

observed in our previous reports (Yamagata et al., 2007; Ya-

mazaki et al., 2007). The fluorescent signal started to

become overt in the early two-cell stage and reached a

maximum around the morula stage of embryos (Figures

5A and 6C), whereas heterochromatic foci were already

visible from the two-cell stage. However, these foci were

not as distinct as those of ESCs and somatic cells. Interest-

ingly, the observation of blastocyst-stage MethylRO em-

bryos in closer detail revealed the presence of nuclei with

no obvious foci (Figure S2A, arrow; Movie S2). This promp-

ted us to look further into the dynamics of heterochromat-

in in preimplantation embryos.
lot diagram of normalized ChIP-seq signals. The axes of x and y are
ates the scores at a same genomic region. The Pearson’s correlation
kbp window, and 0.690 for a 10 kbp window.
NA regions are indicated in red, and negative values are indicated in

romatin marker H3K9me3 ChIP-seq data. RFP-mediated MeDIP-seq
et al., 2007) using Hilbert curves.
hromatin marker H3K9ac ChIP-seq data. RFP-mediated MeDIP-seq
et al., 2012) using Hilbert curves.
mpared over CpG islands by scatterplot diagram. The axes of x and y
ach distribution of heavily (R80%) and lightly (<80%) methylated
is indicated by red and blue contour lines, respectively. methyl. lev.,

nomic locus around Pou5f1 gene is indicated.
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Figure 3. Generation of Reporter Mouse Expressing mCherry-MBD-NLS in the Whole Body
(A) Mice were viable, healthy, and fertile (top). Genotypes were verified by PCR using tail tip genomic DNA (bottom). +/+, wild-type;
Frt/Frt, homozygous for FRT-floxed neomycin-resistant gene; +/D, heterozygous for mCherry-MBD-NLS; D/D, homozygous for mCherry-
MBD-NLS. We named this reporter ‘‘MethylRO,’’ inspired by the famous Major League Baseball player Ichiro.

(legend continued on next page)
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Heterochromatin Is Highly Dynamic

in Preimplantation Embryos

To analyze the nature of heterochromatin in preimplanta-

tion embryos, first, we imagedMethylRO embryos together

with the inner kinetochore protein CENP-C from the two-

cell to eight-cell stages (Saitoh et al., 1992). In good agree-

ment with the results of previous studies (Aguirre-Lavin

et al., 2012; Yamazaki et al., 2007), the mCherry-MBD-

NLS probe always localized adjacent to the CENP-C pro-

tein, indicating that the major foci that were visualized

with this probe mark pericentromeric heterochromatin

(Figures 5B and 5C, arrows) and form a chromocenter (Gue-

natri et al., 2004). However, surprisingly, we noticed that

heterochromatin was highly dynamic and mobile in pre-

implantation embryos when it moved around inside inter-

phase nuclei (Movie S3). This was also shown by projecting

cellular nuclear images at time-axis direction; embryonic

cells had vague and fewer heterochromatic foci compared

to ESCs, indicating that these foci were more dynamic (Fig-

ure 5D). To quantify the heterochromatin movement, het-

erochromatic foci were tracked, and changes in distance

between any two points were calculated in 5 min intervals

up to 95min, for a total of 19 time points. This methodwill

allow us to rule out themovements and rotations of objects

being measured (in our case, nuclei), which can affect the

motion data (Miné-Hattab and Rothstein, 2012). As shown

in Figure 5E, heterochromatic foci of embryonic cells (four-

cell stage) showed more dynamic movement compared to

that of ESCs and mouse embryonic fibroblast (MEF) cells.

This result was further confirmed by calculating mobility

of these foci, and embryonic heterochromatin showed sta-

tistically significant higher and varied velocity than those

of ESCs and MEF cells (Figure 5F). To examine the relation-

ship between heterochromatin dynamics and the cell cycle

in preimplantation embryos, next, we imaged MethylRO

embryos together with the proliferating cell nuclear anti-

gen (PCNA) probe (Leonhardt et al., 2000). As shown in Fig-

ure 5G, mCherry-MBD-NLS foci moved around dynami-

cally during interphase (from the G1 to the S phases)

and, importantly, colocalized with the PCNA at the late

S phase. This result further confirmed that mCherry-

MBD-NLS foci mark constitutive heterochromatin. How-
(B) Neonate MethylRO mice (left) are red; red fluorescence can be ob
(C) The mCherry-MBD-NLS probe was expressed ubiquitously in E12.5 fe
fluorescence stereoscopic microscope. Error bars indicate the SD.
(D) The mCherry-MBD-NLS probe was expressed ubiquitously in adul
heart, lung, kidney, pancreas, thymus, spleen, liver, testis, and uteru
(E) Section of an E12.5 MethylRO mouse fetus. MethylRO E12.5 fetu
Hoechst 33342, and observed under a fluorescence confocal microsc
taken were tiled together computationally using NIS-Elements viewe
(F) Section of an E12.5 MethylRO mouse fetus. Somatic cells near the
probe within somatic cell nuclei exhibited a typical heterochromatic

Ste
ever, unexpectedly, heterochromatic foci started to weaken

from the G2 phase and had disappeared by the late G2

phase (Movie S4). This was in stark contrast with what

was observed in ESCs because heterochromatic foci were

observed in these cells throughout the cell cycle, and foci

never disappeared (Figure S2B; Movie S5). Thus, the cell

with no obvious foci shown in Figure S2A may be in the

G2 phase of the cell cycle. These data strongly indicated

that preimplantation embryonic heterochromatin is

highly dynamic and that the nuclear organization and

DNA methylation status of preimplantation embryos are

different from those of ESCs, even though ESCs are consid-

ered to be close to the inner cell mass cells of blastocysts

(Nichols and Smith, 2011).

Heterochromatin Organization Changes Dynamically

during the ESC-Derivation Process

The data described in the previous section imply that ESCs

likely undergo epigenetic and heterochromatin remodel-

ing during the derivation processes. To address this

outstanding question, we have carried out a live-cell imag-

ing analysis of the ESC-derivation process using MethylRO

embryos. According to a methodology described previ-

ously by us (Yamagata et al., 2010), morula-stage embryos

collected fromMethylROmice were placed on top of feeder

cells, cultured in conventional ESC-derivation medium,

and imaged every 30 min up to 7 days. To label the plurip-

otent epiblast cell lineage, we have generated Oct4-EGFP

knockinmice using a targeting vector construct established

previously by Toyooka et al. (2008) (Figures 6A and S3;

Movie S6). Intriguingly, although heterochromatic foci

were vague in the beginning, they became distinct during

the course of derivation, which was confirmed by the

quantification of the signal intensities and by calculating

heterochromatin index, which is defined as a coefficient

of variation of signal patterns (Figures 6A and 6D–6F;

Movie S7). These data clearly indicated that epiblast cells

have undergone epigenetic and heterochromatin remod-

eling during the ESC-derivation process. In parallel to

the ESC-derivation process, we also captured the dynamic

nuclear remodeling of trophoblast giant cells during their

emergence (Figure 6B). Strikingly, the heterochromatic
served by the naked eye using a fluorescence filter (right, arrow).
tuses. Negative control and MethylRO fetuses were observed under a

t organs. mCherry-MBD-NLS expression was observed in the brain,
s (labeled as MethylRO). Error bars indicate the SD.
s expressing EGFP from CAG promoter was sectioned, stained with
ope (Nikon; ECLIPSE Ti inverted confocal microscope). The images
r software (Nikon).
tail were taken with a 403 objective lens. The mCherry-MBD-NLS
foci pattern.

m Cell Reports j Vol. 2 j 910–924 j June 3, 2014 j ª2014 The Authors 917



Figure 4. Testicular Germ Cells Are DNA Hypomethylated in Adult Mice
(A) Section of a MethylRO mouse testis. Nuclei were stained with Hoechst 33342. Magnified images of boxed areas are shown on the
bottom. Arrows indicate Sertoli cells.
(B) Section of a ROSA26-H2B-mCherry mouse testis. Nuclei were stained with Hoechst 33342. Note that H2B-mCherry signal can be
detected from spermatogonia to elongating spermatids.
(C) Wild-type mouse (C57BL/6) testicular sections were stained with recombinant EGFP-MBD-NLS probe and counterstained with Hoechst
33342. Magnified images are shown on the bottom. Note that somatic cells (Leydig cells, yellow arrows) had higher levels of methylated
DNA and heterochromatin compared to germ cells inside seminiferous tubules (nuclei on right-hand side of dotted line). The higher
background of recombinant EGFP-MBD-NLS probe staining compared with that for the MethylRO mouse is probably caused by nonspecific
binding of the probe and/or the use of unfixed sections. EGFP-MBD-NLS probe signal is colored in pseudocolor (red).
See also Figure S1.
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Figure 5. Dynamic Changes in Patterns of Methylated DNA in Preimplantation Embryonic Nuclei
(A) The time-lapse imaging of a MethylRO embryo was performed using a confocal microscope equipped with a 303 silicone oil-immersion
objective lens. Images were taken every hour from the zygote (0 hr) to blastocyst (119 hr) stage. MBD, mCherry-MBD-NLS.
(B) The mCherry-MBD-NLS probe marked pericentromeric heterochromatin. Two- to four-cell-stage division of MethylRO embryo
was imaged together with EGFP-CENP-C protein to label the centromere. Arrows indicate the centromeric regions of anaphase chromo-
somes.
(C) Interphase of four-cell-stage embryo was imaged together with CENP-C. Centromeres and mCherry-MBD-NLS foci located close together
in interphase nuclei.

(legend continued on next page)
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foci of trophectodermal cells became stronger in a time-

dependent manner, together with the increase in nuclear

size (Figures 6B and 6D–6G; Movie S8); moreover, there

was no cell division, which probably reflects the endore-

plication of these cells. These observations suggest that

not only the DNA methylation status itself but also het-

erochromatin dynamics and stability are markers of the

cellular differentiation status. Thus, we have demon-

strated that MethylRO can capture DNA methylation

dynamics during differentiation in living cells and in

mice.
DISCUSSION

Accumulating evidence indicates that DNA methylation

changes dynamically during development, differentiation,

pathological processes, and in response to environmental

cues (Bergman and Cedar, 2013; Feil and Fraga, 2011;

Reik, 2007; Waterland and Jirtle, 2004). Hence, there is a

strong need for new experimental approaches to study

DNA methylation dynamics sequentially and quantita-

tively at the organismal level. In this report, we have shown

clearly that the MethylRO mouse is viable and fertile and

can be used to visualize DNAmethylation patterns without

any fixation or treatments.

Consistent with previous reports by Kobayakawa et al.

(2007), Tsumura et al. (2006), and Yamazaki et al. (2007),

we have provided multiple evidences that the majority of

the mCherry-MBD-NLS probe was concentrated at hetero-

chromatic regions, especially at pericentromeric hetero-

chromatin in preimplantation embryonic cells, ESCs, and

somatic cells. Intriguingly, we have discovered that the het-

erochromatin of preimplantation embryos is highly dy-

namic because it did not stay at one certain position; rather,

it changed its location dramatically in interphase nuclei. In

addition, heterochromatic foci not only moved around in-

side nuclei but also disappeared depending on the cell-

cycle status; in contrast, these foci never disappeared in

ESCs, indicating that heterochromatin is already fixed,

and this fixation actually occurred during the ESC-deriva-

tion process. Thus, heterochromatin fixation could be the
(D) Heterochromatin of embryonic cells (four-cell stage) was highly m
projected at time-axis direction. Dotted lines indicate the boundary
(E) Heterochromatin foci movement was more dynamic in embryonic
changes of distance were plotted as a line graph. The calculation fo
indicated in bottom-left image.
(F) Heterochromatic foci move faster in embryonic cells. A box-and-wh
is shown.
(G) Heterochromatin foci disappeared in G2 phase of preimplantation
with the EGFP-PCNA probe to assess its correlation with the cell cycle
See also Figure S2 and Movies S1, S2, S3, S4, and S5.
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reason for the difficulty in reversing ESCs to totipotent em-

bryonic cell state (Beddington and Robertson, 1989; Mor-

gani et al., 2013). Moreover, we succeeded in capturing

the dynamic changes in DNA methylation status and its

pattern in each cell lineage during the ESC-derivation pro-

cess. Accordingly, these data suggest that the heterochro-

matin dynamics and stability can bemarkers of the cellular

differentiation status, and further support the idea that

chromatin plasticity decreases upon differentiation

(Meshorer et al., 2006). Importantly, although we found

that H2B signals can be used to calculate the heterochro-

matin indexes, the heterochromatin pattern was not so

clear in visual as compared to MBD probe signals (Figures

S3G and S3H). Therefore, it is not suitable to normalize

MBD probe signal against that of H2B because this will

cancel out the differences seen in the MBD (Figure S3I).

Although the MBD reporter was designed to report DNA

methylation, this result (the correlation with H2B-EGFP)

suggests that the difference in MBD signals for some cell

types may reflect a change in heterochromatin organiza-

tion, and not necessarily in DNA methylation. On the

other hand, this also calls for attention toward current con-

ventional studies using immunohistochemistry because

fixed cells do not provide information regarding the cell-

cycle status or the differentiation process in single cells.

Hence, MethylRO mice will be useful for the study of the

nuclear dynamics of heterochromatin during proliferation,

differentiation, and development.

Using bisulfite sequencing and Southern blotting ana-

lyses, we demonstrated previously that the major and

minor satellites of pericentromeric heterochromatin are

hypomethylated only in germ cell lineages, whereas all so-

matic cells are hypermethylated, and that this DNA

methylation profile is established during primordial germ

cell development (Yamagata et al., 2007). This finding

was further supported by the analysis of MethylRO mouse

sections because most somatic cells exhibited the typical

puncta pattern of mCherry-MBD-NLS, whereas testicular

germ cells had obviously weaker or no signals. Although

many studies have documented extensively the active

DNA demethylation during preimplantation development

(Reik, 2007; Wu and Zhang, 2010), the pericentromeric
obile. A total of 20 cellular nuclear images of 5 min intervals were
of the nucleus.
cells. Distance of any two foci was measured, and time-dependent
rmula to derive change in distance of randomly picked two foci is

isker plot of mobility of heterochromatic foci in different cell types

embryos. A MethylRO embryo (four-cell stage) was imaged together
.

s



Figure 6. DNA Methylation and Nuclear Organization Underwent Dynamic Changes during the ESC-Derivation Process
(A) Time-lapse imaging of the ESC-derivation process using MethylRO and OCT4-EGFP double-reporter embryos. OCT4-EGFP marked the
pluripotent epiblast cell lineages that eventually become ESCs. The time after starting the observation is indicated at the bottom right
(day:hour:minute). Nuclei surrounded by the dotted line indicate trophoblast giant cells.
(B) Dynamic nuclear remodeling of trophoblast giant cells. The time after starting the observation is indicated at the bottom right
(day:hour:minute).

(legend continued on next page)
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regions, which constitute 3.5% of the whole mouse

genome that contains hypermethylated repeat sequences

(Lehnertz et al., 2003; Waterston et al., 2002), are already

hypomethylated, which seems to be the key epigenetic

feature that distinguishes germ cells from somatic cells.

In addition to the use of the MethylRO model as a re-

porter mouse for live-cell imaging, we have extended the

application of this bioresource to MeDIP analysis. Conven-

tional 5mC-mediated MeDIP is performed in vitro by bind-

ing extracted DNAwith an anti-5mC antibody, which may

yield unwanted results that do not reflect the in vivo status.

In contrast, because the mCherry-MBD-NLS probe is ex-

pressed endogenously, we believe that it can capture the

‘‘exact moment’’ of DNA methylation dynamics. The use

of an anti-RFP antibody for MeDIP-seq, and the fact that

this reporter mouse is conditional, will allow us to perform

cell-type- or tissue-specificMeDIP analysis by crossing with

tissue-specific FLP Tg mice. Theoretically, this will result in

an extremely low background, which is not possible with

the conventional anti-5mC antibody-based methods.

In conclusion, we have provided multiple evidences to

show that MethylRO mice can capture the dynamic

changes of the DNA methylation status both in vitro and

in vivo. In particular, MethylRO mice can be used not

only in live-cell imaging analyses but also in RFP-mediated

MeDIP-seq and cross-section observation analyses, which

extend the applications of this bioresource. Hence, we

believe that this mouse model will become a powerful

tool as well as technique to study DNA methylation dy-

namics during development, differentiation, and in patho-

logical processes that lead to diseases.
EXPERIMENTAL PROCEDURES

Quantification of Imaging Data
Imaging datawere analyzed using theMetaMorph (version 7.7.2.0;

Molecular Devices) and Volocity (version 6.2.1; PerkinElmer) soft-

ware. Briefly, heterochromatin foci were randomly picked up and

tracked manually, and distances between any two points in all

combinations were measured three dimensionally using Volocity

software. Heterochromatin movement was derived by subtracting

distances using the following formula: change in distance =

(distance tn+1) � (distance tn). Mobility (mm/min) was calculated

by dividing change in distance by time (5 min). Average signal in-
(C) Quantification of mCherry-MBD-NLS signal intensities during the
become visible from the early two-cell stage, reached their upper limi
(D) Quantification of mCherry-MBD-NLS signal intensities during ESC-
medium, signals increased in a time-dependent manner.
(E) Quantification of mCherry-MBD-NLS signal intensities in different c
(F) Quantification of the heterochromatin index in different cell type
(G) Quantification of nuclear area in different cell types. Data are sho
See also Figure S3 and Movies S6, S7, and S8.
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tensities, intensity SDs, and cell nucleus areas were calculated with

MetaMorph software by drawing the region of interest around the

nucleusmanually based on 2D images projected in the z axis direc-

tion. The heterochromatin index was defined as a coefficient of

variation of signal patterns and calculated using the following for-

mula: heterochromatin index = SD of signal intensity / average

signal intensity 3 100. Statistical significance of each pair was

calculated with the Steel-Dwass test, and statistical significance

against embryonic cells was calculated with the Steel test, using

the JMP software (version 10.0.2; SAS Institute). p values <0.05

were considered statistically significant and are indicated as fol-

lows: *p < 0.05, **p < 0.01, and ***p < 0.001. N.S. indicates ‘‘not sig-

nificant.’’ Cell culture, MeDIP analysis, generation of knockin

mice, antibodies, histology, generation of recombinant EGFP-

MBD-NLS probe, and live-cell imaging are provided in the Supple-

mental Experimental Procedures.

All animal experiments were approved by the Animal Care and

Use Committee of the Research Institute for Microbial Diseases,

Osaka University, Japan.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, three figures, one table, and eight movies and can be

found with this article online at http://dx.doi.org/10.1016/j.

stemcr.2014.05.008.
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