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The fusion of the gametes upon fertilization results in the
formation of a totipotent cell. Embryonic chromatin is
expected to be able to support a large degree of plasticity.
However, whether this plasticity relies on a particular
conformation of the embryonic chromatin is unknown.
Moreover, whether chromatin plasticity is functionally
linked to cellular potency has not been addressed. Here,
we adapted fluorescence recovery after photobleaching
(FRAP) in the developing mouse embryo and show that
mobility of the core histones H2A, H3.1, and H3.2 is un-
usually high in two-cell stage embryos and decreases as
development proceeds. The transition toward pluripotency
is accompanied by a decrease in histone mobility, and,
upon lineage allocation, pluripotent cells retain higher
mobility than the differentiated trophectoderm. Impor-
tantly, totipotent two-cell-like embryonic stem cells
also display high core histone mobility, implying that
reprogramming toward totipotency entails changes in
chromatin mobility. Our data suggest that changes in
chromatin dynamics underlie the transitions in cellular
plasticity and that higher chromatin mobility is at the
nuclear foundations of totipotency.
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Embryonic cells are characterized by a large degree of
plasticity, which is the ability to generate different cell types
upon differentiation and is necessary to start a full devel-
opmental program. After fertilization, the mouse embryo
has the transient capacity to generate both embryonic and
extraembryonic cell types, a feature that is referred to as
totipotency (Tarkowski 1959; Ishiuchi and Torres-Padilla
2013). This is in contrast to pluripotent cells, which contrib-
ute to all three germ layers of the embryo proper, but not
to extraembryonic lineages, and therefore have a more

restricted potential than totipotent cells. In mice, only the
zygote and two-cell stage blastomeres are, strictly speak-
ing, totipotent, since they have the ability to develop into
a full organism without the need of carrier cells (Tarkowski
1959; Tarkowski and Wroblewska 1967; Kelly et al. 1978;
Ishiuchi and Torres-Padilla 2013). As development prog-
resses, pluripotent cells form in the inner cell mass (ICM)
of the blastocyst, accompanied by the activation of
pluripotency-associated transcription factors like Nanog
and Pou5f1/Oct4 (Nichols et al. 1998; Chambers et al.
2003). The first differentiated embryonic tissue, the troph-
ectoderm (TE), appears morphologically distinguishable
and surrounds the ICM in the blastocyst. Thus, during the
early stages of development, the mouse embryo undergoes
dramatic changes in cellular plasticity.

Upon fertilization, embryonic chromatin undergoes
intense chromatin remodeling. Indeed, this epigenetic
reprogramming of the gametes is thought to be essential
to gain totipotency (Sado and Ferguson-Smith 2005; Surani
et al. 2007; Hemberger et al. 2009). However, the precise
conformation of embryonic chromatin and the way it is
remodeled to sustain totipotency and subsequent pluripo-
tency remain largely unknown. In particular, whether and
which changes in chromatin dynamics and organization
underlie the transitions in cellular plasticity have not been
established. It is generally assumed that a more plastic
chromatin is present in pluripotent cells. Although this
has been analyzed to some extent in pluripotent stem
(embryonic stem [ES]) cells in culture (Meshorer et al.
2006; Melcer et al. 2012), it has not been addressed in vivo,
and the molecular and epigenetic features of totipotent
cells are scarce. Moreover, whether chromatin plasticity is
functionally linked to cellular potency and fate has not
been addressed experimentally.

Results and Discussion

To address whether chromatin plasticity parallels cellular
potency in vivo, we first examined chromatin mobility.
For this, we set up fluorescence recovery after photo-
bleaching (FRAP) of chromatin proteins in embryos. Al-
though FRAP is an approach routinely used in cultured
cells, it has not yet been used to track chromatin dynamics
in the developing mammalian embryo. We therefore first
established conditions for FRAP of chromatin proteins
that are compatible with normal embryonic development
(Supplemental Fig. S1) We injected mRNA for GFP-tagged
histones into zygotes at the fertilization cone stage before
pronuclei formation based on previously titrated histone
mRNA concentrations (Santenard et al. 2010). We then
cultured these embryos and performed FRAP on individual
two-cell or eight-cell stage nuclei (Fig. 1A). To ensure that
the GFP signal that we observed derives from histones in
chromatin, we first verified incorporation of exogenously
expressed histones by analyzing mitotic chromosomes,
which revealed a strong GFP signal on chromatin (Supple-
mental Fig. S2). Second, we also imaged interphase nuclei

� 2014 Bošković et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-
issue publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License
(Attribution-NonCommercial 4.0 International), as described at http://
creativecommons.org/licenses/by-nc/4.0/.

[Keywords: pluripotency; chromatin dynamics; reprogramming; cell fate;
totipotent cells]
3Corresponding author
E-mail metp@igbmc.fr
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.238881.114.

1042 GENES & DEVELOPMENT 28:1042–1047 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/14; www.genesdev.org

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

mailto:metp@igbmc.fr
http://genesdev.cshlp.org/
http://www.cshlpress.com


after treatment with Triton X-100, which releases non-
bound chromatin proteins. Triton pre-extraction did not
detectably alter the GFP signal in the nucleoplasm.
Together, this suggests that under the experimental
conditions that we established, GFP-tagged histones
are efficiently incorporated into embryonic chromatin
(Supplemental Fig. S2). We initially analyzed chromatin
mobility of histone H2A, carefully avoiding the nucleoli
precursors. A representative nucleus of an eight-cell stage
embryo during FRAP acquisition for H2A and single
typical FRAP curves of two-cell and eight-cell stage nuclei
are shown in Figure 1, B and C, respectively. H2A-GFP
showed a striking, reproducible high mobility in two-cell
stage embryos, with relatively fast recovery kinetics and
an ;29% mobile fraction (Fig. 1D,E; Supplemental Table
S1). Interestingly, H2A-GFP mobility was significantly
reduced at the eight-cell stage compared with the two-cell
stage (P < 0.0001) (Fig. 1D,E; Supplemental Tables S3),
suggesting that chromatin dynamics decrease as develop-
ment proceeds. Importantly, the mobility of H2A-GFP and
its changes during development were independent of the
amount of mRNA injected or the timing of microinjection
(Supplemental Fig. S4).

Upon chromatin remodeling, H2A/H2B dimers are
known to be released prior to H3 and H4 tetramers (Groth
et al. 2007; Xu et al. 2010; Winkler et al. 2012). To address

whether the above observations are specific for H2A or
reflect a general property of embryonic chromatin, we
expanded our analysis to histone H3. We used the same
experimental design as above and verified chromatin
incorporation of the three H3 variants H3.1, H3.2, and
H3.3 fused to GFP (Supplemental Figs. S2, S3; Santenard
et al. 2010). Similarly to H2A-GFP, GFP-tagged H3.1 and
H3.2 displayed a remarkable high mobility in two-cell
stage embryos (Fig. 2A–C), with a mobile fraction of 24%
6 5% (n = 20) and 25% 6 5% (n = 17), respectively, which
was independent of the amount of mRNA injected
(Supplemental Fig. S4). Importantly, the mobility of both
H3.1-GFP and H3.2-GFP decreased significantly as de-
velopment proceeded to the eight-cell stage, reaching
a mobile fraction of ;5% for both histones (P = 0.01 for
H3.1-GFP and P < 0.0001 for H3.2-GFP) (Fig. 2B,C,E;
Supplemental Tables S1, S3, S4). Thus, globally, canonical

Figure 1. FRAP analysis of chromatin components in the develop-
ing mouse embryo reveals a decrease in chromatin mobility of H2A-
GFP. (A) Experimental setup for FRAP in embryos. Zygotes were
collected and microinjected with in vitro transcribed mRNA and
cultured until the indicated developmental stages, when they were
subjected to FRAP. After imaging acquisition, embryos were cul-
tured until the blastocyst stage, and their development was scored.
(B) A representative nucleus of an eight-cell stage embryo expressing
H2A-GFP during a FRAP experiment is shown. The bleached region
is represented by a rectangle. Bar, 10 mm. (C) Representative single
FRAP curves of H2A-GFP at the two-cell (red) and eight-cell (blue)
stages. The bleach time point is indicated by an arrow. Recovery of
H2A-GFP is significantly faster at the two-cell stage compared with
the eight-cell stage. (D) Recovery curves of H2A-GFP at the two-cell
(red) and eight-cell (blue) stages. Recovery was quantified in the
bleached area over a 60-sec period, and the curves were normalized
to zero to account for differences in bleach depth between experi-
ments. Individual points are mean 6 SEM, and mean values were fit
into an exponential curve. (E) Estimated mobile fractions (6SEM) of
H2A-GFP in two-cell and eight-cell stage embryos.

Figure 2. Mobility of core histones H3.1-GFP and H3.2-GFP de-
creases between the two-cell and the eight-cell stages, but H3.3-GFP
mobility remains unchanged. (A) Nuclei of two-cell stage embryos
expressing either H3.1-GFP (top), H3.2-GFP (middle), or H3.3-GFP
(bottom) at the indicated time points during representative FRAP
experiments. The bleached region is indicated by a rectangle.
(B) FRAP curves for H3.1-GFP in two-cell and eight-cell stage embryos
reveal higher mobility of H3.1-GFP at the earlier developmental
stage. (C) H3.2-GFP FRAP curves at the two-cell and eight-cell
stages. Two-cell stage embryos show an unusual, high mobility
behavior of H3.2-GFP, which is dramatically decreased with de-
velopmental progression. (D) FRAP curves for H3.3-GFP at the two-
cell and eight-cell stages show no significant change in H3.3
dynamics between the two stages. (E) Calculated mobile fractions
(6SEM) of H3 variants at the two-cell and eight-cell stages. (B–D)
Values represent mean 6 SEM of multiple embryos, where n indicates
the number of nuclei analyzed. FRAP was performed in only one
nucleus per embryo. The mean values were fit into an exponential
curve. P-values were calculated using unpaired t-test between each
two groups.
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core histones display a remarkably high mobility at the
beginning of embryogenesis, as measured by FRAP, which
diminishes as development proceeds, suggesting that chro-
matin mobility might be linked to cellular potency. Next,
we analyzed the replacement histone variant H3.3. In
contrast to H3.1 and H3.2, H3.3-GFP showed much lower
mobility in two-cell stage embryos, with an estimated
mobile fraction of 10% 6 7.8% (n = 18), which did not
change significantly in eight-cell embryos (6% 6 2%; n =
17; P = 0.59) (Fig. 2D,E; Supplemental Table S3), suggesting
that some chromatin components may not change their
mobility between the two-cell and eight-cell stages.

To investigate whether the decreased mobility of
canonical core histones at the eight-cell stage is regulated
through the action of histone modifiers, we performed
FRAP for H2A-GFP and H3.1-GFP in the presence of
chemical inhibitors. Incubation of eight-cell stage em-
bryos with TSA, a global HDAC inhibitor known to affect
H1e mobility in ES cells (Melcer et al. 2012), did not seem
to alter the mobility of H2A-GFP or H3.1-GFP compared
with control embryos (P = 0.92 and P = 0.67, respectively)
(Supplemental Fig. S5; Supplemental Table S5). We also
asked whether decreasing global H3K9me2 levels through
the action of BIX-01294, a compound reported to inhibit
the G9a methyltransferase (Kubicek et al. 2007), would
impact histone mobility in eight-cell stage embryos.
Culturing eight-cell stage embryos with BIX-01294 led
to a reduction in global H3K9me2 levels. While H3.1-GFP
mobility remained virtually unchanged upon BIX-01294
treatment, H2A-GFP displayed a slightly higher mobility
in the presence of BIX-01294 (Supplemental Fig. S5). How-
ever, this difference was not statistically significant under
the experimental conditions used (Supplemental Table S5).
Although not statistically significant, the trend change in
H2A-GFP dynamics in the presence of BIX-01294 may
suggest that global changes in H3K9 methylation might
potentially be involved in the changes in histone mobility
from the two-cell to the eight-cell stage. Indeed, it is
known that global H3K9me3 levels increase from the
eight-cell stage onward, when embryonic constitutive
heterochromatin state is replaced by the canonical
Suv39h-mediated state (Puschendorf et al. 2008). The
sharp down-regulation of the H3K9me2/me3 demethylase
Kdm4b at the eight-cell stage is also in line with this
suggestion (Burton et al. 2013). Since BIX-01294 is reported
to inhibit specifically G9a (Kubicek et al. 2007), it will be
important to manipulate additional H3K9me pathways to
address this in full.

To further explore the hypothesis that chromatin
dynamics might be linked to cellular potency, we next
investigated chromatin mobility in the two lineages of
the early blastocyst, the ICM and the TE, which are
characterized by different degrees of cellular potency. We
devised an experimental setup to perform FRAP in in-
dividual nuclei of ICM and TE cells (Fig. 3A). FRAP
analysis revealed that H3.1-GFP displays higher mobility
in pluripotent cells of the ICM compared with the
differentiated TE counterpart (Fig. 3B). Remarkably, the
recovery kinetics between the ICM and TE differed
drastically, by an order of magnitude higher (Fig. 3B,
inset; Supplemental Table S2), and the H3.1-GFP mobile
fraction was approximately twofold higher in ICM cells
compared with the TE (Fig. 3B), suggesting that pluripo-
tent cells retain high chromatin mobility, while TE cells
do not.

The difference in H3.1-GFP mobility between ICM
versus TE that we observed and the fact that ICM cells
display higher mobility further prompted us to ask
whether chromatin mobility is functionally linked to
lineage allocation. To directly address this possibility,
we sought to determine chromatin mobility in embry-
onic cells immediately before the segregation of these
two lineages, which first occurs upon the formation of
outer and inner cells during the division of the eight-cell
to the 16-cell stage (Kelly et al. 1978; Johnson and Ziomek

Figure 3. Pluripotent cells retain high chromatin mobility upon
lineage allocation. (A) The two blastomeres of a two-cell stage
embryo were microinjected with equal amounts of H3.1-GFP mRNA,
and embryos were developed to the blastocyst stage. At embryon-
ic day 3.5 (E3.5), a single nucleus of the ICM and in the TE was
subjected to FRAP as in Figure 1. (B) Mean FRAP values for
H3.1-GFP in the ICM (red line) and TE (gray line) over 60-sec period
of recovery immediately after bleaching. The smaller graph in the
top right corner represents a zoom of the dashed rectangle, which
includes the first 8 sec post-bleach, in which data points are omitted
for clarity. (C) Schematic representation of FRAP experiments to
address chromatin mobility during lineage allocation. Zygotes were
microinjected with H3.1-GFP mRNA as in Figure 1 and cultured
until the late two-cell stage, when one blastomere was micro-
injected with HA.CARM1 mRNA and mRFP mRNA as tracer.
Microinjection of HA.CARM1 mRNA at this stage allocates the
progeny of the injected cell to the ICM (Torres-Padilla et al. 2007).
(D) Representative eight-cell stage embryo after double microinjec-
tion. (Middle image) While all nuclei are H3.1-GFP-positive, only
four blastomeres are RFP-positive (and HA.CARM1-positive).
(E) FRAP curves for H3.1-GFP in HA.CARM1 wild-type-positive
(pink line), HA.CARM1-negative (green line), and CARM1 catalytic
death-positive (dark blue line) blastomeres at the eight-cell stage. In
each embryo, one RFP-positive and one RFP-negative cell were
analyzed by FRAP. Allocation of ICM fate through CARM1 expres-
sion increases H3.1-GFP mobility at the eight-cell stage. Under the
same experimental conditions, the CARM1 catalytic mutant does
not alter H3.1-GFP mobility.

Bošković et al.

1044 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


1981). In the ideal experimental setup, tracking
chromatin mobility in eight-cell stage blasto-
meres that are destined to become ICM should
be performed. However, because the cells in the
mammalian embryo are not predetermined but
are subject to regulative development (Rossant
and Tam 2004), performing this is technically
not feasible without perturbing development.
We therefore took advantage of earlier findings
showing that expression of PRMT4/CARM1 in
a late two-cell stage blastomere drives the
progeny of this cell to the ICM (Torres-Padilla
et al. 2007). We microinjected H3.1-GFP mRNA
in zygotes as before and performed a second
microinjection of Carm1 mRNA together
with RFP mRNA as a lineage tracer (Fig. 3C).
We then conducted FRAP in CARM1-positive
and CARM1-negative cells at the eight-cell
stage, which were distinguishable by the pres-
ence of the RFP tracer (Fig. 3C,D). Notably,
while the CARM1-negative cells displayed
the H3.1-GFP mobility of eight-cell blasto-
meres described above, CARM1-expressing cells
showed a significantly higher H3.1-GFP mo-
bility and a mobile fraction of approximately
twofold (14% 6 3% compared with 7.7% 6
2% for the fast fraction and 7.3% 6 2.9%
compared with 5.4% 6 1.7% for the slower
fraction; P < 0.01) (Fig. 3E; Supplemental Table
S6). Importantly, cells expressing a CARM1
catalytic mutant that is unable to direct cells
toward the ICM (Torres-Padilla et al. 2007)
displayed an H3.1-GFP mobility similar to
noninjected cells (P = 0.97) (Fig. 3E; Supple-
mental Table S6), suggesting that cells des-
tined to become pluripotent ICM retain higher
histone mobility than future TE cells.

The above results together suggest that, in
totipotent cells in the early embryo, the core
histones H3.1-GFP, H3.2-GFP, and H2A-GFP
display a very high mobility and that their
mobility decreases as development proceeds, with plu-
ripotent cells maintaining higher histone mobility than
the TE upon lineage allocation (Fig. 4A). Given the
unusually high mobility that we observed in two-cell
stage nuclei, we next wondered whether any particular
conformational or organizational feature of embryonic
chromatin could be the basis for this. We thus estab-
lished conditions to analyze embryonic chromatin ul-
trastructurally using transmission electron microscopy
(TEM). Analysis of two-cell stage nuclei with TEM
revealed a rather dispersed nucleoplasm largely devoid
of the typical heterochromatic, electron-dense regions
found in differentiated cells (Supplemental Fig. S6;
Davies 1967), with a prominent nucleolar-like body
(NLB) (Fig. 4B). Instead, only few electron-dense foci
were visible throughout the nucleus, with no obvious
enrichment of electron-dense heterochromatin in the
vicinity of the nuclear membrane, a known feature of
somatic cells (Cremer and Cremer 2001; Towbin et al.
2013), in agreement with reported electron spectroscopic
imaging (Ahmed et al. 2010). Eight-cell stage chromatin
appeared slightly more compacted than in two-cell
nuclei, with larger electron-dense areas and stronger
accumulation of compacted chromatin regions around

the nuclear membrane and the nucleolus (Fig. 4B).
Indeed, quantification of the electron-dense area across
>100 TEM sections for each stage revealed a significant
increase in the proportion of the electron-dense area
between the two-cell and the eight-cell stage (P = 0.0008)
(Fig. 4C), suggesting progressive compaction of a signif-
icant part of the chromatin between these two stages.
Furthermore, the global increase in the proportion of
electron-dense regions correlates with the decrease in
histone mobility from the two-cell to the eight-cell stage
that we observed. Thus, early embryonic chromatin
displays an ‘‘atypical’’ loose chromatin ultrastructure,
in line with the high chromatin protein mobility that we
report.

Interestingly, the eight-cell stage changes in histone
mobility correlate with global changes in chromatin
organization and in the developmental program. Namely,
major changes in heterochromatin organization, includ-
ing formation of chomocenters (Probst et al. 2007), the
global repression of retrotransposons (Peaston et al. 2004;
Fadloun et al. 2013), and a significant increase in the
electron-dense regions in the nuclei (this study), take
place by the eight-cell stage. Also, these changes in
histone mobility coincide with the time when individ-

Figure 4. Totipotent cells display unusually high chromatin mobility and loose
chromatin ultrastructure. (A) Schematic summary of H3.1-GFP mobility throughout
development. (B) Electron micrographs of two-cell (top) and eight-cell (bottom) stage
nuclei. Nucleolar-like bodies (NLBs) and nucleoli are indicated; arrowheads point to
the nuclear membrane. The higher magnification corresponds to the red inset. The
right column shows the mask to segment electron-dense regions for quantification
(see Supplemental Fig. S8 for details). Note that the NLBs are very electron-dense,
presumably due to the presence of negatively charged proteins such as nucleoplasmin
(Inoue and Aoki 2010). (C) Quantification of the relative electron-dense area in two-
cell and eight-cell stage nuclei reveals an increase of chromatin compaction. The
average and SD of the indicated number of sections analyzed are shown. (D,E) Mean
FRAP values of H3.1-GFP (D) and H2A-GFP (E) in tdTomato-positive two-cell-like
(2C) ES cells (red curve) compared with tdTomato-negative ES cells (purple curve)
grown in LIF+2i medium. The number of cells analyzed is shown at the side of each
curve. ES cells with 2C properties are characterized by dramatically higher H3.1
mobility compared with non-2C, pluripotent ES cells within the same population.
(F,G) Mobile fractions (6SEM) of H3.1-GFP (F) and H2A-GFP (G) in 2C ES cells and
two-cell stage embryos. While the variability is higher in the in vitro totipotent cells
(2C-like), the high mobility of H3.1-GFP is comparable between in vitro 2C cells and
in vivo in two-cell embryos. (n.s.) Non-significant (unpaired t-test).
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ual cells develop polarity (Johnson and Ziomek 1981),
which we previously suggested to co-occur with major
changes in the expression of chromatin modifiers at the
eight-cell stage (Burton et al. 2013).

Totipotent ‘‘two-cell-like’’ (2C) cells have recently
been shown to emerge stochastically in ES cell cultures
in vitro and can be identified by the activation of
a specific endogenous retroelement of the ERVL family,
MuERVL (Macfarlan et al. 2012). We reasoned that if high
chromatin mobility is indeed an inherent property of
totipotent cells, 2C ES cells should display equally high
chromatin mobility as two-cell stage embryos. To address
this, we generated ES cells stably expressing tdTomato
under the control of MuERVL regulatory sequences, as
previously described (Macfarlan et al. 2012). We con-
firmed that tdTomato expression occurs in a rather low
percentage of the ES cell population (<0.5%) and that these
ES cells are devoid of detectable levels of OCT4 protein
(Supplemental Fig. S7; Macfarlan et al. 2012; data not
shown). We then transfected plasmids harboring the same
H3.1-GFP and H2A-GFP cDNAs as above and performed
FRAP in 2C ES cells as well as in ‘‘normal’’ ES cells within
the same colonies (tdTomato-positive and tdTomato-
negative, respectively). Remarkably, 2C ES cells dis-
played a much higher mobility for both H3.1-GFP and
H2A-GFP in tdTomato-positive compared with tdTomato-
negative ES cells (Fig. 4D,E). The average mobile frac-
tion of both proteins, albeit more variable, was similar to
that in two-cell stage blastomeres (Fig. 4F,G). Thus,
totipotent cells in vivo and in vitro are characterized
by a very mobile chromatin configuration, suggesting
that induction of totipotency entails changes in chro-
matin mobility.

Our results suggest that, globally, embryonic chroma-
tin is extremely dynamic, more than in ES cells, which,
although pluripotent, have a more restricted developmen-
tal potential than the totipotent cells in the early embryo.
A loose chromatin conformation in the early embryo, in
terms of both its dynamics and ultrastructure, might be
permissive for the large-scale remodeling underlying epi-
genetic reprogramming after fertilization. While all core
histones assayed were highly mobile, the replacement
histone variant H3.3-GFP was the least mobile of the
histones analyzed. Because H3.3 has been shown to be
the major H3 variant deposited after fertilization (Torres-
Padilla et al. 2006; Santenard et al. 2010; Akiyama et a.
2011), this initial incorporation of H3.3 may serve as a
‘‘placeholder’’ mechanism prior to the subsequent incorpo-
ration of the replication-dependent histones H3.1 and H3.2.
It is possible that the high dynamics observed for H3.2 and
H3.1 might be the result of this global wave of incorpora-
tion of H3.1/H3.2 and/or the transition toward a more
‘‘mature chromatin’’ where H3.3 is no longer the major
histone variant. This is in agreement with the known
dynamics of incorporation of H3 variants after fertiliza-
tion as well as with the proposed model of H3.3 as
a ‘‘placeholder’’ (Akiyama et al. 2011; Dunleavy et al.
2011) and as protective nucleosome gap filling (Ray-Gallet
et al. 2011).

Our data suggest that increased chromatin mobility in
vitro and in vivo is a key feature of totipotent cells and
distinguishes them from pluripotent cells. Whether alter-
ing chromatin mobility is sufficient to induce totipotency
and modulate cellular plasticity is an attractive possibility
that remains to be addressed.

Materials and methods

Embryo collection and microinjection

Embryos were collected from F1 (C57BL/6 3 CBA/H) crosses on super-

ovulation. Human H3.1 (Santenard et al. 2010), H3.2, H3.3 (Santenard

et al. 2010), and H2A (HIST1H2AK) cDNAs were subcloned into pRN3P

plasmid, and corresponding mRNAs were transcribed in vitro, as de-

scribed previously (Santenard et al. 2010). All fusions were cloned with

EGFP in the C terminus, and all plasmids have identical 39 and 59

untranslated regions (UTRs). For the FRAP analysis in blastocysts, the

levels of GFP in the blastocyst were too noisy when microinjection was

performed in the zygote. Thus, to overcome this limitation, both

blastomeres of two-cell stage embryos, collected at 45 h after adminis-

tration of human chorionic gonadotropin (hphCG), were injected with

identical concentrations of mRNA. We previously determined that re-

covery rates are independent of protein levels (see Supplemental Fig. S4).

We verified incorporation of histones into chromatin (see the Supplemen-

tal Material).

FRAP microscopy

FRAP was performed using a Leica SP2 confocal microscope and at 37°C
using a 63.0 3 1.4 oil objective. Embryos were placed in drops of M2

medium on a glass-bottomed dish. A rectangular region of interest of

2.28 mm2 was chosen randomly within a nucleus, avoiding the NLBs, and

was subjected to FRAP. Ten prebleach frames were acquired followed by

two bleach pulses without acquisition. Recovery of fluorescence was

followed during 60 sec, with 1 frame per second. The raw data were

processed with Fiji software (ImageJ). All analysis was done on back-

ground-subtracted values using EasyFRAP (see the Supplemental Mate-

rial for a thorough description). The obtained curves were normalized

using the full-scale normalization method so that the first post-bleach

frame was set to 0. Normalized curves were then subjected to curve

fitting.

Curve fitting and statistical analysis

Experimentally obtained and normalized recovery curves were fit using

Prism6 software (GraphPad Software). A two-phase exponential associa-

tion equation, Y = Ymax1 3 [1� e(�K1 3 X)] + Ymax2 3 [1� e(�K2 3 X)],

was used to obtain mobile fractions and reaction rates, as this has been

previously described to be appropriate for nuclear proteins (Phair and

Misteli 2000). Unpaired t-tests were used for comparing two groups.

Throughout the study, Ymax1 values are used for mobile fraction

estimation, as they reflect the steady-state protein pool, unless other-

wise stated.

Electron microscopy

Embryos at the two-cell (n = 3) and eight-cell (n = 3) stages were collected

after natural matings of B6CBAF1/J mice, fixed, and contrasted with

osmium tetroxide and 1% uranyl acetate for 1 h. Samples were observed

with a transmission electron microscope using an Orius 1000 CCD camera.

Quantification of electron-dense regions was performed with a dedi-

cated analysis pipeline implemented in ImageJ and MatLab (Supple-

mental Fig. S8).
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