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Somatic cell nuclear cloning has repeatedly demonstrated striking reversibility of epigenetic regulation of
cell differentiation. Upon injection into eggs, the donor nuclei exhibit global chromatin decondensation, which
might contribute to reprogramming the nuclei by derepressing dormant genes. Decondensation of sperm
chromatin in eggs is explained by the replacement of sperm-specific histone variants with egg-type histones by
the egg protein nucleoplasmin (Npm). However, little is known about the mechanisms of chromatin decon-
densation in somatic nuclei that do not contain condensation-specific histone variants. Here we found that
Npm could widely decondense chromatin in undifferentiated mouse cells without overt histone exchanges but
with specific epigenetic modifications that are relevant to open chromatin structure. These modifications
included nucleus-wide multiple histone H3 phosphorylation, acetylation of Lys 14 in histone H3, and release
of heterochromatin proteins HP1� and TIF1� from the nuclei. The protein kinase inhibitor staurosporine
inhibited chromatin decondensation and these epigenetic modifications with the exception of H3 acetylation,
potentially linking these chromatin events. At the functional level, Npm pretreatment of mouse nuclei facili-
tated activation of four oocyte-specific genes from the nuclei injected into Xenopus laevis oocytes. Future
molecular elucidation of chromatin decondensation by Npm will significantly contribute to our understanding
of the plasticity of cell differentiation.

Epigenetic regulation of cell differentiation is surprisingly
reversible, as demonstrated in many vertebrate species by so-
matic cell nuclear cloning, a procedure to create genetically
identical animals by replacing egg nuclei with somatic cell
nuclei (29, 38, 52). The most striking evidence of this revers-
ibility is the establishment of fertile mouse clones by using
nuclei isolated from terminally differentiated lymphocytes and
olfactory sensory neurons (24, 33). Whereas the success rate of
mouse cloning is less than 5% (72), some of the surviving
mouse clones have unexpectedly normal gene expression pro-
files, as shown by proper expression of over 11,000 genes in the
placentae and livers of newborn mouse clones (36, 69). Be-
cause no other experimental models with a comparable degree
of genomic reversibility exist, with the exception of cell fusion
between somatic cells and embryonic stem cells (20), nuclear
cloning provides a valuable opportunity for us to investigate
the mechanisms of genome-wide epigenetic reprogramming
activities that are important for the future of regeneration
medicine. One of the key questions in nuclear cloning is
whether a few general reprogramming factors exist that can
nonspecifically affect multiple genes in addition to the obvi-
ously necessary gene-specific activators and suppressors. Cur-

rently, there is no evidence to support the existence of such
general reprogramming factors in egg cytoplasm.

Massive nuclear swelling accompanied by global chromatin
decondensation is one of the hallmarks of nuclear reprogram-
ming observed in Xenopus laevis cloning (29). When somatic
nuclei are injected into Xenopus eggs (meiotic metaphase II),
the nuclei swell up to 100-fold in volume within 1 hour, but
they do not transcribe genes, reflecting physiological transcrip-
tional silencing in eggs. When injected into oocytes (meiotic
prophase), the nuclei swell more slowly, spending 3 days to
accomplish the same 100-fold increase in volume (29), but they
remain transcriptionally active during this period. The swollen
nuclei in oocytes tend to show more active transcription than
those that have not swollen, suggesting that the chromatin
decondensation is not merely a morphological event but is also
closely linked with an increase in overall nuclear activity. Given
the significance of subnuclear compartmentalization and chro-
mosomal domains as regulatory mechanisms for a number of
genes (15), it is not surprising that the nuclear swelling and
chromatin decondensation significantly impact the transcrip-
tional status of the donor nuclei in oocyte cytoplasm. Nucleus-
wide chromatin decondensation might facilitate reprogram-
ming of the donor nuclei by derepressing condensed
chromatin; however, there is a wide knowledge gap between
chromatin decondensation at the microscopic level and dere-
pression at the transcriptional level.

Nuclear swelling and chromatin decondensation in egg cy-
toplasm have mainly been studied in the more physiological
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context of sperm chromatin decondensation upon fertilization.
Xenopus sperm decondensation is induced by the acidic nu-
clear protein nucleoplasmin (Npm), which is expressed in oo-
cytes and early embryos (9). Npm was first purified from Xe-
nopus eggs as a molecular chaperon which helps load histone
onto DNA during nucleosome assembly in vitro (43). Through
its histone-binding capacity, Npm also plays an important role
in storing the maternally derived histone, especially histone
H2A and H2B, to prepare for early development without zy-
gotic transcription. Later, it was found that during sperm chro-
matin decondensation upon fertilization, Npm replaces sperm-
specific basic proteins X and Y with egg histone H2A and H2B,
resulting in assembly of somatic-type nucleosomes onto sperm
DNA (59, 60). This phenomenon has been explained by inter-
actions between the negatively charged Npm and the positively
charged X and Y (32). Hyperphosphorylation of Npm, which
occurs during maturation of oocytes into eggs, facilitates the
histone replacement on sperm DNA and sperm decondensa-
tion (44), although exact phosphoamino acids have not been
identified. Npm can also decondense erythrocyte nuclei by
releasing the specialized linker histone H1o in addition to
partial removal of H1 (22). Thus, chromatin decondensation
by Npm has primarily been explained by histone exchanges
through charge interactions between acidic Npm and histone
or other basic proteins.

Xenopus Npm consists of 200 or 196 (four residues deleted)
amino acids and forms a pentamer in vivo. The Npm monomer
is composed of two domains, the N-terminal core domain
containing 120 amino acids and the C-terminal tail domain.
The core domain has a small acidic amino acid cluster (acidic
tract A1) and an eight-stranded �-barrel that forms a wedge
shape which provides an interface for pentamer assembly (23).
The core domain binds to histone and is sufficient for in vitro
nucleosomal assembly and sperm decondensation (3, 5). The
tail domain contains two larger acidic tracts, A2 and A3, in
addition to a bipartite nuclear localization signal. Homologous
proteins have been isolated in Drosophila melanogaster (dNLP)
(37), mice (mNpm2) (10), and humans (hNpm2) (10). mNpm2
is composed of 207 amino acids and shares 39.5% identity with
Xenopus Npm at the amino acid level. Burns et al. found that
sperm could be decondensed in mNpm2 knockout mouse oo-
cytes, suggesting the existence of functionally redundant pro-
teins in mouse oocytes (10). The primary defects in the mNpm2
null mice were dispersed nucleoli and female infertility.

We previously established an in vitro nuclear reprogram-
ming assay by combining Xenopus egg extract and somatic cell
nuclei to study the biochemistry of nuclear reprogramming in
nuclear cloning (26, 40). In our current work we applied the
assay to study widespread chromatin decondensation in so-
matic nuclei incubated in Xenopus egg extract, expecting that
the decondensation factor might be one of the general repro-
gramming factors described above. In this assay we used de-
condensation of mouse cell centromeres as a convenient indi-
cator to monitor the chromatin decondensation activity.
Mouse centromeres are composed of two types of heterochro-
matin, centromeric heterochromatin and pericentric hetero-
chromatin, each with distinct DNA components (46). Centro-
meric heterochromatin contains an approximately 300-kbp
tandem repeat of the minor satellite sequence (120-bp repeat-
ing unit); pericentric heterochromatin contains an approxi-

mately 200- to 2,000-kbp repeat of the major satellite sequence
(234-bp unit), depending on the chromosomes (39). These
repeated sequences are also characterized by methylated
DNA, histone H3 with trimethylated Lys 9 (tm-H3K9) (57, 62),
and association with heterochromatin proteins HP1� and
HP1� through binding to methylated H3K9 (4, 42, 50). Due to
the highly condensed heterochromatin, mouse centromeres
are clearly visible as DNA-dye-positive spots in interphase cells
by using fluorescence microscopes. Such rich background in-
formation in centromeres makes them easy to detect and to
characterize their decondensation in egg extract. For simplic-
ity, we will refer to both centromeric and pericentric hetero-
chromatin as centromeric heterochromatin in the following
sections.

From our study based on the hypothesis that global decon-
densation of somatic cell chromatin in egg cytoplasm may
facilitate reprogramming of the somatic cell genome, we found
that Npm could decondense both euchromatin and centro-
meric heterochromatin, primarily in undifferentiated mouse
nuclei. We show that this decondensation was not accompa-
nied by histone release from DNA, unlike in sperm chromatin
decondensation, but it was accompanied by a variety of epige-
netic modifications. At the functional level, the chromatin de-
condensation facilitated new gene expression as shown by the
nuclear transplantation into oocytes. This study provides new
insight into the molecular and functional analyses of chromatin
decondensation in the context of somatic cell nuclear cloning.

MATERIALS AND METHODS

Chromatin decondensation assay. We prepared sperm nuclei and egg S-phase
extract as described elsewhere (65). We treated F9 and other cells with 50 �g/ml
digitonin to permeabilize the plasma membrane and nuclear envelope using the
method described for lysolecithin (28). The standard chromatin decondensation
reaction consisted of 1 � 105 nuclei, the energy-regenerating system (ERS; 1 mM
ATP, 1 mM GTP, 20 mM phosphocreatine, and 100 �g/ml creatine phosphoki-
nase), and egg extract or Npm at appropriate concentrations, with a total volume
of 25 �l. Apyrase was used at 10 U/ml when needed. Buffer B (10 mM HEPES,
pH 7.8, 110 mM NaCl, 4 mM MgCl2, 1 mM dithiothreitol, 1 �g/ml leupeptin, 2
�g/ml pepstatin A, 100 �M phenylmethylsulfonyl fluoride, 150 �M spermine,
500 �M spermidine, 10% glycerol, and 0.003% Triton X-100) was used as a
control. After incubation of the reaction mix for 2 h at 25°C, the nuclei were fixed
with 4% paraformaldehyde and spun onto coverslips by brief centrifugation for
immunofluorescence microscopy. The nuclei were also collected by brief centrif-
ugation after the reaction for immunoblotting. We added 10 �Ci [�-32P]ATP/
reaction mixture to detect newly phosphorylated proteins by autoradiography.
For the protein kinase A (PKA) reaction, 3 � 105 F9 nuclei were incubated with
ERS and 60 �g/ml PKA (Sigma) for 2 h. Electron microscopy was performed as
described previously (71).

Immunofluorescence microscopy and immunoblotting. Sources of the primary
antibodies were as follows: tm-H3K9, tm-H3K4, p-H3S10, p-H3S28, ac-H3K14,
pan-acetylated histone H4, H1, and H1o/H5 (all from Upstate Biotechnology);
p-H3T11 and p-H3T32 (Abcam); H2B, TIF1�, and ubiquitin (Chemicon); HP1�
(Abcam and Santa Cruz); histone H3 and HDAC1 (EMD); poly(ADP)-ribose
(BD Pharmingen); sumo (Zymed). DNA of F9 nuclei were counterstained with
Topro 3 (Molecular Probes) and sperm DNA with Hoechst 33342 (Sigma).
Fluorescence in situ hybridization (FISH) was performed as described elsewhere
(67) using the major satellite probe of 597 bp that contained two 234-bp units.
This probe was cloned from the F9 genomic DNA by PCR using the primers
5�-CGGGATCCTATGGCGAGGAAAACTGAAAAAGGTGG-3� and 5�-CG
GAATCCTTTCACGTCCTAAAGTGTGTATTTCTCATTTTCC-3�. Two hun-
dred nuclei were observed in each experiment, and more than 80% of the nuclei
displayed the results represented in the figures.

Purification of Npm from egg and oocyte extracts. Xenopus egg extract and
oocyte extract were applied to Q Sepharose, and bound protein was eluted by a
linear gradient of NaCl from 75 mM to 1 M in buffer C (the same as buffer B
except for the lack of spermine and spermidine). The fractions that showed
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chromatin decondensation, eluted by 200 to 350 mM NaCl, were pooled, dia-
lyzed against buffer C, and applied to HiTrap heparin. Bound protein was eluted
by an NaCl gradient in buffer C, and the activity was detected in the fractions
containing 430 to 650 mM NaCl. In a similar way, the active fractions were
sequentially applied to MonoS (350 to 460 mM NaCl eluted the activity) and
hydroxyapatite HTP-10 (170 to 500 mM). All the columns, except for HTP-10
(Bio-Rad), were purchased from Amersham. Mass spectrometry of the purified
protein was performed as previously described (26). Egg Npm (eNpm) was
immunodepleted from egg extract using polyclonal anti-Npm antibody as de-
scribed previously (22).

Preparation of rNpm. cDNA corresponding to recombinant Npm (rNpm) wild
type (WT), Npm146, and Npm120 were subcloned into the pET-21c(�) vector
with six-His tag at the C terminus (Novagen). The recombinant proteins were
expressed in Escherichia coli, extracted by sonication, and treated at 80°C for 20
min followed by centrifugation at 15,000 � g for 30 min. The proteins were
purified from the supernatant with nickel resin (QIAGEN) and dialyzed against
buffer C.

MNase digestion. After incubation of F9 nuclei with the indicated reagents,
the nuclei were isolated by brief centrifugation and digested with 3 U micrococ-
cal nuclease (MNase) at 25°C for the appropriate time (14). The DNA was
isolated with TRIzol (Invitrogen) and applied to Southern hybridization using
the following probes: major satellite, the 69-bp fragment used previously (16);
minor satellite, a 93-bp fragment taken from pMRI150 (41); histone H3, a
406-bp fragment prepared with KpnI and BamHI from the plasmid previously
described (56); 18S rRNA, a 750-bp fragment prepared with BamHI and SphI
from clone 63178 (ATCC).

Salt extraction of histone from F9 nuclei. After incubation of F9 nuclei with 5
�M rNpm for 2 h, the reaction mix was centrifuged at 150 � g for 5 min to
precipitate the nuclei. The supernatant was labeled as 0.11 M (see Fig. 3A,
below). The pellet was resuspended with buffer B with 300 mM NaCl, incubated
for 20 min at 25°C, and centrifuged to isolate extracted protein. We repeated the
same procedure using buffer B with 600 mM NaCl and buffer B with 1 M NaCl
sequentially to extract proteins from a single reaction mix. The supernatant and
pellet were applied to two sodium dodecyl sulfate gels for staining with Coo-
massie brilliant blue R-250 and immunoblotting, respectively.

Nuclear transplantation into oocytes and PCR. We defolliculated Xenopus
oocytes, incubated at 18°C overnight in the MBS solution, and injected F9 nuclei
into the surviving oocytes on the next day (11). We pretreated F9 nuclei with 1
�M eNpm, 3 �M polyglutamic acid (PGA), and buffer B separately for 2 h,
injected 100 nuclei/oocyte into the germinal vesicles (GV) for each pretreatment,
and cultured the oocytes in MBS with 50 �g/ml kanamycin at 18°C for up to 3
days. Total RNA was isolated from the pool of 10 oocytes at each day using
TRIzol and treated with PCR-grade DNase I (Invitrogen). Each gene was am-
plified with 40 cycles of PCR using the MasterAmp reverse transcription-PCR
(RT-PCR) kit (Epicentre). In each RT-PCR we compared gene activation in the
three oocyte groups (eNpm, PGA, and buffer B) derived from a single frog to
avoid variability among frogs. The primers for each gene were as follows: Msy2,
5�-TATGGTGGCAGAGGCTCCCTCAGGT-3� and 5�-CCTTGGCTGGGCTT
GGTCTCTCCAT-3�; H1foo, 5�-GGTGAGAAATCGAAGCCCTTGGCCAG
C-3� and 5�-GTCTTTGCCTTCCTGACCCTAGGTATGGGTTG-3�; cMos, 5�-
CCCGAGGAAGGCAGGGAAGCTCTT-3� and 5�-TCACTGATCAAAATGT
TCGCTGGCTTCAGGTCC-3�; mNpm2, 5�-GCACCAGCAGCGTGACCGAA
ACC-3� and 5�-GAGGCCTTCAGCGTAGCAATAGTGATTGGTGG-3�;
Npm, 5�-AACCATGGTGGGCATTGAGCTGACC-3� and 5�-TGGTGGCTGC
AGGTCTCTTTACAGC-3�; major satellite, as described above. Identity of the
PCR products was confirmed by DNA sequencing.

RESULTS

Xenopus Npm decondenses mouse centromeric heterochro-
matin. Xenopus S-phase egg extract could induce massive
swelling and decondensation of sperm chromatin within 30
min, as shown by DNA staining with Hoechst, which was con-
sistent with previous reports (60) (Fig. 1A). The extract could
also decondense centromeric heterochromatin in the mouse
embryonal carcinoma F9 cells, as demonstrated by using anti-
tm-H3K9 antibody and the DNA dye Topro 3. In contrast to
the round centromeres observed in untreated F9 nuclei and
the nuclei treated with buffer B for 2 h, the nuclei incubated
with egg extract showed irregularly spread centromeres (Fig.

1A and B). Centromeric decondensation was also evident with
FISH using the major satellite probe (Fig. 1A). The lack of
obvious nuclear swelling in these experiments suggested that
chromatin decondensation was not a secondary effect of nu-
clear swelling.

We purified the centromeric decondensation activity from
egg extract by using dispersal of the tm-H3K9 signal as an
indicator and found that eNpm was capable of decondensing
centromeric heterochromatin (Fig. 1C and D). In addition,
eNpm did not require any other factors supplied from egg
extract for the heterochromatin decondensation, but it did
require addition of ERS (Fig. 1D) (ERS regenerates ATP and
GTP; apyrase hydrolyzes ATP and ADP). Although Npm, a
thermostable protein, has traditionally been purified with heat
treatment to precipitate and eliminate the majority of egg
proteins (64), we did not use this method due to potential loss
of other chromatin decondensation activities. During the pu-
rification process, the centromeric decondensation activity was
always cofractionated with eNpm, as seen in immunoblotting
using anti-Npm antibody (not shown). The purified active pro-
tein was confirmed to be Npm by mass spectrometry. By im-
munodepletion, we were able to confirm that eNpm was the
protein responsible for the centromeric decondensation activ-
ity existing in egg extract. The extract depleted of eNpm lost
the decondensation activity, unlike mock-depleted extract, and
the activity was restored by adding back 1 �M eNpm (Fig. 1E
and F). The eNpm pentamer concentration is estimated to be
about 7 �M in egg extract (60), and the decondensation activ-
ity was still observed at up to a 10-fold dilution of the extract
(not shown). Purified eNpm was effective at 1 �M or higher,
roughly consistent with the results of diluted egg extract. Al-
though oocyte extract could not decondense centromeric het-
erochromatin, Npm purified from oocytes (oNpm) could de-
condense centromeric heterochromatin as efficiently as eNpm,
suggesting the existence of an Npm inhibitor(s) in oocytes (Fig.
1C and G). This is consistent with previous nuclear cloning
studies that showed significantly slower swelling and chromatin
decondensation in donor nuclei injected into oocytes com-
pared with those injected into eggs (29). Bacterial rNpm could
also decondense centromeres but required at least 5 �M for
this purpose, presumably due to aggregation and/or lack of
phosphorylation (Fig. 1G).

The centromeric heterochromatin decondensation by Npm
and egg extract was also detectable in mouse embryonic stem
(ES) cells, embryoid body cells, and embryonal carcinoma P19
and S2 cells. However, this decondensation was undetectable
in mouse myoblasts C2C12, primary embryonic fibroblasts, es-
tablished embryonic fibroblasts 10T1/2, and NIH 3T3 cells,
melanoma B16 cells, and breast cancer 4T1 cells (Fig. 2A
shows NIH 3T3 results). This tendency of undifferentiated
cell-specific heterochromatin decondensation by Npm appears
to be relevant to Gurdon’s data, with nuclear swelling and
chromatin decondensation upon injection into oocytes that
were more rapid in embryonic nuclei than in differentiated cell
nuclei (27).

It has been well-established that Npm can decondense
sperm chromatin regardless of the presence of ERS (Fig. 2A)
(5, 60). However, this decondensation was less drastic than in
egg extract due to the lack of additional components, such as
histone H2A and H2B, which are necessary for full chromatin
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FIG. 1. Decondensation of sperm and F9 chromatin by egg extract and Npm. (A) Decondensation of sperm chromatin and centromeric
heterochromatin of F9 nuclei in egg extract. Sperm and F9 nuclei prior to incubation (0 h) and after incubation in buffer B and egg extract are
shown. Incubation time was 2 h for F9 and 30 min for sperm, since swollen sperm nuclei became fragile after incubation for 30 min. ERS was
included in the reactions indicated by �E. Sperm DNA was stained with Hoechst 33342, and F9 nuclei were stained with anti-tm-H3K9 antibody
and Topro 3 (for DNA). F9 nuclei were also applied to FISH using the major satellite probe. Dotted lines in the FISH panels show nuclear contour.
Bars, 10 �m for sperm and 3 �m for F9 in all images in the figure. (B) Central portions of the images marked by # in panel A were magnified
threefold. (C) Silver-stained SDS-polyacrylamide gel electrophoresis gel loaded with Npm purified from eggs (eNpm) and from oocytes (oNpm)
and rNpm. Hyperphosphorylation of eNpm and six-His tag on rNpm explain slower migration of these Npm compared with oNpm. (D) ERS-
dependent centromeric heterochromatin decondensation in F9 nuclei by purified eNpm. F9 nuclei were incubated with 1 �M eNpm with ERS
(�E) and apyrase (�A) for 2 h, followed by immunostaining and FISH. (E) Immunoblotting of egg extract immunodepleted with Npm antibody
(Npm-depleted), with normal rabbit immunoglobulin G (Mock-depleted) and with anti-Npm antibody plus Npm add-back (Npm-depleted and
add-back). The remaining Npm in these egg extracts was detected by anti-Npm antibody. HP1� was used as a loading control. (F) Immunoflu-
orescence of F9 nuclei incubated in Npm-depleted egg extract followed by staining with tm-H3K9 antibody and Topro 3. (G) Immunofluorescence
of F9 nuclei stained with tm-H3K9 antibody and Topro 3 after incubation with 1 �M oNpm and 5 �M rNpm in the presence of ERS for 2 h.
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FIG. 2. Decondensation of F9 chromatin by Npm and egg extract. (A) eNpm moderately decondensed sperm chromatin regardless of ERS but
did not decondense centromeric heterochromatin in NIH 3T3 nuclei even with ERS. Both nuclei were incubated with 1 �M eNpm for 2 h and
stained with Hoechst 33342 (sperm) and tm-H3K9 antibody plus Topro 3 (NIH 3T3). Bars, 3 �m for NIH 3T3 and 10 �m for sperm. (B) Electron
microscopy of F9 nuclei after incubation in the described solutions. Bar, 1 �m. Arrowheads indicate nucleoli. (C) Npm facilitated sensitivity of F9
chromatin to the MNase digestion. F9 nuclei were incubated in each solution for 2 h and digested with MNase for the indicated time. Genomic
DNA was isolated from the nuclei and applied to Southern hybridization. Ethidium bromide staining (top) and hybridization signal using the
probes encoding minor satellite and 18S rRNA are shown. Arrowheads indicate mononucleosomes.
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decondensation. In contrast, centromeric heterochromatin de-
condensation in F9 nuclei by Npm was strictly dependent on
ERS, suggesting that the two types of chromatin decondensa-
tion were based on different mechanisms (discussed later). In
subsequent assays we found that GTP was not essential for
chromatin decondensation, but we continued to use both ATP
and GTP so as not to miss subtle GTP-dependent deconden-
sation if it existed. It is important to note that the F9 nuclei
were deliberately permeabilized by the detergent digitonin,
making nuclear import of Npm an unlikely mechanism for the
ATP requirement in chromatin decondensation.

Npm widely relaxes chromatin structure. Electron micros-
copy demonstrated a marked change in the subnuclear distri-
bution of electron-dense material when F9 nuclei were treated
with eNpm (Fig. 2B). Untreated F9 nucleoplasm contained
many irregularly distributed electron-dense regions, especially
under the nuclear envelope (perinuclear heterochromatin).
The electron-dense material was more evenly distributed in the
entire nucleoplasm in over 90% of 50 nuclear sections after
incubation in egg extract or with eNpm in the presence of ERS,
unlike in buffer B. The electron-dense material is usually in-
terpreted to represent aggregation of protein, RNA, and DNA
and does not necessarily correspond to transcriptionally inac-
tive regions; however, this finding indicates that the influence
of Npm was widespread, not limited to centromeres.

Npm increased the sensitivity of F9 chromatin to MNase,
which preferentially digests linker DNA and produces a ladder
of bands corresponding to the multiples of the nucleosomal
core plus linker DNA (roughly 200 bp) (14). Increased MNase
sensitivity is generally interpreted to reflect relaxed chromatin
and is frequently associated with gene activation. Ethidium
bromide staining of the agarose gels showed that the DNA
ladder appeared after a 10-min treatment with MNase in the
F9 nuclei that were incubated for 2 h with buffer B plus ERS,
or with eNpm plus apyrase (Fig. 2C, EtBr). In contrast, the
nuclei incubated with eNpm or egg extract, both with ERS,
produced the ladder after only a 2-min treatment with MNase,
which indicated that Npm significantly facilitated the MNase
digestion of linker DNA.

Southern hybridization of the MNase-digested fragments
with specific DNA probes showed chromatin decondensation
more clearly. Four DNA probes, including major and minor
satellites for heterochromatin and the genes encoding 18S
rRNA and histone H3 for euchromatin, were used for easy
detection, since they are all multicopy sequences. As shown in
Fig. 2C, hybridization with the minor satellite and 18S rRNA
probes showed that eNpm and egg extract clearly increased the
sensitivity of F9 chromatin to MNase in the presence of ERS,
compared with buffer B plus ERS and eNpm plus apyrase. The
same results were obtained with the major satellite and histone
H3 probes (not shown). These MNase data are evidence that
both euchromatin and centromeric heterochromatin became
decondensed at the nucleosomal level when F9 nuclei were
incubated with egg extract and Npm with a strict requirement
of ATP. In contrast, Npm could not increase MNase sensitivity
in NIH 3T3 nuclei (not shown), consistent with the lack of
centromeric heterochromatin decondensation in immunostain-
ing. We also tested, by using DNA methylation-sensitive re-
striction enzymes, to see if DNA methylation in centromeres

was diminished during decondensation in F9 nuclei, but no
significant DNA demethylation was observed (not shown).

Npm induces multiple histone H3 phosphorylation in so-
matic nuclei. Decondensation of sperm and erythrocyte chro-
matin by Npm is explained by the release of histone variants
from DNA; however, we could not detect histone release from
F9 nuclei after incubation with Npm (Fig. 3A, 0.11 M). In
addition, step-wise washes of the nuclei with three different
concentrations of NaCl showed that each histone subtype was
extracted at the same concentration regardless of Npm and
ERS, indicating that the binding strength of histone to DNA
was not significantly altered by Npm (Fig. 3A, 0.3 M, 0.6 M,
and 1 M NaCl). This lack of obvious histone release combined
with the absolute dependence on ATP for the decondensation
of F9 chromatin strongly argues that Npm decondenses chro-
matin in sperm and F9 nuclei by different mechanisms. Histone

FIG. 3. Histone was not released but phosphorylated by Npm.
(A) Histone released from F9 nuclei into the supernatant (s) by vari-
ous concentrations of NaCl and histone that remained in the nuclear
pellet (p) were analyzed by Coomassie staining of the SDS gel (CBB)
and immunoblotting with antibodies against histone H1 (H1) and H2B
(H2B). The arrow indicates the height of each core histone confirmed
by immunoblotting (not shown). (B) 32P was primarily incorporated
into what appeared to be histone H3, H2A, and rNpm (reacted with
anti-Npm antibody; not shown) when F9 nuclei were incubated with
Npm. Autoradiography (top) and Coomassie staining (CBB) of the
same gel are shown. Decondensation of centromeric heterochromatin
was monitored by tm-H3K9 antibody and scored as � (with obvious
decondensation) or � (without decondensation) at the bottom (Dec).
(C) Higher magnification of the gel images to compare the sizes of the
proteins incorporating 32P (Autorad) and core histones stained by the
Coomassie dye (CBB). F9 nuclei were incubated with 5 �M rNpm and
ERS. The gel used in panel C is different from that shown in panel B.
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H1o, which could be released from erythrocyte nuclei by Npm,
was undetectable in F9 nuclei by immunoblotting (not shown).

At least two possible mechanisms exist to explain the re-
quirement of ATP during the decondensation of F9 chromatin
by Npm. First, ATP may be necessary for phosphorylation of
unidentified chromatin proteins during decondensation. Alter-
natively, ATP may be used as an energy source for chromatin
remodeling proteins, such as SWI/SNF, that may be involved in
relaxing nucleosomal structures. We have previously shown
that one such member, ISWI, could release TATA-binding
protein from somatic chromatin with the help of other uniden-
tified molecules in egg extract (40), but ISWI alone could not
decondense somatic chromatin (not shown). In the present
work we focused on the first possibility by incubating F9 nuclei
and Npm with [�-32P]ATP for 2 h to study the global pattern of
protein phosphorylation. With striking specificity, this experi-
ment showed that a protein band, corresponding to the size of
histone H3, was dominantly phosphorylated in the presence of
Npm at concentrations that could induce chromatin deconden-
sation (Fig. 3B and C, 1 �M eNpm and oNpm and 5 �M
rNpm). In addition, a protein with the size of histone H2A was
weakly phosphorylated, but its phosphorylation was undetect-
able when F9 nuclei were incubated with 1 �M eNpm, despite
clear chromatin decondensation. This suggests that this phos-
phorylation may not be a prime candidate for the chromatin
decondensation mechanism. It was perplexing at this stage that
egg extract did not induce phosphorylation of what appeared
to be histone H3 and H2A despite its capability to decondense
chromatin, but later it was discovered that histone H3 was in
fact phosphorylated and rapidly dephosphorylated in egg ex-
tract (see below). Because phosphorylation of what appeared
to be histone H2A was not consistent with chromatin decon-
densation, we focused on the histone H3 phosphorylation in
the following study.

Immunoblotting revealed that at least four amino acids, Ser
10, Ser 28, Thr 11, and Thr 32, in histone H3 were phosphor-
ylated in F9 nuclei specifically in the presence of rNpm (Fig.
4A). Phosphorylation of Ser 10 (p-H3S10), observed in chro-
mosome condensation in mitotic cells and gene activation
(chromatin opening) in interphase cells, might be involved in
chromatin relaxation to increase accessibility of chromatin to
various factors (see Discussion). Physiological roles for
p-H3S28 and other H3 phosphorylation sites in mitotic and
interphase cells have not yet been elucidated (61).

Several cytokines and hormones can induce both p-H3S10
and acetylation of Lys 14 in histone H3 (ac-H3K14), which
work synergistically during gene induction by these external
stimuli (17, 45). Consistent with these reports, ac-H3K14 was
also induced by rNpm as well as by egg extract in F9 and NIH
3T3 nuclei (Fig. 4A for F9), but these histone modifications
may not necessarily be mechanistically linked, as shown below.
While p-H3S10 was observed in 100% of more than 50 exper-
iments, ac-H3K14 was detected in approximately 50% of the
cases, for unknown reasons.

Immunofluorescence microscopy demonstrated that p-H3S10
and p-H3S28 were distributed throughout the entire nuclei of
F9 cells, revealing the nucleus-wide effect of Npm, which was
distinct from p-H3S10 specific to a few activated genes in
interphase cells mentioned briefly above. Phosphorylation of
the four sites on histone H3 started to accumulate in F9 nuclei

after incubation for 1 h with rNpm. It reached maximum in-
tensity at 2 h and remained at the same level thereafter, which
was consistent with the progress of chromatin decondensation
in the nuclei (Fig. 4C for Ser 10 and 28). Phosphorylation of
these amino acids was also observed in P19, ES, C2C12, B16,
10T1/2, and NIH 3T3 cells, but these nuclei, except for P19 and
ES, did not show chromatin decondensation by Npm as mon-
itored with tm-H3K9 antibody and the MNase digestion pat-
tern (not shown). From this finding, H3 phosphorylation does
not appear to be a consequence of chromatin decondensation
(see Discussion).

FIG. 4. Histone H3 phosphorylation and acetylation by Npm.
(A) Immunoblotting demonstrating histone H3 phosphorylation and
acetylation in F9 nuclei by 5 �M rNpm. Total histone H3 was used as
a loading control. The figures were prepared from more than one
membrane in panels A and E because of the significantly diminished
signal due to the repeated stripping of the membrane. (B) Immnofluo-
rescence shows that H3S10 and H3S28 were globally phosphorylated
when F9 nuclei were incubated with 5 �M rNpm. Bar, 3 �m. (C) Time
course of histone H3 phosphorylation in F9 nuclei incubated with 5
�M rNpm. (D) Okadaic acid (OA) unmasked p-H3S10 in F9 nuclei
incubated in egg extract. (E) Immunoblotting shows inhibition of his-
tone H3 phosphorylation and chromatin decondensation by stauro-
sporine. ac-H3K14 was not inhibited by staurosporine. (F) PKA phos-
phorylated histone H3 when incubated with F9 nuclei but could not
induce centromeric heterochromatin decondensation without rNpm.
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As shown in Fig. 3B and 4A, histone H3 was not significantly
phosphorylated in egg extract despite its strong chromatin de-
condensation capability, which potentially can be attributed to
rapid dephosphorylation by unidentified phosphatases in egg
extract. Through screening of phosphatase inhibitors, we found
that phosphorylation of Ser 10 (Fig. 4D) and three other amino
acids on histone H3 was unmasked in egg extract that was
mixed with 1 �M or higher okadaic acid, a relatively specific
inhibitor of protein phosphatases PP2A, PP4, and PP5 (31)
(not shown). Okadaic acid treatment of intact HeLa cells at
this concentration induces premature mitosis-like chromatin
condensation (2), but in our case, egg extract treated with
okadaic acid induced the same or even stronger chromatin
decondensation than untreated egg extract (not shown). This
finding leads us to speculate that the H3 phosphorylation in
egg extract with okadaic acid was not due to premature en-
trance into mitosis. Similar rapid turnover of phosphorylation
status has previously been reported in Drosophila polytene
chromosomes, where heat-shock-induced p-H3S10 was
masked by PP2A as revealed by using PP2A inhibitors (55).

After screening several protein kinase inhibitors, we found
that staurosporine, a broad-spectrum inhibitor covering CaM
kinase, myosine light chain kinase, and protein kinases A, C,
and G, could, at 0.2 �M or higher concentrations, inhibit
uptake of radioactive inorganic phosphate (not shown) as well
as phosphorylation of the four amino acids on histone H3 (Fig.
4E). We then tested specific inhibitors to each of these protein
kinases individually as well as in various combinations, but
none of them could inhibit the H3 phosphorylation (not
shown), which may indicate another unidentified kinase(s) was
involved in the histone H3 phosphorylation. Importantly, 0.2
�M staurosporine also inhibited chromatin decondensation,
potentially linking H3 phosphorylation and chromatin decon-
densation. However, we do not know at this stage if H3 phos-
phorylation was the cause or effect of chromatin decondensa-
tion, nor if staurosporine inhibited the H3 kinase directly or
indirectly. Staurosporine did not inhibit ac-H3K14 induced by
rNpm in F9 nuclei, suggesting that ac-H3K14 and histone H3
phosphorylation may not be mechanistically linked. To exam-
ine if H3 phosphorylation was sufficient to decondense chro-
matin, we incubated F9 nuclei with PKA, which is known to
phosphorylate H3S10 and H3S28 (61). While PKA could in-
deed phosphorylate these two Ser residues, it could not decon-
dense chromatin without Npm. This finding raises the possi-
bility that p-H3S10 and p-H3S28 might be necessary but
insufficient to induce chromatin decondensation. We also
tested if other histone modifications were affected by Npm and
egg extract but could not detect any significant changes in the
level of other histone covalent modifications (not shown).
These modifications included trimethylation of Lys 4 in histone
H3 (enriched in transcriptionally active loci), acetylation of
histone H4 (using pan-acetylated H4), ubiquitination, sumoy-
lation, and poly(ADP-ribosyl)ation (involved in relaxation of
Drosophila polytene chromosomes) (70). In summary, Npm
specifically induces multiple H3 phosphorylation and ac-
H3K14 during chromatin decondensation. Although H3 phos-
phorylation alone is not sufficient to induce chromatin decon-
densation, the staurosporine experiment shows the possible
link between H3 phosphorylation and chromatin decondensa-
tion.

Npm releases heterochromatin proteins from F9 nuclei.
HP1� and HP1� are well-characterized heterochromatin pro-
teins enriched in centromeres through binding to methylated
H3K9 (4, 42, 50). TIF1� interacts with HP1 and functions as a
corepressor for the KRAB domain-containing transcription
factors (12). Both HP1� and TIF1� were substantially lost
from F9 nuclei without significant loss of tm-H3K9 after incu-
bation with Npm for 2 h as demonstrated by immunoblotting
(Fig. 5A). Another centromeric component, histone deacety-
lase 1 (HDAC1) (21), was not decreased by Npm, suggesting
selective release of heterochromatin components from centro-
meres. In immunofluorescence microscopy both HP1� and
TIF1�, initially diffusely distributed throughout the nuclei, be-
came almost undetectable in more than 80% of the nuclei after
incubation with rNpm (Fig. 5B). HP1� and TIF1� were also
lost from F9 nuclei incubated in egg extract (not shown). Un-
like in F9 nuclei, these two proteins were highly localized in
centromeres in more than 90% of NIH 3T3 cells and were also
lost from the nuclei by Npm (not shown). Since NIH 3T3
nuclei did not show centromeric decondensation, the loss of
these heterochromatin proteins was clearly insufficient for the
decondensation. However, the loss of HP1� and TIF1� also
required ATP and the loss was inhibited by 0.2 �M stauro-
sporine (not shown), implying a mechanistic link between H3
phosphorylation (and potentially other proteins) and the re-
lease of the heterochromatin proteins.

Acidic tract A2 of Npm is the key for chromatin deconden-
sation, histone modifications, and release of heterochromatin
proteins. To identify the Npm domains necessary for chroma-
tin decondensation, H3 phosphorylation and acetylation, and
release of heterochromatin proteins, we prepared two deletion
mutants and incubated them with F9 nuclei. Npm146, which
lacked the C-terminal 50 amino acids, was slightly more potent
in chromatin decondensation activity than the wild type, indi-
cating that the third acidic tract A3 is not essential (Fig. 5D).
In contrast, Npm120, which further lost the second acidic tract
A2 and the nuclear localization signal, substantially lost activ-
ities of chromatin decondensation, H3 phosphorylation and
acetylation, and release of heterochromatin proteins (Fig. 5C
and D). It is likely that the result was due to the loss of A2 and
not the nuclear localization signal, because digitonin had per-
meabilized the nuclear envelope of F9 cells. Polyanions, such
as heparin and PGA, are known to induce chromatin decon-
densation, but the mechanisms have not been elucidated (6).
In our in vitro assay 3 �M or a higher concentration of PGA
(average, 75-kDa 510-mer) could indeed decondense centro-
meric heterochromatin, phosphorylate multiple H3 sites, acet-
ylate H3K14, and release HP1� and TIF1� from F9 nuclei, all
dependent on the presence of ATP, just like Npm (not shown).
In addition, all these chromatin events were inhibited by 0.2
�M staurosporine, which is evidence that seemingly nonspe-
cific chromatin decondensation by PGA was in fact based on
specific mechanisms. Furthermore, these results indicate that
such diverse epigenetic modifications could be accomplished
by a simple acidic amino acid stretch without the specific three-
dimensional protein structure observed in Npm.

Npm facilitates nuclear reprogramming in nuclear trans-
plantation. To understand functional consequences of chro-
matin decondensation by Npm, it would have been ideal if we
could detect activation of new genes from the Npm-treated F9
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nuclei in vitro, but F9 nuclei did not take up [32P]CTP in buffer
B regardless of the Npm treatment (not shown). We also
transfected F9 cells with Npm cDNA using a plasmid vector
but could not obtain an expression level high enough to detect
decondensation of centromeric heterochromatin (not shown).
As an alternative approach we injected Npm-treated F9 nuclei
into Xenopus oocytes and monitored activation of oocyte-spe-
cific genes from the F9 nuclei. We employed this strategy
because of two advantages the oocytes provided for our pur-
pose. First, the injected nuclei remain transcriptionally active
over 7 days without DNA replication or mitosis, significantly
simplifying interpretation of the results (30). Second, Xenopus
oocytes can activate transcription from injected nuclei of other
species, including mouse and human (11). It is important to
note that although F9 cells are derived from undifferentiated
embryonal carcinoma cells, they cannot differentiate into any
tissues when injected subcutaneously into mice (nullipotent)

(7), indicating that chromatin in F9 cells is not necessarily
relaxed and ready to be activated prior to the Npm treatment.

We pretreated F9 nuclei with eNpm, PGA, and buffer B for
2 h, injected these nuclei separately into oocyte nuclei (called
GV), and incubated the oocytes for 3 days. We then monitored
activation of four mouse oocyte-specific genes, Msy2 (encoding
an mRNA-masking protein), H1foo (oocyte-specific histone
H1 variant), c-Mos (arrests eggs at meiotic metaphase II), and
mNpm2 (mouse nucleoplasmin), from the injected F9 nuclei by
RT-PCR. Major satellite DNA (for the number of injected
nuclei) and Xenopus Npm mRNA (for the amount of total
RNA) were used for controls of PCR. The results showed that
unspliced Msy2 (666 bp) was detectable from the eNpm- and
PGA-pretreated F9 nuclei, but not from the buffer B-pre-
treated F9, between 1 and 3 days after oocyte injection in 9 out
of 17 experiments (Fig. 6). When eNpm-pretreated F9 nuclei
expressed Msy2, the PGA-pretreated F9 also expressed Msy2

FIG. 5. Npm releases heterochromatin proteins from F9 nuclei. (A) HP1� and TIF� were lost from F9 nuclei by Npm as shown by
immunoblotting. (B) Immunofluorescence confirmed loss of HP1� and TIF1� from F9 nuclei by rNpm. Bar, 5 �m. (C) Dose-dependent histone
H3 modifications by various forms of rNpm. Each rNpm was used at 5, 1.5, and 0.5 �M (black triangles). (D) Summary of epigenetic modification
in F9 nuclei incubated with various forms of rNpm. The scores (� to ��) are intended to show overall tendency, not exactly quantitative values.
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and vice versa, as far as the oocytes used for RT-PCR were
derived from a single frog. In addition, spliced Msy2 (239 bp)
was detectable only from the eNpm- and PGA-pretreated F9
nuclei in two additional experiments (not shown). Likewise,
unspliced H1foo (three out of six experiments) and mNpm2
and cMos (both in two experiments out of four) were expressed
only from the eNpm- and PGA-pretreated nuclei injected into
oocytes (Fig. 6 for H1foo). Spliced forms were undetectable for
these three genes. In these experiments, there was a general
tendency that the oocyte pools that expressed one of these
genes expressed other genes as well, suggesting that the oocyte
quality was the major limiting factor for activation of these
dormant genes.

It is unknown why mainly unspliced forms of these genes
were detectable, but several reasons excluded the possibility
that these amplified genes were in fact derived from genomic
DNA. First, when we added DNase-free RNase into the RT-
PCR tube, the PCR products became undetectable (Fig. 6).
Second, all RNA was treated with DNase I prior to RT-PCR.
Third, when we coinjected �-amanitin, an RNA polymerase II
inhibitor, with F9 nuclei, these genes were not amplified (Fig.
6). Since the Epicentre RT-PCR kit used gene-specific primers
for both reverse transcription and PCR to increase the sensi-
tivity, there was no PCR without reverse transcription, the
standard control reaction to test genomic DNA contamination.
These findings indicate that Npm and PGA treatment in-
creased the capability of F9 nuclei to transcribe new genes,
most likely by increasing the accessibility of chromatin. We
repeated the same experiments with B16 and NIH 3T3 cell
nuclei, but they did not express new genes upon injection into
oocytes (not shown).

DISCUSSION

In this work we found that Xenopus Npm could decondense
centromeric heterochromatin as well as euchromatin primarily
in undifferentiated mouse cell nuclei, rendering the nuclei
competent to transcribe new genes upon injection into Xeno-
pus oocytes. Immunodepletion experiments confirmed that

Npm was essential for the chromatin decondensation activity
existing in Xenopus egg extract. Although Npm’s role in sperm
chromatin decondensation is already known, the ATP require-
ment and lack of histone exchange indicate that the chromatin
decondensation in F9 cells and sperm appear to be based on
different mechanisms. The chromatin decondensation in F9
cells was accompanied by various epigenetic modifications
which are associated with open chromatin structure: nucleus-
wide multiple H3 phosphorylation, ac-H3K14, and release of
heterochromatin proteins HP1� and TIF1� from the nuclei.
Surprisingly, a simple stretch of Glu residues could trigger
these specific and multiple epigenetic chromatin modifications
as long as ATP was present. These findings identify Npm as
one of the key reprogramming activities in eggs with wider
effects on somatic nuclei than previously described.

Although at this stage we do not know the precise order of
these events or their causal relationships, the results of the A2
deletion mutant (diminished activity in all these chromatin
events) and staurosporine (inhibited all except for ac-H3K14)
potentially link these chromatin modifications. In addition,
since Npm did not induce chromatin decondensation in NIH
3T3 cells despite H3 phosphorylation, ac-H3K14, and hetero-
chromatin protein loss, chromatin decondensation appears to
be downstream of these chromatin modifications. Based on
these findings, we propose the following working hypothesis
(Fig. 7). Npm and PGA activate or recruit a histone H3 ki-
nase(s) and a histone acetyltransferase(s), which modify the
surface charge and/or three-dimensional structure of chroma-
tin, leading to release of heterochromatin proteins and poten-
tially other histone binding proteins. As a cumulative effect of
these multilayer epigenetic modifications, the chromatin struc-
ture relaxes and chromatin accessibility increases, which raises
MNase sensitivity and creates the permissive status for activa-
tion of new genes when necessary transcription factors are
provided externally. This hypothetical pathway does not ex-
plain why chromatin of NIH 3T3 and other differentiated cells
could not be decondensed by Npm despite all these epigenetic
modifications (see below for potential differences of chromatin

FIG. 6. Expression of oocyte-specific genes from Npm and PGA-pretreated F9 nuclei injected into Xenopus oocytes. RT-PCR of Msy2 and
H1foo (both unspliced forms) comparing intact F9 cells, Xenopus oocytes, and mouse ovary and Xenopus oocytes injected with buffer B-pretreated
F9 nuclei (buffer B), injected with eNpm-pretreated F9 (eNpm), injected with PGA-pretreated F9 (PGA), or injected with Npm-pretreated F9 plus
30 �g/ml �-amanitin (eNpm�� amanitin). In eNpm�RNase, RNA isolated from Xenopus oocytes injected with Npm-pretreated F9 was treated
with RNase prior to RT-PCR. Sizes of the amplified bands are shown in parentheses. Npm and major satellite were used as controls. The
post-oocyte injection period is shown in days. Note that unspliced H1foo was undetectable in mouse ovary (#), the positive control. Only spliced
H1foo was detectable in that sample (not shown).
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structure between differentiated and undifferentiated cells).
However, this hypothetical pathway will serve as a good start-
ing point for the future investigation of the signaling cascade of
chromatin decondensation. The literature states that the HP1
family proteins are constantly binding to and dissociating from
heterochromatin without obvious loss of tm-H3K9 as shown by
the fluorescence recovery after photobleaching experiments
(18, 25). Also, the combination of p-H3S10 and ac-H3K14
facilitates dissociation of HP1 from methylated H3K9 (48). In
addition to HP1, a number of other chromatin proteins are
constantly associating with and dissociating from chromatin on
the order of seconds (58). Therefore, it is possible that in our
assay H3 phosphorylation and acetylation shifted the equilib-
rium between bound and unbound forms of heterochromatin
proteins to the unbound side, creating a favorable environment
for chromatin decondensation.

Histone H3 phosphorylation has been linked to two appar-
ently contradictory chromatin statuses: mitotic chromosome
condensation and chromatin relaxation during gene activation
in interphase cells (54, 61). H3S10 and H3S28 are globally
phosphorylated in the late G2-to-M phase by the Aurora
B/Ipl1p kinase from yeast to human and by the NIMA kinase

in Aspergillus nidulans (see references cited in reference 61).
However, the functional meaning of this mitotic phosphoryla-
tion is not necessarily clear in some cases. For example, while
p-H3S10 is essential for mitotic chromosome condensation in
Tetrahymena thermophila (74), a yeast mutant lacking H3S10
and H3S28 shows proper mitotic progression (34). In addition,
Drosophila cells show only a very weak correlation between
chromosome condensation and p-H3S10 (1). In interphase
cells there are a number of cases in which transcriptional
activation is correlated with p-H3S10. Importantly, unlike
global p-H3S10 in mitosis, interphase p-H3S10 is usually lim-
ited to the activated genes. For instance, p-H3S10 increases in
transcriptionally active loci after heat shock in Drosophila poly-
tene chromosomes (53). Various mitogens and stress can in-
duce p-H3S10 in the proto-oncogenes c-fos and c-jun by re-
cruiting the Msk1 and Msk2 kinases (19, 66). Based on these
findings, it has been hypothesized that p-H3S10 does not de-
fine chromatin condensation or decondensation on its own;
rather, it likely recruits or releases specific binding molecules,
such as condensin for mitosis and SWI/SNF family proteins for
gene activation, to alter chromatin structure in either way (68).
p-H3S10 and p-H3S28 were clearly insufficient for chromatin
decondensation, as shown by the PKA treatment (Fig. 4F) and
by previous in vitro experiments in which p-H3S10 on isolated
chromatin only slightly increased chromatin flexibility (49).
From the result in egg extract, it does not seem to be necessary
for H3 to be stably phosphorylated to support chromatin de-
condensation, which also argues that simple H3 phosphoryla-
tion is not the primary mechanism for the chromatin decon-
densation. Because there are 12 copies of the H3 gene in
human and mouse (47), it is difficult to replace all the wild-type
H3 with mutants to study if H3 phosphorylation is essential for
chromatin condensation. Instead, we should probably identify
the enzymes responsible for H3 phosphorylation and acetyla-
tion as well as interactions between these enzymes and Npm to
connect more tightly the chromatin events we observed.

The chromatin decondensation in F9 nuclei is distinct in
four aspects from the decondensation of sperm and erythro-
cyte chromatin, in which specialized histone variants play key
roles in maintaining tightly packed and transcriptionally silent
chromatin. First and most importantly, there is no known con-
densation-specific histone variant, such as H1o, or readily de-
tectable histone release by Npm in F9 nuclei. Second, ATP was
essential for decondensation of F9 chromatin while sperm
chromatin could be decondensed moderately regardless of
ATP. Third, oNpm, less phosphorylated than eNpm, is less
potent in sperm decondensation, but both Npms were equally
potent in F9 chromatin decondensation. Finally, whereas the
A2 domain of Npm is dispensable for sperm chromatin decon-
densation, it is crucial for chromatin decondensation in F9
nuclei.

Currently, little is known about the nuclear structure specific
to undifferentiated cells, such as embryonal carcinoma cells
and ES cells, compared with more differentiated cells. Higher
efficiency of postimplantation development of mouse clones
derived from ES cell nuclei than from somatic cell nuclei (63)
is presently explained by the possibility that already pluripotent
ES cells (expressing Oct-4 and other pluripotent transcription
factor genes) require less extensive nuclear reprogramming
than regular somatic cell nuclei to support normal develop-

FIG. 7. Model depicting the epigenetic modifications induced by
Npm and gene activation. See Discussion for the details.
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ment of the clones. To this transcription factor-focused inter-
pretation, our results of a more flexible chromatin structure at
the nucleus-wide level, revealed only after the Npm and PGA
treatment in embryonal carcinoma cell and ES cell nuclei,
unravel another layer of difference betweens ES cells and so-
matic cells. There are some precedents that show differentia-
tion-specific changes in centromeric heterochromatin compo-
nents. For example, centromeres cluster to form large
chromocenters during the progression of myogenic differenti-
ation, depending on the methyl CpG-binding proteins MeCP2
and MBD2 (8). TIF1�, diffusely distributed in undifferentiated
F9 cells, becomes highly localized to centromeric heterochro-
matin in differentiated F9 cells (13). Although biological mean-
ings of these findings have not been elucidated, they clearly
show that heterochromatin components can change, perhaps
becoming more rigid during cell differentiation. An attractive
hypothesis is that in general, undifferentiated cells contain
more loosely packed chromatin than their differentiated coun-
terparts to maintain many genes in a potentially open state to
prepare them for future expression. This interpretation is fur-
ther supported at the functional level by recent gene expres-
sion analyses in undifferentiated cells. Hematopoietic stem
cells and progenitor cells promiscuously express seemingly un-
necessary differentiated cell-specific genes of multiple lineages
(35, 51). Some of the Xenopus early gastrula cells express
marker genes for two or three germ layers (73). If we can
identify the molecular mechanisms underlying the more flexi-
ble chromatin in undifferentiated cells by using Npm sensitivity
as a novel indicator, we can potentially confer that mechanism
on differentiated somatic cells so that they acquire the plastic-
ity necessary to be smoothly reprogrammed into other lineages
for therapeutic medical purposes. This will be an important
step to realize the future of regeneration/transplantation med-
icine.
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