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Abstract Identification of a DNA demethylase respon-

sible for zygotic paternal DNA demethylation has been one

of the most challenging goals in the field of epigenetics.

Several candidate molecules have been proposed, but their

involvement in the demethylation remains controversial,

partly due to the difficulty of preparing a sufficient quantity

of materials for biochemical analysis. In this review, we

utilize a recently developed method for live-cell imaging

of mouse zygotes combined with RNA interference (RNAi)

to search for factors that affect zygotic paternal DNA

demethylation. The combined use of various fluorescent

probes and RNAi is a useful approach for the study of not

only DNA demethylation but also the spatiotemporal

dynamics of histone depositions in zygotes, although it is

not appropriate for large-scale screening or knockdown of

genes that are abundantly expressed before fertilization.

This new technique enables us to understand the epigenetic

hierarchy during cellular response and differentiation in

preimplantation embryos.
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DNA demethylation � Zygote � Microinjection

Introduction

Identification of a DNA demethylase—particularly an

enzyme responsible for zygotic paternal DNA demethyla-

tion—has been one of the most challenging issues in the

field of epigenetics. This challenge has been mainly due to

the limited amount of samples available for unbiased bio-

chemical analysis. Therefore, there has been need of an

innovative method for exploring the demethylase in

zygotes, and in response to this need, we recently devel-

oped a combination approach using an advanced imaging

technology with RNA interference (RNAi). This approach

enabled us to identify ELP3, which facilitates paternal

DNA demethylation in mouse zygotes [1]. In this review,

we provide the relevant background information and

details in regard to the development of this new method, in

addition to describing its applications, such as monitering

of histone variants, and future perspectives.

A brief history of DNA demethylation in mammals

While various epigenetic modifications occur in histones,

methylation is the only epigenetic mark observed in DNA

catalyzed by DNA methyltransferases (DNMTs). Since the

functions of DNMTs and DNA methylation have been well

characterized with respect to transcriptional repression,

transposon silencing, genomic imprinting, etc., in various

organisms, there is no doubt that DNA demethylation plays

critical roles by opposing those effects. However, the

existence of DNA demethylase(s) remained controversial

for decades, because no known molecule would catalyze the
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chemical reaction for removing a methyl group from the

50-position of cytosine. In addition, passive DNA demethyl-

ation, which is caused by serial dilution of methylated DNA

by DNA replication, is difficult to distinguish from active

DNA demethylation, which is replication-independent and

catalyzed by the demethylase.

Despite these obstacles, several molecules have been

proposed as DNA demethylases in the past 30 years,

although the experimental evidence that these candidates

are actual enzymes has been relatively weak or contro-

versial. Some of these molecules have been shown to act in

a locus-specific manner, and none of them has been shown

to affect zygotic paternal DNA demethylation, which is the

most obvious example of genome-wide active DNA

demethylation in vivo ([2, 3], also reviewed by [4, 5]).

Recently, two distinct molecular groups were added to

the list of potential DNA demethylases that function at the

genome-wide level: activation-induced deaminase (AID)

and TET proteins. AID has been shown to catalyze DNA

demethylation by deamination of 5-methylcytosine to

thymine, followed by T-G mismatch repair that specifically

replaces thymine with cytosine. Two recent reports dem-

onstrated that DNA demethylation by AID is required for

reprogramming of iPS cells and primordial germ cells

(PGCs), respectively [6, 7]. On the other hand, TET family

proteins were newly identified by a homology search of

Trypanosomal JBP proteins, which can catalyze hydrox-

ylation of the methyl group of thymine [8]. Tahiliani et al.

demonstrated that overexpression of TET1 caused a

decrease of 5-methylcytosine (5mC) and an increase of

5-hydroxymethylcytosine (5hmC) in HEK293T and

embryonic stem (ES) cells at a genome-wide level, and Ito

et al. [9] revealed that knockdown of TET1 in mouse

preimplantation embryos prevented embryonic cell speci-

fication towards the inner cell mass. These observations

strongly indicated that conversion of 5mC to 5hmC by

TET1 plays an important role in vivo, although subsequent

conversion of 5hmC to unmethylated cytosine by an

unknown glucosylase has not been demonstrated. In addi-

tion, it remains to be determined whether TET family

proteins affect zygotic paternal demethylation.

A brief history of embryo imaging

Fertilization and preimplantation development are dynamic

and sequential events. During these periods, embryonic

cells show various cytogenetic and epigenetic events in the

nuclei that are associated with cellular proliferation and

differentiation aiming at full-term development. The

majority of the events are thought to be indispensable for

the subsequent development and are connected in various

cause-and-effect relationships over time. Immunostaining

techniques have frequently been used to analyze the events

occurring in embryos. However, ‘‘snapshot’’ images cap-

tured by non-vital staining are insufficient for elucidating

time-dependent phenomena. More seriously, the fixed

embryos do not develop any further, and thus the staining

results do not reveal the subsequent development of the

organism. Therefore, live-cell imaging based on fluores-

cent protein technology would be valuable to overcome

these problems.

Following the discovery of green fluorescent protein

(GFP) from jellyfish Aequoria victoria [10] and the suc-

cessful cloning of its cDNA [11], this protein has been used

as a vital cell marker in many organisms, including nema-

todes, fish, and mice [12–14]. In addition, live-cell imaging,

a technology in which cells and/or molecules in living tissues

are labeled with GFP and observed under a microscope, was

developed and has become a powerful tool in various fields

of biology. Recently, along with the development of novel

fluorescent proteins and the improvement of microscopes,

not only changes in the localization of molecules and cells

but also molecular kinetics and interactions can be eluci-

dated using live-cell imaging.

To our knowledge, Ikawa et al. [15] were the first to use

GFP technology in mammalian preimplantation embryos.

They used GFP to select the transgenic embryos before the

embryo transplantation to the recipient mother based on the

presence or absence of fluorescence in preimplantation

embryos. Zernicka-goets et al. [16] applied the GFP method

to follow the cell fate in living mouse embryos. In their

experiments, they injected the mRNA encoding the

MmGFP (slightly modified to be suitable for mammalian

cells) into one blastomere of a 2-cell embryo and traced the

cell fate. In 1998, Brunet et al. [17] expressed a fusion

protein of GFP with b-tubulin in mouse oocytes by mRNA

injection, and were able to capture the first time-lapse

recording of spindle formation. Another interesting appli-

cation was demonstrated by Hadjantonakis et al. [18], who

used GFP for non-invasive sexing of mouse embryos before

the transfer was performed. They produced a transgenic

male bearing a ubiquitously expressed GFP gene in the X

chromosome, and after mating with a normal female, the

resulting female embryo exhibited fluorescence but the

male did not. Following their work, it became widely

accepted that the live-cell imaging technique has advanta-

ges for the study of preimplantation development, and thus

the technique was applied to a range of such analyses,

including investigations of changes in the localization of

certain molecules [19], the determinants of embryonic

polarity and first lineage specification [20, 21], and the

reprogramming process in cloned embryos [22, 23]. More

recently, as described below, we developed a ‘‘minimum-

damage’’ live-cell imaging technique by improving the

microscope and conditions for imaging. Using this tech-

nique, we successfully obtained normal mouse pups from
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embryos injected with mRNAs encoding nucleus- and

spindle-labeling proteins and time-lapse imaged these

molecules throughout the preimplantation development.

The imaging techniques and applications

Monitoring DNA methylation/demethylation in zygotes

In mammalian cells, more than 60% of the genome is

reported to be methylated, and the gene-specific dynamics

of DNA methylation occur continuously mainly in order to

control gene expression. However, there are few cases of

definite active DNA demethylation as it is difficult to dis-

tinguish from passive DNA demethylation that occurs by

DNA replication. So far, the zygotic paternal pronucleus is

the most conspicuous example of active genome-wide

DNA demethylation, although the underlying molecular

mechanism and responsible enzymes are largely unknown.

For monitoring of the DNA methylation status in living

cells, we have successfully utilized MBD and CxxC probes

with EGFP (Figs. 1 and 2) [1, 24]. Together, these two

probes can represent the DNA methylation state precisely

not only in cultured cells but also in zygotes. In addition,

by using the CxxC probe as a reporter to screen for factors

that influence zygotic paternal DNA demethylation, we

were able to identify ELP proteins, suggesting that these

probes would be useful for various DNA methylation-

related applications [1].

EGFP-MBD-NLS probe

To monitor the methylated DNA in living cells, we chose

methyl-CpG binding protein 1 (MBD1) as a reporter.

MBD1 belongs to a family of proteins that share a methyl-

CpG binding domain (MBD), which binds methylated CpG

dinucleotides specifically and regulates the corresponding

gene expression [25–28]. In addition to MBD, this protein

contains various domains: a nuclear localization signal

(NLS), three cysteine-rich zinc-finger-like domains (CXXC)

and a transcriptional repression domain (TRD) (Fig. 1)

[29]. Among these domains, the MBD and NLS regions of

human MBD1 were fused with the enhanced green fluo-

rescent protein (EGFP) for the detection of methylated

DNA (Fig. 1). The decision to use only MBD and NLS

instead of the entire MBD1 owed a great deal to a series of

papers by Nakao and colleagues [30–32]. Transient

expression of this fusion protein, named EGFP-MBD-NLS,

in cultured cells resulted in punctate labeling of the nuclei

as well as that of the EGFP-labeled full-length MBD1

protein (EGFP-MBD1). In contrast, the fusion protein

lacking MBD (EGFP-NLS) was localized uniformly in

nucleoli [30], suggesting that a polypeptide containing both

MBD and NLS would be sufficient for detecting methyl-

ated DNA in the nucleus. Moreover, the solution structures

of the MBD polypeptide and its complex with methylated

DNA were determined [31, 32]. According to the results,

this domain was able to bind to all methylated DNA loci

irrespective of the sequence context. In addition to the

above evidence anticipating the specific binding of the

fusion protein to methylated DNA, there is another reason

Fig. 1 Schematic diagram of domain structures of the human MBD1

protein and the EGFP-MBD-NLS probe. a Domain structures of

human MBD1. MBD, NLS, three CXXC domains and TRD are

represented. b Structure of EGFP-MBD-NLS. MBD and NLS of the

full-length human MBD1 protein were fused with EGFP and used as

the probe for detecting methylated DNA. c Deduced amino acid

sequences of the junction region of EGFP-MBD-NLS

Fig. 2 Construction and evaluation of a MBD and CxxC reporters.

a Schematic representation of EGFP-MBD-NLS, CxxC-EGFP, and

CxxC-EGFP-NLS expression constructs subcloned into the

pcDNA3.1-polyA(83) backbone [37]. b Quantification of nuclear

dots representing either methylated DNA recognized by the EGFP-

MBD-NLS probe or unmethylated DNA recognized by the CxxC-

EGFP and CxxC-EGFP-NLS probes. The data are exhibited as a

percentage of cells with nuclear dots over total transfected cells. Ctrl
p53 knockout mouse embryonic fibroblasts, KO p53 and Dnmt1

double-knockout mouse embryonic fibroblasts
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to exclude the domains other than MBD and NLS. As

described above, the full length of MBD1 contains three

CXXC domains. Generally, the CXXC domain seems to

have the ability to bind non-methylated DNA [27]. More-

over, one of the CXXC domains in MBD1 is known to

interact with chromatin assembly factor-1 (CAF-1), which

facilitates the nucleosome assembly of newly replicated

DNA in vitro [33]. To prevent the mislocalization of the

probe, these domains were removed.

In fact, specific binding of this probe to methylated DNA

was confirmed by various lines of biochemical and cellular

assays in our previous study [24]. Another group also

reported that ES cell lines lacking three Dnmts (Dnmt1,

Dnmt3a and Dnmt3b) apparently lost the EGFP-MBD-NLS

foci in the nucleus [34]. All these lines of experiments

indicated that the EGFP-MBD-NLS fusion protein works as

an optimal reporter for the detection of the methylated DNA

in the chromatin of living cells and embryos.

As DNA demethylation in paternal pronucleus is

reported to occur at a relatively earlier stage of one-cell

zygote [starts at late pronuclear stage (PN) 2, which is

about 4 h after fertilization; Fig. 3a], we need to express

the fluorescent probe at adequate amount before the event.

However, it is known that DNA introduction approach is

insufficient because one has to wait until the 2-cell stage at

the earliest to obtain measurable fluorescent signals, even if

powerful promoters are used [35]. Then, instead, we

decided to use technique to inject mRNA synthesized via in

vitro transcription into the oocyte cytoplasm by a micro-

manipulator. Because translational efficiency depends on

the length of poly(A) chain of mRNA in oocytes [36],

the transcribed mRNA is forced to have a longer

poly(A) sequence at the 30-end.

The toxicity of the exogenous protein to cells was also a

key factor for the long-term imaging. Therefore, we vali-

dated the safety of the EGFP-MBD-NLS probe based on the

developmental capacity of embryos injected with mRNA of

this protein. When 1 ng/ll of the EGFP-MBD-NLS mRNA

solution was injected, embryos could develop to term,

whereas embryonic development was affected at the

preimplantation stage when 5 ng/ll was used [37]. Fur-

thermore, ES cells expressing EGFP-MBD-NLS showed

normal morphology and grew normally [38]. The differen-

tiation abilities of these cells were also normal as embryoid

bodies were formed and chimeric mice were produced nor-

mally from this ES cell line [38]. These data indicate that, if

the amount of this protein in the cell was adjusted under the

appropriate conditions, the cellular toxicity was negligible.

Counter-staining with other chromatin proteins would be

useful when precise localization of the methylated DNA in

the nucleus/chromosome and its time-dependent changes

are analyzed, and we have developed several probes for this

purpose. For example, when the whole nucleus and chro-

mosomes were counter-stained, the red fluorescently labeled

histone H2B protein, H2B-mRFP1, was used [39–41]. This

probe can label the chromatin of both interphase and meta-

phase chromosomes. In contrast, counterstaining with

specific nuclear and chromosome regions would be valuable

depending on the experiments. When the centromeric region

is analyzed, CENPB-EGFP can be used [22, 39]. CENP-B is

a centromeric protein that can bind to the cis element of

minor satellite repeats localized at the distal ends of each

chromosome. By the combination of RFP-MBD-NLS and

CENPB-EGFP, we revealed that the pericentromeric region

of somatic nuclei was highly methylated when compared

with the germ cell nuclei based on the observation of cloned

Fig. 3 Experimental design of

siRNA injection into zygotes.

a Time-course of zygotic

development and paternal DNA

demethylation. PN Pronuclear

stage. b Time frame of sample

preparation, siRNA/mRNA

microinjection and ICSI for

different methods of

fertilization to monitor the

effect on paternal DNA

demethylation. c Schematic

procedure of mRNA/siRNA

injection followed by ICSI
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embryos [22]. It should be reminded, however, when

counterstaining with the heterochromatin protein 1 (HP1)

needs to be performed, since the protein complex including

this protein possesses a binding affinity to MBD [42].

Indeed, when we expressed the HP1b-EGFP together with

RFP-MBD-NLS in the mouse zygote, the localization of

HP1b was perturbed; the diffused pattern of HP1b in nuclei

when this protein was expressed alone was changed to a

pattern in which the HP1b signals were tethered around

methylated foci during the co-expression with MBD.

CxxC-EGFP probe

To compensate the results obtained by using EGFP-MBD-

NLS probe, we further designed the fusion protein which

could recognize the DNA demethylation. The CxxC-EGFP

probe, the CxxC sequence of which was derived not from

MBD1 but from aa. 1,144–1,250 of mouse MLL1 (NCBI#

NP_005924) and specifically binds to non-methylated CpG

was developed for monitoring DNA demethylation in living

cells, as it appears to be easier to detect the ‘‘gain’’ of

fluorescent deposition than to detect the ‘‘reduction’’ in a

nucleus by a highly sensitive EM-CCD camera. As expec-

ted, CxxC-EGFP exhibited a nuclear dotted pattern, which

corresponded to non-methylated CpG islands, in Dnmt1 KO

mouse fibroblasts (MEF) and 5-AzaC-treated NIH3T3 cells,

but not in control MEFs and 5-AzaC-untreated NIH3T3,

suggesting that subnuclear localization of CxxC-EGFP

precisely represented the cellular DNA methylation status

[1]. Interestingly, unlike the MBD probe, CxxC-EGFP

exhibits nuclear localization without NLS, and putting NLS

in the region downstream of CxxC disrupts the methylation-

dependent subnuclear localization (Fig. 2), suggesting that

the requirement of NLS has to be determined for each probe.

When it was applied to zygotes, the CxxC-EGFP probe

introduced by mRNA injection into MII oocytes was

invisible until PN0-2, although the transcript is supposed to

be expressed by this stage. It starts to accumulate in the

nucleus at PN3, the time point at which paternal DNA

demethylation begins, indicating that the fluorescence can

be observed only when the probe localizes in the nucleus

and binds to the DNA [1]. However, it should be men-

tioned that the CxxC-EGFP is also relatively enriched in

the nucleolus, presumably because it is also associated with

RNA.

Phenotypical analysis using short interference (si)RNA

Investigation of the loss-of function phenotype using RNAi

has become popular during the last decade due to its

technical convenience. There are several ways to induce

short RNAs into cells, such as regular transfection, viral

transduction, and electroporation. However, zygotes cannot

be readily manipulated by such methods, since the zona

pellucid, an extracellular matrix consisting of glycoprotein,

becomes an obstacle. In addition, since one-cell zygotic

development proceeds within 12–16 h, there is not enough

time for transduced short hairpin RNA (shRNA) to be

expressed and processed by Dicer. Thus, microinjection

might be the only and best way to introduce siRNAs into a

zygote effectively, although it is inadequate for a large

number of samples.

Although siRNA can certainly be introduced into the

cytoplasm of zygotes by microinjection, there are two

critical factors to be considered for successful knockdown,

i.e., the concentration of siRNA and the timing of micro-

injection, and both these conditions must be tested for each

siRNA before the experiments. In addition, it is necessary

to check the knockdown efficiency from a small number of

zygotes by reverse transcription (RT)-PCR, and this pro-

cedure as well as major limitations of this approach will be

described below.

Concentration of siRNA

As in the regular siRNA technique, using too much siRNA

causes an artificial phenotype or cell toxicity. Since only a

limited volume of siRNA solution (normally 10–25 pl; no

more than 10% of the cytoplasmic volume) can be injected

into a zygote, the concentration of siRNA in the injected

solution needs to be adjusted. Wianny et al. [43] and Sonn

et al. [44] used 0.1–2.0 mg/ml, whereas Amanai et al. [45]

tested the optimum concentration of two different siRNAs

from 100 pM to 25 lM, and found that [50 nM exhibited

efficient knockdown. In our case, 0.5 lM was required for

most tested siRNAs in order to obtain a reproducible

reduction of gene expression, especially when [80%

knockdown was required in a relatively short time after

microinjection (8–12 h). On the other hand, [20 lM of

siRNA sometimes caused a delay of zygotic development,

and [50 lM resulted in cell toxicity irrespective of the

sequences. Thus, 2 lM was applied to most of the tested

siRNAs.

Timing of microinjection

Despite the fact that injected oligonucleotide siRNA

becomes functional in a shorter time than transfected or

virally transduced shRNA plasmids, a certain incubation

period is still necessary. Thus, the timing of microinjection

needs to be considered, particularly if the effect of RNAi is

expected in the early PN. As Amanai et al. [45] reported,

the earliest time point for siRNA to achieve a maximum

knockdown is 8 h after microinjection, and the knockdown

efficiency usually increases until 24 h. Since the PN is

complete in about 12 h (Fig. 3a), siRNA injection has to be

Imaging of zygotic DNA methylation/demethylation 1673
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performed before fertilization, if the phenotype by the

knockdown is expected in the early zygotic stage. In this

case, natural fertilization to obtain the zygote is inappro-

priate, because zygotic development has already started

when the zygotes are isolated, and thus there is not enough

time for the injected siRNA to become functional by the

early zygotic stage. Similarly, in vitro fertilization (IVF) is

not ideal for fertilization, as cumulus cells need to be

removed for siRNA injection, and removal of cumulus

mass results in dramatically decreasing of fertilization rate.

Therefore, intra-cytoplasmic sperm injection (ICSI)

appears to be the sole method for fertilization (Table 1;

Fig. 3b). In our application, siRNA is injected at 6–7 h

before ICSI, which allows 10–13 h for the siRNA to be

functional before DNA demethylation starts (Fig. 3c) [1].

If necessary, fluorescent-encoded mRNA or fluorescent-

labeled recombinant protein can be injected simultaneously

as injection markers. However, longer in vitro-culture of

MII oocytes before ICSI decreases the fertilization effi-

ciency, and thus the timing of microinjection has to be

determined precisely according to the experimental design.

Checking the knockdown efficiency by RT-quantitative

(q)PCR

Just as in the other RNAi-related experiments, checking the

knockdown efficiency at both the mRNA and protein levels

is ideal in zygotes. However, in most cases, performing

western blotting may not be possible due to the difficulty of

collecting enough materials to detect the protein expression.

In addition, the availability, sensitivity, and specificity of

antibodies are also a concern for the immunocytochemical

approach. Although to confirm the protein expression of

target genes it is important to determine whether an RNAi

approach is appropriate (see next section), RT-qPCR is

normally the first choice for this purpose.

To prepare cDNA from zygotes for RT-qPCR, we used a

SuperScript III Cell Direct cDNA synthesis kit available

from Invitrogen, which enables completion of the RT

reaction in about 2 h. Based on our experience, the mini-

mum number of zygotes necessary to detect an 18S

transcript by Sybrgreen qPCR is 8, and the Ct value is

20–22. Detection of other genes, on the other hand, usually

requires a larger number of zygotes (15–50), and is also

dependent on the expression level and primer sensitivity.

For all our tests, the range of Ct values was 30–40, and thus

we normally set the cycle number as 60. Although the

manufacturer’s protocol indicated that this kit is optimized

for up to 10,000 cells, treating [100 zygotes is not rec-

ommended, since, for unknown reasons, it can cause a low

quality of cDNA and a high background for qPCR.

Potential limitations

To date, several examples of the successful utilization of

siRNA in mouse zygotes have been reported [1, 43–47]. As

long as handling zygotes and microinjection are not tech-

nical concerns, this is a relatively convenient method,

especially if predesigned siRNAs for your target genes are

commercially available.

However, two major limitations have to be considered.

One is that, as in other RNAi-based experiments, knock-

down cannot be achieved if the target gene was already

expressed as a protein before siRNA injection. In particu-

lar, since the one-cell zygotic stage is completed in only

12 h, the remaining protein may mask the effect of siRNA

even when the knockdown works. Thus, it is critical to

check the protein expression in oocytes and/or zygotes. For

this purpose, immunocytochemical staining appears to be

more practical than Western blotting due to the limitation

of the sample amount. If the existence of the protein is

undetermined, it must be remembered that a negative result

on siRNA (=no effect by knocking down) is meaningless,

because it could be caused by the remaining protein.

Another limitation is that this approach is unsuitable for

large-scale screening, since microinjection is time-con-

suming and labor-intensive, especially if ICSI is involved

(Table 1). In addition, when a mixture of several different

siRNAs, such as an siRNA library, is injected into a zygote

simultaneously, the concentration of each siRNA must be

reduced, otherwise it causes cell toxicity.

Monitoring deposition of histone variants

Although mRNA injection into zygotes for live-cell imag-

ing is a powerful tool, as described above, the experiments

Table. 1 Comparison of

fertilization methods for real-

time imaging and siRNA

application

Fertilization method

Natural mating IVF ICSI

Convenience s 4 9

Uniformity of zygotic development 9 * 4 4 s

Earliest time point of mRNA expression PN3 PN1–2 PN0

Utilization of siRNA in zygotic stage 9 (too late) 9 (too late) s

Large-scale analysis 4 4 9
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can sometimes be altered by immunocytochemical staining

using individual histone-specific antibodies. In other words,

one of the most relevant cases for this approach is to analyze

histone variants, especially in the case of histone variants

for which specific antibodies are unavailable such as histone

H3 variants.

There are three H3 variants, H3.1, H3.2, and H3.3, and

several tissue-specific forms of H3 such as testis-specific

H3t have been reported (reviewed by [48, 49]). Among

these variants, H3.3 exhibits distinct features as it is pref-

erentially deposited into transcriptionally active chromatin

loci in a replication-independent manner, although it dif-

fers by only four amino acids from other canonical H3s that

causes difficulty to generate the individual H3-specific

antibodies. More recently, H3.3 was also shown to play

a role in differentiation-dependent telomeric chromatin

remodeling in ES cells [46].

Similar to the report in Drosophila [50], Torres-Padilla

et al. [51] reported that H3.3 in mouse zygotes is prefer-

entially incorporated into paternal chromatin in the early

PNs in a replication-independent manner. In addition,

regarding the fact that the zygote possesses unique cell

cycle regulatory mechanisms such as an asymmetric initi-

ation of transcription and DNA replication between the

paternal and maternal genome, it would be interesting to

investigate the involvement of H3.3 deposition during the

relatively late PNs. In fact, Santenard et al. [52] recently

carried out mRNA injection of H3.3-GFP into zygotes, and

successfully demonstrated that H3.3 is preferentially

deposited into the heterochromatin of the paternal pronu-

cleus after the PN3. Moreover, injection of an H3.3 mutant

revealed that H3.3 plays an essential role during the

zygotic S-phase in the transcription of the pericentromeric

domain that triggers their transcriptional silencing after the

first cell cycle through the mono-methylation of K27. This

work also provided evidence that zygotic heterochromatin

formation is independent from H3K9 methylation, as the

heterochromatic distribution recognized by HP1b is abol-

ished by injection of H3.3-K27R, whereas H3.3-K9R has

no such effect, indicating that the chromatin dynamics in

zygotes are unique. As represented by this elegant work,

injection of histone-encoded mRNA is useful not only

for monitoring histone deposition/replacement in living

cells but also for identifying novel molecular pathways

in vivo.

Hardware and data analysis

Choice of microscope

Establishing a ‘‘minimum-damage’’ imaging platform is

more critical for three-dimensional imaging of embryos

than of the cultured cells, because embryos are exposed to

multiple laser irradiation due to their thickness, and also

because it takes a longer period of time to monitor the

development over cell divisions. Therefore, there is a

need for a confocal system optimized for long-term

imaging in which the phototoxicity is suppressed as much

as possible to preserve natural cellular viability and

functions.

To satisfy these requirements, we constructed an imaging

system optimized for minimum-damage, three-dimensional

imaging (Fig. 4). The key point for the minimum-damage

feature is the use of a disk confocal unit (CSU series; Yo-

kogawa Electronic) and an ultra-high sensitive electron

multiplying charge coupled device (EM-CCD) camera

(iXon series; Andor Technologies) attached to a conven-

tional inverted microscope. These can minimize the

phototoxicity in terms of both excitation laser intensity and

laser exposure time. In our experience, embryos injected

with mRNAs of histone H2B-mRFP1 and EGFP-a-tubulin

were subjected to long-term imaging from the one-cell to

the blastocyst stage and transferred to the recipient mother

after the imaging. Despite the fact that those embryos were

exposed to lasers approximately 60,000 times during the

imaging, they were born as healthy pups, grew to adulthood

and were reproductively normal [40], indicating remarkably

low phototoxicity of this system, especially by utilizing

Nipkow disk confocal unit (Yokogawa Electric, Tokyo,

Japan) [53, 54]. Thus, our imaging system causes minimum

damage and can preserve better conditions for the embryo

while still producing convincing results.

Data quantification and analysis

Quantification of fluorescence intensity from acquired 3D

images is sometimes required for statistical analysis.

Nowadays, many useful imaging software packages are

freely or commercially available (summarized in [55]), and

they enable us to measure and calculate the fluorescence

intensity by just cropping the region of interest (ROI).

However, one of the common problems in the application

for most of these software packages to the zygotic pronu-

cleus is that when their automatic analysis functions are

used, the ROI (=pronucleus) is recognized as a cylindrical

shape, not a ball, in the 3D image (Fig. 5). This is prob-

lematic because it can affect the total fluorescence

intensity, especially if the image has a high intensity

background (Fig. 5). Thus, the tools and parameters for

analysis sometimes have to be optimized by the user to

obtain accurate results.

In addition, utilizing recent advanced software enables

us to quantify more complex cellular dynamics of HeLa

cells in a high throughput manner, and it can be applied

even for image-based screening [56]. Thus, not only using

hardware of high specification but also combining such
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advanced software is preferable to obtain more qualitative

and quantitative data from zygote, especially for high

throughput and bioinformatical applications.

Future perspectives

To avoid the inconvenience of handling mammalian

zygotes, alternative approaches have been used to search

for a zygotic DNA demethylase, such as in the case of

Gadd45a [57]. In this report, a Xenopus cDNA library was

expressed in HEK293T cells, and demethylation of a

luciferase reporter gene was monitored by reactivating the

transcription. However, several factors in this screening

seem to be uncertain. For example, is using the reporter

plasmid appropriate to monitor sequence-independent

global demethylation? Does DNA demethylation indeed

induce transactivation? Moreover, does paternal DNA

demethylation occur in Xenopus zygotes? Although it is

not efficient enough for screening, live-cell imaging of

mouse zygotes combined with RNAi can at least avoid

those problems, and can be utilized not only for investi-

gating DNA demethylation but also for investigating other

chromatin dynamics and any molecular events in zygotes.

Until recently, immunostaining was generally performed

to analyze chromatin dynamics in preimplantation embryos.

Fig. 4 Devices used for multi-

dimensional, ‘‘minimum

damage’’ live-cell imaging. A

photograph of the equipment. A

conventional inverted

microscope is attached to a

Nipkow disk confocal unit, an

EM-CCD camera, filter wheels,

a z-axis motor and an automatic

x–y axis stage. For excitation,

solid-state lasers (405, 488 and

561 nm) are used as light

sources. The filter wheel

changes emission channels

automatically. All are controlled

using MetaMorph imaging

software. Embryos are cultured

in an incubator on the stage,

which is set at 37�C and gassed

with 5% CO2 in air at 160 ml/

min. The company and model

names of all the devices are

listed below the photograph

Fig. 5 A problem for analyzing the fluorescence intensity of 3D

images. a A 3D-image of a zygote on an x–y–z coordinate. A female

pronucleus is shown as a pink ball, whereas a male pronucleus is

shown as a blue ball. D is the diameter of the male pronucleus.

b Schematic images showing the influence of background on the

volume (=fluorescence intensity) of the pronucleus. When the area of

the pronucleus on an x–y plain is selected from the z-axis (red circle),

a cylinder containing the pronucleus is undesirably cropped. If the

background is ignorable, the volume (=fluorescence intensity, V) of

the pronuleus is calculated as V ¼ p
6
D3 However, when the back-

ground is high, unwanted fluorescence from the background (green
area) is included, so the volume is calculated as V ¼ p

4
D3
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However, although antibodies against various DNA and

histone modifications have been becoming commercially

available, conventional immunostaining using these anti-

bodies is inconvenient, as mentioned above, especially

when being applied for embryos. In particular, if different

developmental stages need to be analyzed, it becomes more

laborious, as large numbers of embryos need to be handled

to cover each time point. In addition, inappropriate fixation

and permeabilization sometimes cause artificial results.

Thus, live-cell imaging of embryos by injecting mRNA/

protein of target molecules is an ideal tool to analyze the

chromatin dynamics in embryos, and it has been getting

more popular in the last few years.

However, to monitor specific chromatin modifications,

the use of modification-specific antibodies is still the only

choice. Also, mRNA/protein injection might have side

effects, when nonphysiological doses are injected. From

this point of view, Hayashi-Takanaka et al. [58] recently

succeeded in live-cell imaging to monitor histone H3

phosphorylation, which is known as a metaphase marker, by

injecting the phosphorylated H3-specific antibody. They

developed the panel of monoclonal antibodies against var-

ious modifications of histones, including phosphorylation,

acetylation, and methylation of H3 and H4. These anti-

bodies exhibited a higher level of binding specificity to the

antigen compared to the commercially available ones [59].

Shortly after the injection of the fluorescent-labeled Fab

fragment of the phosphorylated H3-specific antibody into

the cultured cells and preimplantation embryos, the signal

was detected at the metaphase during mitosis as expected. It

is noteworthy that neither the antibody injection nor the

imaging procedures per se affected the cellular viability,

and thus the imaging could be extended over the two to

three rounds of cell division in cultured cells, or until the

terminal developmental stage in embryos. Now, other his-

tone modifications in embryos are under investigation using

antibodies specific for other histone modifications, such as

H3 acetylation and methylation. Moreover, the combined

use of these monoclonal antibodies with MBD/CxxC probes

enables us to monitor the spatio-temporal relationships

between DNA methylation and histone modifications in

live embryos. This should be very helpful in clarifying

the epigenetic hierarchy during the cellular response and

differentiation in preimplantation embryos.

As described above, the ultimate advantage of embryo

imaging using our technique is that it only minimally

‘‘damages’’ the cells, and thus the embryos can develop to

term after the imaging [40]. This feature enables us to

perform not only long-term time-lapse analysis but also

correlation analysis between phenomena by analyzing the

embryo by means of other assays after the imaging. For

example, if we found any abnormality of the DNA meth-

ylation pattern in cloned embryos, we could examine the

effects of this abnormality on the gene expression pattern

by further culturing the corresponding embryo and sub-

jecting it to a microarray, etc. This type of analysis has not

been impossible by means of immunostaining and bisulfate

sequencing analyses.

One of the remaining problems of our technology at

present is that we can only know the epigenetic status at

the global level. Even if a high magnification lens is

used, only limited portions of the nuclear domain and

chromosomal region can be observed. Recently, however,

a ‘‘super-resolution’’ microscope that can exceed the

diffraction limit has become available. In the near future,

the dynamics of epigenetic modifications in living cells

would be monitored at the level of gene clusters, and

hopefully even gene loci by utilizing such advanced

instruments.
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