
Gene regulation through nuclear organization
Tom Sexton1,4, Heiko Schober2–4, Peter Fraser1 & Susan M Gasser2,3

The nucleus is a highly heterogeneous structure, containing various ‘landmarks’ such as the nuclear envelope and regions of
euchromatin or dense heterochromatin. At a morphological level, regions of the genome that are permissive or repressive to
gene expression have been associated with these architectural features. However, gene position within the nucleus can be both
a cause and a consequence of transcriptional regulation. New results indicate that the spatial distribution of genes within the
nucleus contributes to transcriptional control. In some cases, position seems to ensure maximal expression of a gene. In others,
it ensures a heritable state of repression or correlates with a developmentally determined program of tissue-specific gene expression.
In this review, we highlight mechanistic links between gene position, repression and transcription. Recent findings suggest that
architectural features have multiple functions that depend upon organization into dedicated subcompartments enriched for distinct
enzymatic machinery.

Many studies have correlated transcriptional activity or repression of a
gene with its position relative to nuclear domains, such as the nuclear
periphery, the nucleolus or heterochromatin clusters. However, recent
studies have shown that active genes can reside and be transcribed
within these regions. A more detailed analysis of nuclear organization
reveals specialized subcompartments for gene expression and silencing
both at the nuclear periphery and in the interior. In this review, we
describe the current understanding about some of these compart-
ments. In particular, we highlight common features that allow for the
regulation of gene expression.

Silent chromatin and the nuclear periphery
The nuclear periphery has generally been regarded as a zone
for transcriptionally repressed genes, a situation well documented
for silent chromatin in yeast and Plasmodium falciparum.
Silent domains in budding yeast comprising telomeric regions and
mating-type loci cluster in three to eight foci at the nuclear peri-
phery1,2. The functional significance of this organization has
been revealed by observations that the artificial recruitment of a
silencer-flanked gene to the nuclear envelope favors repression by
the silent information regulators (SIRs)3. In this case, tethering had
an effect only when telomeric foci were intact, sequestering SIR
factors from the rest of the genome. In a similar fashion, repressed
regions in fission yeast, namely centromeres, telomeres and the
mating-type loci, cluster in silent foci at the nuclear periphery
(reviewed in ref. 4).

Similar to the nuclei of all higher eukaryotes, the inner surface of
the fly nuclear envelope is lined by nuclear intermediate filaments, the
lamins. Initial studies used fluorescent in situ hybridization (FISH) to
show that specific regions of fly chromosomes were associated with
the nuclear envelope5. However, a closer mapping was recently
achieved through the use of an elegant genome-wide technique called
DamID6. DamID is based on the expression of a chimeric fusion
protein—in this case, a fusion between Drosophila melanogaster
lamin B and the DNA adenine methyltransferase of Escherichia coli
(Dam)6—that preferentially modifies DNA that is in physical proxi-
mity to the lamin meshwork. In D. melanogaster Kc cells, the regions
that were most highly methylated bore typical heterochromatic
characteristics: they were transcriptionally inactive, late-replicating,
devoid of active histone marks (that is, histone H3 Lys4 trimethylation
and histone H4 Lys16 acetylation) and had substantially larger
intergenic regions than those found in genes that were not lamin
associated. The link between the lamina and heterochromatin is
further supported by the physical interaction between the hetero-
chromatin protein HP1 and the lamin B receptor7.

As in yeast and flies, transcriptionally silent chromatin in differ-
entiated mammalian cells clusters around the nucleolus and the
nuclear periphery, where it appears as densely staining material in
electron micrographs8. This spatial organization has repercussions
for the positioning of entire chromosomes: in mammalian nuclei,
gene-poor chromosomes are generally more frequently positioned in
the outer regions of the nucleus, whereas gene-rich chromosomes
adopt a more internal position9,10. Consistent with the idea that active
genes preferentially reside in the interior of nuclei in differentiated
metazoan tissues, gene activation has been correlated with movement
away from the periphery during lymphocyte development11 and
during the neuronal induction of a given locus12. In another study,
targeting of the acidic activation domain of VP16 to a preferentially
peripheral locus caused it to shift to the nuclear interior13. However,
exceptions to this simple model have been found, in which gene
position is not necessarily altered by induced expression14,15.
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Genetic data have confirmed that perinuclear structures can have
a functional impact on transcription. Mutation or deletion of
lamin A causes the abundance of histone H3 Lys9 methylation on
heterochromatic regions to drop and the lamin A ligand HP1 to
delocalize16. Defects in lamin B1 expression or processing also affect
interphase chromosome position and gene expression in mice17. Thus,
besides serving to tether heterochromatin to the nuclear envelope,
lamins seem to be involved in positioning and repression of a specific
set of genes.

Active genes at the nuclear envelope
Despite the evidence showing repressed genes at the nuclear periphery,
a number of hints indicated that this subcompartment would not be
exclusively repressive. This was clearly shown in budding yeast, where
the tethering of a gene without silencers to the nuclear envelope did
not repress transcription. Indeed, both the presence of protosilencers
(that is, binding sites for factors that can nucleate silencing) and
perinuclear anchoring were found to be necessary to fully repress a
yeast reporter gene3. From this, one can conclude that the nuclear
envelope is not sufficient to silence a proximal gene. Consistent with
this, a much earlier study revealed the prevalence of DNase I–
hypersensitive sites, which indicate open or active chromatin, at the
nuclear envelope of mammalian cells18. The authors argued that this
hypersensitivity was probably linked to gene expression, though
indirect effects of fixation or selective accessibility to the labeling
reagents were not excluded.

Recent work in budding yeast has put the spotlight on the gene-
activating character of subregions of the nuclear periphery, notably
zones associated with nuclear pores19–25. Several genes induced by
galactose or by inositol starvation have been shown to become stably
associated with the nuclear envelope when activated, supporting the
theory that the periphery of the yeast nucleus not only confers
repression but also can harbor zones of induced transcription
(reviewed in ref. 26).

Similar discoveries have demonstrated that the nuclear periphery in
D. melanogaster is a region that not only is permissive to gene
expression but also can favor enhanced expression of certain genes,
notably dosage-compensated genes on the male X chromosome26.
During dosage compensation in flies, transcription from many genes
on the X chromosome is upregulated by two-fold in male flies
compared to the same X-linked genes in females (reviewed in
ref. 27). This process is dependent on Rox RNA and MSL proteins,
which target the MOF histone acetyltransferase to nucleosomes on the
male X chromosome. Intriguingly, MSL proteins have been shown to
copurify with several components of the nuclear pore complex
(NPC)28. RNA interference (RNAi)-mediated knockdown of these
nuclear pore components abolishes the typical association of the
dosage-compensation factors with the X chromosome. This result
suggests that increased gene transcription in flies can also be achieved
through recruitment of chromatin (and the genes therein) to the NPC.

In mammalian cells, specific inducible genes have not yet been
mapped to nuclear pores, although there is indirect evidence that
pathways for gene activation in metazoans may work through nucleo-
porins. Notably, the nucleoporin Nup98 is a dynamic nucleoporin
with a predicted function in transport29. Chromosomal translocation–
mediated fusions of Nup98 with homeobox proteins or other
transcriptional activators have been implicated in various myeloid
malignancies (reviewed in ref. 30). In a study of particular interest, the
fusion of Nup98 with NSD1, a SET domain protein that deposits
histone H3 Lys36 methylation at active genes, was shown to promote
myeloid progenitor immortalization and eventually leukemia31.

Fluorescently-tagged NUP98-NSD1 was localized throughout the
nucleoplasm, yet bound and activated the Hox-A locus. Although it
is unclear whether the NPC in wild-type cells ever contacts the Hox-A
locus, this result suggests that some pore proteins can induce genes in
disease contexts.

Players around the nuclear pore complex
Studies of the genetic requirements for gene relocalization to the yeast
nuclear pore implicate several pathways. One involves the histone
variant Htz1 (ref. 25), whereas another seems to require the exosome
and RNA-export machinery23. A third study suggests that the relocal-
ization depends on components of the SAGA histone acetyltransferase
complex and its binding to the promoter of the induced genes22. The
main role of histone acetyltransferases is to create a chromatin
environment that favors transcription (reviewed in ref. 32), and,
intriguingly, the nuclear basket–associated coil-coil proteins Mlp1
and Mlp2 physically interact with SAGA at actively transcribed GAL
genes33. How are these relocalization mechanisms linked to gene
expression? What activities—other than export—might be pore-
associated and would thus facilitate gene expression?

Most of the yeast genes that have so far been reported to relocate to
pores depend on SAGA for gene activation. Recent work has shown
that SAGA interacts with the proteasome (Fig. 1), and it has been
argued that the 19S regulatory complex of the proteasome may
facilitate SAGA recruitment to promoters34. In vitro studies show
that the 19S regulatory complex alters SAGA to promote its inter-
action with transcriptional activators. The ATPase activity of the
proteasome (namely, protein unfolding and refolding) has been
proposed to stimulate SAGA, facilitating transcription of SAGA target
genes. This pathway is particularly relevant to pore-associated genes,
given that the proteasome is localized to the nuclear envelope in both
fission and budding yeast35,36. Linking this with the finding of
Cabal et al.22 that recruitment of GAL genes to the nuclear periphery
depends on members of the SAGA complex, one can imagine that
nuclear pore localization promotes SAGA-proteasome interaction in a
specialized nuclear pore environment (Fig. 1b). Thus juxtaposed, the
19S regulatory particle of the proteasome may facilitate high tran-
scriptional competence of the target genes at nuclear pores. In the
following paragraphs, we examine in detail the functions attributed to
the proteasome and how they may relate to this model of pore-
mediated gene expression (Fig. 1).

The proteasome’s 19S regulatory complex is formed by the ‘lid’
subcomplex and the ‘base’ subcomplex, with the latter containing
ATPase activity (Fig. 1a). The lid of the 19S regulatory particle is
thought to recognize ubiquitin and transfer proteins to the base. The
ATPase activity residing in this subcomplex of the proteasome is
thought to use the energy from ATP hydrolysis to unfold proteins and
feed them into the proteolytic 20S core particle. As the main player in
protein destruction outside lysosomal decay, the proteasome unifies
a wide range of different activities, including the recognition of
ubiquitinated proteins or ubiquitin-like domains in proteins,
deubiquitination and protein unfolding (that is, chaperone activity).
In theory, each of the aforementioned activities, uncoupled from
protein decay, could be used by the cell for chromatin remodeling and
transcriptional regulation. Indeed, over the last decade, accumulating
evidence has shown that the proteasome has important functions in
the nuclear lumen as well as at the nuclear periphery. Intriguingly,
some functions are proteolytic in nature, whereas others are not
(reviewed in ref. 37).

How does ubiquitination promote gene transcription in bud-
ding yeast? The Saccharomyces cerevisiae ubiquitin-conjugating and
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ubiquitin-ligase proteins Rad6 and Bre1 are known to be recruited to
the GAL1 promoter via the RNA polymerase II (Pol II)–associated
PAF1 complex, where they catalyze the monoubiquitination of histone
H2B38 (Fig. 1b). This histone mark is rapidly removed by Ubp8,
a ubiquitin protease and a subunit of the SAGA complex39. Further-
more, it has been shown that Rad6 is associated with the hyperphos-
phorylated C-terminal domain of the elongating form of RNA
Pol II and monoubiquitinates H2B when the polymerase passes
through the GAL1 gene40. Monoubiquitination of H2B is a prerequi-
site for the actions of the histone methyltransferases Set1 and Dot1,
which, together with RNA Pol II elongation, are responsible
for histone H3 methylation at Lys4 and Lys79 (ref. 41). These
marks correlate positively with active, open chromatin. Interestingly,
it has been shown that the activity of the 19S ATPases of the
proteasome is essential for the actions of Set1 and Dot1 (ref. 41).
This supports a mechanism in which the 19S lid recognizes ubiqui-
tinated H2B and passes it on to the 19S base ATPases to allow
subsequent histone remodeling, or perhaps even exchange of
histone subunits. Additional evidence links proteasome function
with gene transcription and chromatin remodeling. Gillette et al.42

have shown that the 26S proteasome associates with GAL1, GAL10
and HSP82 genes in a transcription-dependent manner. Furthermore,
RNA Pol II and the 26S proteasome co-immunoprecipitate, and
inhibition of proteolytic activity leads to increased read-through of
a termination site.

Two recent genome-wide studies have identified the targets in
chromatin of either the 19S regulatory particle or the 20S core
particle43,44, broadening the view of the gene-regulatory function of
the proteasome. Sikder et al.44 confirmed the presence of the protea-
some (both the 19S ATPases and the 20S regulatory particle) at several

active GAL genes and obtained additional results suggesting that the
proteasome is at least transiently bound to a majority of yeast genes.
Interestingly, several hundred genes are bound by either the 19S
regulatory particle or the 20S core particle but not by both, suggesting
that each subcomplex has a unique function in genome organization.
Auld et al.43 found that the 19S regulatory particle and the 20S core
particle localize to highly transcribed genes that are controlled by
mating type or are involved in lipid metabolism. One can suppose
that, like the GAL loci22–24, these genes are relocalized to the nuclear
envelope upon induction to be positively regulated by the proteasome.
This is consistent with data from Schmid et al.24, who used a cleavage
reaction to detect and map transient contacts with nuclear pores.
Their data support the notion that active genes have frequent but
potentially transient contacts with nuclear pores. In contrast to this,
the longer-term or stable interactions of genes with the NPC seem to
require changes in histone composition25 or the involvement of
factors associated with messenger RNA45.

It is clear that a stable association with nuclear pores is not the only
mechanism for gene activation, not even in a yeast cell. Many active
genes, such as LYS2 (ref. 46), move in a random walk within the
nuclear lumen when actively transcribed. Moreover, the targeting of a
strong transactivation domain such as VP16 to a silent telomere
can cause it to move away from the nuclear periphery21. In budding
yeast, VP16 depends on the ubiquitin ligase Met30 to activate
transcription47. As the activation of a yeast gene by VP16 results in
a random distribution of the locus within the nucleus, it seems that
not all genes regulated by the ubiquitin-proteasome system are stably
bound to NPCs.

In the future, it will be important to develop an assay that
distinguishes between the transient contact of an open promoter
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Figure 1 The proteasome and its role in nuclear pore–associated transcription events. (a) Schematic overview of the proteasome. Green, 19S regulatory

particle (RP) subdivided into lid (upper part, dark green) and base (lower part, light green); orange, 20S core particle (CP); mono-Ub, monoubiquitin.

(b) Transcription at the NPC. The proteasome stimulates SAGA binding and indirectly stimulates di- and trimethylation of histone H3 on Lys4 (by the Set1

complex) and Lys79 (by the Dot1 complex). SAGA physically links the active gene to the NPC through interaction with the pore-associated proteins Mlp1
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with pores for SAGA activation, and the more stable associations that
seem to involve contacts through a specific combination of histone
marks or RNA-mediated interactions. Future experiments could
address whether specific histone modifications correlate in general
with high levels of transcription at nuclear pores and whether RNA-
mediated translocation of DNA to the NPC is a phenomenon that also
occurs in higher eukaryotes. Mapping pore association genome-wide
will help determine whether NPC association is common to active
genes in other eukaryotic species. It may turn out that this association
is restricted to genes that are induced above their baseline expression
rates, such as yeast GAL genes, which are induced by growth on
galactose, or X-linked D. melanogaster genes, which are upregulated
two-fold during dosage compensation.

Nuclear organization of mammalian X inactivation
Like D. melanogaster, mammalian species also compensate for the
unequal dosage of sex chromosomes. They generally do this by
repressing one of the female X chromosomes. The silent X chromo-
somes are commonly (but not always) found at the nuclear periph-
ery48. The epigenetic mechanisms underlying the establishment and
maintenance of X inactivation have recently been elucidated49,50. As
both the active (Xa) and inactive (Xi) chromosomes can be found at
the nuclear periphery48, it is possible that the Xi chromosome is
tethered to a silent perinuclear compartment, whereas the Xa chro-
mosome associates with a dosage-compensation complex at nuclear
pores. This would be analogous to systems in yeast and flies. Testing
this hypothesis will require the identification of markers for each
subdomain at the mammalian nuclear periphery.

Mechanistically, the first step in X inactivation involves expression
of the noncoding Xist RNA, which spreads from its site of transcrip-
tion to coat the X chromosome that will later be silenced (reviewed in
ref. 49). One of the earliest epigenetic changes to result from Xist
coating is the establishment of a nuclear domain that excludes
RNA Pol II, preventing access of the core of Xi to the transcriptional
machinery51. Active X-linked genes initially are located at the periph-
ery or outside this silenced core; however, upon inactivation,
these genes are drawn into the RNA Pol II–free compartment and
silenced. Interestingly, genes that escape X inactivation remain on
the periphery of the Xist domain and thus may maintain access
to polymerases51. The RNA Pol II exclusion zone does not seem to
require peripheral localization of the Xi chromosome, as the chromo-
some can also be found in perinucleolar regions, which are distinct
from the nuclear periphery52. Intriguingly, direct contacts are
made between the X inactivation center (the region of the
X chromosome encoding Xist and other regulatory elements) and
the nucleolus, often in mid–S phase, when Xi is replicated52. It has
been proposed that perinucleolar targeting of Xi allows for replication
with other heterochromatic regions, a process that may involve
heterochromatin-specific remodeling factors that maintain silent epi-
genetic marks53. Thus, in metazoans, specialized silencing compart-
ments can exist independently of the nuclear periphery, consistent
with the microscopic identification of heterochromatin in the nuclear
interior of many tissue types8.

Internal organization of gene silencing
Although silencing has also been associated with the nuclear periphery
in mammalian cells, it should be noted that the volume of a metazoan
nucleus is generally more than ten-fold greater than that of a yeast cell
nucleus, and, consequently, the former has a smaller surface-
to-volume ratio. Thus, there could be insufficient perinuclear surface
to tether all of the silenced chromatin of metazoan genomes. Different

types of silenced domains may also be differentially positioned.
Besides constitutive heterochromatin, Polycomb group (PcG) proteins
are a well-conserved family of factors involved in at least two modes of
gene silencing. PcG proteins are responsible both for a type of
facultative heterochromatin, the type found in the inactive X chromo-
some54, and for a more flexible mode of repression. The biochemical
components of Polycomb complexes and their mechanisms of action
are reviewed in ref. 55. Intriguingly, PcG proteins form discrete foci
throughout nuclei of D. melanogaster and human cells56,57, termed
Polycomb bodies, to which silenced target genes can be mapped by
in situ hybridization58,59.

PcG proteins were originally discovered as components required for
the silencing of developmental Hox genes in D. melanogaster, but
recent genome-wide studies have identified many more PcG target
genes in flies and mammals60–63. The most highly conserved PcG
targets are genes encoding transcription factors implicated in develop-
mental pathways60–63, and the populations of genes that are bound by
PcG change during development62. More specifically, in mammalian
embryonic stem cells, pluripotency seems to be maintained by
PcG-mediated repression of various transcription factors linked to
differentiation pathways60,61. Loss of PcG binding at these transcrip-
tion factor–encoding genes is concomitant with their activation and
the subsequent cell differentiation. Such dynamic switches between
silencing and transcriptional activation may even occur within one cell
cycle, as PcG proteins have been implicated in control of both fly and
mammalian proliferative factors and cell-cycle checkpoint genes58,64,65

(reviewed in ref. 66). However, changes in PcG binding, or in
localization of genes relative to Polycomb bodies, have yet to be
observed within one cell cycle. PcG components seem to ensure the
silencing needed to prevent aberrant development or proliferation, yet
they confer repression that is flexible enough to allow activation of the
target genes by appropriate developmental cues.

Several non–mutually exclusive mechanisms for Polycomb-
mediated gene silencing have been proposed55,67, and the organization
of the silenced genes into Polycomb bodies seems to be important.
Although it has yet to be tested, an attractive possibility is that
Polycomb bodies represent RNA Pol II–exclusion zones analogous
to the Xist domain set up during X inactivation51. Indeed, in
D. melanogaster, recent results suggest that Polycomb bodies may be
able to silence multiple genes simultaneously, thus allowing coordi-
nated control of developmental pathways. Accordingly, the number of
Polycomb bodies is far fewer than the number of genes proposed to be
silenced by PcG proteins at any given time63, suggesting that target
genes may be compelled to share Polycomb sites. This was first
demonstrated by colocalization of the endogenous Fab-7 Polycomb-
responsive element (PRE) with a transgenic Fab-7 element inserted at
a heterologous site68, and it was subsequently confirmed by similar
experiments with the Mcp element69. Importantly, the PcG-mediated
silencing of a reporter gene linked to the transgenic Fab-7 element
required the endogenous PRE or else a second transgenic Fab-7
insertion68, suggesting that the pairing of PREs is required for
silencing. Such pairing is not just a consequence of sequence similarity,
as heterologous PREs also pair in Polycomb bodies59.

The functional significance of gene clustering within Polycomb
bodies and the mechanisms that determine gene pairing remain
unclear. One study found that components of the RNAi machinery
were required for colocalization of both ectopic and endogenous PREs
in D. melanogaster59. Intriguingly, RNAi components do not seem to
be required for recruitment of PcG to silenced genes; rather, RNAi
components are required for gene clustering. The mechanistic reasons
for this remain unclear.
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Nuclear organization of transcription
There seem to be at least superficial parallels between the organization
of transcription and that of Polycomb-mediated silencing (Fig. 2).
In mammalian nuclei, synthesis of all non-nucleolar nascent RNA
occurs in discrete foci, termed transcription factories70,71, most of
which contain high concentrations of RNA Pol II, although a
smaller and separate fraction contain RNA Pol III72,73. Transcription
factories are distributed throughout the nucleus, with no exclusion
from peripheral locations15,74. No direct morphological comparison of
Polycomb bodies and transcription factories in the same cell type
has yet been made, although fluorescence recovery after photobleach-
ing (FRAP) experiments suggest that they differ fundamentally in
the dynamics of their associated proteins. FRAP with a green fluor-
escent protein (GFP)-tagged form of the PcG protein Polyhomeotic
(Ph) revealed fast association-dissociation kinetics and short residence
times within Polycomb bodies75. These fast rates are similar to
those observed for the heterochromatin maintenance protein HP1
and for various transcription factors76. Therefore, they are consistent
with the dynamics of many chromatin-associated proteins. Conversely,
GFP-tagged RNA Pol II has a bimodal kinetics profile, in which
B75% of RNA Pol II is highly mobile but B25% is transiently
immobile, with a half-life of 20 minutes77. It is likely that the
immobile fraction represents the actively elongating form of RNA
Pol II, which is hyperphosphorylated on the C-terminal domain, as
this subpopulation of the polymerase pool is resistant to extraction by
saponin78 and its mobility increases after treatment with the RNA Pol II
–elongation inhibitor DRB77,79. Thus, whereas Polycomb bodies seem
to be highly dynamic silencing domains, transcription factories seem
to be meta-stable foci favoring transcriptional elongation. How genes
are recruited to either of these nuclear foci, and the dissociation
kinetics for genes within them, are subjects of intense investigation.

It should be noted that most ‘active’ genes
are not continuously producing transcripts.
Visualization of mammalian gene transcrip-
tion by RNA FISH suggests it is a binary
process that occurs in infrequent bursts80–83.
This is supported by live-cell imaging of
transcriptional pulses of a specific gene in
Dictyostelium discoideum84. Furthermore, a
transcriptome profile of budding yeast has
provided indirect evidence that infrequent
transcription is conserved among eukar-
yotes85. By determining the number of
mRNA transcripts per yeast cell and the
mRNA half-life for each gene, the authors
calculated that B50% of yeast genes produce
fewer than two mRNA transcripts per hour
and that B75% of genes produce fewer than
five transcripts per hour85 (Fig. 3). Yeast
transcripts are generally less than 2 kilobases
long; thus, it seems that at any given moment,
the majority of genes are not being actively
transcribed even if they are not repressed.

In mammalian cells, by contrast, where
transcription has been analyzed by RNA
immuno-FISH, transcription of individual
alleles is virtually always associated with a
transcription factory15,81,86. Alleles that have
the potential to be active in a particular cell,
but are temporarily inactive, are located away
from transcription factories. Studies of the

transcriptional dynamics of the immediate early genes Fos and Myc
showed that signaling-induced expression of these genes involves very
rapid nuclear relocation to factories86. In fact, the increased transcrip-
tional output of Fos and Myc upon induction could be accounted for
solely by an increase in the number of alleles engaged with transcrip-
tion factories, rather than by a rise in the basal transcription rate of all
alleles86. It remains to be seen whether genes silenced by PcG proteins
continually move in and out of Polycomb bodies, as is thought to
occur with transcription factories. Knowing this may provide impor-
tant insights into the mechanisms of Polycomb-mediated silencing: if
genes frequently leave Polycomb bodies, this might contradict a
mechanism in which the Polycomb bodies function solely by prevent-
ing mobility and association with RNA Pol II factories, and may
instead suggest that genes acquire a silent epigenetic mark upon

a b c d

e f g h

Figure 2 Polycomb bodies and transcription factories are organized similarly. (a–d) Organization of

Polycomb bodies. In nuclei of the anterior parasegment in a D. melanogaster germ band–extended

embryo, DNA FISH was used to detect the endogenous Fab-7 PRE (a, blue) and a transgenic Fab-7

PRE on a different chromosome (b, red), and the PcG protein Polycomb was immunostained (c, green).

Overlaid images (d) of single optical sections show that the two PREs are paired within a Polycomb

body (arrows). Scale bar, 1 mm. Outline shows the boundary of a single nucleus. Images provided by

Frederic Bantignies and Giacomo Cavalli. (e–h) Organization of transcription factories. In the nucleus of

a splenic B cell, RNA FISH was used to detect Igh (e, red) and Myc (f, green) primary transcripts, and

RNA Pol II was immunostained (g, blue). Deconvoluted and overlaid single optical sections (h) show

one allele of Igh colocalizing with one allele of Myc at a shared transcription factory (arrows). Scale bar,

1 mm. Images provided by Cameron Osborne. Both the Polycomb bodies and transcription factories are

similarly distributed about the nucleus, with no preference for the nuclear interior or periphery. Despite
their differences in size, morphology and number, the numbers of both Polycomb bodies and

transcription factories are limiting, compelling genes to share both types of nuclear foci.
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contact with Polycomb bodies. These are not mutually exclusive
scenarios, and both tethering to a silencing domain and epigenetic
modification may be aspects of a cooperative mechanism for tran-
scriptional repression conserved from yeast to humans.

Like the number of Polycomb bodies, the number of transcription
factories in primary cells is limiting compared to the number of genes
that are probably transcribed at any given time81. Transcribed genes
that are separated by tens of megabases, and even those on different
chromosomes, can associate and share factories81,86. Interestingly, the
proto-oncogene Myc frequently shares a factory with the immuno-
globulin heavy chain gene (Igh) in B cells, perhaps contributing to
the high incidence of chromosomal translocations between these
two genes observed in human leukemias and mouse plasmacytomas86.
An observation more fundamental to understanding the nuclear
organization of transcription is that induction of Myc causes
the gene to move toward factories already occupied by Igh,
providing indirect evidence that genes move to pre-formed factories
rather than nucleating RNA Pol II around themselves86. Direct
support for this model will require live imaging of gene recruitment
to factories.

Perspectives
This review has focused on the roles of the nuclear envelope and
Polycomb bodies as silencing compartments and of NPCs and
transcription factories as active compartments, but this list of nuclear
subcompartments is far from exhaustive. Studies of these nuclear
landmarks across eukaryotes have identified some common themes in
the spatial organization of gene expression. Nuclear processes are
highly compartmentalized, as reflected by the heterogeneity of nuclear
structures. Aside from structures that are dedicated sites for transcrip-
tion, such as nucleoli and transcription factories, other nuclear land-
marks may affect gene expression in less direct ways. For example,
tethering of silent genes to the lamina6 may impede access to
transcription factories, and recruitment of active genes to the NPC
may increase expression as a result of facilitated mRNA export23.
These nuclear landmarks are often limiting relative to the number of
regulated genes. For instance, all ribosomal RNA genes are transcribed
from a single nucleolus, silent telomeric regions cluster in a few foci in
yeast, and for both flies and mammals, genes share a limited number
of Polycomb bodies and transcription factories.

What are the implications of the grouping of genes into a limited
number of nuclear domains? An attractive but so far untested
hypothesis is that genes sharing a particular nuclear body may be
exposed to the same regulatory factors, allowing for their coordinated
activation or repression in response to the same developmental cues.
For example, transcription factories and Polycomb bodies may form
the hubs of transcriptional and silencing networks, respectively. The
expression of specific subsets of genes could thus be organized
according to which genes share particular factories or Polycomb
bodies. Supporting this idea are preliminary findings showing that
certain genes seem to have preferential partners in transcription
factories and Polycomb bodies. For example, Igh shares a transcription
factory with Myc far more frequently than with many other genes
tested86. Similarly, there is genetic evidence that the PREs Fab-7 and
Mcp more frequently share Polycomb bodies than do Fab-7 and bxd 68.

Important questions still remain regarding the way in which nuclear
organization impinges on gene expression. How do genes get to their
nuclear domains, and how stable is the localization? What are the
biochemical components of the nuclear domains? Do regulatory
networks exist, set up by preferential gene partners within nuclear
domains? If so, how extensive are the networks, and what establishes

them? Some of these questions can now be addressed by recent
advances, including live-cell imaging of gene recruitment to nuclear
domains. Gene pairings in shared nuclear domains may also be
studied systematically by genome-wide applications of the chromo-
some conformation capture assay87–89, providing insight into the
extent of these pairings and the factors responsible for setting them
up. Understanding these fundamentals of nuclear organization will
reveal not only how individual genes are regulated but also how
genome-wide expression can be coordinated.

ACKNOWLEDGMENTS
We thank C. Osborne, F. Bantignies and G. Cavalli for sharing their unpublished
work and for helpful discussions. H.S. and S.M.G. are supported by the Swiss
National Science Foundation, the Swiss National Center of Competence in
Research program ‘Frontiers in Genetics’ and the Novartis Research Foundation.
T.S. and P.F. are supported by the Biological Sciences and Biotechnology Research
Council and the Medical Research Council UK.

Published online at http://www.nature.com/nsmb

Reprints and permissions information is available online at http://npg.nature.com/

reprintsandpermissions

1. Gotta, M. et al. The clustering of telomeres and colocalization with Rap1, Sir3, and
Sir4 proteins in wild-type Saccharomyces cerevisiae. J. Cell Biol. 134, 1349–1363
(1996).

2. Maillet, L. et al. Evidence for silencing compartments within the yeast nucleus: a role
for telomere proximity and Sir protein concentration in silencer-mediated repression.
Genes Dev. 10, 1796–1811 (1996).

3. Andrulis, E.D., Neiman, A.M., Zappulla, D.C. & Sternglanz, R. Perinuclear localization
of chromatin facilitates transcriptional silencing. Nature 394, 592–595 (1998).

4. Taddei, A., Hediger, F., Neumann, F.R. & Gasser, S.M. The function of nuclear
architecture: a genetic approach. Annu. Rev. Genet. 38, 305–345 (2004).

5. Marshall, W.F., Dernburg, A.F., Harmon, B., Agard, D.A. & Sedat, J.W. Specific
interactions of chromatin with the nuclear envelope: positional determination within
the nucleus in Drosophila melanogaster. Mol. Biol. Cell 7, 825–842 (1996).

6. Pickersgill, H. et al. Characterization of the Drosophila melanogaster genome at the
nuclear lamina. Nat. Genet. 38, 1005–1014 (2006).

7. Ye, Q., Callebaut, I., Pezhman, A., Courvalin, J.C. & Worman, H.J. Domain-specific
interactions of human HP1-type chromodomain proteins and inner nuclear membrane
protein LBR. J. Biol. Chem. 272, 14983–14989 (1997).

8. Gilbert, N., Gilchrist, S. & Bickmore, W.A. Chromatin organization in the mammalian
nucleus. Int. Rev. Cytol. 242, 283–336 (2005).

9. Croft, J.A. et al. Differences in the localization and morphology of chromosomes in the
human nucleus. J. Cell Biol. 145, 1119–1131 (1999).

10. Cremer, T. & Cremer, C. Chromosome territories, nuclear architecture and gene
regulation in mammalian cells. Nat. Rev. Genet. 2, 292–301 (2001).

11. Kosak, S.T. et al. Subnuclear compartmentalization of immunoglobulin loci during
lymphocyte development. Science 296, 158–162 (2002).

12. Williams, R.R. et al. Neural induction promotes large-scale chromatin reorganisation of
the Mash1 locus. J. Cell Sci. 119, 132–140 (2006).

13. Chuang, C.H. et al. Long-range directional movement of an interphase chromosome
site. Curr. Biol. 16, 825–831 (2006).

14. Hewitt, S.L., High, F.A., Reiner, S.L., Fisher, A.G. & Merkenschlager, M. Nuclear
repositioning marks the selective exclusion of lineage-inappropriate transcription factor
loci during T helper cell differentiation. Eur. J. Immunol. 34, 3604–3613 (2004).

15. Ragoczy, T., Bender, M.A., Telling, A., Byron, R. & Groudine, M. The locus control region
is required for association of the murine beta-globin locus with engaged transcription
factories during erythroid maturation. Genes Dev. 20, 1447–1457 (2006).

16. Shumaker, D.K. et al. Mutant nuclear lamin A leads to progressive alterations of
epigenetic control in premature aging. Proc. Natl. Acad. Sci. USA 103, 8703–8708
(2006).

17. Malhas, A., Lee, C.F., Sanders, R., Saunders, N.J. & Vaux, D.J. Defects in lamin B1
expression or processing affect interphase chromosome position and gene expression.
J. Cell Biol. 176, 593–603 (2007).

18. Hutchison, N. & Weintraub, H. Localization of DNAase I-sensitive sequences to
specific regions of interphase nuclei. Cell 43, 471–482 (1985).

19. Brickner, J.H. & Walter, P. Gene recruitment of the activated INO1 locus to the nuclear
membrane. PLoS Biol. 2, e342 (2004).

20. Casolari, J.M. et al. Genome-wide localization of the nuclear transport machinery
couples transcriptional status and nuclear organization. Cell 117, 427–439 (2004).

21. Taddei, A. et al. Nuclear pore association confers optimal expression levels for an
inducible yeast gene. Nature 441, 774–778 (2006).

22. Cabal, G.G. et al. SAGA interacting factors confine sub-diffusion of transcribed genes
to the nuclear envelope. Nature 441, 770–773 (2006).

23. Dieppois, G., Iglesias, N. & Stutz, F. Cotranscriptional recruitment to the mRNA export
receptor Mex67p contributes to nuclear pore anchoring of activated genes. Mol. Cell.
Biol. 26, 7858–7870 (2006).

REV I EW

10 54 VOLUME 14 NUMBER 11 NOVEMBER 2007 NATURE STRUCTURAL & MOLECULAR BIOLOGY

©
20

07
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
sm

b

http://www.nature.com/nsmb
http://npg.nature.com/reprintsandpermissions
http://npg.nature.com/reprintsandpermissions


24. Schmid, M. et al. Nup-PI: the nucleopore-promoter interaction of genes in yeast. Mol.
Cell 21, 379–391 (2006).

25. Brickner, D.G. et al. H2A.Z-mediated localization of genes at the nuclear periphery
confers epigenetic memory of previous transcriptional state. PLoS Biol. 5, e81 (2007).

26. Akhtar, A. & Gasser, S.M. The nuclear envelope and transcriptional control. Nat. Rev.
Genet. 8, 507–517 (2007).

27. Rea, S. & Akhtar, A. MSL proteins and the regulation of gene expression. Curr. Top.
Microbiol. Immunol. 310, 117–140 (2006).

28. Mendjan, S. et al. Nuclear pore components are involved in the transcriptional
regulation of dosage compensation in Drosophila. Mol. Cell 21, 811–823 (2006).

29. Tran, E.J. & Wente, S.R. Dynamic nuclear pore complexes: life on the edge. Cell 125,
1041–1053 (2006).

30. Morerio, C. et al. Inversion (11)(p15q22) with NUP98–DDX10 fusion gene in pediatric
acute myeloid leukemia. Cancer Genet. Cytogenet. 171, 122–125 (2006).

31. Wang, G.G., Cai, L., Pasillas, M.P. & Kamps, M.P. NUP98–NSD1 links H3K36
methylation to Hox-A gene activation and leukaemogenesis. Nat. Cell Biol. 9,
804–812 (2007).

32. Daniel, J.A. & Grant, P.A. Multi-tasking on chromatin with the SAGA coactivator
complexes. Mutat. Res. 618, 135–148 (2007).

33. Luthra, R. et al. Actively transcribed GAL genes can be physically linked to the nuclear
pore by the SAGA chromatin modifying complex. J. Biol. Chem. 282, 3042–3049
(2007).

34. Lee, D. et al. The proteasome regulatory particle alters the SAGA coactivator
to enhance its interactions with transcriptional activators. Cell 123, 423–436
(2005).

35. Wilkinson, C.R. et al. Localization of the 26S proteasome during mitosis and meiosis in
fission yeast. EMBO J. 17, 6465–6476 (1998).

36. Enenkel, C., Lehmann, A. & Kloetzel, P.M. GFP-labelling of 26S proteasomes in living
yeast: insight into proteasomal functions at the nuclear envelope/rough ER. Mol. Biol.
Rep. 26, 131–135 (1999).

37. Collins, G.A. & Tansey, W.P. The proteasome: a utility tool for transcription? Curr. Opin.
Genet. Dev. 16, 197–202 (2006).

38. Wood, A., Schneider, J., Dover, J., Johnston, M. & Shilatifard, A. The Paf1 complex is
essential for histone monoubiquitination by the Rad6-Bre1 complex, which signals for
histone methylation by COMPASS and Dot1p. J. Biol. Chem. 278, 34739–34742
(2003).

39. Henry, K.W. et al. Transcriptional activation via sequential histone H2B ubiquitylation
and deubiquitylation, mediated by SAGA-associated Ubp8. Genes Dev. 17,
2648–2663 (2003).

40. Xiao, T. et al. Histone H2B ubiquitylation is associated with elongating RNA poly-
merase II. Mol. Cell. Biol. 25, 637–651 (2005).

41. Ezhkova, E. & Tansey, W.P. Proteasomal ATPases link ubiquitylation of histone H2B to
methylation of histone H3. Mol. Cell 13, 435–442 (2004).

42. Gillette, T.G., Gonzalez, F., Delahodde, A., Johnston, S.A. & Kodadek, T. Physical and
functional association of RNA polymerase II and the proteasome. Proc. Natl. Acad. Sci.
USA 101, 5904–5909 (2004).

43. Auld, K.L., Brown, C.R., Casolari, J.M., Komili, S. & Silver, P.A. Genomic association of
the proteasome demonstrates overlapping gene regulatory activity with transcription
factor substrates. Mol. Cell 21, 861–871 (2006).

44. Sikder, D., Johnston, S.A. & Kodadek, T. Widespread, but non-identical, association of
proteasomal 19 and 20 S proteins with yeast chromatin. J. Biol. Chem. 281,
27346–27355 (2006).

45. Abruzzi, K.C., Belostotsky, D.A., Chekanova, J.A., Dower, K. & Rosbash, M. 3¢-end
formation signals modulate the association of genes with the nuclear periphery as well
as mRNP dot formation. EMBO J. 25, 4253–4262 (2006).

46. Gartenberg, M.R., Neumann, F.R., Laroche, T., Blaszczyk, M. & Gasser, S.M. Sir-
mediated repression can occur independently of chromosomal and subnuclear con-
texts. Cell 119, 955–967 (2004).

47. Salghetti, S.E., Caudy, A.A., Chenoweth, J.G. & Tansey, W.P. Regulation of
transcriptional activation domain function by ubiquitin. Science 293, 1651–1653
(2001).

48. Eils, R. et al. Three-dimensional reconstruction of painted human interphase chromo-
somes: active and inactive X chromosome territories have similar volumes but differ in
shape and surface structure. J. Cell Biol. 135, 1427–1440 (1996).

49. Heard, E. & Disteche, C.M. Dosage compensation in mammals: fine-tuning the
expression of the X chromosome. Genes Dev. 20, 1848–1867 (2006).

50. Nguyen, D.K. & Disteche, C.M. Dosage compensation of the active X chromosome in
mammals. Nat. Genet. 38, 47–53 (2006).

51. Chaumeil, J., Le Baccon, P., Wutz, A. & Heard, E. A novel role for Xist RNA in the
formation of a repressive nuclear compartment into which genes are recruited when
silenced. Genes Dev. 20, 2223–2237 (2006).

52. Zhang, L.F., Huynh, K.D. & Lee, J.T. Perinucleolar targeting of the inactive X during
S phase: evidence for a role in the maintenance of silencing. Cell 129, 693–706
(2007).

53. Collins, N. et al. An ACF1-ISWI chromatin-remodeling complex is required for DNA
replication through heterochromatin. Nat. Genet. 32, 627–632 (2002).

54. Silva, J. et al. Establishment of histone h3 methylation on the inactive X chromosome
requires transient recruitment of Eed-Enx1 polycomb group complexes. Dev. Cell 4,
481–495 (2003).

55. Schwartz, Y.B. & Pirrotta, V. Polycomb silencing mechanisms and the management of
genomic programmes. Nat. Rev. Genet. 8, 9–22 (2007).

56. Buchenau, P., Hodgson, J., Strutt, H. & Arndt-Jovin, D.J. The distribution of polycomb-
group proteins during cell division and development in Drosophila embryos: impact on
models for silencing. J. Cell Biol. 141, 469–481 (1998).

57. Saurin, A.J. et al. The human polycomb group complex associates with pericentromeric
heterochromatin to form a novel nuclear domain. J. Cell Biol. 142, 887–898 (1998).

58. Martinez, A.M., Colomb, S., Dejardin, J., Bantignies, F. & Cavalli, G. Polycomb group-
dependent Cyclin A repression in Drosophila. Genes Dev. 20, 501–513 (2006).

59. Grimaud, C. et al. RNAi components are required for nuclear clustering of Polycomb
group response elements. Cell 124, 957–971 (2006).

60. Boyer, L.A. et al. Polycomb complexes repress developmental regulators in murine
embryonic stem cells. Nature 441, 349–353 (2006).

61. Lee, T.I. et al. Control of developmental regulators by Polycomb in human embryonic
stem cells. Cell 125, 301–313 (2006).

62. Negre, N. et al. Chromosomal distribution of PcG proteins during Drosophila develop-
ment. PLoS Biol. 4, e170 (2006).

63. Schwartz, Y.B. et al. Genome-wide analysis of Polycomb targets in Drosophila
melanogaster. Nat. Genet. 38, 700–705 (2006).

64. Haupt, Y., Bath, M.L., Harris, A.W. & Adams, J.M. bmi-1 transgene induces lymph-
omas and collaborates with myc in tumorigenesis. Oncogene 8, 3161–3164 (1993).

65. Jacobs, J.J., Kieboom, K., Marino, S., DePinho, R.A. & van Lohuizen, M. The oncogene
and Polycomb-group gene bmi-1 regulates cell proliferation and senescence through
the ink4a locus. Nature 397, 164–168 (1999).

66. Martinez, A.M. & Cavalli, G. The role of polycomb group proteins in cell cycle
regulation during development. Cell Cycle 5, 1189–1197 (2006).

67. Schuettengruber, B., Chourrout, D., Vervoort, M., Leblanc, B. & Cavalli, G. Genome
regulation by polycomb and trithorax proteins. Cell 128, 735–745 (2007).

68. Bantignies, F., Grimaud, C., Lavrov, S., Gabut, M. & Cavalli, G. Inheritance of
Polycomb-dependent chromosomal interactions in Drosophila. Genes Dev. 17,
2406–2420 (2003).

69. Vazquez, J., Muller, M., Pirrotta, V. & Sedat, J.W. The Mcp element mediates stable
long-range chromosome-chromosome interactions in Drosophila. Mol. Biol. Cell 17,
2158–2165 (2006).

70. Jackson, D.A., Hassan, A.B., Errington, R.J. & Cook, P.R. Visualization of focal sites of
transcription within human nuclei. EMBO J. 12, 1059–1065 (1993).

71. Wansink, D.G. et al. Fluorescent labeling of nascent RNA reveals transcription by RNA
polymerase II in domains scattered throughout the nucleus. J. Cell Biol. 122,
283–293 (1993).

72. Iborra, F.J., Pombo, A., Jackson, D.A. & Cook, P.R. Active RNA polymerases are
localized within discrete transcription ‘‘factories’ in human nuclei. J. Cell Sci. 109,
1427–1436 (1996).

73. Pombo, A. et al. Regional specialization in human nuclei: visualization of discrete sites
of transcription by RNA polymerase III. EMBO J. 18, 2241–2253 (1999).

74. Faro-Trindade, I. & Cook, P.R. A conserved organization of transcription during
embryonic stem cell differentiation and in cells with high C value. Mol. Biol. Cell
17, 2910–2920 (2006).

75. Ficz, G., Heintzmann, R. & Arndt-Jovin, D.J. Polycomb group protein complexes
exchange rapidly in living Drosophila. Development 132, 3963–3976 (2005).

76. Phair, R.D. et al. Global nature of dynamic protein-chromatin interactions in vivo:
three-dimensional genome scanning and dynamic interaction networks of chromatin
proteins. Mol. Cell. Biol. 24, 6393–6402 (2004).

77. Kimura, H., Sugaya, K. & Cook, P.R. The transcription cycle of RNA polymerase II in
living cells. J. Cell Biol. 159, 777–782 (2002).

78. Kimura, H., Tao, Y., Roeder, R.G. & Cook, P.R. Quantitation of RNA polymerase II and
its transcription factors in an HeLa cell: little soluble holoenzyme but significant
amounts of polymerases attached to the nuclear substructure. Mol. Cell. Biol. 19,
5383–5392 (1999).

79. Hieda, M., Winstanley, H., Maini, P., Iborra, F.J. & Cook, P.R. Different populations of
RNA polymerase II in living mammalian cells. Chromosome Res. 13, 135–144
(2005).

80. Levsky, J.M., Shenoy, S.M., Pezo, R.C. & Singer, R.H. Single-cell gene expression
profiling. Science 297, 836–840 (2002).

81. Osborne, C.S. et al. Active genes dynamically colocalize to shared sites of ongoing
transcription. Nat. Genet. 36, 1065–1071 (2004).

82. Raj, A., Peskin, C.S., Tranchina, D., Vargas, D.Y. & Tyagi, S. Stochastic mRNA
synthesis in mammalian cells. PLoS Biol. 4, e309 (2006).

83. Wijgerde, M., Grosveld, F. & Fraser, P. Transcription complex stability and chromatin
dynamics in vivo. Nature 377, 209–213 (1995).

84. Chubb, J.R., Trcek, T., Shenoy, S.M. & Singer, R.H. Transcriptional pulsing of a
developmental gene. Curr. Biol. 16, 1018–1025 (2006).

85. Holstege, F.C. et al. Dissecting the regulatory circuitry of a eukaryotic genome. Cell 95,
717–728 (1998).

86. Osborne, C.S. et al. Myc dynamically and preferentially relocates to a transcription
factory occupied by igh. PLoS Biol. 5, e192 (2007).

87. Zhao, Z. et al. Circular chromosome conformation capture (4C) uncovers extensive
networks of epigenetically regulated intra- and interchromosomal interactions. Nat.
Genet. 38, 1341–1347 (2006).

88. Simonis, M. et al. Nuclear organization of active and inactive chromatin domains
uncovered by chromosome conformation capture-on-chip (4C). Nat. Genet. 38,
1348–1354 (2006).

89. Dekker, J., Rippe, K., Dekker, M. & Kleckner, N. Capturing chromosome conformation.
Science 295, 1306–1311 (2002).

REV I EW

NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 14 NUMBER 11 NOVEMBER 2007 10 5 5

©
20

07
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
sm

b


	ﬁGene regulation through nuclear organizationﬁ
	A1
	Silent chromatin and the nuclear periphery
	Active genes at the nuclear envelope
	Players around the nuclear pore complex
	Nuclear organization of mammalian X inactivation
	Internal organization of gene silencing
	Nuclear organization of transcription
	Perspectives

	Figure 1 The proteasome and its role in nuclear pore-associated transcription events.
	Figure 2  Polycomb bodies and transcription factories are organized similarly.
	Figure 3 Most yeast genes are infrequently transcribed.
	ACKNOWLEDGMENTS
	References


