
HAL Id: hal-01000287
https://hal.science/hal-01000287

Submitted on 29 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Synergic reprogramming of mammalian cells by
combined exposure to mitotic Xenopus egg extracts and

transcription factors
Olivier O. Ganier, Stéphane S. Bocquet, Isabelle I. Peiffer, Vincent V.

Brochard, Philippe P. Arnaud, Aurore A. Puy, Alice Jouneau, Robert Feil,
Jean Paul J. P. Renard, Marcel M. Méchali

To cite this version:
Olivier O. Ganier, Stéphane S. Bocquet, Isabelle I. Peiffer, Vincent V. Brochard, Philippe P. Arnaud,
et al.. Synergic reprogramming of mammalian cells by combined exposure to mitotic Xenopus egg
extracts and transcription factors. Proceedings of the National Academy of Sciences of the United
States of America, 2011, 108 (42), pp.17331-17336. �10.1073/pnas.1100733108�. �hal-01000287�

https://hal.science/hal-01000287
https://hal.archives-ouvertes.fr


Synergic reprogramming of mammalian cells by
combined exposure to mitotic Xenopus egg
extracts and transcription factors
Olivier Ganiera, Stéphane Bocqueta,1, Isabelle Peiffera,1, Vincent Brochardb, Philippe Arnaudc, Aurore Puya,
Alice Jouneaub, Robert Feilc, Jean-Paul Renardb, and Marcel Méchalia,2

aCentre National de la Recherche Scientifique (CNRS), Institute of Human Genetics, 34396 Montpellier, France; bInstitut National de la Recherche
Agronomique (INRA), Unité Mixte de Recherche 1198 Biologie du Développement et Reproduction, F-78352 Jouy-en-Josas, France; and cInstitut de Génétique
Moléculaire de Montpellier, Unité Mixte de Recherche 5535, 34000 Montpellier, France

Edited* by Pierre Chambon, Institut de Génétique et de Biologie Moléculaire et Cellulaire, Illkirch-Cedex, France, and approved August 5, 2011 (received for
review January 16, 2011)

Transfer of somatic cell nuclei to enucleated eggs and ectopic
expression of specific transcription factors are two different reprog-
ramming strategies used to generate pluripotent cells from differen-
tiated cells. However, these methods are poorly efficient, and other
unknown factors might be required to increase their success rate.
Here we show that Xenopus egg extracts at themetaphase stage (M
phase) have a strong reprogramming activity on mouse embryonic
fibroblasts (MEFs). First, they reset replication properties of MEF nu-
clei toward a replication profile characteristic of early development,
and they erase several epigenetic marks, such as trimethylation of
H3K9, H3K4, and H4K20. Second, when MEFs are reversibly permea-
bilized in the presence of M-phase Xenopus egg extracts, they show
a transient increase in cell proliferation, form colonies, and start to
express specific pluripotency markers. Finally, transient exposure of
MEF nuclei toM-phase Xenopus egg extracts increases the success of
nuclear transfer to enucleated mouse oocytes and strongly syner-
gizeswith the production of pluripotent stem cells by ectopic expres-
sion of transcription factors. The mitotic stage of the egg extract is
crucial, because none of these effects is detected when using inter-
phasic Xenopus egg extracts. Our data demonstrate that mitosis is
essential to make mammalian somatic nuclei prone to reprogram-
ming and that, surprisingly, the heterologous Xenopus system has
features that are conserved enough to remodel mammalian nuclei.

histones | induced pluripotent stem cells | chromatin remodeling

Nuclear transfer (NT) experiments in frogs and then in mam-
malian eggs have demonstrated that somatic cells can be

reprogrammed to pluripotency (1–4). More recently, pluripotency
was induced in somatic cells by ectopic expression of the four
transcription factors octamer-binding transcription factor 4
(Oct4), Krueppel-like factor 4 (Klf4), sex-determining region Y-
box 2 (Sox2), and myelocytomatosis oncogene (c-Myc) (OKSM).
Murine induced pluripotent stem (iPS) cells have a complete
developmental potential as demonstrated by their capacity to form
teratomas, generate chimeras, and contribute to the germline.
However, the efficiency of both iPS cell production and NT
remains low, and most of the reprogrammed cells appear to be
reprogrammed only partially. The epigenetic memory of the cell is
one key barrier that must be overcome to reprogram differentiated
cells (5), and additional factors may be needed to improve re-
programming efficiency (6, 7). Several attempts have been made
to reprogram somatic cells by using cellular extracts, but they failed
to reproduce the range of effects obtained by NT.
In NT experiments, reprogramming is induced by exposure of

transplanted nuclei to the cytoplasm of the receiving oocyte.
However, NT reprogramming appears hard to study in vitro be-
cause of the difficulty of obtaining large quantities of mammalian
oocytes. Xenopus eggs, which can be obtained in large amounts,
can remodel the nuclear lamina of mammalian cells (8), and
Xenopus egg extracts can up-regulate Oct4 expression in cells that

already express Oct4 (9), similar to what is observed when adult
mouse nuclei are injected inXenopus oocytes (10). The replication
origin pattern and chromosome organization of Xenopus erythro-
cyte nuclei also could be remodeled by metaphase-arrested
extracts (M-phase extracts) fromXenopus eggs (11).We show here
that such extracts increase the efficiency of NT and iPS cell pro-
duction from mouse embryonic fibroblasts (MEFs). They also
engageMEFs into a stem cell program and induce a global change
of MEF chromatin structure and replication properties. In par-
ticular,M-phase extracts reset the level of several epigeneticmarks
inMEFnuclei, independently of their role in chromatin activation.
Moreover, M-phase extracts, but not interphase extracts, partially
reprogrammed permeabilized MEFs to form colonies that ex-
pressed pluripotency markers. iPS cell induction by ectopic ex-
pression of OSKM was increased 45-fold when MEFs were
incubated inM-phaseXenopus egg extracts. The resulting iPS cells
were fully reprogrammed, as shown by their capacity to produce
chimeras and colonize the germline.

Results
Pretreatment with M-Phase Xenopus Egg Extracts Improves Efficiency
of both Nuclear Transfer and iPS Cell Production in Mammals. We
first asked whether M-phase Xenopus egg extracts could improve
the inefficient NT ofMEFs (12). PermeabilizedMEF nuclei in G1
phase were preincubated with M-phase (Fig. 1A) or interphasic
Xenopus egg extracts or buffer, and their progression to blastocyst
stage was compared. NT ofG1MEFs nuclei led to 11% blastocysts
(Fig. 1B and Table S1), a value that was significantly lower than
obtained after NT of metaphase embryonic stem (ES) cell nuclei
(55%), which previously were described as the best donor nuclei
(13). Conditioning MEF nuclei in M-phase egg extracts signifi-
cantly increased the rate of blastocyst formation to a level com-
parable to that obtained withmetaphase ES cell nuclei (45%) (Fig.
1B and Table S1). These data show that M-phase Xenopus egg
extracts efficiently improve reprogramming of somatic cells by NT.
Conversely, preincubation with interphasic egg extracts did not
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improve but instead rather slightly decreased NT efficiency (3%),
indicating the importance of the mitotic state of the reprogram-
ming extract. Because both mitotic MEFs and G1 ES cell nuclei
were relatively inefficient donors for NT in metaphase-blocked
oocytes (summarized in Table S1), our results suggest that M-
phase Xenopus extracts can remodel MEF nuclei toward both
a mitotic and pluripotent state.
We then asked whether a similar treatment could improve the

efficiency of iPS cell production. The generation of iPS cells by viral-
mediated expression of the OSKM transcription factors, although
with low efficiency, was a breakthrough in reprogramming (14–17).
We therefore combinedOSKMoverexpressionand incubationwith
M-phaseXenopusegg extracts (M-iPS cells), as described inFig. 1C.
BecauseOCT4 expression is a stringent reporter of reprogramming
(2),OCT4-GFPMEFswere infectedwith retroviruses encoding the
four transcription factors, permeabilized, incubated with M-phase
extracts, and then resealed onto gelatin-coated plates in ES cell
medium. TheM-phase extract treatment did not influence the viral
integration of the OKSM transgenes (Fig. S1). Fig. 1D shows that
thenumber ofGFP+ colonieswas 45-foldhigher inM-iPS cells than
in cells that overexpressed only OSKM. Thus, a short incubation of
mammalian somatic cells in M-phase Xenopus egg extracts greatly
increases the yield of fully reprogrammed iPS cells.

Characterization of M-iPS Cells. M-iPS cells presented an ES cell-
like morphology and uniform expression of the pluripotency
markers alkaline phosphatase, OCT4, NANOG, and stage-specific
embryonic antigen-1 (SSEA1) (Fig. 2 A–C). The levels of expres-
sion of different pluripotency markers were similar to those in ES
cells (Fig. 2D). The transcriptomic profiles of M-iPS cells, MEFs,
and ES cells were analyzed (Fig. 2E), and scatter plots confirmed
the similarity between M-iPS and ES cells (R2 = 0.9175).
Efficient reprogramming has been linked tightly to hypo-

methylation of DNA on promoters of key regulators of pluri-
potency, such as Oct4 and Nanog (5). The DNA methylation
profiles of M-iPS cells and ES cells were similar (Fig. 2F), con-
firming the efficiency of reprogramming obtained.
When induced to differentiate, all tested M-iPS clones formed

embryoid bodies (Fig. 3A), and the stem cell markers Oct4,
Nanog, and Klf4 were down-regulated (Fig. 3B), whereas mark-
ers of differentiation in the three germ layers were up-regulated
with levels comparable to those observed in embryoid bodies
obtained from ES cells (Fig. 3B) (18–21).
Finally, the complete reprogramming of the M-iPS clones was

demonstrated in vivo by the capacity of two different clones, one
male and one female, to produce adult chimeras after injection
into CD1 blastocysts (Fig. 3C and Table S2). Germline trans-
mission also was successful as shown by the production of F1
black offspring (because of the B6xJF1 genetic background) after
mating these chimeras with CD1 albino animals (Fig. 3D).
We conclude that M-phase Xenopus egg extracts have a strong

positive effect on the efficiency of iPS cell production. Importantly,
this action is not additional but synergistic, because the reprog-
ramming efficiency when the two strategies are combined is much
higher than the simple addition of their respective efficiencies
(Fig. 1D).

M-Phase Xenopus Egg Extracts on Their Own Partially Reprogram
Mammalian Fibroblasts. MEFs have a limited proliferation poten-
tial (22). M-phase egg extracts strongly increased the proliferation
rate of MEFs during at least two cell cycles (Fig. 4A) and also
induced the formation of a few colonies that expanded over a few
days before growth arrest (Fig. 4B). These colonies were never
seen in mock-treated MEFs.
Growth stimulation was accompanied by expression of pluri-

potency cell markers, which were never observed in mock-treated
cells. Indeed, alkaline phosphatase expression (amarker of partial
reprogramming) was induced (Fig. 4C), and endogenous expres-
sion ofOCT4, a stringentmarker of pluripotency (2), was detected
in colonies by immunofluorescence, as well as GFP expression
driven by the Oct4 promoter (Fig. 4D). Interestingly, alkaline
phosphatase was expressed in a high proportion of M-phase ex-
tract-treated cells, including those that did not progress further to
form colonies (Fig. 4C). The presence in several independent
experiments of clones that expressed OCT4, alkaline phospha-
tase, or both suggests that M-phase egg extracts favor the de-
velopment of a heterogeneous cell population with different levels
of reprogramming. This notion is in agreement with the hetero-
geneity observed during the production of iPS cells, and it is likely
to be the result of a stochastic process (23). These results indicate
that M-phase extracts alone can change the cell-cycle properties
and can induce a partial reprogramming of MEFs.
Seven days after treatment with M-phase egg extracts, the ex-

pression of the pluripotency markers Oct4, Nanog, and Rex1 was
confirmed by quantitative reverse transcriptase polymerase chain
reaction (RTPCR) (Fig. 4E) in whole unselected cell populations,
because we often detected pluripotency markers before colony
formation. Primers used for quantitative PCR analyses were
specific for mouse transcripts, and they could not amplify RNA
from M-phase Xenopus extracts, confirming the induction of ex-
pression of the endogenous mouse genes. In addition, zinc finger
protein multitype 2 (Zfpm2), a transcription factor expressed in
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Fig. 1. M-phase Xenopus egg extracts improve the efficiency of nuclear
transfer and iPS cell production from mammalian fibroblasts. (A) Schematic
representation of nuclear transfer experiments using MEFs exposed to M-
phase Xenopus egg extracts. (B) Percentage of early embryos resulting from
nuclear transfer of MEFs exposed to M-phase (M-Extract) or interphase (I-
Extract) Xenopus egg extracts and normalized to the number of two-cell
embryos. (C) Schematic representation of iPS cell generation fromOCT4-GFP+

MEFs by ectopic expression of OKSM followed or not followed (mock) by
exposure to M-phase Xenopus egg extracts. (D) Number of OCT4-GFP+ colo-
nies relative to nonpermeabilized cells. The effect of exposure to M-phase
Xenopus egg extracts on the efficiency of iPS cell production was assessed by
measuring the production of OCT4-GFP+ colonies after exposure to M-phase
egg extracts (M phase alone), OKSM overexpression (OKSM alone) and OKSM
overexpression followed by exposure to buffer alone (OKSM +mock) or toM-
phase egg extracts (OKSM + M phase), in three fully independent experi-
ments. Error bars represent SEM. (n = 3).
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MEFs but not in ES cells (16), was down-regulated after exposure
to M-phase egg extracts (Fig. 4E).
Our data suggest that M-phase egg extracts alone are sufficient

to reprogram MEFs partly. None of these effects was observed
when using interphase Xenopus egg extracts.

Treatment with M-phase Xenopus Egg Extracts Induces Mitotic
Features and Modifies the Global Epigenetic Signature. The obser-
vations that onlyM-phase egg extracts had a reprogramming effect
on permeabilized MEFs as well as on NT efficiency indicate that
the mitotic stage of the donor extract is crucial. Therefore, we in-
vestigated whether M-phase egg extracts could induce mitotic
markers in the reprogrammed nuclei. Exposure to M-phase egg
extracts drove G1 MEF nuclei into a mitotic-like stage, accom-
panied by modification of the chromatin structure (Fig. 5A), fol-
lowed by the formation of condensed chromatin fibers (Fig. 5B).
Phosphorylation of histone H3 on Ser-10 and dissociation of the
nuclear envelope component Lamin B1 (24), a factor involved in
the nuclear structure (Fig. 5 C and D), both distinctive features of
entry in mitotic phase, were observed.
Exposure to M-phase egg extracts also erases heterochromatin

foci visualized by DAPI staining together with the loss of hetero-
chromatin protein 1 (HP1) (Fig. 5 A–D). We further investigated
whether the global epigenetic signature of MEF nuclei was mod-
ified. Histones of the donor nuclei have been shown to be deace-
tylated during NT (25). Western blot analysis showed that

incubation of MEF nuclei with M-phase Xenopus egg extracts re-
duced the level of acetylation of H3 (particularly H3K9) and of H4
at Lys-8 (Fig. 5E).
Histone hypomethylation correlates with the epigenetic plas-

ticity of somatic mammalian cells (26). A short incubation ofMEF
nuclei with M-phase Xenopus egg extracts globally reduced the
level of H3K9me2-me3, H4K20me3, and H3K4me2-me3 (Fig.
5E). Conversely, the level ofH3K27me3did not change, suggesting
that this mark is more stable. The global demethylation at H3K9
might contribute to the improvement of NT efficiency, because
maintenance of H3K9 trimethylation has been associated with
developmental failure during NT (27). Incubation with M-phase
Xenopus egg extracts also induced a reduction of the global level of
the histone variant H3.3, which recently has been implicated in cell
identity memory during reprogramming by NT (28) (Fig. 5E).
Therefore, M-phase Xenopus egg extracts broadly modify the
epigenetic signature of mammalian somatic nuclei by resetting
several, but not all, epigenetic marks.
Finally, we analyzed the DNA methylation profile, another key

marker of cell memory. Bisulfite sequencing showed that in-
cubation in M-phase Xenopus egg extracts did not modify the
DNA methylation status of the pluripotency genes Oct4 and
Nanog (Fig. S2).
In summary, Xenopus M-phase extracts drive MEF nuclei into

a mitotic state and also remodel their chromatin structure. These

F
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Fig. 2. Characterization of the pluripotency of iPS cells obtained by OKSM overexpression combined with exposure to M-phase Xenopus egg extracts. (A)
Alkaline phosphatase expression in mock-treated MEFs, ES cells, and iPS cells induced by OKSM overexpression and exposure to M-phase Xenopus egg extracts
(M-iPS). Lower panels show higher magnification of upper panels. (Scale bars: 200 μm.) (B) Morphology and GFP expression in M-iPS cells generated from OCT4-
GFP MEFs. Lower panels show higher magnification of upper panels. (Scale bars: 100 μm.) (C) Expression of pluripotency markers assessed by immunofluo-
rescence in M-iPS cells. OCT4, NANOG, and SSEA1 (Left) colocalized with GFP, the expression of which was driven by the Oct4 promoter (Center). (Scale bars: 50
μm.) (D) Expression of Oct4 and Nanog measured by quantitative RT-PCR in MEFs, ES cells, and two M-iPS clones. Error bars represent SEM.(n = 3). (E) Scatter
plots with computation of the Pearson’s correlation coefficient (R2) showing the comparisons of global gene expression between ES cells and MEFs (Left) and
between ES and M-iPS cells (Right). Blue lines indicate genes that are differentially expressed in the paired cell types. (F) Bisulfite sequencing of DNA fromMEFs,
ES cells, andM-iPS cells. The promoter regions ofOct4 and Nanogwere analyzed. The amplified regions are indicated by a solid blue bar. Each horizontal row of
circles represents the CpG dinucleotides of an individual molecule. Solid circles depict methylated CpGs; open circles represent unmethylated CpGs.
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results could explain the strong synergistic effect of the treatment
with M-phase Xenopus extract on NT and iPS cells production.

MEF Nuclei Are Adapted to an Embryonic Replication Program When
Preincubated in M-Phase Xenopus Egg Extracts. We previously
showed that M-phase egg extracts could reset the replication
program of nuclei from differentiated Xenopus cells to an embry-
onic profile of DNA replication (11). We asked whether MEF
nuclei could be reprogrammed similarly (schematized in Fig. S3).
G1 MEF nuclei exposed only to interphase egg extracts did not
replicate DNA or replicated DNA very poorly (Fig. 6A). Con-
versely, preincubation of MEF nuclei in M-phase egg extracts
induced DNA replication with kinetics nearly similar to that of
Xenopus sperm nuclei (Fig. 6B). We conclude that mouse somatic
nuclei passing through mitosis in Xenopus egg extracts are
reprogrammed partially and acquire the accelerated rate of DNA
replication characteristic of Xenopus early embryos.

Discussion
Reprogramming of Mouse Embryonic Fibroblasts by Xenopus Egg
Extracts. The experiments described here show that a short in-
cubation of mammalian somatic nuclei or cells with M-phase
Xenopus egg extracts improves the efficiency of both NT and iPS
cell production. This result suggests the existence of common
barriers limiting the efficiency of reprogramming by NT and iPS
cells that M-phase Xenopus egg extracts might help removing.
The results presented here also emphasize that combining dif-
ferent strategies can improve the reprogramming of mammalian
somatic cell nuclei.
Reversibly permeabilizedMEFs incubated in M-phase Xenopus

egg extracts acquire several features of pluripotent cells, such as
induction of cell proliferation, formation of colonies, and expres-
sion of ES cell markers, including the expression of OCT4. This
reprogramming activity is not stable; colonies stop growing after
a couple of rapid cell cycles. However, this partial reprogramming
activity is enough to increase by 45-fold the production of fully
reprogrammed iPS cells by viral transduction of OKSM. This
synergic effect probably is underestimated, because the proportion
of efficiently permeabilized MEFs does not exceed 30% in our
hands. The resulting M-iPS clones efficiently produce chimeras

Phase contrast

GFP

C D
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A

Pluripotency 

Fig. 3. Developmental potential of M-phase iPS cells. (A) Differentiation of
embryoid bodies (EB) was induced by retinoic acid as described in Materials
and Methods. EB formation was accompanied by loss of GFP expression.
(Left) Early differentiating EB still expressing GFP. (Center and Right) EB
bodies. (Scale bars: 200 μm.) (B) Down-regulation of the pluripotency markers
Oct4, Nanog, and Klf4 and up-regulation of the differentiation markers Sox1,
Sox7, Sox17, and Brachyury (Brach) upon EB differentiation. The analysis
was performed by quantitative RT-PCR amplification of RNA from ES cells,
ES cell-derived embryoid bodies (EBES), M-iPS, and M-iPS–derived embryoid
bodies (EBM-iPS) and normalized to the mean expression of Actin, hypoxan-
thine phosphoribosyltransferase 1 (HPRT), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Histograms represent the ratio between the cor-
responding embryoid bodies and pluripotent cells [ES cells (blue bars) or
M-iPS cells (red bars)]. Error bars represent SEM (n = 3). (C) Chimeric mice
produced using M-iPS cells. Two different M-iPS clones produced viable chi-
meras after injection into CD1 blastocysts. (D) The black color of the F1 pups
(from the (B6xJF1) genotype) demonstrates germline transmission.

M phase extracts treated MEFs 

A B

C

D

E

Fig. 4. Reprogramming of permeabilizedMEFs induced byM-phaseXenopus
egg extracts. (A) Proliferation rate of M-phase extract-treated MEFs (blue cir-
cles) compared with mock-treated MEFs (black squares) at different days (D)
after exposure. Error bars represent SEM (n = 4). (B a–f)Morphologyof colonies
formed following treatment of MEFs with M-phase Xenopus egg extracts
(phase contrast). Panel f shows boxed area in e at higher magnification. (Scale
bars: 200 μm.) (C) Induction of alkaline phosphatase activity in MEFs after ex-
posure to M-phase Xenopus egg extracts (M phase). (Scale bars: 200 μm.) (D)
(Left) Induction of OCT4+ colonies following exposure toM-phase egg extracts
of wild-type MEFs (immunofluorescence analysis). (Scale bars: 100 μm.) (Right)
Induction of GFP expression in OCT4-GFP MEFs after incubation with M-phase
extracts. (Scale bars: 50 μm.) (E) Induction of the expression of pluripotency
markers (Oct4, Nanog, and Rex1) and down-regulation of Zfpm2 (a differen-
tiation marker) in MEFs after incubation with M-phase Xenopus egg extracts.
Quantitative RT-PCR was performed usingM-phase extract- andmock-treated
MEFs. Error bars indicate SEM (n = 3).
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and colonize the germline. This synergic effect suggests that Xen-
opus egg extracts canmodify the chromatin organization of somatic
mammalian cells and facilitate reprogramming by NT or OKSM
expression.

Importance of Exposure to Mitotic/Meiotic Conditions for Recondi-
tioning Differentiated Nuclei. Our experiments show that the mi-
totic state of the Xenopus egg extracts is crucial. Xenopus
interphasic egg extracts neither induced reprogramming in
permeabilized MEFs nor improved NT efficiency. These results
indicate that efficient reprogramming requires both an early
embryonic pluripotent context and transition through mitosis.
M-phase Xenopus egg extracts induced a global mitotic signa-
ture in G1 MEF nuclei, as revealed by the phosphorylation of
histone H3 and remodeling of the nuclear structure. Transition
through mitosis also seems important in NT experiments per-
formed in the mouse, where zygotes temporally arrested in mi-
tosis support nuclear reprogramming more efficiently than in-
terphase zygotes (29).
Incubation of somatic nuclei in mitotic egg extracts could help

resynchronize the cell cycle of donor nuclei to make them com-
patible with an early-development context. MEF nuclei, like
Xenopus somatic cell nuclei, are not competent to replicate their
genome in interphasic Xenopus egg extracts. The requirement of
a mitotic reprogramming phase may explain why, in NT experi-

ments, nuclei from half-cleaved embryos develop much better
than nuclei from normal blastulae (30). Indeed, such nuclei were
derived from embryos that failed to divide during the first cleav-
age, implying that they should have gone through a mitotic stage
before entering S phase. In mouse, the best developmental rates
are observed when activation occurs 1–3 h after nuclei transfer
(31). Our observations provide an explanation for these data by
showing thatmitotic, but not interphasic,Xenopus egg extracts can
reprogram differentiated cells.

M-Phase Xenopus Egg Extracts Remodel the Global Organization of
Somatic Mammalian Genomes. Conditioning nuclei in a mitotic
embryonic context may facilitate reprogramming of gene ex-
pression. During mitosis, most preexisting transcription and
replication factors are erased from chromatin (32). For instance,
TATA-box binding protein, the main component of the tran-
scription machinery, and transcription factor IIB are removed
from the chromatin of somatic cell nuclei incubated in egg
extracts, together with the disappearance of the nucleoli (33). M-
phase Xenopus egg extracts induce a global mitotic signature in
G1 MEF nuclei, as revealed by the loss of HP1, phosphorylation
of histone H3, and remodeling of the nuclear structure. In-
terestingly, marks associated with transcriptional repression
(H3K9me2, H3K9me3, H4K20me3) and with active chromatin
(acetyl H4K8, acetyl H3K9, H3K4me3, H3K4me2) are reduced
in chromatin of MEF nuclei incubated with M-phase extracts.
This event is reminiscent of the atypical bivalent epigenetic
signature of ES cells (34) and could promote reprogramming by
resetting the memory of the somatic nuclei. Histone demethy-
lation also is achieved by the M-phase Xenopus egg extracts.
Our results show that preincubation with M-phase Xenopus egg

extracts can recapitulate reprogramming events occurring during
NT. They explain the global epigenetic modifications that have
been described during reprogramming of mammalian somatic
nuclei injected in nonactivated, metaphase II mammalian oocytes
(25). Xenopus egg extracts could provide a powerful tool to study
molecular events occurring during NT because they provide all the
genetic and epigenetic factors involved in mitosis as well as in
pluripotency, as opposed to reprogramming through ectopic ex-
pression of a few genes. These results also emphasize the evolu-
tionary conservation of reprogramming circuits.

Materials and Methods
Cells and Media. MEFs were derived from wild-type mouse embryos (em-
bryonic day 13.5) or from C57BL/6J-JF1 embryos hemizygous for the OCT4-
GFP transgenic allele (35). ES cells (CGR8) and M-iPS cells were grown in
complete Glasgow minimum essential medium (Invitrogen) supplemented
with 1,000 U/mL Leukemia inhibitory factor (ES-GRO).

α

A B

C D

E

Fig. 5. Remodeling of the chromatin structure of MEF nuclei incubated
with M-phase Xenopus egg extracts. (A) Morphology of MEF nuclei in-
cubated with buffer alone (Mock) or with M-phase Xenopus egg extracts for
40 min. Nuclei were stained with DAPI. (Scale bar: 10 μm.) (B) Morphology of
MEF nuclei treated with buffer alone (Mock treated) or M-phase egg
extracts for 40 or 60 min. Nuclei (stained with DAPI) show different degrees
of chromatin compaction. (Scale bar: 10 μm.) (C) Phosphorylation of histone
H3 at Ser-10 (phospho H3) (Left) and loss of HP1-α bound to chromatin
(Right) after exposure of MEF nuclei to M-phase Xenopus egg extracts or
nonexposure (Mock). MEF nuclei were fixed and incubated with the corre-
sponding antibodies, and DNA was stained with DAPI. (Scale bars: 10 μm.)
(D) Analysis of the expression of chromatin-bound phosphorylated histone
H3 at Ser-10 (phospho H3), Lamin B1, and HP1-α in MEF nuclei after incub-
ation with M-phase egg extracts (M phase) or with buffer (mock). Chromatin
was collected by centrifugation after treatment as described in Materials
and Methods. Samples were analyzed by Western blotting using the corre-
sponding antibodies. Histone H3 was probed as loading control. (E) Analysis
of histone modifications in MEF nuclei after incubation in M-phase extracts
(M phase) or nonincubation (mock). Samples were analyzed by Western
blotting using the corresponding antibodies. Histone H3 was probed as
loading control.

A B

Fig. 6. Preincubation with M-phase Xenopus egg extracts accelerates the
rate of DNA replication of MEF nuclei in interphasic egg extracts. (A) DNA
replication of permeabilized MEF nuclei (blue line) and Xenopus sperm nu-
clei (spz) (black line) in interphase Xenopus egg extracts. The percentage of
DNA replication is relative to the total DNA input in the reaction (Materials
and Methods). (B) Preincubation of permeabilized MEF nuclei in M-phase
egg extracts enables them to replicate DNA as efficiently as sperm nuclei in
interphasic egg extracts.
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Xenopus Egg Extracts. Xenopus egg extracts were prepared and used as
described in refs. 11 and 36 and the protocol available at www.igh.cnrs.fr/
equip/mechali/. MEF nuclei were prepared and incubated in the extracts as
described in SI Materials and Methods.

Streptolysin-O Permeabilization and M-Phase Extract Treatment. MEFs were
permeabilized with streptolysin-O (SLO) as described by Taranger et al. (37)
and detailed in SI Materials and Methods. Permeabilized cells were incubated
in M-phase Xenopus egg extracts or buffer for 40 min, washed twice in
Hank’s Balanced Salt Solution (HBSS), and resealed on gelatin in complete ES
cell medium supplemented with 2 mM CaCl2 for 2 h and then cultured in
complete ES cell medium.

M-Phase Extract-Treated iPS Cell Production. Constructs in pMXs retroviral
vectors encoding Oct4, Sox2, Klf4, and c-Myc (obtained from Addgene) were
transfected in Platinum human embryonic kidney (HEK). Supernatants were
collected 48 h after transfection and were supplemented with 12 μg/mL
polybrene. OCT4-GFP MEFs were infected with the four virus-containing
supernatants, pooled in equal amounts. Supernatants were removed 18 h
later, and cells were cultured in complete ES cell medium. Five to six hours
later, cells were trypsinized, permeabilized with SLO as described above, and
incubated in mock buffer (HBSS) or in Xenopus M-phase egg extracts for 40
min. Medium was removed 2 h after resealing and was replaced by complete
ES cell medium.

Nuclear Transfer. Nuclear transfer experiments were performed mainly as
described in Zhou et al. (38), and in SI Materials and Methods.

Differentiation of ES Cells or M-Phase Extract-Treated iPS Cells. ES cells or M-
phase extract-treated iPS cells were dissociated and plated at low density
in nonadherent bacterial Petri dishes with standard ES cell culture medium
(without LIF). After 2 d, medium was replaced with ES cell culture medium

supplemented with 0.5 μM retinoic acid to induce differentiation of em-
bryoid bodies.

Reprogramming Efficiency. Reprogramming efficiency after M-phase extracts
treatmentwas analyzed 7 d after infection. Alkaline phosphatase staining was
performed using the Alkaline Phosphatase Detection Kit (Sigma). Immuno-
fluorescence and transcriptional analyses were performed as in SI Materials
and Methods.

DNA Microarray Analysis. Total double-strand cDNAs from ES cells, MEFs, and
M-iPS cells was hybridized on Nimblegenmouse expression arrays, and results
were analyzed with the free trial Arraystar software. Normalization was
calculated with the RMA algorithm (39) implemented in Bioconductor. The
experiments were performed in triplicate; statistical analyses are described
in SI Materials and Methods.

Bisulfite Sequencing. DNA extraction and bisulfite sequencing of mock-
treated andM-phase extract-treatedMEF nuclei,M-iPS cells, and CGR8 ES cells
were performed as described previously (40).

Generation of Chimeras. Chimeras wereproducedby injectingB6-JF1M-iPS cells
into CD1 blastocysts that subsequently were implanted into pseudopregnant
CD1 females. M-phase extract-treated iPS clones were sexed by karyotyping.
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