Chromosoma (2010) 119:13-25
DOI 10.1007/s00412-009-0236-2

REVIEW

Spatial organization of genes as a component

of regulated expression

Dave A. Pai - David R. Engelke

Received: 5 June 2009 /Revised: 5 August 2009 / Accepted: 6 August 2009 /Published online: 30 August 2009

© Springer-Verlag 2009

Abstract The DNA of living cells is highly compacted.
Inherent in this spatial constraint is the need for cells to
organize individual genetic loci so as to facilitate orderly
retrieval of information. Complex genetic regulatory mech-
anisms are crucial to all organisms, and it is becoming
increasingly evident that spatial organization of genes is
one very important mode of regulation for many groups of
genes. In eukaryotic nuclei, it appears not only that DNA is
organized in three-dimensional space but also that this
organization is dynamic and interactive with the transcrip-
tional state of the genes. Spatial organization occurs
throughout evolution and with genes transcribed by all
classes of RNA polymerases in all eukaryotic nuclei, from
yeast to human. There is an increasing body of work
examining the ways in which this organization and
consequent regulation are accomplished. In this review,
we discuss the diverse strategies that cells use to preferen-
tially localize various classes of genes.

It has long been realized that DNA is often organized in a
manner that contributes to the regulated and efficient
expression of gene products. Even so, the fact that most
collections of co-regulated genes, or “regulons”, are not co-
linear has led to the tacit assumption that co-regulation of
linearly scattered genes is achieved by diffusible transcrip-
tion factors and other regulators. This assumption of
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diffusible, location-independent regulation is consistent
with the fact that the linear arrangement of most genes in
chromosomes is not tightly conserved, even when the
sequences of the genes themselves are. A growing body of
work indicates, however, that preferential three-dimensional
positioning of many genes in eukaryotic nuclei is part of
their transcriptional programming and, at least in some
cases, facilitates use of their RNA transcripts.

Operons and other linear organizational strategies

In bacteria, it is common to have all or part of a regulon
made as a single transcription unit, a polycistronic operon.
The operon was the earliest genetic regulatory system to
have its physical DNA arrangement elucidated in the study
of the lac operon, which controls lactose utilization in
Escherichia coli (Jacob et al. 1960). The prokaryotic
operon exemplifies how cells use linear organization to
achieve regulation in one dimension and is perhaps the
simplest example of spatial regulation of gene expression.

Although it was thought for some time that only bacteria
and archaea contain operons, it is now known that some
eukaryotes also have genomic regions that fit the classical
definition of an operon. The recent completion of the
genome sequence of the trypanosome Leishmania major
reveals global arrangement of genes in polycistronic
clusters of various sizes (Ivens et al. 2005). There are
several examples of operons in other metazoans such as
flatworms and certain primitive chordates (Ganot et al.
2004), but the best studied example of operons in
eukaryotes remains the nematode Caenorhabditis elegans,
the first eukaryotic organism in which extensive operons
were discovered (Spieth et al. 1993). It is estimated that
approximately 15% of C. elegans genes are present in
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operons (Blumenthal et al. 2002; Blumenthal and Gleason
2003). Unlike with prokaryotic operons, though, the
products of the individual genes encoded by most of the
operons in C. elegans are mostly not functionally related.
Thus, it has been suggested that C. elegans operons are
evolutionarily distinct from those present in bacteria and
may have arisen, not for purposes of co-regulation as with
prokaryotic operons, but from a need either to select for a
smaller genome or to confer a more optimal spatial
arrangement for the genes themselves. That being said,
the genome of C. elegans does contain a few polycistronic
transcripts whose component genes do encode related
protein products (Clark et al. 1994; Huang et al. 1994;
Page 1997; Treinin et al. 1998). In these instances, there is
an argument to be made in favor of preferential localization
of gene products for co-regulation. In some cases, it has
been suggested that C. elegans operons serve purposes of
co-regulation in response to a global signal (Blumenthal
and Gleason 2003), and in fact, there is emerging evidence
consistent with this idea (Baugh et al. 2009). Thus, in the
case of C. elegans, the same type of gene structure might
have arisen for different needs, whether for pure spatial
compaction or for regulation of gene expression.

In addition to operons, there are other varieties of linear
clusters of genes in eukaryotes (Fig. 1). Some have
probably arisen originally by gene duplication, but in many
cases, the linear arrangements appear to benefit from
regional regulatory signals that control substantial distances
on the linear chromosomes. Homeotic genes, and in
particular the HOX gene clusters, provide one example.
First discovered in Drosophila, HOX genes encode several
transcription factors responsible for establishing the pattern
of development along the anterior—posterior axis. They are
linearly positioned within the clusters in the order in which
they are developmentally expressed (Lewis 1978; Kaufman
et al. 1980). HOX genes were subsequently discovered in
metazoans (Akam 1989; Duboule and Dolle 1989; Graham
et al. 1989), and their clustering has been preserved
throughout evolution, although the reasons for this conser-
vation are not fully understood (reviewed in Kappen and
Ruddle 1993; Mann 1997; Kmita and Duboule 2003;
Garcia-Fernandez 2005; Lappin et al. 2006). There are also
several non-HOX homeotic genes that are arranged in
linear clusters, and these too have evolutionary conserva-
tion in higher metazoans (reviewed in Holland 2001).
Another well-studied linear grouping is the mammalian
globin genes (Proudfoot et al. 1980; Shen et al. 2001; Cao
and Moi 2002; Liang et al. 2008; Noordermeer and de Laat
2008; Palstra et al. 2008). As with the HOX clusters, they
are arranged linearly in the order in which they are
expressed and are particularly interesting in that there is
not only linear but also spatial coordination (discussed
below).
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An emerging body of work shows that many small
noncoding RNAs are expressed as polycistronic units and
then cut up into their functional components. In particular,
these small functional RNAs include the small nucleolar
(sno) RNAs and microRNAs (Tycowski and Steitz 2001;
Lee et al. 2002). In yeast, while most snoRNAs are encoded
by dispersed monocistronic genes, there are also five
polycistronic clusters of two to seven snoRNA genes; the
precursor transcripts are then processed by RNase III family
members (Chanfreau et al. 1998; Lowe and Eddy 1999; Qu
et al. 1999). While some snoRNAs in yeast and most in
mammals are intron-encoded, in plants, most snoRNAs are
polycistronic. In Arabadopsis thaliana, the majority of
snoRNA genes are present in clusters transcribed from a
single promoter and then processed (Leader et al. 1997).
There are also some intron-encoded clusters of snoRNAs in
plants, particularly in the rice genome (Liang et al. 2002).
In addition, there have been dicistronic transfer RNA
(tRNA)-snoRNA genes found in both Arabadopsis and in
rice, whose precursor transcripts are processed by RNase Z
(Kruszka et al. 2003). This could lead to an even higher
degree of regulation between the component tRNA and
snoRNA products. Likewise, microRNAs are present in
clusters even more extensively in metazoans. At least 40%
of microRNAs in humans have been shown to be present in
clusters with pairwise distances of less than 3,000 nucleo-
tides (Altuvia et al. 2005), and while the functional
relevance of these clusters is not entirely clear, at least
one recent study suggests that some components of micro-
RNA clusters do in fact have functional associations with
each other (Kim et al. 2009).

Linear and spatial organization of ribosomal genes

One type of DNA sequence that is found as linear
groupings in nearly all life forms is the transcription unit
encoding the ribosomal RNA (rRNA) subunits (reviewed in
Haeusler and Engelke 2006). The rDNA is transcribed as a
single polycistronic unit and then processed into its
component RNAs while being assembled into pre-
ribosomal particles with protein subunits. In prokaryotes,
the mature RNA components are the 16S, 23S, and 5S
rRNAs. In eukaryotes, RNA polymerase I (Pol I) transcribes
the rDNA polycistronic unit, which is then processed into the
18S, 28S, and 5.8S mature ribosomal RNAs. The rDNA
transcription unit is typically found as many tandem linear
repeats in genomes in all phyla of life—approximately
150-200 copies in Saccharomyces cerevisiae and about
400 copies in human. In the case of S. cerevisiae, a
single tandem array of rRNA genes is located on the right
arm of chromosome XII. In other metazoans, the ribo-
somal genes are also present as clusters, although there is
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Fig. 1 Methods of linear gene organization. Eukaryotic cells have
developed a variety of ways to arrange genetic information on the
linear map to regulate gene expression. From fop to bottom: Operons,
which are transcribed as a single polycistronic transcript under control
of an upstream operator; Linear clusters, such as the HOX genes,
which are under control of a common regulator; Small RNAs, such as

typically not one single cluster but rather a few chromo-
somal locations. For example, the human tandem repeat
clusters are located on the five acrocentric chromosomes
(Henderson et al. 1972).

Whether present in the linear genome map as a single
cluster or as multiple clusters, the ribosomal gene arrays act
as the organization points of dense nuclear subcompart-
ments termed nucleoli, the location of rRNA transcription,
processing, and assembly into pre-ribosomal nucleoprotein
particles (reviewed in Pederson 1998; Gerbi et al. 2003;
Prieto and McStay 2005; Boisvert et al. 2007). Because of
this role of the ribosomal clusters, they are often termed
nucleolar organizer regions. Yeast contain a single nucle-
olus visible by fluorescence in situ hybridization (FISH)
microscopy or electron microscopy as a large crescent-
shaped structure at one end of the nucleus, with other
species containing varying numbers of nucleoli (Fig. 2).
The nucleolus exemplifies one way in which cells have
developed preferential spatial positioning of genes of like
function in order to maximize efficiency of cellular

microRNAs, which are transcribed as a polycistronic unit and then
processed into smaller RNAs; the Pol I-transcribed ribosomal repeats,
transcribed in eukaryotes as a 35S transcript and then processed into
188, 5.88S, and 28S rRNAs; and the small Pol IlI-transcribed 5S genes,
which in most eukaryotes are present in tandemly repeated linear
clusters

processes. By concentrating tTRNA genes all in one place
within the nucleus, the machinery needed for their
transcription, processing, and assembly into ribosomes can
be localized to a distinct nuclear subdomain, resembling a
“factory” that Henry Ford would have envied. The
framework (RNA) moves along an assembly line while
the appropriate components (proteins) are loaded on at the
right time and the necessary finishing steps (processing) are
carried out. While localization at the nucleolus may not be
essential (Oakes et al. 1993; Oakes et al. 1998), concentra-
tion and organization of various components there could
facilitate timely and efficient incorporation, rather than if
the components were dispersed throughout the nucleus.
This sort of “assembly line” efficiency may be particularly
important for ribosome biosynthesis since it is a massive
and highly complex effort that often occupies over half the
RNA synthetic expenditure of the cell. The substructures
associated with the rDNA Pol I transcription units and pre-
ribosome assembly have been examined extensively for
several decades (reviewed in Puvion-Dutilleul et al. 1991;
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Fig. 2 Comparison of yeast and metazoan nucleoli. The eukaryotic
nucleolus is defined by the Pol I-transcribed ribosomal cluster. In
yeast, the ribosomal cluster is located on the linear map in one group
on chromosome XII; consequently, the yeast nucleolus can be
visualized by FISH microscopy as a single crescent-shaped structure,
typically localized to one side of the nucleus. In yeast, the tRNA genes
can be visualized by FISH microscopy as a single cluster localized to
the nucleolus. Metazoans generally have multiple clusters of ribo-
somal genes; thus, metazoan nuclei usually have several nucleoli
spread throughout the nucleus. The metazoan nucleus is generally
several times larger than the yeast nucleus

Schwarzacher and Wachtler 1991; Scheer and Weisenberger
1994; Olson and Dundr 2005; Hernandez-Verdun 2006).

There is one type of rRNA gene that is not part of the
large Pol I transcripts in eukaryotic nuclei: the 5S rRNA
gene. The 5S genes are transcribed by RNA polymerase II1
(Pol IIT) and are organized differently from the other rRNA
genes, although there are distinct similarities. In some
cases, notably in S. cerevisiae, the 5S genes are interspersed
within the Pol I-transcribed ribosomal tandem arrays (Bell
et al. 1977), but in most eukaryotes, they are arranged in
various numbers of tandem repeat clusters that are linearly
separate from the large ribosomal clusters. In some cases,
they are present in a single cluster, as in the chicken
genome (Daniels and Delany 2003), and in other cases, 5S
rRNA gene types that are expressed at distinctive times in
development are found in separate clusters, as with the
oocyte type vs. somatic genes in Xenopus (Harper et al.
1983). Linear clustering of the 5S genes might facilitate
the same types of regulatory benefits that are seen in the
clustering of the large ribosomal clusters. Placement of the
5S genes away from the other ribosomal genes in higher
eukaryotes may serve further regulatory roles.

In a smaller number of cases, such as in Schizocacchar-
omyces pombe (Mao et al. 1982) or in Neurospora crassa
(Metzenberg et al. 1985), the 5S genes are more dispersed
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throughout the linear map. In at least one case, in the non-
conventional dimorphic yeast Yarrowia lipolytica, while the
many of the 5S genes are scattered throughout the genome,
nearly half of the 5S genes appear to be present in
dicistronic tRNA-5S gene clusters (Acker et al. 2008). This
unique type of linear cluster could potentially allow very
tightly regulated transcription between the tRNA and the 5S
RNA transcripts. There is also evidence that 5S genes that
are otherwise clustered can be retrotransposed and that
these copies are scattered throughout the genome, some of
which are expressed (Drouin 2000). In these select cases, a
further level of organization might come into play for
spatial regulation of expression. This would not be much of
a surprise, as a substantial body of work suggests that in
metazoans with separate 5S gene clusters, there is a high
degree of spatial organization throughout evolution. Since
the 5S genes of S. cerevisiae are within the large ribosomal
cluster, they are necessarily nucleolar. Additionally, FISH
and electron microscopy have shown nucleolar localization
of the transcribed 5S gene clusters in other organisms as
well (reviewed in Haeusler and Engelke 2006). Thus, the
three-dimensional localization of 5S genes to the nucleolus,
whether arranged in linear clusters or scattered across the
genome, might be a component of coordinating the overall
regulation of ribosomal processing and assembly.

Yeast tRNA genes: co-localization of many linearly
dispersed loci

The ribosomal RNA genes are not the only class of genes
that are thought to be localized to the nucleolus. Recently, it
has been shown in S. cerevisiae that the 274 tRNA genes,
which are Pol III transcription units scattered throughout
the linear map of the 16 chromosomes, are preferentially
localized to the nucleolus (Thompson et al. 2003). At the
time of this finding, there was some knowledge in the field
about global positioning of specific regions of the yeast
genome—centromeres, telomeres, and the silent mating loci
are all localized to the nuclear periphery (reviewed in
Gasser 2001; Loidl 2003). The finding that tRNA genes
dispersed throughout the genome were localized to a single
nuclear substructure was a somewhat astonishing observa-
tion, though it had been foreshadowed by earlier findings
that components of the pre-tRNA processing pathway are
found there. Imaging by FISH had shown that pre-tRNA
transcripts are localized primarily to the nucleolus in S.
cerevisiae, and some early tRNA processing enzymes in S.
cerevisiae—specifically the endoribonuclease, RNase P,
and the tRNA isopentenyltransferase, Mod5—are also
nucleolar (Bertrand et al. 1998; Tolerico et al. 1999). In
retrospect, the concentration of tRNA genes and early
processing machinery to nucleolus makes a certain amount
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of logistical sense since it is the site of massive synthesis of
the other non-messenger RNAs involved in translation—
58S, 5.8S, and the large ribosomal RNAs. Synthesis of these
RNAs is co-regulated under various conditions with tRNAs
(Briand et al. 2001), and spatial coordination of these
biosynthetic pathways could provide possibilities for co-
regulation, in addition to an assembly line for tRNAs, as
well as ribosome synthesis and transport.

The spatial organization of tRNA genes is not likely to
be a static situation. Although the majority of the tRNA
genes appears to remain associated with the nucleolus
throughout the cell cycle in yeast, even during late mitotic
division (Haeusler et al. 2008), individual genes could vary.
In fact, individual tRNA genes do dissociate into the
nucleoplasm if transcription by Pol III is interrupted (Hull
et al. 1994; Thompson et al. 2003). Disruption of nucleolar
architecture also disperses tRNA genes and pre-tRNA
transcripts throughout the nucleoplasm (Wang et al.
2005b), and thus individual tRNA genes likely become
transiently dissociated from the cluster during division of
the replicated nucleoli, even while the bulk of the genes
seems to remain associated with the nucleolus. It is also
possible that the tRNA genes can be either transiently or for
long periods dissociated from the nucleolus in response to
more dominant positioning imperatives from neighboring
genes. No pattern of which other genes surround tRNA
genes has yet made itself obvious, although genes that exist
very near tRNA genes might need to be adapted to the
environment. In general, transcription promoters for Pol II
tend to be severely underrepresented within 500 base pairs
of tRNA genes (Bolton and Boeke 2003), yet the Ty
retrotransposon elements have developed a strong prefer-
ence for inserting near tRNA genes, by at least two
different mechanisms (Chalker and Sandmeyer 1990;
Chalker and Sandmeyer 1992; Devine and Boeke 1996).
This suggests not only that the retrotransposons have
adapted but also that there is some selective advantage to
the Ty or the host cell in this genomic arrangement. There
is evidence that the proximity to the tRNA gene influences
expression of the Ty element (Hull et al. 1994), consistent
with a transcriptional regulatory adaptation.

The potential for condensation by Pol III complexes
in mammals

The tRNA genes in metazoans can be found in single or
multiple copies, but little is known about their expression or
localization. There is some recent information about which
families of tRNA genes are actively transcribed in humans
and in mice (Lowe and Eddy 1997; Dittmar et al. 2006;
Coughlin et al. 2009), but we still know relatively little
about their localization. While there is no direct evidence of

clustering of Pol Ill-transcribed genes outside of S.
cerevisiae, it would seem possible that global organization
by clustering of this type of transcription unit is not
evolutionarily restricted to a single species. This hypothesis
is supported by data that the clustering of tRNA genes in
yeast appears to be mediated by at least one protein
complex that is highly conserved throughout evolution.
Chromatin immunoprecipitation followed by hybridization
to high-resolution oligonucleotide microarrays revealed that
the multi-subunit protein complex condensin is present
throughout the cell cycle over all tRNA genes and over a
small number of other sites bound by Pol III transcription
factors across the entire S. cerevisiae genome (D’ Ambrosio
et al. 2008). Additionally, FISH microscopy of S. cerevisiae
nuclei in cells containing temperature-sensitive alleles of all
five subunits of condensin shows a dispersal or gross
mislocalization of tRNA genes away from the nucleolus
(Haeusler et al. 2008). Co-immunoprecipitation experi-
ments further show association of condensin with a DNA-
mediated complex of the general transcription factors
TFHIC and TFIIIB, although not with Pol III itself,
suggesting that a potentially direct interaction of condensin
with the tRNA gene transcription complex may be
mediating the clustering of tRNA genes to the nucleolus.
The involvement of condensin in the dynamic position-
ing of chromosomal loci, while not immediately intuitive, is
not overly surprising. Condensin is a member of the
structural maintenance of chromosomes (SMC) family of
protein complexes, whose components have a high degree
of structural and functional conservation throughout evolu-
tion (reviewed in Cobbe and Heck 2000; Hirano 2002,
2006; Jessberger 2002; Huang et al. 2005; Losada and
Hirano 2005; Uhlmann and Hopfner 2006). At least three
distinct eukaryotic SMC complexes evolved from a single
prokaryotic SMC complex, whose structure is remarkably
similar to its eukaryotic counterparts. SMC complexes are
thought to associate directly with DNA to mediate various
activities such as chromosome condensation and cohesion
and to be essential for processes such as replication and
repair. Most studies on the condensin complex in the
decade and a half since its identification have focused on its
functions during mitosis and meiosis. There is, however,
emerging evidence for a more widespread role for con-
densin during interphase in various eukaryotic models
(reviewed in Legagneux et al. 2004; Hirano 2005; Tsang
et al. 2007b). Specific examples come from studies on gene
regulation and transcriptional control in Drosophila (Lupo
et al. 2001; Dej et al. 2004; Cobbe et al. 2006) and
maintenance of genome structure in yeast (Tsang et al.
2007a). Thus, it would not be surprising if, as the
eukaryotic genome grew larger and the job of organizing
the genome became more complex, cells evolved alternate
functions outside of mitosis and meiosis for condensin in
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the localization of genes during interphase. Additionally,
the presence of condensin at tRNA genes located at the
nucleolus is consistent with data from several groups
showing that condensin is highly enriched at the rDNA
cluster in both budding yeast and in fission yeast and is
required to maintain proper compaction of the rDNA
cluster during interphase (Freeman et al. 2000; Lavoie et
al. 2004; Wang et al. 2005a; Tsang et al. 2007a; Nakazawa
et al. 2008; Wang and Strunnikov 2008).

The involvement of highly conserved protein complexes
at tRNA gene clusters brings into question whether
clustering of Pol III elements occurs in higher eukaryotes.
While the 5S and tRNA genes encode the most abundant
gene products of Pol Ill-transcribed genes, there are other,
far more abundant DNA elements containing tRNA-class
Pol III promoters. In many organisms, particularly verte-
brates, the most abundant Pol III elements are the short
interspersed nuclear elements (SINEs; reviewed in Okada
1991; Deininger and Batzer 2002; Belancio et al. 2008).
Some of the better-studied SINEs include the five major
families of mouse SINEs, which are retrotransposons
derived from pre-tRNA and 7SL RNA and make up about
7% of the murine genome (Waterston et al. 2002). In
humans, the predominant SINEs are the Alu elements,
which arose from 7SL RNA transcripts and are thought to
comprise at least 10% of the human genome (Lander et al.
2001). Since the discovery of SINEs 40 years ago, various
hypotheses have been advanced for possible evolutionary
advantages conferred by these “junk” sequences in the large
genomes of higher eukaryotes. In many cases, they have
been proposed to serve as regulatory sequences, both
positive and negative (Saffer and Thurston 1989; Tomilin
et al. 1990; Saksela and Baltimore 1993; Thorey et al.
1993; Ferrigno et al. 2001). In support of this idea, it has
been shown that mouse B2 SINE transcripts can directly
bind to Pol II and negatively regulate Pol II transcription
(Allen et al. 2004; Espinoza et al. 2004). Newer studies
reveal that human Alu transcripts can also bind to Pol II and
repress its transcriptional activity (Mariner et al. 2008;
Yakovchuk et al. 2009). Additionally, B2 SINE DNA can
act as a chromatin “boundary element” (Lunyak et al.
2007), a block to propagation of nucleosome-mediated
chromatin regulation, similar to the function of tRNA genes
and even partially assembled Pol III transcription com-
plexes as boundary elements in yeast (Donze et al. 1999;
Donze and Kamakaka 2001; Simms et al. 2008).

In vitro, SINEs can be transcribed efficiently by tRNA
gene-like complexes, although they are not normally
expressed at significant levels inside cells (Carey et al.
1986; Jang and Latchman 1989; Kim et al. 1995). It is not
known if the SINEs—or a significant percentage of them—
have complexes similar to the tRNA gene complexes
(TFIIC + TFHIB + Pol III) associated with them in vivo.
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If they do have similar complexes, it may very well be
possible that, as with yeast, they are similarly able through
clustering to serve as chromosomal compaction and
organizational signals. This would be consistent with at
least one study showing clustering of SINE elements in
human lymphocyte nuclei (Kaplan et al. 1993). Since
mammalian genomes are up to a hundred times larger than
those of yeast, but have only two or three times as many
bona fide tRNA genes, one could surmise that SINE
elements might serve the compaction function that tRNA
genes assume in yeast, even without making stable,
functional transcripts. Furthermore, since metazoans have
at most a few nucleoli, the potential compaction function of
SINE elements is likely to be independent of localization to
any specific nuclear subcompartment (Fig. 3).

Transcription factories and chromosome territories

The nucleolus can be thought of as a specialized version of
what has been termed a “transcription factory” (reviewed in
Pombo and Cook 1996; Pombo et al. 2000; Bartlett et al.
2006; Faro-Trindade and Cook 2006; Sexton et al. 2007;
Carter et al. 2008). Just as localization of Pol I and Pol III
transcription to the nucleolus serves to regulate coordinated
cellular processes, so too has it been suggested that some
actively elongating RNA polymerase II (Pol II) complexes
are localized to factories of Pol II transcription. These were
initially identified as foci of nascent transcription and later

B2 SINE DNA

Fig. 3 FISH microscopy showing distribution of mouse B2 SINE
elements. Mouse embryonic fibroblasts were fixed in 1% paraformal-
dehyde and adhered to slides. Fluorescent oligonucleotides comple-
mentary to B2 SINEs hybridized to genomic DNA. There appears to
be speckled signal of B2 elements throughout the nucleoplasm,
suggesting clusters, but this signal appears not to be preferentially
associated with either the nucleoli or the nuclear periphery. Red B2
SINE DNA, blue DAPI stain of AT-rich heterochromatin
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found to contain high local levels of Pol II (Jackson et al.
1993; Wansink et al. 1993; Iborra et al. 1996). Since such a
significant amount of the genome is encoded by Pol II,
spatially coordinated transcription by Pol II might also have
a significant impact on the three-dimensional organization
of the nucleus, similar to how clustering and localization of
tRNA and rRNA genes organize the yeast genome. Indeed,
while the details of transcription factory formation are not
entirely clear, it appears that these factories are formed not
only by genes from linearly distant regions of the same
chromosome, as initially proposed, but also by genes on
different chromosomes (Osborne et al. 2004; Osborne et al.
2007). Consequently, there is the possibility of a high
degree of spatial organization resulting from Pol II factory
formation. Nevertheless, the factory model is likely to be an
oversimplified look at how genes come together, and the
functional reasons for how and why various genes come
together are only starting to be understood (Brown et al.
2008).

The co-localization of genes from different chromo-
somes is, on the surface, at odds with the idea that in most
higher eukaryotes the interphase genome is widely thought
to be arranged into chromosome territories (reviewed in
Cremer and Cremer 2001; Parada and Misteli 2002; Parada
et al. 2004; Gilbert et al. 2005; Cremer et al. 2006;
Meaburn and Misteli 2007). A territory is a distinct spatial
region of the nucleus in which a chromosome is contained
during interphase. Visualization of chromosomes in nuclei
from various species, by “painting” each chromosome
with distinct fluorescent probes, shows individual chro-
mosomes occupying distinct subnuclear sections that can
be easily distinguished from one another. Nevertheless, as
distinct as territories may appear, within the established
territory model, there are examples of individual genomic
loci that have been found well outside their expected
territories, even for genes that are generally localized to
their home territories (Volpi et al. 2000; Mahy et al. 2002a;
Chambeyron and Bickmore 2004). Given the necessarily
dynamic nature of the nucleus, though, it should not come
as much of a surprise that genes can position and reposition
themselves, even within the otherwise established territory
model.

The majority of higher eukaryotes are now thought to
have chromosome territories, although these have not
been as clearly delineated in S. cerevisiae, despite the
recent demonstration of ordered gene positions in yeast
(Berger et al. 2008). The yeast genome is comparatively
much smaller than those of higher eukaryotes, so it is possible
that its chromosome organization evolved around a different
format. It has been proposed that the yeast genome undertakes
a Rabl-type organization, with centromeres and telomeres at
opposite poles of the nucleus (Bystricky et al. 2004; Bystricky
et al. 2005). The existence of chromosome territories or other

global organization scheme in a particular organism does not
preclude the possibility of organization by Pol III elements
(tRNA genes or SINEs), although it probably means that any
resulting condensation is a local, rather than broadly
interchromosomal, phenomenon.

A model for interactions between chromosome territories
was initially proposed and termed the interchromosome
domain (ICD) model (Cremer et al. 1993). The basis for
this model was that transcriptionally active regions of the
genome must be readily accessible to the nuclear machinery
that are localized to the interchromosomal regions between
territories. Individual genes can thus be strategically
positioned at the interface of two or more territories to
allow for maximum regulation and energetic favorability.
Individual chromatin fibers would occasionally loop out
into the ICD, where rare chromosomal contacts between
loci would occur; some have called these contacts “chro-
mosome kissing” (Kleckner and Weiner 1993; Cavalli
2007; de Laat 2007). While this paradigm seems compel-
ling, newer data indicate that there is a much higher degree
of interaction between the territories than the ICD model
suggests (reviewed in Sachs et al. 2000; Chubb et al. 2002;
Hlatky et al. 2002; Holley et al. 2002; Spilianakis et al.
2005).

In order to revise the ICD model and attempt a better
picture of how chromosome territories interact, Branco and
Pombo developed a novel cryo-FISH method that preserves
chromatin structure while providing very high microscopic
resolution (Branco and Pombo 2006). They proposed a new
model for interaction between territories that they call the
interchromosomal network model (ICN). This model lays
out a much more plastic arrangement of territories, where
they are still localized to distinct regions of the nucleus but
are much freer to intermingle with each other at their
boundaries. The ICN model implies that significant
interchromosomal contacts would drive the shape of
territories in the nuclei of metazoans, and indeed, active
transcription does affect the nature of interchromosomal
contacts (Branco and Pombo 2006). In fact, there are a
variety of factors that shape territories. In particular, the
overall architecture of territories has been shown to change,
often drastically, in response to developmental cues in cells
(Kuroda et al. 2004; Stadler et al. 2004; Wegel and Shaw
2005; Bartova and Kozubek 2006). Altered epigenetic
marks such as methylation can also instigate changes in
nuclear organization by reorganizing chromosome territo-
ries (Matarazzo et al. 2007). We should therefore look at
territories as pliable, rather than rigid or impenetrable
structures, especially in light of data that transcriptional
machinery is shown to have the ability to access the interior
of chromosome territories (Mahy et al. 2002b). In fact,
most transcriptional factors are quite capable of accessing
the interiors of territories. Thus, the idea that active genes
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are mainly positioned at the surface of chromosome
territories is likely to be an oversimplification.

Positions of individual genes, in addition to overall
territory architecture, can also change quite drastically in
response to differentiation, developmental signals, or other
changes in their transcriptional state. Much work has been
done on spatial positioning of the human globin genes, in
addition to their linear organization (Brown et al. 2001;
Tolhuis et al. 2002; Brown et al. 2006; Ragoczy et al. 2006;
Zhou et al. 2006). More recently, it was demonstrated that
active globin genes become clustered and localize to
nuclear speckles (Brown et al. 2008), similar to how active
tRNA genes cluster and localize at nucleoli in yeast.
Studies on the oncogenes, bcr, abl, and c-myc show that
they change positions relative to each other in response to
cell cycle or developmental cues (Neves et al. 1999;
Bartova et al. 2000), suggesting that spatial positioning of
developmentally important genes aids in the differentiation
processes of the cell. Activity-dependent repositioning has
been shown with other human genes (Lanctot et al. 2007;
Meaburn and Misteli 2008), and ligand binding to nuclear
receptors can activate specific interactions between genes,
which appear to be important for ligand-induced transcrip-
tional regulation (Hu et al. 2008). Repositioning of one
gene can also bring along with it adjacent, functionally
unrelated genes (Zink et al. 2004), similar to how
individual yeast tRNA genes might become positioned
away from the nucleolus in response to more dominant
localization signals from adjacent loci. Functionally distinct
alleles of the same gene can, at least in one example,
occupy different positions within the nucleus (Takizawa et
al. 2008). Recently it has been shown possible to construct
a map of the three-dimensional organization of the human
interphase genome in relation to the transcriptome, thus
tying together global genomic structure and function
(Goetze et al. 2007). Indeed, there is an emerging body of
work suggesting that functional interactions across chro-
mosomes can drive gene localization (Rajapakse et al.
2009).

Positioning of genes as a component of regulation

Several studies, particularly in yeast and flies, have
provided further evidence and mechanistic insight as to
how individual genes can become dramatically repositioned
based on gene activity. Multiple studies in S. cerevisiae
have shown large-scale relocalization of gene positions
when cells are induced under certain conditions. When cells
are treated with alpha-factor, the FIG2 gene becomes highly
localized to the nuclear periphery, specifically toward the
side of mating projection (Casolari et al. 2005). The SUC2
gene, which encodes a sucrose invertase, is mobile within
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the nucleus when repressed in glucose media, but when
cells are grown in the absence of glucose to activate SUC2,
the gene becomes tightly localized to the nuclear periphery
(Sarma et al. 2007). Localization of genes to the periphery
is often accompanied by physical and genetic connection to
the nuclear pore complex (Casolari et al. 2004, 2005; Cabal
et al. 2006). Additionally, there appears to be some pathway
dependence on gene dynamics. Transcriptional activation of
the subtelomeric gene HXK/ by growth on a non-glucose
carbon source has been shown to relocate it to the nuclear
pore complex (Taddei et al. 2006); however, when the same
gene is activated via an alternative pathway, using the VP16
activator, nuclear pore association is eliminated. This result
would suggest that a single gene would need to be
differentially positioned within the nucleus in order to be
regulated by different pathways. Recent work in Drosoph-
ila indicates that the hsp70 gene cluster is anchored to the
nuclear periphery, and proteins that are involved in
retaining the Asp70 cluster at the periphery are also
implicated in its transcriptional regulation (Kurshakova et
al. 2007). Additional work in Drosophila suggests a
potential link between dosage compensation and localiza-
tion of the X-chromosome to the nuclear pore complex
(Mendjan et al. 2006).

Several studies in yeast demonstrate that artificial
tethering of genes to the nuclear periphery can alter the
expression of those genes or other regulatory genes.
Tethering the yeast /NOI locus to the nuclear periphery
activates the /NO! gene itself and can additionally promote
either silencing or activation of other regulatory genes
(Brickner and Walter 2004). Doing the same to the HXK/
gene also promotes its own transcriptional activation
(Taddei et al. 2006). Tethering genes to the nuclear
periphery can also be sufficient to activate an artificial
promoter (Menon et al. 2005). These data appear to be
contrary to the original view that the nuclear periphery is a
transcriptionally silenced domain in yeast.

In addition to these observations from yeast, several
intriguing studies on artificial tethering of loci have
been done recently in human cells. It has been shown
that a gene can be artificially targeted to the periphery
and is subsequently able to recruit its transcriptional
machinery (Kumaran and Spector 2008). Other work
shows repression of certain loci when artificially targeted
to the nuclear lamina (Reddy et al. 2008), while another
report indicates that when specific chromosomes are
tethered to the nuclear periphery, it is possible to change
the expression patterns of certain genes to varying degrees
(Finlan et al. 2008). This latter finding could have
intriguing effects on human health, as aberrant gene
positioning of selected marker genes may be a diagnostic
tool to identify diseased alleles (e.g., Meaburn and Misteli
2008).
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In addition to the relatively recently discovered phe-
nomenon of activation at the yeast nuclear periphery, there
can be a type of transcriptional “memory” at the periphery
(reviewed in Ahmed and Brickner 2007). Upon activation,
the INOI and GALI genes are recruited to the periphery,
but when repressed, they continue to remain associated
with the periphery for several generations before returning
to their previous location in the nucleoplasm. Studies with
the GALI gene show that retention at the periphery allows
the cells to turn these genes back on after reactivation more
rapidly than nucleoplasmic GALI loci. Brickner and
colleagues propose that cells have a mechanism to identify
recently repressed genes and suggest that this is a novel
type of epigenetic memory for the cell (Brickner 2009).
Rapid reactivation of both GALI and INOI genes and
retention of either locus at the periphery are dependent on
the histone variant H2A.Z (Brickner et al. 2007). In the case
of the GALI gene, rapid reactivation is also dependent on
the SWI/SNF chromatin remodeling complex and the Gall
protein itself (Kundu et al. 2007; Zacharioudakis et al.
2007). We can compare these requirements of specific
nuclear factors in the efficient expression and localization
of these loci to the requirement of condensin in positioning
tRNA genes to the nucleolus, where pre-tRNA synthesis
and initial processing might be readily coordinated with 5S
and other rRNA biosynthetic pathways.

Concluding remarks

Computers use a tool called a cache for temporary storage
of data that will likely be accessed again in the near future.
Access to that data from the cache is easier or faster than
from where it was originally located. In other words, once a
specific memory location is accessed, that location or
nearby locations can be made easier to access in the short
term. We can relate this to the idea of epigenetic
transcriptional memory. The nuclear periphery might act
as a sort of “cache” for the GALI and INOI genes, and
retention of these genes in the cache of the periphery allows
for faster gene activation than if those genes needed to be
accessed from their original location, the nucleoplasm.
Indeed, the overall idea that cells use preferential
positioning of genetic loci to regulate expression and use
of gene products can be seen as one of efficient information
retrieval. For thousands of years, library science has dealt
with the problem of storing large numbers of documents so
that they may be found and accessed readily. Computers
eventually made it possible to store information in numbers
that were previously beyond human limits, and the
subsequent science of information retrieval allowed the
creation of models to facilitate orderly and efficient access
of information. The prompt recovery of genetic material

from within the three-dimensional space of our nuclei is a
problem not entirely different from this. As an example, the
placement of tRNA genes at the nucleolus facilitates
orderly retrieval of those “documents” by those who are
looking for them, i.e., the tRNA processing and assembly
machineries. The yeast genome contains in total 6,000
genes, and humans are thought to contain 20,000-25,000
genes by most recent estimates. The rapid recovery of this
large amount of information from as compact and complex
of a space as the nucleus necessitates cells to develop
“models” of their own for searching and using this data.
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