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Chromatin higher-order structures and gene regulation
Guohong Li1 and Danny Reinberg2
Genomic DNA in the eukaryotic nucleus is hierarchically
packaged by histones into chromatin to fit inside the nucleus.
The dynamics of higher-order chromatin compaction play a
crucial role in transcription and other biological processes
inherent to DNA. Many factors, including histone variants,
histone modifications, DNA methylation, and the binding of
non-histone architectural proteins regulate the structure of
chromatin. Although the structure of nucleosomes, the
fundamental repeating unit of chromatin, is clear, there is still
much discussion on the higher-order levels of chromatin
structure. In this review, we focus on the recent progress in
elucidating the structure of the 30-nm chromatin fiber. We also
discuss the structural plasticity/dynamics and epigenetic
inheritance of higher-order chromatin and the roles of
chromatin higher-order organization in eukaryotic gene
regulation.
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Genomic DNA in the eukaryotic nucleus is hierarchically
packaged by histones into chromatin. The fundamental
repeating unit of chromatin is the nucleosome that comprises 146 base pairs of DNA wrapped in 1.7 superhelical
turns around an octamer of histone proteins [1]. The
nucleosomal array, a ‘beads-on-a-string’ fiber with a
diameter of 11-nm, represents the first level of chromatin
organization [1]. The binding of the linker histone (H1 or
H5) organizes the nucleosome arrays into a more condensed 30-nm chromatin fiber that is typically posited as
being the second structural level of DNA organization [2].
While folding of chromatin fiber to the next higher layer is
much more obscure, it has been clear that the plasticity of
and the dynamics of higher-order chromatin compaction
www.sciencedirect.com

are key regulators of transcription and other biological
processes inherent to DNA. In this review, we focus on
the recent progress in elucidating the structure of the 30nm chromatin fiber. We also discuss the structural
plasticity/dynamics and epigenetic inheritance of
higher-order chromatin and the roles of chromatin
higher-order organization in eukaryotic gene regulation.

Nucleosome dynamics and gene regulation
During DNA replication and gene transcription, DNA
needs to be accessed by DNA binding factors at appropriate regions and at appropriate times, however the
compaction of DNA into chromatin makes it refractory
to such factors. DNA methylation, core histone posttranslational modifications and histone variants have been
shown to affect the intrinsic properties of nucleosomes,
and thus have important functions in regulating nucleosome dynamics [3]. Using single molecular fluorescence
resonance energy transfer (FRET), DNA methylation
was found to result in a closed and rigid nucleosomal
structure, changing the dynamics of mono-nucleosomes
[4]. FRET analyses of mononucleosomes in vitro show
that the histone variant H2A.Z stabilizes the histone
octamer within the nucleosome and prevents eviction
of the histone H2A.Z-H2B dimer [5,6]. Interestingly,
Felsenfeld and colleagues have shown that histone
H3.3 can modulate the effect of H2A.Z on nucleosome
stability in vivo. Nucleosomes containing histones H3.3
and H2A.Z exhibit a much more unstable structure and
higher turnover rates compared to those containing H3.1
and H2A.Z histones or H3.3 and canonical H2A histones
[7]. However, biochemical and biophysical analyses in
vitro demonstrated that recombinant histone variants
H2A.Z and H3.3, (either one or in combination), display
only subtle effects on the compaction and stability of the
nucleosome particle [8]. This result suggests that the
posttranslational modifications of H2A.Z and/or H3.3
may be responsible for H2A.Z-mediated decreases in
nucleosome stability as observed in vivo. Histone
H2A.Bbd and macroH2A represent two unusual histone
variants. Both H2A.Bbd and macroH2A display intrinsic
and extrinsic effects on nucleosome stability and
dynamics, thereby impacting gene regulation through
their unusual structural and functional properties [9–13].

30-nm chromatin fiber: solenoid vs Zig-Zag
The X-ray crystal structure of the nucleosome core
particles has been resolved at high resolution, showing
the precise path of the 146 bp of DNA and the localization of individual core histones [1]. Despite considerable
efforts during the past three decades however, the
arrangement of chromatin in higher-order structures
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remains largely uncharacterized. Early electron microscopy (EM) studies of native chromatin fibers have led
to the proposal of two models for the 30-nm fiber: (i) the
one-start helix/solenoid model, in which adjacent nucleosomes are connected by linker DNA bent between them
to follow the superhelical path, with about 6–8 nucleosomes per turn [14], and (ii) the two-start helix model, in
which adjacent nucleosomes are connected by straight
linker DNA, based on the Zig-Zag arrangement of
nucleosomes observed by EM in the case of chromatin
in low ionic strength buffers [15,16].
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The study of chromatin isolated from nuclei has an
advantage in that it presumably represents the ‘native’
state. However, native chromatin is very heterogeneous,
reflective of its different DNA sequences, different
histone compositions and their modifications, and irregular nucleosome spacing [17]. In an attempt to reduce the
effect of these variables, scientists have recently developed an in vitro well-defined reconstituted nucleosomal
array system that incorporates a strong ‘widom 601
nucleosome positioning’ sequence [18,19]. Using this
system, Richmond and colleagues proposed a two-start
crossed-linker model for 30-nm chromatin fiber based on
EM imaging and the crystal structure of a tetranucleosome core array lacking the linker histone [18,20]; (Figure
1). Their proposed idealized model is a twisted ribbon
with a diameter of about 25 nm and a compaction density
of 5–6 nucleosomes per 11 nm. However, the structure
was determined for a tetranucleosome array that is too
short to form a solenoid structure. Furthermore, their
study employed a very short nucleosome repeat length
(167 bp) and a high concentration of divalent cation Mg2+
(120 mM), which is uncommon in nature.
In another recent study, Rhodes and colleagues analyzed
the structure of long and regular chromatin fibers with a
range of nucleosomal repeats (from 177 to 237 bp) by EM
and cryo-EM under various solution conditions. Although
the detailed structure could not be resolved, the dimensions measured allowed them to propose a one-start
interdigitated solenoid structure [19] (Figure 1). In this
case, the chromatin fibers were analyzed under more
native conditions including the presence of linker
histone, a wide range of linker DNA length found in
nature, and low divalent salt concentration (1.6 mM
Mg2+). Recent studies using reconstituted short nucleosome arrays have concluded that the linker histone is
dispensable for chromatin compaction under high concentrations of Mg2+ [18,20,21]. However, Rhodes and
colleagues found that both the linker histone and the
nucleosome repeat length (NRL) determine chromatin
higher-order structure and that in the absence of linker
histone, the 167-bp NRL array displays a highly ordered
‘ladder’-like structure consisting of the two-start helix
arrangement of stacked nucleosomes [22]. This nucleosome arrangement is reminiscent of that previously
Current Opinion in Genetics & Development 2011, 21:175–186
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Models of the 30 nm chromatin fiber. Two well-known structural models
for 30-nm chromatin fibers are proposed: one-start helix (solenoid) (a
and c) and two-start helix (zig-zag) (b and d). At the top, a schematic
representation is shown for the two different topologies of 30-nm
chromatin fibers (a and b). The alternative nucleosomes are numbered
from N1 to N8. In the solenoid model proposed by Rhodes and
colleagues, the 30-nm chromatin fiber is an interdigitated one-start helix
in which a nucleosome in the fiber interacts with its fifth and sixth
neighbor nucleosomes [19]. Alternative helical gyres are colored blue
and magenta (c). In the zigzag model suggested by Richmond and
colleagues, the chromatin fiber is a two-start helix in which nucleosomes
are arranged in a zig-zag manner such that a nucleoosme in the fiber
binds to the second neighbor nucleosome [18,20]. Alternative
nucleosomes pairs are colored blue and orange. Images courtesy of D.
Rhodes [19] and D. Tremethick [113].

observed by Richmond and colleagues in the EM analysis
of the cross-linked 167-bp NRL nucleosome array [18].

Chromatin structures beyond 30-nm fiber
Inter-fiber nucleosome–nucleosome interactions

As summarized in Figure 2, Mg2+-dependent intra-fiber
compaction and inter-fiber oligomerization of nucleosowww.sciencedirect.com
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Figure 2
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Hierarchical folding and plasticity of higher-order chromatin structures. A general scheme represents the folding of chromatin from 11-nm nucleosomal
arrays (beads-on-string) to higher order chromatin structures including 30-nm chromatin fiber, fiber–fiber association, chromatin looping, and
positioning. Factors proposed to affect changes between different chromatin structures are shown.

mal arrays is thought to recapitulate essential aspects of
higher-order folding transitions that stabilize chromosome structure beyond the 30-nm chromatin fiber, and
mimics fiber–fiber interaction observed in native chromatin. The compaction of nucleosome arrays into chromatin structures involves the inter-nucleosome
interactions mediated by the core histone tail domains
and their modifications [23–25]. Numerous studies have
revealed that it is the inter-nucleosome interactions
within a nucleosomal array that primarily contribute to
the compaction of model nucleosome arrays into 30-nm
fiber [26], while the long-range inter-array interactions are
involved in the formation of tertiary chromatin structure
via self-association [27].
According to the crystal contacts between nucleosomes
observed in the first high resolution structure of the
www.sciencedirect.com

nucleosome, it was proposed that the histone H4 tail of
one nucleosome can directly interact with the acidic patch
interface of H2A and H2B in adjacent nucleosomes [1].
Indeed, subsequent biochemical analysis and cross-linking experiments validated that the histone H4 tail has the
most pronounced effect on both inter-nucleosome and
inter-array association [25,28,29], in a manner dependent
on the charge [30], modification states [21,31,32], and
position of the H4 tail [32]. It was proposed that oligomerization may compete with fiber folding, as promotion
of fiber folding by histone variant H2A.Z inhibits interfiber associations [28,33] (Figure 2). If less folding does
indeed favor oligomerization, then H2A.Bbd arrays would
be the best substrate for the oligomerization process as
these arrays essentially cannot fold. Consistent with this,
H2A.Bbd arrays do oligomerize more efficiently than
H2A arrays [34] (Figure 2). Of note, Dubochet and
Current Opinion in Genetics & Development 2011, 21:175–186
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colleagues have observed a relaxed chromatin structure
rather than compact 30-nm chromatin fibers in condensed
mitotic chromosome. They proposed that these flexible
nucleosomal fibers may compact into the 30-nm chromatin fibers through intra-array nucleosomal interactions
under diluted conditions (interphase), and that an
increase in chromatin concentration during chromosome
condensation (mitosis) results in inter-array nucleosomal
associations that interfere with the intra-array nucleosomal contacts [35].
Long-range chromatin interactions and chromatin
looping

The transcription of genes in higher eukaryotes is frequently regulated through communication between cisregulatory DNA elements such as promoters and enhancers, which can be located hundreds of kilobases away
from each other along the linear chromatin fiber in vivo
(Figure 2). How these enhancers communicate with the
promoters of the genes being regulated is largely
unknown. With the recently developed techniques, such
as FISH (Fluorescence in situ Hybridization) and 3C
(Chromosome Conformation Capture) and its derivatives,
long-range chromatin interactions (chromatin loops) were
analyzed in a wide variety of gene loci [36].
Two factors were found to promote the formation and
maintenance of chromatin loops in the b-globin locus,
Erythroid Kruppel-like factor (EKLF), and GATA-1.
These factors function in the recruitment of the BRG1
catalytic subunit of SWI/SNF-related complexes, to both
the far-upstream major-regulatory element (MRE) and
the alpha2 promoter in murine fetal liver cells [37].
Interestingly, chromatin looping between nuclear receptor response elements and activated promoters was shown
to occur in a dynamic, cyclical manner [38]. The dynamics
of chromatin looping and transcriptional activation
induced by ligand is regulated by various factors, such
as mediator protein MED1, histone deacetylation
(HDAC4), and histone demethylation (LSD1) [38].
Mediator and cohesin cooperatively facilitate the formation of chromatin loops between the enhancers and
core promoters of active genes in murine embryonic stem
(ES) cells [39]. Apart from chromatin looping between
enhancer and promoter, a gene looping mechanism involving promoter and terminator sequences was also
observed in the yeast genes FMP27 and SEN1 [40] or
BUD3 and SEN1 genes [41], respectively. Recently,
Proudfoot and colleagues further demonstrated that chromatin loops are formed on BRCA1 between the promoter
and terminator region in both human cell lines and mouse
mammary tissue, and are highly dynamic phenomena that
occur upon transcription activation by estrogen stimulation and during lactational development [42].
It has been proposed that PcG-mediated long-range
chromosomal interactions provide a mechanism for epiCurrent Opinion in Genetics & Development 2011, 21:175–186

genetic memory of the PcG-dependent repressed state.
Verrijzer and colleagues found that Ezh2-dependent
chromatin looping regulates INK4a and INK4b during
human progenitor cell differentiation and cellular senescence [43]. In addition, Baylin and colleagues demonstrated that in undifferentiated embryonic carcinoma
(EC) Tera-2 cells, the upstream region of the GATA-4
promoter exhibits a complex chromatin organization comprising multi-chromatin loop conformations. These
species are composed of multiple internal long-range
interactions that are mediated by PcG proteins including
Ezh2 and the histone mark it catalyzes, H3K27me3 [44].
The effect of gene positioning

Accumulating evidence suggests that the spatial organization of chromosomes within the nucleus has an essential regulatory function on transcriptional activity. The
interphase nucleus chromosomes and individual genes
have been found to occupy specific locations relative to
one another and to landmarks within the cell nucleus
(Figure 2). The nuclear lamina, a filamentous protein
network that provides a structural scaffold for the inner
nuclear membrane, has been shown to dynamically interact with specific chromatin domains and regulate gene
expression. Early EM and recent high-resolution light
microscopy images of cell nuclei revealed that the nuclear
lamina connects with highly compacted heterochromatin
[45], while the nuclear pore complexes are associated with
structurally open, active euchromatin. In addition, recent
genome-wide DamID mapping studies have identified
large genomic domains with distinct epigenetic signatures that are associated with the nuclear lamina in fly and
mammalian cells [46,47], respectively. Moreover, these
lamina-associated domains (LADs) are shown to be at low
gene-density and associate with some specific epigenetic
signatures, marked by specific sequence elements. The
majority of those genes within LADs exhibit very low
expression levels [47]. More interestingly, molecular
mapping indicated that lamina–genome interactions are
dynamic and play essential roles in the regulation of gene
expression programs during lineage commitment and
terminal differentiation [48].
Recent studies demonstrated that nuclear pore complexes might also contribute to gene regulation via interacting with specific genomic loci. For example, studies in
yeast and Drosophila reveal that the nuclear pore complex
might facilitate transcription by recruiting chromatin to
the nuclear periphery [49]. Genome-wide mapping shows
that Nup153 and Megator (Mtor) bind to hundreds of
large genomic domains extending from 10 to 500 kb in
Drosophila melanogaster [38,50–51,52]. In contrast to
LADs, these Nucleoporin-Associated Regions (NARs)
correlate with markers of transcriptional activity, including high levels of RNA polymerase II and histone
H4K16 acetylation. Interestingly, two other recent studies demonstrated that a subset of nucleoporins freely
www.sciencedirect.com
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diffuses and binds to genes located inside of the nucleoplasm, facilitating transcriptional activation of genes
involved in regulating development and the cell cycle
[51,52]. Proximity to the nuclear envelope in yeast [53]
and association with the mammalian nuclear lamina [54]
promotes transcription silencing of some genes. However,
recent work shows that peripheral localization is not
always repressive. A number of inducible yeast genes
were found to be targeted to the nuclear periphery upon
transcriptional activation [55]. Intriguingly, these genes
can ‘remember’ their localization at the nuclear periphery
after being silenced, and even after multiple cell generations. More importantly, the localization of GAL1 and
INO1 at the nuclear periphery plays a crucial role in the
rapid reactivation of previously expressed genes even
after multiple generations [55].

Plasticity/variation of higher-order chromatin
structure
Controlling the degree of higher-order chromatin folding
is a key element in partitioning the metazoan genome
into functionally distinct chromosomal domains. However, the mechanisms of this fundamental process are
poorly understood. Elucidating just how a nucleosomal
array can be compacted into higher-order chromatin
structures is central to understanding how the dynamics
of chromatin structure functionally translates into the
regulation of gene expression. It has long been known
that core histone modifications and histone variants play
important roles in modulating higher-order chromatin
structures and in regulating transcription. For example,
acetylation of histones prevents chromatin from folding
into the 30-nm fiber and reduces the ability of chromatin
fiber to self-assemble into higher-order structures (Figure
2). Peterson and colleagues reported that acetylation of
histone H4 on lysine 16 (H4K16ac), a mark with a functional role in transcription activation, can inhibit higherorder chromatin folding induced by Mg2+, in the absence
of histone H1 [21]. The acetylation of H3K56 has no
effect on the compaction of model nucleosomal arrays in
cis [56,57], whereas it does inhibit the oligomerization of
subsaturated nucleosomal arrays that contain nucleosome-free regions and thus plays an important role in
keeping chromatin with nucleosome-free regions accessible to the DNA replication and repair machinery [57].
Among the histone variants, H2A.Z promotes formation
of the higher-order chromatin fiber in a manner dependent upon just two amino acid residues, which
subtly extend the acidic patch of H2A.Z compared to
that of H2A, and cooperate with heterochromatin
protein HP1a to establish or maintain a specialized
conformation at constitutive heterochromatic domains
[33] (Figure 2). H3.3 was generally regarded as an
active histone mark in that its presence correlated with
gene activation. However, a few recent studies showed
that H3.3 was also involved in heterochromatin
www.sciencedirect.com

formation in ES cells [58–61]. Allis and colleagues
identified DAXX as a novel H3.3 specific histone
chaperone that can cooperate with ATRX chromatin
remodeling complex to assemble chromatin at telomeres [60,61]. Interestingly, both K27 and K4 residues
of H3.3 are important for formation of heterochromatin
in ES cells [58,59]. In addition, both histone variants
H2A.Z and H3.3 are enriched at the target genes of
Polycomb Repressive Complex 2 (PRC2) in ES cells
[60,62], but not in differentiated cells. Together,
these results suggest that histone variants H2A.Z and
H3.3 may function cooperatively with polycomb
proteins in the formation of facultative heterochromatin
in ES cells. It is interesting to note that histone variant
H2A.Z antagonizes DNA methylation along the whole
genome in plants and animals [63,64,65]. Accordingly,
it has been proposed that DNA methylation results in
gene silencing by inhibiting H2A.Z deposition, and
vice versa, deposition of H2A.Z protects genes from
DNA methylation by DNA methyltransferase. Interestingly, DNA methylation at PcG target genes is
largely absent in ES cells, whereas the promoters of
these PcG targeted genes bear DNA hypermethylation
in adult cancer cells [66].
The linker histones have long been proposed as being
involved in the formation of higher-order chromatin
structure and gene regulation [67,68]. The discrepancy
between the two-start Zig-Zag and one-start solenoid
models may actually be a consequence of the different
levels of chromatin compaction that form as a function
of the presence of linker histone H1 (Figure 2). The
binding properties of the H1 histones are mainly determined by their long, C-terminal tails that are responsible for substantial differences in the binding affinity
of the individual subtypes [69]. FRAP and AFM experiments demonstrated that the H1 subtypes exhibit
different affinities for chromatin and different abilities
to promote chromatin compaction [70]. A number of
novel, modified residues in H1 proteins have been
identified, including phosphorylation, acetylation,
methylation, and ubiquitination [71,72]. Phosphorylation of H1 histones results in weakening their binding
to the nucleosome [69]. However, the effect of acetylation and methylation of histone H1 on higher-order
chromatin dynamics it is still largely unknown. Most of
the acetylated lysines identified in the globular domain
of H1.4 have been considered as being directly
involved in DNA binding and chromatin compaction
[71]. Deacetylation of the highly conserved lysine-26
(K26) in H1.4 by the histone deactylase SirT1 could be
linked to the formation of facultative heterochromatin
[73]. SirT1 physically interacts with the PRC2 complex
that methylates H1.4 at K26 [74], and this product
provides the binding site for HP1 to repress transcription [75]. We, and others, recently reported that different histone H1 subtypes could be methylated by
Current Opinion in Genetics & Development 2011, 21:175–186
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G9a/KMT1c and Glp1/KMT1D at different lysine residues [76,77].
The binding of non-histone architectural proteins with
chromatin also plays a crucial role in chromatin structural
dynamics. The HMG proteins decrease the compactness
of the chromatin fiber and enhance the accessibility of
chromatin targets to regulatory factors [78] (Figure 2).
HMGN5 is a recently identified member of the HMGN
family of nucleosome-binding proteins, the members of
which contain a functional nucleosome-binding domain
(NBD) and a negatively charged C-terminus of various
lengths. Bustin and colleagues demonstrated that the
negatively charged C-terminal domain of HMGN5 interacts with the positively charged C-terminal domain of
linker histone H5, thereby counteracting the linker
histone-mediated compaction of a nucleosomal array that
in turn facilitates transcriptional activation [79]; this finding is consistent with another recent report that HMGB1
interacts with linker histone H1 [80].
We recently demonstrated that the malignant-braintumor (MBT) protein L3MBTL1 compacts nucleosomal
arrays dependent on the presence of monomethylated
and dimethylated versions of histone H4 lysine 20 and
histone H1b lysine 26, and this results in negatively
regulating the expression of a subset of E2F-target genes
[81]. However, recent high-resolution genome-wide
analyses revealed that the role of H4K20me1 in transcription might not be straightforward [82,83]. Nonetheless, a
number of recent studies demonstrated that the removal
of the mono-methyl mark at H4K20 by PHF8 can abolish
L3MBTL1 binding to the promoter with resultant chromatin opening for transcription [84,85], further substantiating a functional interaction between H4K20me1 and
L3MBTL1 in the silencing of certain specific genes.
Other chromatin architectural proteins, such as PcG
proteins including Polycomb Repressive Complex 1
(PRC1) [86] and PRC2 [87], myeloid and erythroid
nuclear termination stage-specific protein (MENT)
[88], MeCP2 [89,90], and SIR complex [91,92], were
also found to play important roles in the formation of
heterochromatin and gene silencing via chromatin compaction. Interestingly, chromatin compaction mediated
by PRC1 is independent of its ability to ubiquitilate K119
of histone H2A in mouse ES cells (ESC) [93]. Figure 3
outlines the basic features of the interactions between
chromatin and its architectural proteins. Collectively,
these architectural protein-mediated chromatin compactions are very important for higher-order chromatin structure formation and therefore, for gene regulation. Most
recently, van Steensel and colleagues employed integrative computational analysis of genome-wide location
maps for 53 widely selected chromatin proteins and 4
key histone modifications. Their strategy demonstrated
that the genome is assembled into at least five distinctive
Current Opinion in Genetics & Development 2011, 21:175–186

chromatin types that are defined and characterized by
unique combinations of chromatin architectural proteins
and histone modifications in Drosophila Kc167 cells [94].
Aside from two previously described heterochromatin
types that correspond to facultative heterochromatin
marked by PcG proteins and H3K27me3 and classic
heterochromatin marked by HP1, SU(VAR)3-9 and
H3K9me2, a prevalent type of repressive chromatin
was identified as being a distinctive silent type of chromatin that covers a large part of the genome and is marked
by unique combinations of seven proteins: histone H1,
D1, IAL, SUUR, SU(HW), LAM, and EFF. Interestingly, this newly identified prevalent type of repressive
chromatin is largely gene-poor and encompasses most
silent genes in the genome. However, it is still unclear
which histone modifications correspond to this prevalent
heterochromatin, although H4K20me3 might play a crucial role in its formation. With respect to euchromatin, this
particular structure can also be classified into distinct
types, in this case two, based on the presence of unique
combinations of binding proteins and histone modifications. In contrast to heterochromatin, both types of
euchromatin show hallmarks of transcriptionally active
histone modifications (H3K4me3 and H3K79me3) and
share various chromatin proteins involved in histone
modifications and chromatin de-condensation. Aside from
these notable similarities, these two types of euchromatin
display striking differences in molecular organization,
protein composition, and H3K36 methylation. Moreover,
they are replicated at different times and regulate distinct
classes of genes. Using a similar strategy, nine prevalent
combinatorial states of chromatin were identified in Drosophila S2 and BG3 cells according to integrative analysis
of genome-wide location maps of eighteen histone modifications [95].

Inheritance of higher-order chromatin
structure
It is now recognized that various integrants, such as DNA
methylation, histone modifications, histone variants, and
architectural proteins, are involved in the formation and
regulation of higher-order chromatin structure that carries
stable and inheritable epigenetic information. To date,
however, it is still obscure as to how chromatin signatures
or higher-order chromatin organization is transmitted
from generation to generation during cell division. Based
on the occurrence of histone modifications on the yeast
silent mating-type region with 60 nucleosomes, Thon and
colleagues described a simplified mathematical model for
epigenetic inheritance of a chromatin domain and its
histone modifications [96]. In this model, a number of
parameters, such as positive feedback strength, cooperative effects, recruitment mechanisms, and long-distance
nucleosomal interactions, are required for the bistability
(i.e. stable existence in either of two states) of an epigenetically modified domain. More importantly, this bistability can be stably inherited through chromatin
www.sciencedirect.com
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Chromatin compaction mediated by architectural proteins. Electron microscopy images of the different types of chromatin compaction mediated by
various chromatin architectural proteins discussed in the text. Untreated 12-mer and 25-mer reconstituted nucleosomal arrays was shown in the
center (left, 25-mer arrays [G Li and D Reinberg, unpublished]; right, 12-mer arrays reproduced with permission from [88]). From a to f, 12-mer
nucleosomal arrays bound with PRC1 (reproduced with permission from [86]), Sir3p (reproduced with permission from [92]), PRC2-Ezh1 (reproduced
with permission from [87]), MENT (reproduced with permission from [88]), MeCP2 (reproduced with permission from [89]), and L3MBTL1 (reproduced
with permission from [81]); g, Hypo-acetylated 25-mer nucleosomal arrays bound with H1 (G Li and D Reinberg, unpublished), all at approximately the
same magnification.

replication during the cell cycle given that parental
histone modifications are randomly apportioned to two
daughter strands and that newly deposited nucleosomes
are unmodified [96]. In this regard, studies by Zhu and
colleagues revealed that nearly all H3.1-H4 tetramers
remained intact through DNA replication during cell
division, and only a small fraction of histone variant
H3.3-H4 tetramers seemed to be split [97]. These
results suggested that only very small portions of replicated genome are deposited with a mixture of newly
synthesized unmodified H3.3-H4 dimer and H3.3-H4
dimer derived from a split paternal tetramer with putative
epigenetic marks. According to the theoretical model
above, the incorporation of these mixed nucleosomes
results in about 50-fold destabilization, while a significant
stability is still retained [96]. Another interesting feature
of this model is that bistability was very difficult to archive
www.sciencedirect.com

when feedback only occurred within neighboring nucleosomes, thus long-range nucleosomal interaction within
higher-order chromatin might facilitate the establishment
of bistability and epigenetic inheritance of a chromatin
state.
Using a novel metabolic labeling approach, Henikoff and
colleagues recently showed that the nucleosomes modified by the PRC2 subunit EZ (Enhancer of Zeste), turn
over faster than one cell cycle in Drosophila, arguing
against models for epigenetic inheritance of PRC2mediated histone H3K27me3. However, according to
the theoretical model mentioned above, it is predicted
that the epigenetic modifications of histone and/or chromatin states within a region composing 60 nucleosomes
(i.e. a chromatin domain) can be stably maintained given
the generation time of 30 (the average nucleosome
Current Opinion in Genetics & Development 2011, 21:175–186

182 Chromosomes and expression mechanisms

conversions per nucleosome per cell cycle). Indeed, highresolution mapping in Drosophila revealed that both
PRC2 [98,99] and H3K27me3 [100] tend to form large
contiguous domains. It is likely then that PRC2-mediated
facultative heterochromatin composed of hundreds of
nucleosomes can be stably inherited even when individual nucleosomes exhibit high dynamics in this region.
The exact mechanism for the epigenetic inheritance of
PcG-mediated transcriptional silencing, as in the case of
PRC2, is still obscure. A mechanism proposed for epigenetic memory in a number of eukaryotic systems is based
on positive feedback loops in nucleosome modifications
[101,102]. However, it is still unclear whether this
positive-feedback loop mediates propagation of
H3K27me3 in a neighbor-limited manner to stimulate
conversion of an adjacent nucleosome, or a long-range
interactive manner to stimulate the methylation of distant
nucleosomes. The theoretical model predicts that neighbor-limited propagation of histone epigenetic marks may
result in poor bistability, thus the propagation of
H3K27me3 mediated by PRC2 may be neighbor-unlimited.

Higher-order chromatin dynamics and
transcription
Although it is believed that the interconversion between
permissive and refractory chromatin structures is important in regulating gene transcription, this process is poorly
understood. Recent genome-wide chromatin immunoprecipitation (ChIP) analyses indicate that not only are
promoter and enhancer associated nucleosomes highly
dynamic [103,104], but also higher-order chromatin
organization is also rather dynamic [15]. Most studies
addressing the dynamic changes in chromatin organization during gene expression have thus far been focused
on changes at the nucleosome level. It is now clear that
chromatin structure exhibits a highly dynamic equilibrium between an open conformation exemplified by
the 11-nm beads-on-a-string structure and a compact 30nm fiber. As discussed above, histone modifications,
histone variants, and architectural proteins play important
roles in higher-order chromatin dynamics.
To address the roles of higher-order chromatin dynamics
in transcriptional activation, we recently developed an in
vitro system to reconstitute highly compacted 30-nm
chromatin fiber using RSF/NAP-1 [105]. Using this
system, we demonstrated that linker histone H1 and
deacetylation of core histones are required for formation
of 30-nm chromatin fiber, which is refractory to transcription by RNAP II. While the NF1 transcription factor
could not access the PEPCK promoter when embedded
in such highly compacted chromatin in vitro, interestingly, transcription factors RAR/RXR could bind to this
embedded promoter. Following RAR/RXR binding, the
recruitment of histone-modifying enzymes (p300) and
ATP-dependent chromatin-remodeling activities (SWI/
Current Opinion in Genetics & Development 2011, 21:175–186

SNF) resulted in the opening of the compacted 30-nm
chromatin fiber, and nucleosomal rearrangement now
allowed access to transcription factor NF1 and activation
of the PEPCK gene after tRA induction [105]. A very
similar mechanism was reported in the case of glucocorticoid receptor (GR)-mediated activation of the mouse
mammary tumor virus (MMTV) promoter [106]. Our
ChIP results revealed that the pertinent transcription
factors, cofactors, and the transcriptional machinery are
recruited to the PEPCK promoter in a specific sequential
and cyclical manner [105]. Moreover, similar to our
findings with the PEPCK promoter, Gannon and colleagues also showed that nucleosome organization over
the pS2 promoter is also dynamically remodeled by
synergism between SWI/SNF and p300 [107]. Recently,
Gaudreau and colleagues demonstrated that incorporation of H2A.Z into the promoter regions of ERa target
genes occurs cyclically when the gene is activated by
estrogen induction [108]. H2A.Z is also required for
FoxA1 association with the enhancers of ERa-regulated
genes, suggesting that H2A.Z may contribute to gene
activation through modulating the chromatin higherorder structure given that FoxA1 enables compacted
higher-order chromatin to open for gene activation
[109]. The function of H2A.Z in transcriptional regulation
is very controversial [8], so that further studies are necessary to address the underlying mechanism by which
H2A.Z, in cooperation with H3.3, modulates nucleosome/chromatin dynamics and transcription activity. An
in vitro purified chromatin/transcription system may
prove to be fruitful in this regard [110].

Perspectives and conclusions
To date, much of the detailed structural information for
the ‘30-nm’ chromatin fiber remains controversial. Most
of our recent knowledge of ‘30-nm’ chromatin structure
comes from in vitro studies on a well-defined reconstituted nucleosomal array system that incorporates a
strong ‘widom 601 nucleosome positioning’ sequence
[18,19]. However, it has been shown that the native
chromatin fiber in vivo may bear irregular structure due
to the variations of linker length, histone and DNA
components, and architectural chromatin proteins. In
order to elucidate the structure of the ‘30-nm’ chromatin fiber carrying natural genetic (DNA sequence) and
epigenetic (histone modifications or variants) information, we recently developed an in vitro system to
reconstitute highly compacted 30-nm chromatin fiber
using natural DNA sequence and histones carrying
different modifications [105]. This system will probably generate more natural ‘30-nm’ chromatin fiber for
subsequent structural and functional analysis, for
example using cryo-electron microscopy. As well, single
molecular FRET techniques should be highly informative for analyses of the structure of chromatin fiber and
the mechanisms of its dynamics at the level of the
single molecule.
www.sciencedirect.com
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The next key question concerns the structure of chromatin fiber in vivo. Cryo-electron microscopy of vitreous
sections is a relatively new technique, enabling direct
high-resolution observation of the cell structures in a
close-to-native state. Using this technique, Dubochet
and colleagues demonstrated that 30-nm chromatin fibers
were not detectable in mitotic chromosomes in situ [35].
In keeping with this, careful analyses of the chromatin
fiber structure during interphase are warranted. In
addition, some super-resolution optical imaging techniques, such as dual-color photoactivated localization
microscopy (PALM), and stimulated emission depletion
(STED), are also suitable for analyzing higher-order
chromatin structure and its dynamic changes during transcription activation and repression in living cells.
During each cell cycle, there are, inherently, two periods
when chromatin organization undergoes global changes:
DNA-replication in S-phase and chromosome condensation in M-phase. Yet the maintenance of defined chromatin organization through many cell generations is
essential during cell differentiation and cell proliferation
as well. Recently, Francis and colleagues found that PcG
proteins can remain stably bound to chromatin during
DNA replication, suggesting that the PcG proteinmediated chromatin structure may be inherited via the
process of DNA replication [111]. Another important
question at the moment is how genomic chromatin
domains find their place in the nucleus after mitosis. As
major structural proteins within the nucleus, the nuclear
lamins and associated proteins were proposed to play
crucial roles in the re-establishment of chromatin organization and nuclear architecture following mitosis [112].
However, it is still obscure how chromatin organization
faithfully maintains its spatial memory after this process.
The chromatin field is now in a solid position to address
these open and key questions, the resolution of which will
probably redirect our options for tackling medical-related
goals that rest on advances in chromatin biology.
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