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Chromatin Reorganization Accompanying Cellular
Dedifferentiation Is Associated With Modifications
of Histone H3, Redistribution of HP1, and Activation
of E2F-Target Genes

Leor Williams, Jing Zhao, Nadya Morozova, Yan Li, Yigal Avivi, and Gideon Grafi*

The remarkable regeneration capacity of plant cells is based on their capability to dedifferentiate. We recently
reported that cellular dedifferentiation proceeds through two distinct phases, each accompanied by chromatin
decondensation: acquisition of competence for fate switch followed by a signal-dependent reentry into S phase (Zhao
et al. [2001] J. Biol. Chem. 276:22772-22778). The purpose of this study was to (1) characterize changes in chromatin
factors associated with chromatin decondensation, and (2) study the relationship between chromatin decondensation
and transcriptional activation of pRb/E2F-regulated genes. We show that plant cells competent for fate switch display
a disruption of nucleolar domain appearance associated with condensation of 18S ribosomal DNA, as well as
modifications of histone H3 and redistribution of heterochromatin protein 1 (HP1). We further show that the pRb/
E2F-target genes RNR2 and PCNA are condensed and silent in differentiated leaf cells but become decondensed,
although not yet activated, as cells acquire competence for fate switch; transcriptional activation becomes evident
during progression into S phase, concomitantly with pRb phosphorylation. We propose that chromatin reorganization
is central for reversion of the differentiation process leading to resetting of the gene expression program and
activation of silent genes. Developmental Dynamics 228:113-120, 2003. @ 2003 Wiley-Liss, Inc.
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INTRODUCTION

Cellular plasticity signifies the capa-
bility of differentiated cells to reverse
the differentiation process and ac-
quire new fates. One way by which
cellular plasticity is manifested is
through dedifferentiation, a process
underlying regeneration as well as
carcinogenesis. Most studies related
to cellular dedifferentiation in ani-
mals focused on the G1 to S fransi-
tion in cultured cells. The question,
however, of how cells reverse the

differentiation process and acquire
competence for fate switch has
hardly been addressed, largely be-
cause of lack of a suitable experi-
mental system. It appears that plant
cells, which naturally exhibit remark-
able plasticity, are very suitable for
studying early events related to cell
fate switch. By using the plant proto-
plast (plant cells devoid of cell wall)
regeneration system (Takebe et al,,
1971), we recently demonstrated
that dedifferentiation of mature

plant cells proceeds through two
distinct phases: acquisition of com-
petence for cell fate-switch fol-
lowed by hormone-dependent re-
entry info S phase; each of these
phases is accompanied by chroma-
fin decondensafion (Zhao et al,
20071).

Dynamic changes in chromatin
structure are directly influenced by
postiransliational modifications  of
the amino terminal tails of core his-
tone proteins, H2A, H2B, H3, and H4,
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that build up the basic structural unit
of chromatin, the nucleosome (van
Holde, 1989; Wolffe, 1992). These
modifications  (e.g.. methylation,
acetylation, and phosphorylation)
generate a “code” for the recruit-
ment of proteins or protein com-
plexes that affect chromatin struc-
ture and function (enuwein and
Allis, 2001; Zhang and Reinberg,
2001). Histone acetylatfion is offen
associated with active chromatin,
whereas deacetylation and further
methylation at specific amino acid
residues induce heterochromatiniza-
tion and transcriptional repression
(Jenuwein and Allis, 2001; Lusser,
2002; Eberharter and Becker, 2002).
For example, methylation of histone
H3 at lysine 9 generates a ‘code’ for
the recruitment of heterochromatin
protein 1 (HP1), thereby inducing the
assembly of restrictive chromatin
and, consequently, gene silencing
(Bannister et al., 2001; Lachner et al.,
2001). Although HPT1 proteins are
predominantly distributed in hetero-
chromatic regions (Eissenberg and
Elgin, 2000), they can be recruited to
promoter regions of euchromatic
genes, such as E2F-target genes,
through interaction with the retino-
blastoma (pRb) protein  (Williams
and Grafi, 2000; Nielsen et al., 2001).
In human and plant cells, pRibs are
potfent inhibitors of gene transcrip-
tion mediated by the E2F family of
tfranscription factors. After interac-
tion of hypophosphorylated pRb
with E2F, an active transcription re-
pressive complex is formed that con-
strains  expression of E2F-target
genes and, consequently, the pro-
gression of cells intfo S phase (Herwig
and Straus, 1997; Dyson, 1998; De-
Gregori, 2002; Shen, 2002). The pRb-
E2F repressive complex acts by se-
questering transcription activators,
and/or by recruiting various chroma-
tin modifiers, such as polycomb pro-
teins, heterochromatin protein 1
(HPT1), histone deacetylases (HDACs),
as well as DNA and histone methyl-
fransferases (Herwig and Straus, 1997;
Dyson, 1998; Brehm and Kouzarides,
1999; Robertson et al., 2000; Williams
and Grafi, 2000; Dahiya et al.,, 2001;
Nielsen et al., 2001). Hence, the activ-
ity of pRb as a master regulator of
cellular differentiation and prolifera-
tion may be accomplished through its

effect on chromatin configuration of
specific genes such as E2F-target
genes.

The purpose of the present study
was to (1) characterize changes in
chromatin factors associated with
chromatin decondensation, and (2)
study the relationship between chro-
matin  decondensation and tran-
scriptional activation of pRb/E2F-
regulated genes during cellular
dedifferentiation. By using the plant
protoplast system, we showed that
chromatin reorganization accom-
panying cell fate switch involves a
disruption in the nucleolar domain
appearance and condensation of
18S rDNA, modifications of histone
H3, and redistribution of HP1 pro-
teins. pRb/E2F-target genes under-
went chromatin decondensation as
cells became competent for fate
switch. Activation of these genes
occurred before entry of cells info S
phase, concomitantly with phos-
phorylation of pRb.

RESULTS

Acquisition of Competence for
Cell Fate-Switch Correlates
With Chromatin Reorganization,
Redistribution of HP1 Protein,
and Modifications of Histone
H3

The tobacco protoplast (plant cells
devoid of cell wall) regeneration sys-
tem (Takebe et al., 1971) provides a
suitable experimental tool for study-
ing the biochemical and molecular
basis of cellular dedifferentiation,
particularly early events related to
fate switch and determination. The
fully differentiated, nondividing me-
sophyll cells of tobacco leaves can
be easily separated from their origi-
nal fissue by cell wall-degrading en-
zymes. This freatment results in the
formation of a large population of
fate-switch-competent protoplasts.
After treatment with phytohormones
(auxin and cytokinin), protoplasts
can reenter the cell cycle, and after
deposition of a new cell wall, they
divide, proliferate, and form a callus
from which shoots and roots can be
regenerated to form the entire fertile
plant (Fig. TA). Nuclei prepared from
differentiated leaf cells were stained
with diamidino-phenyl-indole (DAPI)

almost evenly and displayed well-
organized nucleolar domain (Fig. 1B,
left panel). However, the fransition
into protoplasts resulted in a marked
reorganization of chromatin as evi-
denced by the uneven DAPI staining
and the disruption of nucleolar do-
main appearance (Fig. 1B, right
panel). Chromatin reorganization of
the nucleolar domain was further as-
sessed by fluorescence in situ hylbrid-
izaftion (FISH). Fixed nuclei from
leaves and protoplasts were probed
with18S rDNA labeled with fluoresce-
iNn-12-dUTP. Results show (Fig. 1C)
that in leaf nuclei the 18S rDNA is
mainly dispersed within the nucleo-
lar compartment, whereas in fate-
switch-competent protoplasts it ap-
pears more condensed. These
results corroborate our previous find-
ings demonstrating changes in chro-
matin structure in cells acquiring
competence for fate switch (Zhao
et al, 2001).

Further support for chromatin re-
organization in protoplasts was
demonstrated by the redistribution
of the HP1 protein. The human
HP1y fused to GFP, when expressed
in fransgenic tobacco plants or
cultured cells, was strictly localized
to the nucleus, whereas in fate-
switch-competent protoplasts a
fraction of the GFP-HP1vy was found
in the cytoplasm (Fig. 2A, see also
Fass et al., 2002). These results were
supported by salt extraction of nu-
clei showing that, in leaf nuclei, the
GFP-HP1y was tightly bound to
chromatin and could not be re-
leased even at high salt concen-
fration (Fig. 2B, upper panel). How-
ever, the tfransition info protoplasts
resulted in the release of a fraction
of GFP-HP1y fromm chromatin upon
extraction with low concentration
of NaCl (Fig. 2B, lower panel). The
release of GFP-HP1y was associ-
ated with increase in acetylated
histone H3 at K9 and K14 and mod-
ifications of K9-methyated histone
H3 as demonstrated by the mobility
shift of methylated H3 upon transi-
tion into protoplasts (Fig. 2C). Al-
though the nature of the modifica-
tions in methylated K9 histone H3 is
unknown, acetylation of histone H3
has been correlated with chromao-
tin decondensation and transcrip-
tional activation (Spencer and
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Fig. 1. Acquisition of competence for cell fate-switch is associated with
Leaf nuclei Protoplast nuclei chromatin reorganization. A: Representation of the experimental system
used to study cellular dedifferentiation. Leaf cells were separated from

C DAPI 185 rDNA Merae their tissue by treatment with cell wall-degrading enzymes (cellulase) for 12
-.- form callus from which roots and shoots can be regenerated to form the

entire plant. RM indicates regeneration medium. B: Diamidino-phenyl-indole

(DAPI) staining of nuclei prepared from differentiated leaf cells and fate-
switch-competent protoplasts (P t-0). Note the disruption of nucleolar do-
mains in protoplasts. C: The 18S rDNA undergoes condensation in fate-switch-
competent protoplasts. FISH analysis of nuclei prepared from leaves (upper
panel) and protoplasts (lower panel) using fluorescein-labeled 18S rDNA.
DAPI was used as a counterstain. Scale bars = 10 um in B,C.

hr, yielding a large population of fate-switch-competent protoplasts
(plant cells devoid of cell wall). Application of the phytohormones auxin-
and cytokinin-induced protoplasts (i-0) to reenter the cell cycle and pro-
liferate. Proliferating cells incubated on callus-inducing medium (CIM)
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1 1 Fig. 2. Redistribution of heterochromatin protein 1 (HP1) and modifi-

Leaves M T P S i il S P S cations of histone H3 in cells competent for fate switch. A: Fluorescence
” . x H-ﬂ i i H H 1 H
47 .- - a. (GFP-HP1Y) microscopy analysis of GFP-HP1v distribution in leaf cells (guard cells),
: cultured cells, and protoplasts. Note the release of GFP-HP1y into the
Protoplasts . it aHA cytoplasm in fate-switch-competent protoplasts. B: Nuclei prepared

47—h WSS —— e === 0" =77 (GFP.HP1y) from leaves (upper panel) or from protoplasts (lower panel) were
L 33 L] extracted with increasing concentrations of NaCl, and soluble (S) and

insoluble pellet (P) fractions were analyzed for the presence of GFP-

HP1y by immunoblotting using anti-HA. T is total protein extract, and M

is molecular weight markers. C: Histone H3 is modified when cells

c E GST-HP1Y become competent for fate switch. Acid soluble fraction prepared
kD L P L P O L P from tobacco leaves (L) or protoplasts (P) was separated on 18%

sodium dodecyl sulphate-polyacrylamide gel electrophoresis fol-
16— il lowed by immunoblotting either with anti-dimethylated K9 histone H3
- T — .S - («dmK9H3), or anti-acetylated K9/K14 histone H3 («AcK9/14H3), of sub-
jected to GST pull-down assay by using GST-HP1+y followed by immuno-
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Davie, 2001). Because HP1 proteins
can interact with K9-methylated hi-
stone H3 (Bannister et al., 20071;
Lachner et al., 2001), we hypothe-
sized that the modifications in K9-
methylated histone H3 render GFP-
HP1y incapable of binding modified
histone H3. However, Figure 2C
shows that histone H3 modifications
cannot account directly for the re-
lease of GFP-HP1y from chromatin
inasmuch as HP1y was still capable
of binding modified K9-methylated
histone H3 in a GST pull-down
assay.

PRb/E2F-Target Genes Are
Down-regulated in
Differentiated Leaf Cells and
Up-regulated Before Entry of
Cells Into S Phase

The capability of pRb to bind HP1y
led to the hypothesis that pRb
could bring euchromatic genes
(e.g., E2F-target genes) into close
proximity with heterochromatin,
thereby inducing gene compac-
tion and silencing (Williams and
Grafi, 2000; Nielsen et al., 2001).
We, therefore, studied the relation-

Fig. 3. The E2F-target genes RNR2 and PCNA are down-regulated in
differentiated leaf cells and up-regulated during dedifferentiation. A:
Fluorescence activated cell sorting (FACS) analysis of leaf cells under-
going dedifferentiation. Nuclei prepared from leaves, fate-switch-com-
petent protoplasts (P +-0), or protoplasts approaching S phase (P +-72)
were stained with propidium iodide and subjected to FACS analysis. B:
The retinoblastoma protein undergoes phosphorylation (ppRb) before
entry of cells info S phase. The 2E5 monoclonal antibody precipitated
the in vitro translated (3*S)methionine-labeled Nicotiana tabacum Rb
(NtRb, lane 3). IVT (lane 1) indicates 50% of the in vitro translated NiRb;
LKR mAb (lane 2) is a reference antibody raised to the Arabidopsis
lysine-ketoglutarate reductase. pRb was immunoprecipitated (2E5
mADb) from 1 mg of total protein extract from tobacco leaves (lane 4),
or from protoplasts progressing into S phase (lanes 5-7) and immuno-
blotted by using 2E5 mAb. Note the occurrence of a diffused pRb
bands in cells approaching S phase (lane 7), which is attributed to pRb
phosphorylation. C: E2F-target genes are down-regulated in differenti-
ated leaf cells. Reverse transcriptase-polymerase chain reaction (RT-
PCR) analysis of E2F and the E2F-target genes RNR2 and PCNA. Actin

was used as a reference. PCNA, proliferating cell nuclear antigen.

ship between chromatin reorgani-
zation accompanying  cellular
dedifferentiation and the activa-
tfion of pRb/E2F-regulated genes
by using the protoplast system. An-
alyzing the progression of proto-
plasts intfo S phase by fluorescence
activated cell sorting (FACS) (Fig.
3A), we found that fate-switch-
competent protoplasts reentered
the cell cycle 72 hr after hormone
application (P 1-72, Fig. 3A, right
panel). To study the expression pat-
tern of pRb in differentiated cells
and during cellular dedifferentia-
tion, we used 2E5 monoclonal an-
fibody raised to maize Rb (Grafi et
al., 1996), shown to immunoprecipi-
tate the tobacco Rb (NtRb; Fig. 3B,
lanes 1-3). NfRb was hypophos-
phorylated in differentiated leaf
cells (Fig. 3B, lane 4; pRb appear-
ing as a sharp band) but became
phosphorylated during progression
of cells info S phase, as evident by
the diffused protein band (Fig. 3B,
lanes 6-7), a typical appearance
of phosphorylated pRb in plants
(Grafi et al., 1996). These results are
consistent with previous findings
showing that dedifferentiation of

animal cells is associated with
phosphorylation of pRb (Tiainen et
al.,, 1996; Tanaka et al., 1997). Re-
verse transcriptase-polymerase
chain reaction (RT-PCR) analysis
showed (Fig. 3C) that the tobacco
E2F is expressed both in tfobacco
leaf cells and in protoplasts pro-
gressing info S phase, consistent
with previous reports (Ramirez-
Parra et al., 1999; Albani et al.,
2000). The expression of E2F cou-
pled with the hypophosphorylated
form of pRb in differentiated leaf
cells suggest that these proteins
may cooperate in silencing E2F-
target genes. Indeed, RT-PCR anal-
ysis showed that the small subunit
of ribonucleotide reductase (RNR2,
Chaboute et al., 2000) and the pro-
liferating cell nuclear antigen
(PCNA, Egelkrout et al., 2002), two
plant E2F-regulated genes, are
down-regulated in differentiated
leaf cells. These genes did not show
significant expression in fate-
switch-competent protoplasts (P
1-0), but were up-regulated in pro-
toplasts approaching S phase (P
1-72) (Fig. 3C), concomitantly with
PRb phosphorylation.
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PRb/E2F-Target Genes Become
Less Condensed in Cells
Acquiring Competence for
Fate Switch or Progressing Into
S Phase

Increasing evidence implicate chro-
matin structure in the repression of
E2F-regulated genes in quiescent
mammalian cultured cells. Such si-
lencing may be brought about in a
pRb-dependent or -independent
manner through the recruitment of
mulfiple chromatin-associated fac-
tors such as histone and DNA meth-
yltransferases (Ogawa et al., 2002;
Rayman et al., 2002). By using the
MNase assay, we studied the chro-
matin  configuration of E2F-regu-
lated genes in differentfiated cells
and in cells undergoing dedifferenti-
ation. Nuclei from tobacco leaof
cells, fate-switch-competent proto-
plasts (P t-0), and protoplasts enter-
ing S phase (P t-72) were first incu-
bated with  MNase for various
durations, and the DNA was re-
solved on agarose gel. MNase freat-
ment resulted in a classic nucleoso-
mal ladder (Fig. 4A). As previously
shown, chromatin of protoplast nu-
clei (-0 and t-72) was more sensitive
than chromatin of leaf cell nuclei to
MNase (Zhao et al., 200T). PCR anal-
ysis showed that both RNR2 and
PCNA were more resistant to MNase
in leaf cells than in protoplasts (Fig.
4B). Southern blot analysis of the
MNase-digested nuclei with 32P-la-
beled PCNA confirmed that the
PCNA gene was more profected in
leaf nuclei than in protoplast nuclei
(Fig. 4C). These results suggest that
repression of RNR2 and PCNA in
differentiated leaf cells (Fig. 3C) is
achieved, at least partly, by het-
erochromatinization. The deconden-
sation of the RNR2 and PCNA loci
during cellular dedifferentiation ap-
pears to be specific inasmuch as a
repetitive DNA sequence 3-19 (RS
3-19. Yang and Chen, 2001) re-
mained relatively resistant to MNase
both in differentiated leaf cells and
in protoplasts (Fig. 4B).

DISCUSSION

Chromatin reorganization accom-
panying acquisition of competence
for cell fate-switch has been demon-

strated in the present work in various
ways. DAPI staining of nuclei clearly
demonstrated the reorganization of
chromatin and the disruption of the
nucleolar domain, which is accom-
panied by condensation of the 18S
tDNA; the latter is involved in the
biogenesis of ribosomes (Leary
and Huang, 2001). Expression of pre-
rRNAs is regulated, at least partly, by
the silencing of individual rDNA
genes by means of alterations in
chromatin structure (Pikaard, 1999;
Leary and Huang, 2001). Hence, the
observed chromatin condensation
of 18S rDNA in cells competent for
fate switch might lead to gene si-
lencing and consequently to a re-
duction in ribosome biogenesis. This
sequence of events is consistent with
a previous report showing that the
number of ribosomes is dramatically
reduced at or soon after protoplast
isolation (Gigot et al., 1975). The re-
duction in ribosome production to-
gether with an increase in ribonucle-
ase level (Lazar et al., 1973) in fate-
switch-competent protoplasts may
point to a state whereby existing
franscription and translation of ge-
netic products is being erased in
preparation for a new cell function
(Galun, 1981). Notably, the picture
obtained by FACS and MNase anal-
yses clearly pointed to chromatin
decondensation as the magjor pro-
cess accompanying acquisition of
competence for cell fate-switch
(Zhoo et al., 2001). However, the ob-
served condensation of the 18S
rDNA suggests that changes in chro-
matin in cells competent for fate-
switch may be better defined as
chromatin reorganization.
Chromatin reorganization accom-
panying cell fate-switch may be
achieved by modifications of his-
tone H3 (e.g.. acetylation) and
redistrioution of HP1 protein. We
observed increased levels of acety-
lated histone H3 in cells competent
for fate switch, a modification often
associated with chromatin relax-
ation and gene franscription (re-
viewed by Dillon and Festenstein,
2002). We also found changes in the
electrophoretic mobility of K9-meth-
ylated histone H3, which are attrib-
uted to posttransiational modifica-
tions. Because methylation of
histone H3 at lysine 9 generates a
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Fig. 4. E2Ftarget genes are in a con-
densed chromatin configuration in differen-
tiated cells and undergo decondensation
during cellular dedifferentiation. A: Nuclei
prepared from leaves, fate-switch-compe-
tent protoplasts (P 1-0), or protoplasts ap-
proaching S phase (P -72) were treated
with MNase for the indicated time periods.
DNA was resolved by 1.4% agarose gel and
stained with ethidium bromide. B: Assess-
ment of chromatin configuration of RNR2
and PCNA was performed by polymerase
chain reaction (PCR) using as a template
DNA isolated from MNase-treated nuclei. RS
3-19 indicates the PCR product of a repeti-
tive DNA used as a reference. Note that, in
differentiated leaf cells, PCNA is more pro-
tected than RNR2 from MNase digestion. C:
PCNA is more condensed in differentiated
cells than in fate-switch-competent proto-
plasts. DNA from MNase-treated nuclei was
resolved as in A, Southern blotted, and
probed with *2P-labeled PCNA. PCNA, pro-
liferating cell nuclear antigen.




118 WILLIAMS ET AL

binding site for HP1 (Bannister et al.,
2001; Lachner et al., 2001), we ad-
dressed the possibility that these
modifications may account for the
release of a fraction of GFP-HP1y
fromm chromatin. However, our results
showed that modifications of K9-
methylated histone H3 cannot di-
rectly account for this detachment
inasmuch as modified K9-H3 was cao-
pable of binding GST-HP1y in a GST
pull-down assay. In view of the sta-
ble nature of lysine methylation, it is
possible that modifications of K9-
methylated H3 during acquisition of
competence for cell fate-switch
generate a “code” (Jenuwein and
Allis, 2001) that is read by as yet an
unknown factor(s) or protein com-
plexes that compete out GFP-HP1y
from chromatin, leading to chromao-
tin reorganization.

Accumulating data suggest that
the fransition from differentiation to
proliferation is controlled by pRb; in-
activation of pRb either by overex-
pression of viral oncogenes, recon-
stitution of cyclin D/CDK, or by
phosphorylation induces differenti-
ated cells o reenter S phase (lujvidin
et al., 1990; Crescenzi et al., 1995;
Tanaka et al, 1997, Endo and
Nadal-Ginard, 1998; Latella et al.,
2001). The Rb protein appears to
function as a molecular switch con-
frolling the interplay between differ-
entiation and proliferation, at least
partly, through interaction with
members of the E2F family of fran-
scription factors; the latter regulate
the expression of various genes in-
volved in DNA replication and cell
cycle progression (Dyson, 1998; De-
Gregori, 2002). Our results suggest
that E2F-regulated genes are con-
frolled in differentiated plant cells at
the chromatin level by heterochro-
matinization. Their activation during
cellular  dedifferentfiation  occurs
gradually: they become decon-
densed, although not yet activated,
as cells become competent for
fate-switch, and transcriptionally ac-
tivated just before entry of cells info
S phase, concomitantly with phos-
phorylation of pRb. Indeed, pro-
moter occupancy of E2F-regulated
genes in quiescent cultured cells
points to pRb-mediated regulation
of E2F-target genes at the chromatin
level. Accordingly, a corepressor

containing histone deacetylase
complex HDACT1/mSin3B is specifi-
cally recruited, in a “pocket” pro-
tein-dependent manner, to promot-
ers of E2F-target genes in quiescent
cells but is released as cells reach
late G1 (Rayman et al., 2002).

Taken together, chromatin reor-
ganization appears to be a fundao-
mental theme in cellular plasticity
and dedifferentiation providing the
means for reversion of the differenti-
ation process and resetting the
gene expression program. This
mechanism leads to activation of si-
lent genes, such as E2F-target
genes, whose products may induce
fate-switch and reentry into S phase.
Is this mode of dedifferentiation
unique to plants, or does it have
bearing to dedifferentiation of ma-
ture animal cells as well?

The Xenopus egg cell-free extract
was used extensively to study reac-
tivation of S phase in somatic nuclei,
as it provides a suitable biochemical
environment that support all the nu-
clear events necessary for cell divi-
sion cycle (Lohka and Masui, 1983).
Similarly to the plant protoplast sys-
tem (Zhao et al, 2001), chicken
erythrocyte nuclei incubated in Xe-
nopus egg cell-free extract dis-
played two distinct phases of chro-
matin  decondensation  before
reactivation of DNA synthesis (Blank
et al., 1992). The mechanism under-
lying chromatin remodeling of so-
matic nuclei transplanted into Xeno-
pus egg extract has been shown to
require the activity of the chromatin-
remodeling nucleosomal adenosine
triphosphatase (ATPase) ISWI (Kikyo
et al., 2000), a member of the SWI2/
SNF2 superfamily. The ISWI is a sub-
unit of several distinct nucleosome
remodeling complexes that increase
the accessibility of DNA in chromatin
(Varga-Weisz and Becker, 1998). In
view of the wide occurrence of
chromatin reorganization in a vari-
ety of dedifferentiating eukaryotic
cells (Chiabrera et al., 1979; Fontes
et al., 1980; Blank et al., 1992), and
the high similarity in the regulation of
chromatin structure between plants
and animals, chromatin  dynamics
might be important for the regener-
ative capacity not only of plant cells
but of animal cells as well.

EXPERIMENTAL PROCEDURES

Protoplast Isolation, Nuclei
Preparation, FACS, and
Micrococcal Nuclease Analysis

Protoplasts were isolated from leaves
of Nicotiana fabacum ("Samsun NN*)
or from fransgenic tobacco express-
ing GFP-HP1y (Fass et al., 2002) es-
senfially as described (Zelcer and
Galun, 1976). The distribution of
GFP-HP1y in leaf cells, cultured cells,
and protoplasts was inspected by a
fluorescence microscope (Olympus)
equipped with a CCD camera (Ima-
go, Photonics) using Olympus filter
U-MWIBAZ2 to detect GFP.

Freshly prepared tobacco proto-
plasts were washed and induced by
phytohormones to reenter the cell
cycle as described (Zhao et al,
2001). Nuclei from mature leaf cells,
freshly prepared protoplasts (t-0),
and protoplasts progressing intfo S
phase (t-72) were prepared as de-
scribed (Zhao et al., 2001). Nuclei
were resuspended in a FACS buffer
(10 mM MES, 0.2 M sucrose, 0.01%
Triton X-100, 2.5 mM EDTA, 2.5 mM
dithiothreitol) and subjected to FACS
analysis by using FACSort (Becton,
Dickinson). In addition, nuclei were
stained with 10 pg/ml DAPI (Sigma)
and inspected by a fluorescence mi-
croscope (Olympus) equipped with a
CCD camera (Imago, Photonics)
using Olympus filter U-MNU. Equal
amounts of nuclei (determined by
pack volume and relative density)
were subjected to MNase digestion,
and DNA was extracted and precip-
itated as previously described (Zhao
et al,, 2001). The DNA samples were
resuspended in 30 ul of H,O, freated
with RNase A (20 ug/ml, 25 min ot
room temperature), and resolved by
1.6% agarose gels followed by stain-
ing with ethidium bromide. The chro-
matin configuration of various genes
was assessed either by Southern blot
of the MNase-digested DNA using
32p_|abeled RNR2 or PCNA or by PCR
using the following primers: NtRNR2-
Sense (S) (8'-ATGCCTCTAATICCA-
GAAGAGCC-3"); NIRNR2-Antisense
(AS) (5'-GAAGTCTTCATCCAACT-
TGAACTC-3") (RNR2 accession
no. X92443); NtPCNA-S (6'-GTCC-
TITCCCTCCTCCCCATITCAG-3");
NtPCNA-AS (5'-CAAACATGAA-
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AGTGACGGTGTCAC-3") (PCNA
accession no. AB025029); NtRS-3-
19-S (5'-CATCTCTGTATAACGATC-
CGATCG-3"); and NfRS-3-19-AS
(5'-CAACAATTTGAATCCCATGAAA-
TCG-3"). PCR fragments were sep-
arated in 1% agarose gel contain-
ing ethidium bromide. Each PCR
experiment was performed two to
three times to ensure accuracy
and reproducibility of the assays.

Salt Extraction of Nuclei,
Histone Exiraction,
Immunoblotting,
Immunoprecipitation, and GST
Pull-down Assay

Nuclei were extracted with increas-
ing concentrations of NaCl as de-
scribed (Remboutsika et al., 1999).
Core histone profeins were ex-
tfracted with 2% trichloroacetic acid
as described (Zhao and Grafi, 2000).
Proteins were resolved by SDS/PAGE
and immunoblotted with the follow-
ing antibodies: anti-HA (Covance,
BAbCO) to detect GFP-HP1y, anti-
dimethylated (K9) histone H3, and
anti-acetylated (K9 and K14) histone
H3 (Upstate Biotechnology). Immu-
noprecipitation of pRb was per-
formed with 2E5 monoclonal anti-
body (100 ul of supernatant
hybridoma cells) and 1T mg of total
profein extract from various tissues
essentially as described (Grafi et al.,
1996). GST pull-down assay was per-
formed using the GST-HP1y previ-
ously described (Fass et al., 2002).

RT-PCR Analysis

Total RNA was extracted from to-
bacco leaves, freshly prepared proto-
plasts (-0), and protoplasts progress-
ing info S phase (-72) by using EZ-RNA
kit (Biological Industries, Bet Haemek,
Israel). RNA was tfreated with DNase
for 30 min followed by phenol/chloro-
form extraction and ethanol precipi-
tation. First-strand cDNA synthesis was
performed with 2 ug of total RNA
primed with oligo (dl),g by using the
Superscript RT Il kit (Gibco BRL) ac-
cording to the manufacturer’s proto-
col. First-strand DNA was used as a
template for semiquantitative PCR
amplification, and the resultant frag-
mentfs were resolved in 1% agarose

gel containing ethidium bromide.
The following primers were used:
NfRNR2-S; NtRNR2-AS; NtPCNA-S;
NtPCNA-AS; NTE2F-S (6'-GAAGTTGAT-
GATAGTIGTTACAAGS'); NIE2F-AS (5'-
CTCCTCCATICTCCTCAGTAG-3") (E2F
accession no. AB025347); Actin-S (5'-
GGITITGCIGGGGATGATGC-3"); and
Actin-AS (6'-CATGGCTGGCACATT-
GAATGTCTC-3"). PCR fragments were
resolved in 1% agarose gel containing
ethidium bromide.

Slide Preparation, Probe
Labeling, and Fluorescence In
Situ Hybridization (FISH) Assay

Fixed nuclei (6-10 ul) either from to-
bacco leaves or protoplasts (kept at
—20°C in ethanol:acetic acid /3:1)
were spread on a slide, air-dried,
and incubated in 100% ethanol for 1
hr at room temperature. Slides were
then air-dried and incubated for 6
min in a fixative solution containing
freshly prepared 2% paraformalde-
hyde in 1 X SSC. Slides were washed
three times, 5 min each, with 2 X SSC
and subjected to denaturation solu-
fion containing 70% formamide in
1 x SSC at 60°C for 3 min followed by
sequential washes, 3 min each, in
70%, 95%, and 100% cold ethanol.
Slides were air-dried and either used
immediately for hybridization or kept
at room temperature for 1-2 days
before hybridization. The probe, 18S
ribosomal DNA from Arabidopsis
thaliana, was amplified by PCR using
genomic DNA as a template and
the following primers: 18S-sense (&'
GTCACCTGGTTIGATCCTIGCCAG-
TAGTC-3’) and 18S-antisense (&'-
GAGAAGATCTGAGACTAGGACG-
GTATCTGATCG-3"). This probe was
labeled directly with fluorescein-12-
dUTP (Roche) using Nick Translation
kit (Roche), mixed with a hybridizo-
fion solution (final volume of 100 wl)
containing 10% (w/v) sodium dex-
fran sulphate, 50% deionized form-
amide, and 2 X SSPE, denatured at
80°C for 5 min, and cooled on ice.
The probe was added 1o slides, cov-
ered with coverslips, and incubated
at 37°C, in the dark, for 16-20 hr fol-
lowed by washing essentially as de-
scribed (Fransz et al., 1996). Next,
slides were stained with 10 pg/ml
DAPI and mounted in Vectashield.
Hybridization signals were visualized

by a fluorescence microscope
(Olympus) equipped with a CCD
camera (Imago, Photonics) using
Olympus filters U-MNU and U-MWIBA2
to detect DAPI and fluorescein, re-
spectively. Images were pseudocol-
ored and merged by using TILL Vision
version 3.3 soffware. All images were
processed by using Adobe Photo-
shop software.

ACKNOWLEDGMENTS

We thank M. Sekine for providing the
NiRb clone, and D. Ginsberg for crit-
ical reading of the manuscript.

REFERENCES

Albani D, Mariconti L, Ricagno S, Pitto L,
Moroni C, Helin K, Cella R. 2000. DcE2F,
a functional plant E2F-like transcrip-
fional activator from Daucus carota.
J Biol Chem 275:19258-19267.

Bannister AJ, Zegerman P, Partridge JF,
Miska EA, Thomas JO, Allshire RC,
Kouzarides T. 2001. Selective recogni-
tion of methylated lysine 9 on histone
H3 by the HP1 chromo domain. Nature
410:120-124.

Blank T, Trendelenburg M, Kleinschmidt
JA. 1992, Reactivation of DNA replica-
tion in erythrocyte nuclei by Xenopus
egg extract involves energy-depen-
dent chromatin decondensation and
changes in histone phosphorylation.
Exp Cell Res 202:224-232.

Brehm A, Kouzarides T. 1999. Retinoblas-
toma protein meets chromatin. Trends
Biochem Sci 24:142-145,

Chaboute ME, Clement B, Sekine M, Phil-
ipps G, Chaubet-Gigot N. 2000. Cell
cycle regulation of the tobacco ribo-
nucleotide reductase small subunit
gene is mediated by E2F-like elements.
Plant Cell 12:1987-2000.

Chiabrera A, Hinsenkamp M, Pilla AA,
Ryaby J, Ponta D, Belmont A, Beltrame
F, Grattarola M, Nicolini C. 1979, Cyto-
fluorometry of electromagnetically
controlled cell dedifferentiation. Histo-
chem Cytochem 27:375-381.

Crescenzi M, Soddu S, Tato F. 1995. Mi-
totic cycle reactivation in terminally
differentiated cells by adenovirus in-
fection. J Cell Physiol 162:26-35.

Dahiya A, Wong S, Gonzalo S, Gavin M,
Dean DC. 2001. Linking the Rb and
polycomb pathways. Mol Cell 8:557-
569.

DeGregori J. 2002. The genetics of the
E2F family of franscription factors:
shared functions and unigque roles. Bio-
chim Biophys Acta 1602:131-150.

Dillon N, Festenstein R. 2002. Unravelling
heterochromatin:  competition  be-
tween positive and negative factors
regulates accessibility. Trends Genet 18:
252-258.



120 WILLIAMS ET AL

Dyson N. 1998. The regulation of E2F by
PRB-family proteins. GenesDev 12;2245-
2262.

Eberharter A, Becker PB. 2002. Histone
acetylation: a switch between repres-
sive and permissive chromatin. EMBO
Rep 3:224-229.

Eissenberg JC, Elgin SC. 2000. The HPI1
protein family: getting a grip on chro-
matin. Curr Opin Genet Dev 10:204-
210.

Egelkrout EM, Mariconti L, Settlage SB,
Cella R, Robertson D, Hanley-Bowdoin
L. 2002. Two E2F elements regulate the
proliferating cell nuclear antigen pro-
moter differently during leaf develop-
ment. Plant Cell 14:3225-3236.

Endo T, Nadal-Ginard B. 1998. Reversal of
myogenic terminal differentiation by
SV40 large T antigen results in mitosis
and apoptosis. J Cell Sci 111:1081-1093.

Fass E, Shahar S, Zhao J, Zemach A, Avivi
Y, Grafi G. 2002. Phosphorylatfion of hi-
stone H3 at serine 10 cannot account
directly for the detachment of human
heterochromatin protein 1y from mi-
totic chromosomes in plant cells. J Biol
Chem 277:30921-30927.

Fontes M, Marilley M, Le Parco Y,
Thouveny Y. 1980. Variations in acces-
sibility of DNA during traumatic regen-
eration by Owenia fusiformis (poly-
chaete annelid). Cell Differ 9:83-93.

Fransz PF, Alonso-Blanco C, Liharska TB,
Peeters AJ, Zabel P, de Jong JH. 1996.
High-resolution physical mapping in
Arabidopsis thaliana and tomato by
fluorescence in situ hybridization to ex-
tended DNA fibres. Plant J 9:421-430.

Galun E. 1981. Plant protoplasts as physi-
ological tools. Ann Rev Plant Physiol 32:
237-266.

Gigot C, Kopp M, Schmitt C, Milne RG.
1975. Subcellular changes during isola-
fion and culture of fobacco mesophyll
protoplasts. Protoplasma 84:31-41.

Grafi G, Burnett RJ, Helentjaris T, Larkins
BA, DeCaprio JA, Sellers WR, Kaelin WG
Jr. 1996. A maize cDNA encoding a
member of the retinoblastoma protein
family: involvement in endoreduplica-
fion. Proc Natl Acad Sci U S A 93:8962-
8967.

Herwig S, Straus M. 1997. The retinoblaos-
toma protein: a master regulator of cell
cycle, differentiation and apoptosis.
Eur J Biochem 246:581-601.

lujvidin S, Fuchs O, Nudel U, Yaffe D. 1990.
SV40 immortalizes myogenic cells: DNA
synthesis and mitosis in differentiating
myotubes. Differentiation 43:192-203.

Jenuwein T, Allis CD. 2001. Translating the
histone code. Science 293:1074-1080.

Kikyo N, Wade PA, Guschin D, Ge H,
Wolffe AP. 2000. Active remodeling of
somatic nuclei in egg cytoplasm by
the nucleosomal ATPase ISWI. Science
289:2360-2362.

Lachner M, O’Carroll D, Rea S, Mechtler
K, Jenuwein T. 2001. Methylation of his-
tone H3 lysine 9 creates a binding site
for HP1 proteins. Nature 410:116-120.

Latella L, Sacco A, Pajalunga D, Tiainen
M., Macera D, D'’Angelo M, Felici A,
Sacchi A, Crescenzi M. 2001. Reconsti-
tution of cyclin D1-associated kinase
activity drives terminally differentiated
cells into the cell cycle. Mol Cell Biol
21:5631-5643.

Lazar G, Borbely G, Udvardy J, Premecz
G, Farkas GL. 1973. Osmotic shock trig-
gers an increase in ribonuclease level
in protoplasts isolated from tobacco
leaves. Plant Sci Letft 1:53-57.

Leary DJ, Huang S. 2001. Regulation of
ribosome biogenesis within the nucleo-
lus. FEBS Lett 509:145-150.

Lohka MJ, Masui Y. 1983. Formation in
vitro of sperm pronuclei and mitotic
chromosomes induced by amphibian
ooplasmic components. Science 220:
719-721.

Lusser A. 2002. Acetylated, methylated,
remodeled: chromatin states for gene
regulation. Curr Opin Plant Biol 5:437-
443,

Nielsen SJ, Schneider R, Bauer UM, Ban-
nister AJ, Morrison A, O’Carroll D, Firest-
ein R, Cleary M, Jenuwein T, Herrera RE,
Kouzarides T. 2001. Rb targets histone
H3 methylation and HP1 to promoters.
Nature 412:561-565.

Ogawa H, Ishiguro K, Gaubatz S, Living-
ston DM, Nakatani Y. 2002. A complex
with chromatin modifiers that occupies
E2F-and myc-responsive genes in GO
cells. Science 296:1132-1136.

Pikaard CS. 1999. Nucleolar dominance
and silencing of transcription. Trends
Plant Sci 4:478-483.

Ramirez-Parra E, Xie Q, Boniotti MB, Gufi-
errez C. 1999. The cloning of plant E2F,
a retfinoblastoma-binding protein, re-
veals unique and conserved features
with animal G1/S regulators. Nucleic
Acids Res 27:3527-3533.

Rayman JB, Takahashi Y, Indjeian VB,
Dannenberg JH, Catchpole S, Watson
RJ, te Riele H, Dynlacht BD. 2002. E2F
mediates cell cycle-dependent tran-
scriptional repression in vivo by recruit-
ment of an HDAC1/mSin3B corepressor
complex. Genes Dev 16:933-947.

Remboutsika E, Lufz Y, Gansmuller A,
Vonesch JL, Losson R, Chambon P.
1999. The putative nuclear receptor
mediator TIF1alpha is tightly associated
with euchromatin. J Cell Sci 112:1671-
1683.

Robertson KD, Ait-Si-Ali S, Yokochi T,
Wade PA, Jones PL, Wolffe AP. 2000.
DNMT1 forms a complex with Rb, E2F1
and HDACT1 and represses transcription
from E2F-responsive promoters. Nat
Genet 25:338-342.

Shen WH. 2002. The plant E2F-Rb path-
way and epigenetic control. Trends
Plant Sci 7:505-511.

Spencer VA, Davie JR. 2001. Dynamically
acetylated histone association with
transcriptionally active and compe-
tent genes in the avian adult beta-glo-
bingenedomain.JBiolChem276:34810-
34815.

Takebe |, Labib G, Melchers G. 1971. Re-
generation of whole plants from iso-
lated mesophyll protoplasts of to-
bacco. Naturwissenschaften 58:318-
320.

Tanaka EM, Gann AAF, Gates PB, Brockes
JP. 1997. Newt myotubes reenter the
cell cycle by phosphorylation of the
retinoblastoma protein. J Cell Biol 136:
155-166.

Tiainen M, Spitkovsky D, Jansen-Durr P,
Sacchi A, Crescenzi M. 1996. Expression
of ETA in terminally differentiated mus-
cle cells reactivates the cell cycle and
suppresses fissue-specific genes by
separable mechanisms. Mol Cell Biol
16:5302-5312.

van Holde KE. 1989. Chromatin. Berlin:
Springer-Verlag.

Varga-Weisz PD, Becker PB. 1998. Chro-
matin-remodeling factors: machines
that regulate? Curr Opin Cell Biol 10:
346-353.

Williams L, Grafi G. 2000. The refinoblas-
toma protein: a bridge to heterochro-
matin. Trends Plant Sci 5:230-240.

Wolffe AP. 1992. Chromatin: structure
and function. San Diego, CA: Acao-
demic Press.

Yang P, Chen Z. 2001. A family of dis-
persed repetitive DNA sequences in to-
bacco contain clusters of W-box ele-
ments recognized by pathogen-
induced WRKY DNA binding proteins.
Plant Sci 161:655-664.

Zelcer A, Galun E. 1976. Culture of newly
isolated tobacco protoplasts: precur-
sor incorporation into protein, RNA and
DNA. Plant Sci Lett 7:331-336.

Zhang Y, Reinberg D. 2001. Transcription
regulation by histone methylation: in-
terplay between different covalent
modifications of the core histone fails.
Genes Dev 15:2343-2360.

Zhao J, Grafi G. 2000. The high mobility
group /Y protein is hypophosphory-
lated in endoreduplicating maize
endosperm cells and is involved in al-
leviating histone HI1-mediated tran-
scriptional repression. J Biol Chem 275:
27494-27499.

Zhao J, Morozova N, Williams L, Libs L,
Avivi Y, Grafi G. 2001. Two phases of
chromatin decondensation during cel-
lular dedifferentiation of plant cells: dis-
tinction between competence for cell
fate switch and a commitment for S
phase. J Biol Chem 276:22772-22778.



