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When transplanted into Xenopus oocytes, the nuclei of mamma-
lian somatic cells are reprogrammed to express stem cell genes
such as Oct4, Nanog, and Sox2. We now describe an experimental
system in which the pluripotency genes Sox2 and Oct4 are
repressed in retinoic acid-treated ES cells but are reprogrammed
up to 100% within 24 h by injection of nuclei into the germinal
vesicle (GV) of growing Xenopus oocytes. The isolation of GVs in
nonaqueous medium allows the reprogramming of individual
injected nuclei to be seen in real time. Analysis using fluorescence
recovery after photobleaching shows that nuclear transfer is asso-
ciated with an increase in linker histone mobility. A simultaneous
loss of somatic H1 linker histone and incorporation of the oocyte-
specific linker histone B4 precede transcriptional reprogramming.
The loss of H1 is not required for gene reprogramming. We dem-
onstrate both by antibody injection experiments and by dominant
negative interference that the incorporation of B4 linker histone is
required for pluripotency gene reactivation during nuclear reprog-
ramming. We suggest that the binding of oocyte-specific B4 linker
histone to chromatin is a key primary event in the reprogramming
of somatic nuclei transplanted to amphibian oocytes.
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The transfer of somatic cell nuclei to eggs is an experimental
means of reversing the process of cell differentiation in which

cells become progressively restricted in the developmental
pathways open to them (1–3). By comparison with other proce-
dures (4, 5), nuclear transfer (NT) is relatively efficient (6), and it
makes use of natural components of eggs without any accom-
panying change to the genome. A variant of this technique is NT
to Xenopus oocytes (7). Although no new cell types are gen-
erated in this type of NT, reactivation of pluripotency genes
takes place within a day after NT and in the absence of cell
division. The oocyte (M1 prophase I) is the immediate progen-
itor of an egg (M2 metaphase) and is believed to reprogram
transcription in the same way that an egg reprograms the sperm
nucleus after fertilization. Therefore the direct and efficient
transcriptional reprogramming activity of the Xenopus oocyte
makes it a favorable cell in which to analyze an important part of
the mechanism of nuclear reprogramming.
Our aim is to understand the mechanism of reprogramming by

NT in eggs and oocytes. The substrate for this reprogramming
activity is the chromatin of transplanted nuclei. The chromatin of
eukaryotes contains DNA wrapped around the four core histo-
nes arranged as a nucleosome. The linker DNA joining two
nucleosomes is also bound by chromatin proteins such as linker
histones, high mobility group proteins (8, 9), and poly (ADP-
ribose) polymerase 1 (10). Several linker histone variants are
present in somatic cells, and the ratio of the various forms varies
from one cell type to another (11). Linker histones initially were
thought to have a general function in repressing gene activity.
Recent work has demonstrated that linker histones also are
involved in a more specific regulation of gene activity (12). The
oocytes and eggs of both frogs and mammals contain an oocyte-
specific linker histone (B4 in Xenopus, H1foo in mouse) (13–16).

This oocyte variant is associated with the phase of development
when the embryo is dependent on maternal transcripts, i.e.,
before zygotic genome activation. In Xenopus embryos, the
transition from an oocyte to a somatic type of linker histone
modulates cell fate in response to a morphogen (17). In nuclear
transplantation in mouse and Xenopus, a loss of somatic H1 and
incorporation of oocyte linker histone have been described
(18–22). However, it remains unclear to what extent these
changes are causally connected with the transcriptional reac-
tivation of pluripotent genes.
Here we analyze acquisition of linker histones by transplanted

nuclei, using a variant of a NT experiment in which differ-
entiated ES nuclei are reprogrammed by oocytes in first meiotic
prophase. This approach enables us to monitor linker histone
exchanges in single transplanted nuclei in real time. The changes
undergone by the transplanted nuclei are related to transcrip-
tional activation but not to DNA replication. We find that gene
activation in transplanted nuclei is related to an increase in
chromosomal protein mobility. Most importantly, we show that
the uptake of linker histone B4 is required for efficient pluri-
potency gene activation.

Results
Nuclei of Differentiated ES Cells Are Reprogrammed with High
Efficiency Following NT to Xenopus Oocytes. To quantify transcrip-
tional reprogramming by oocytes, we measured transcription in
nucleiwhosepluripotencygenesare ineither anactiveora repressed
state before transplantation (Fig.1A). Such nuclei are obtained
from undifferentiated ES cells or retinoic acid-differentiated ES
cells (RA-ES). Incubation of RA-ES nuclei for 24 h in an oocyte
shows reactivation up to 100% of the ES cell level for Sox2 and to a
lesser extent for Oct4 and Nanog (Fig.1B and Fig. S1). Therefore
we have a system in which nuclear reprogramming takes place effi-
ciently and in a short time (24 h at 14 °C). It allows the extent of
reactivation of the three pluripotency genes to be analyzed and so
provides a quantitative assay to test the importance of oocyte
reprogramming components.

Real-Time Monitoring of Nuclear Reprogramming. To analyze the
reprogramming events leading to transcriptional reprogram-
ming, we adapted an experimental system that allows us to
monitor nuclear reprogramming in real time, and in individual
nuclei, following NT. As described in Fig. 1, NT allows an
accurate measurement of gene reactivation by RT-PCR, but the
opacity of the Xenopus oocyte does not allow the transcriptional
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activation of individual transplanted nuclei to be seen in real
time. We therefore isolated the germinal vesicle (GV) in a
nonaqueous medium (23), because the reprogramming activity
of the oocyte is located in its nucleus (the GV) (7). To facilitate
the recognition of reprogramming in real time, we used nuclei
from a human cell line (U2OS) containing an integrated series of
numerous copies of the Lac repressor binding site (Fig. 2A) (24,
25). The binding of CFP-Lac protein identifies the position of
this construct in a nucleus. The integrated construct also contains
a cytomegalovirus (CMV) promoter with numerous binding sites
for a transcription factor. Reporter transcripts from this con-
struct can be seen by the binding of MS2-YFP protein to mul-
tiple sites on the mRNA (Fig. 2A). As shown in Fig. 2B, U2OS
nuclei transplanted into the GV of an intact oocyte or into an
isolated GV are able to activate the reporter as long as the
transcription factor binding is provided by mRNA injected into
oocytes. Therefore, gene activation takes place following NT into
the isolated GV of a Xenopus oocyte.
The transparency of the isolated GV enables gene activation to

be seen in individual nuclei in real time. Fig. 2C (accompanied by
Movie S1) shows the production of mRNA at the transcription
sites. Therefore this procedure allows the real-time monitoring of
early steps of nuclear reprogramming in experimental conditions
compatible with the transcriptional activation of a gene. Using
this experimental setting, we can test the importance of oocyte
reprogramming factors, including B4, in real time.

Linker Histone Exchange in Transplanted Nuclei Is an Early Remod-
eling Event. The Xenopus oocyte contains a large stock of maternal
histone proteins, enough for the assembly of chromatin on the
thousands of embryonic nuclei that are generated following fertil-
ization and before zygotic activation of transcription (26). Using
our real-time monitoring assay, we have tested whether chromatin
components are exchanged between transplanted nuclei and the
surrounding nucleoplasm. Linker histones are exchanged when
Xenopus erythrocyte nuclei are incubated in Xenopus egg extracts
(19, 20). We investigated whether such a global exchange occurs
during transcriptional reprogramming. We transplanted nuclei
containing chromatin-associated somatic linker histone variants
H1c- or H1o-GFP 27 into GVs containing the Xenopus oocyte-

specific linker histone variant B4-RFP. Real-time monitoring of
individual transplanted nuclei by confocal microscopy shows a
rapid loss of somatic linker histone from chromatin and the
incorporation of oocyte linker histone (Fig. 3A and Movie S2).
Quantitative analysis of somatic- and oocyte-linker histone levels
shows that linker histone movements take place simultaneously in
individual nuclei (Fig. 3B) and are completed within 3 h in almost
all injected nuclei (Fig. 3C). Moreover, B4 is incorporated in the
general position previously occupied byH1, namely into chromatin,
as shown by the colocalization of the two proteins at time points
whenB4 andH1 coexist in the same transplanted nucleus (Fig. 3D).
These observations suggest an exchange mechanism in which so-
matic linker histone is competitively removed from transplanted
nuclei by oocyte linker histone.
By contrast, when core histone loss from transplanted nuclei is

monitored within the same time frame, only a small loss, if any, is
observed. Nuclei expressing H2B-GFP show only a minimal loss
of this protein for at least 6 h following NT (Fig. S2 and Movie
S3). Similarly, nuclei transplanted into a GV containing a fluo-
rescent version of mammalian core histone H3.1 or H3.3 do not
show any incorporation of these proteins in less than 1 day of
incubation (Fig. S3).
These results demonstrate that core histones remain stably

associated with transplanted nuclei, whereas linker histones are
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Fig. 1. Transplantation of nuclei from growing and differentiated ES cells
allows quantification of gene reactivation. (A) Experimental design. NT,
nuclear transfer; NR, nuclear reprogramming; RA, retinoic acid. Percentages
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transplantation into isolated GVs. (B) Genes are reactivated in nuclei trans-
planted into a GV that already has been isolated from a Xenopus oocyte.
Nuclei containing a reporter gene (diagram in A) were transplanted into the
GV of a whole oocyte or into an isolated GV. Transplantation was carried out
into GVs expressing or not expressing a transcription factor (TF) that is
required to activate the reporter gene. RT-PCR analysis shows transcription
factor-dependent activation of the reporter gene from both sets of trans-
planted nuclei. (C) Expression of the B4-RFP protein in the GV allows visual-
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The MS2-YFP protein also expressed in the GV shows newly synthesized
mRNA at the gene loci, but only when the GV contains the transcription
factor specific to the reporter gene (Compare arrows in Upper with arrow-
heads on Lower Merge image).

5484 | www.pnas.org/cgi/doi/10.1073/pnas.1000599107 Jullien et al.

http://www.pnas.org/content/vol0/issue2010/images/data/1000599107/DCSupplemental/sm01.mp4
http://www.pnas.org/content/vol0/issue2010/images/data/1000599107/DCSupplemental/sm02.mp4
http://www.pnas.org/cgi/data/1000599107/DCSupplemental/Supplemental_PDF#nameddest=sfig02
http://www.pnas.org/content/vol0/issue2010/images/data/1000599107/DCSupplemental/sm03.mp4
http://www.pnas.org/content/vol0/issue2010/images/data/1000599107/DCSupplemental/sm03.mp4
http://www.pnas.org/cgi/data/1000599107/DCSupplemental/Supplemental_PDF#nameddest=sfig03
www.pnas.org/cgi/doi/10.1073/pnas.1000599107


exchanged rapidly. This latter global-scale exchange of a chro-
matin component following NT takes place before any gene
reactivation can be detected in transplanted nuclei (new tran-
scripts are first detected 6 h after NT). We therefore conclude
that the loss of the somatic linker histone and the incorporation
of its oocyte-specific counterpart precede the transcriptional
reactivation of transplanted nuclei.

Loss of Somatic Linker Histone H1 Is Not Required for Gene Reactivation.
To prevent the loss of somatic linker histone from transplanted
nuclei, we overexpressed H1 in oocytes by mRNA injection.
Through such overexpression we obtained oocytes whose GVs
contained a level of H1more than five times greater than that of the
endogenous B4 Fig S4D (H1o). The overexpressed H1 is found
associated to chromatinized plasmid (Fig. 4C, H1o). When trans-
planted into H1-containing oocytes, nuclei retain the overexpressed
H1on their chromatin (Fig. 5A). ThereforeH1overexpression in the
oocyte is sufficient to prevent the loss of H1 from the chromatin of
transplanted nuclei. Surprisingly, a global analysis shows that B4 is
incorporated into transplanted nuclei whether H1 is lost or not (Fig.
5A). Therefore, it seems that a large number of B4 binding sites on
chromatin are unaffected byH1 binding. Similarly, ChIP analysis on
plasmidDNAshows thatH1o competes only partially forB4binding
sites (see ref. 28 and Fig. 4 B and C).
Using these experimental conditions, we specifically tested

whether the loss of H1 is required for transcriptional reprogram-
ming, because the artificial maintenance of H1 in transplanted
nuclei does not affect the bulk of B4 incorporation. Using pluri-
potent nuclei (from ES cells) and committed-cell nuclei (C2C12),

we found that (i) pluripotent ES nuclei continue expressing Oct4,
Nanog, and Sox2 for up to 48 h after NT in oocytes with or without
H1 (Fig. 5B, Left, compare lanes 5–7) and (ii) committed C2C12
cell nuclei (Fig. 5B, Right, compare lanes 5–7) or RA-ES nuclei
(Fig. 4D, compare Sox2 reactivation in control and H1o at 24 h)
reactivate pluripotency genes to the same level, regardless of H1
removal. Therefore the maintenance of H1 in transplanted nuclei
does not affect the continuing expression of pluripotency genes or
their reactivation from transplanted nuclei.

Linker Histone Mobility Increases During Nuclear Reprogramming.
Recent work has shown that a characteristic of pluripotent cells
is to exhibit a higher mobility than differentiated cells for a range

10 min 

H1o-GFP

B4-RFP 

Merge

158 min 366 min 
A B

D

80 160 640 320 0

Time (min) 

B4-RFP 

H1o-GFP

Merge

C

Fig. 3. Real-time monitoring of linker histone exchange during nuclear
reprogramming, (A) Xenopus oocyte linker histone (B4) replaces somatic
linker histone (H1) following NT. Real-time monitoring of H1o-GFP (present
in NIH 3T3 nuclei before transplantation) (27) and B4-RFP (expressed in the
oocyte by mRNA injection) was carried out during the first 6 h of reprog-
ramming. (A complete series of images is shown in Video S1). (B) Three
individual nuclei from the sequence depicted in A were quantified for flu-
orescence intensity of H1 (green line) and B4 (red line). (C) Average change
in fluorescence intensity with time in the experiment shown in A. Errors bars
indicate ± SEM (n = 11 nuclei). (D) Confocal images of a nucleus at a time
point following transplantation into an oocyte when B4 starts to be incor-
porated into chromatin and H1 is not yet completely lost from the nucleus.
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Fig. 4. Reactivation of a pluripotent gene in transplanted nuclei is prevented
by expression of chimeric B4/H1 linker histone. (A) Structure of chimeric linker
histones. Amino-terminal, globular, and carboxyl-terminal domains of oocyte-
and somatic-linker histones were swapped to generate chimeric linker histo-
nes. (B) Chimeric linker histones interfere with B4 binding to chromatin. ChIP
analysis of B4-GFP binding to chromatin was performed in the presence of
chimeric linker histone as in Fig S4C (B4-GFP, 0.2-fold endogenous B4; Myc-
tagged chimeric linker histone, 6- to 9-fold endogenous B4). Error bars indicate
themean± SEMof triplicate samples. (C) All chimeric linker histones are found
associated with chromatin. ChIP analyses with an Myc antibody were per-
formed in same experimental conditions as in B. Error bars represent themean
± SEM of triplicate samples. (D) Pluripotency gene reactivation is inhibited by
chimeric linker histones. RA-ES cells were transplanted into oocytes over-
expressing the chimeric linker histonesdescribed inA, andgeneexpressionwas
analyzedbyRT-PCR24hafterNT. Thegenereactivation level fromRA-ESnuclei
24 h after transplantation into control oocytes is set to 1. Gene expression was
averaged fromtriplicate samples andnormalizedto theG3PDH level. Errorbars
indicate the mean ± SEM.
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of chromatin components, including core histone H3, hetero-
chromatin protein 1, and linker histone H1 (29). We tested the
possibility that the oocyte reverses gene transcription from a
differentiated state by increasing the mobility of chromatin
proteins, including linker histones. Fluorescence recovery after
photobleaching (FRAP) analysis on nuclei 6 h after trans-
plantation into oocytes expressing B4-GFP or H1o-GFP shows
greater mobility of the oocyte linker histone than in the somatic
type (Fig. 6A). We conclude that in NT experiments to Xenopus
oocytes, linker histone mobility changes from a relatively
immobile form (somatic H1) to a highly mobile form (oocyte
B4). Therefore linker histone exchange following NT results in
an increase in chromatin protein mobility that contrasts with the
decrease in chromatin mobility observed during differentiation
of ES cells (29).
We then compared the mobility of H1 artificially maintained in

pluripotent or committed cell nuclei over a longer period. We first
observed that H1 on transplanted ES cell nuclei is highly mobile,
with no immobile fraction at any time point tested (green line in
Fig. 6B). By contrast we observed that C2C12 nuclei exhibit an
immobile fraction at early time points after NT (blue line in Fig.
6B,Upper). But with longer incubation times (48 h), H1 mobility is
greater in a subset of C2C12 nuclei showing dispersion of chro-
matin than in ES cells (Fig. 6B Lower, red line). In conclusion we
observe the same difference in H1 mobility in ES versus C2C12
cells at early time points followingNT as found by others in normal
cultured cells (29).We also found that H1 artificially maintained in
the chromatin of transplanted nuclei increases its mobility during
nuclear reprogramming. The timing of the increase in H1 mobility
in C2C12 nuclei correlates with the reactivation of pluripotency
genes in these nuclei (Fig. 5B and Fig. 6B). It therefore is possible

that a change in the mobility of H1, rather than its mere presence/
absence, may be a critical parameter for transcriptional reprog-
ramming. The change in H1 mobility could result from mod-
ification of H1 itself or of H1 binding sites on chromatin.

B4 Is Enriched at the Promoter of Reactivated Pluripotency Genes.
Because the loss of H1 is not critical for gene reactivation, we
next tested whether the incorporation of B4 into nuclei is a
necessary step toward reprogramming. ChIP analysis demon-
strates that B4 protein is accumulated at the promoter of all
three pluripotency genes 6 h following NT (Fig. 7A). B4 is found
more abundantly in RA-ES than in ES chromatin, presumably
reflecting the heterochromatinization observed during RA-
differentiation (30). When reprogramming is allowed to proceed
for a longer time (25 h), B4 binding to pluripotency genes in RA-
ES cells decreases to the levels seen in ES cells (Fig. 7A, 25 h). This
decrease is seen in particularly Sox2, which is the gene that is
reactivated most efficiently during this period (Discussion). How-
ever, B4 binding to heterochromatic regions such as the Major
satellite, which represents 3.5% of the genome (30), is not affected
(Fig. 7A, blue bars).

B4 Incorporation Is Required for Pluripotency Gene Reactivation
Following NT. We used a polyclonal antibody directed against B4,
which, when injected in the GV of an oocyte containing fluo-
rescently labeled B4, triggers the formation of large aggregates
of the labeled B4. Nuclei transplanted into GVs containing the
anti-B4 antibody failed to incorporate B4, whereas nuclei trans-
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Fig. 6. Nuclear reprogramming is associated with an increase in linker his-
tone mobility. (A) B4 is more mobile than H1 in transplanted nuclei. HeLa cell
nuclei were transplanted into oocytes overexpressing B4-GFP or H1-GFP
(mRNA injection). Linker histone mobility then was measured by FRAP 6 h
after nuclear transplantation. The differences in bleach depth (B4 ∼30%,
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difference in mobility between B4 and H1. Error bars represent the mean ±
SEM (n = 10 nuclei). (B) H1 mobility increases during nuclear reprogramming.
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during nuclear reprogramming by FRAP analysis. ES cells (green lines) show
high mobility 8 h and 48 h after NT. Committed cell nuclei (C2C12) show a
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planted into control GVs contain a high level of B4 (Fig. 7B).
Using anti-B4 injection, we then measured gene expression in NT
experiments in which B4 incorporation was prevented. As shown
in Fig. 7C, preventing the incorporation of B4 protein led to a
decrease of pluripotency gene expression from ES cell nuclei and
to a failure to reactivate these genes from differentiated cell
nuclei. In both sets of nuclei the housekeeping genesG3PDH and
C-jun are not affected. We conclude from these experiments that
oocyte linker histone is required for pluripotency gene reac-
tivation in the context of the oocyte.
To support this conclusion by an independent route, we gen-

erated and characterized dominant negative linker histone chi-
meric constructs, consisting of part H1 and part B4 sequences.
We first set up a ChIP test that allows us to monitor B4 binding
onto chromatin. Varying levels of nuclear GFP-B4 and Myc-B4
proteins are expressed by mRNA injection to the oocyte (Fig. S4
A and B). As shown by ChIP analysis, these tagged B4 proteins
bind to chromatin assembled from ssDNA injected into the
oocyte GV (Fig. S4C). When increasing amounts of nuclear
B4-GFP (from 0 to 20% of endogenous B4) are expressed in the

GV, a corresponding increase is found associated with chroma-
tinized plasmid. This B4-GFP ChIP signal is reduced by coex-
pression in the oocyte of a Myc-B4 competitor (400–900% of
endogenous B4) (Fig. S4C). Therefore, using B4-GFP ChIP, we
can monitor the effect of linker histone overexpression on
association of B4 with chromatin.
We then injected mRNAs encoding chimeric linker histones

into the oocyte to obtain a nuclear level more than five times
higher than that of endogenous B4 (Fig. S4D). B4-GFP ChIP
indicates that most of these constructs interfere significantly with
B4 binding (Fig. 4B), and can all be detected bound to chromatin
(Myc-B4 ChIP, Fig. 4C). Therefore the expression of chimeric
linker histone provides a way to interfere with endogenous B4
binding to chromatin injected to the oocyte nucleus. Using this
interference approach, we then tested transcriptional reac-
tivation from RA-ES nuclei transplanted into oocytes. The result
shown in Fig. 4D indicates a strong inhibition of Sox2 reac-
tivation in the presence of the chimeric linker histone, whereas
C-jun and G3PDH are not significantly affected.
We conclude from these experiments that the binding of B4 to

chromatin of nuclei transplanted into the GV of Xenopus oocyte
is a necessary step for the reactivation of pluripotency genes.

Discussion
We suggest that the acquisition of linker histone B4 by trans-
planted nuclei in Xenopus is a key facilitating event in the
reprogramming of somatic cell nuclei. We propose that it helps
decondense the chromatin of specialized cells and so exposes
genes that are repressed in somatic cells to the active transcrip-
tional conditions of an oocyte.
The combination of real-timemonitoring and comparative gene

expression analysis of transplanted pluripotent and differentiated
cell nuclei developed in this work facilitate the analysis of the
mechanisms leading to transcriptional reprogramming.We believe
that this approach is complementary to the induced pluripotent
stem cell or cell fusion routes. It does not yield new cell types but
promotes transcriptional reprogramming in a direct, rapid, and
efficient way. Using the pluripotent Sox2 gene as reporter of
reprogramming, we obtain up to 100% replication-independent
reactivation of the gene within 24 h at 14 °C (equivalent to 6 h at
37 °C). The Oct4 gene shows more moderate reactivation, and
Nanog appeared to be reactivated only from certain batches of
oocytes, reminiscent of findings for the activation of oocyte ribo-
somal 5S genes (31). Alternatively a different epigenetic status of
the repressed Oct4 and Nanog genes may explain the differential
sensitivity to reactivation by the oocyte, as has been proposed for
axolotl extract (32). The difference between the reactivation of
the various pluripotency genes may depend on the methylation
status of DNA on the repressed promoter. The unmethylated
Sox2 promoter may be more prone to reactivation than the
methylated promoters of Oct4 and Nanog (33).
We observe that reprogramming by oocytes reverses the

decrease in linker histone mobility normally observed during ES
cell differentiation (29). The unusually high content of acidic
residues in the B4 C-terminus domain as compared with H1 could
explain the high mobility of oocyte linker histone. In vitro studies
have shown that B4-containing chromatin is more permissive to
remodeling than H1 chromatin (34). Therefore B4 could enhance
transcriptional reactivation indirectly by altering chromatin
structure, possibly by allowing action of remodeling complexes.
Such a global remodeling of chromatin structure/accessibility
then could favor the action of gene-specific regulators already
present in the oocyte. Our observation of a later decrease of B4
binding to the Sox2 promoter after its initial reactivation (Fig. 7A)
suggests that B4 is required only at an early step of gene activa-
tion, perhaps when gene promoters are becoming derepressed.
We also point out that B4 and H1 do not seem to compete for the
same binding sites on chromatin and that the B4 effect on gene

A

B

C

Fig. 7. Incorporation of B4 into transplanted nuclei is necessary for pluri-
potency gene expression in oocytes. (A) ChIP analysis of B4 binding to plu-
ripotency genes in transplanted nuclei. B4 binding to pluripotency gene
promoters and to the major satellite region of ES or RA-ES nuclei was ana-
lyzed by ChIP 0.5 h, 6 h, and 25 h following transplantation. Error bars
represent mean ± SEM. Data are from two experiments. No Ab, control chip
performed in the absence of antibody. (B) Incorporation of B4 in trans-
planted nuclei (control Ab) can be prevented by injection of anti-B4 anti-
body into the oocyte GV (Lower Row, Center). C2C12 nuclei were
transplanted with or without anti-B4 antibody into oocytes expressing
B4-GFP. Then B4-GFP labeling of transplanted nuclei was detected by con-
focal microscopy. The graph on the right shows quantification of the B4-GFP
signal. Error bars indicate mean ± SEM (n = 15 nuclei). (C) Pluripotency gene
reactivation requires incorporation of B4 into transplanted nuclei. RT-PCR
analysis was carried out in conditions depicted in B. Gene reactivation is
inhibited in anti-B4 samples at 24 h in both ES and RA-ES transplanted nuclei.
Data are from three experiments.
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reactivation also occurs when both H1 and B4 are bound.
Therefore, the enhancing effect of B4 observed on chromatin
remodeling in vitro (34) probably results from the presence of B4
per se rather than from the replacement of H1 by B4.
A further question is: What causes B4 linker histone to

become incorporated into chromatin of somatic nuclei trans-
planted to oocytes? We suggest the following as the simplest
explanation: During its growth, the Xenopus oocyte accumulates
an extraordinarily high concentration of certain proteins. We
suggest that the very high concentration of the B4 protein in the
oocyte GV enables it to form a sufficiently stable association with
the chromatin of transplanted nuclei to initiate transcriptional
activation. The loss of H1 from transplanted nuclei, although
evidently not required for reprogramming, can be understood if
the rapid exchange of H1 from chromatin results in its being
diluted by dispersion in the large volume of the oocyte. We do
not suppose that the binding of B4 to chromatin is sufficient, by
itself, for reprogramming. Other abundant proteins in the GV
probably also contribute. B4, nevertheless, is one of the com-
ponents necessary for the oocyte, and subsequently for the egg,
to achieve nuclear reprogramming by maternal components.

Materials and Methods
Oocytes and Cell Nuclei. Nuclei and oocytes were prepared as previously
described (7). When GV isolation was required, batches of 10–20 oocytes
were transferred to mineral oil (23), and the excess modified Barth-Hepes
saline (MBS) medium surrounding the oocyte was removed carefully. GVs
were dissected free of yolk with forceps and transferred to imaging slides
(ref 631–0469; WVR International) where they were flattened gently under
a coverslip.

ChIP Analysis. Experiments were carried out as described in ref. 35. Primers
used are listed in Fig. S5. ChIP was carried out with anti-GFP (Abcam), anti
Myc (9E10; Sigma), or anti-B4 antibodies. In Fig. 7A the PCR signals
(expressed as the per cent of input) from two independent experiments
were normalized so that the signal from RA-ES nuclei at 6 h after NT was set
to 1. The bar chart shows averaged values for the normalized ChIP signals
from the two experiments.

Confocal Analysis. Confocal analysis was carried out on a Zeiss 510 META
confocal LSMmicroscope equippedwith argon (458/477/488/514 nm lines) and
HeNe (543nm) lasers. For FRAP analysis, 1-μm2 dots within transplanted nuclei
were photobleached with the argon laser at 100% intensity. Recovery of
fluorescence within the bleached area was monitored immediately after
photobleaching using 3-s intervals and low laser intensity (2%) to avoid
additional photobleaching. Measurements were performed at 20 °C, and raw
data were corrected for background and fluctuations of the laser power. For
quantification of exchange experiments, Z-sections of the sample were pro-
jected on a single plane and quantified using the Zeiss LSM 510 software.

RT-PCR Analysis. mRNA extraction was performed using a RNAeasy mini kit
(Qiagen) with an on-column DNase step according to the manufacturer’s
specifications. cDNA synthesis was carried out with SSIII (Invitrogen) using
gene-specific primers (Fig. S5). PCR analysis was done either with a standard
PCR machine and Hot Start polymerase (Qiagen) or by qPCR, using primers
described in Fig. S5.
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