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■ Abstract Eukaryotic genomes are distributed on linear chromosomes that are
grouped together in the nucleus, an organelle separated from the cytoplasm by a char-
acteristic double membrane studded with large proteinaceous pores. The chromatin
within chromosomes has an as yet poorly characterized higher-order structure, but in
addition to this, chromosomes and specific subchromosomal domains are nonrandomly
positioned in nuclei. This review examines functional implications of the long-range
organization of the genome in interphase nuclei.

A rigorous test of the physiological importance of nuclear architecture is achieved
by introducing mutations that compromise both structure and function. Focussing on
such genetic approaches, we address general concepts of interphase nuclear order, the
role of the nuclear envelope (NE) and lamins, and finally the importance of spatial
organization for DNA replication and heritable gene expression.
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NUCLEAR ORGANIZATION

It is useful to distinguish three types of subnuclear organization: the first reflects
an order imposed by enzymatic functions inherent to the nucleus, often the result
of interactions between large multicomponent complexes. The second is a global
order that reflects whole chromosome positioning. The third is based on aspects
of primary DNA sequence and its secondary folding properties, or interactions of
these in trans, which can create subcompartments based, for example, on repetitive
sequence motifs. Experimental support for these models is discussed below.

Function-Based Compartments

Biosynthetic activities abound in the nucleus and include DNA replication, repair,
RNA transcription, splicing, RNA and DNA modification, and perhaps a limited
amount of protein synthesis, often controlled by regulated systems of protein modi-
fication and degradation. Many activities are concentrated in subnuclear foci called
nuclear bodies, which include nuclear speckles, Cajal bodies, and PML bodies (re-
viewed in 136, 227). Nuclear bodies are not surrounded by lipid bilayers and are
usually characterized by specific antigens that are generally in rapid exchange with
nonbound species. For most foci, the targeting or recruitment of proteins can be
attributed to motifs responsible for protein-protein or protein-nucleic acid interac-
tions (92, 146, 149, 263). This suggests that function-based foci can arise through
the self-assembly of essential components without an underlying template or scaf-
fold. The proposed functions of nuclear bodies and speckles, either for storage,
assembly, or as sites of specific enzymatic activity, are covered in recent reviews
(136, 227).

The most dominant function-based nuclear compartment is the nucleolus, the
site of RNA Pol I-mediated rDNA transcription and ribosome subunit assem-
bly. Although its morphology varies among cell types, the nucleolus generally
consists of three domains (reviewed in 202, 217). Innermost is the fibrillar cen-
ter (FC), which contains both inactive and active rDNA genes. The processing
and assembly of rRNA take place in the surrounding dense fibrillar component
(DFC), while the latter steps of ribosome maturation occur in the outermost gran-
ular component (GC). In budding yeast the nucleolus is a crescent-shaped struc-
ture abutting the nuclear envelope, occupying roughly one third of the nucleus.
Plant and animal nuclei contain multiple nucleoli, often adjacent to heterochro-
matin. In all cases nucleolar morphology is influenced by the growth rate of the
cell.
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How is this elaborate nuclear substructure formed? Genetic studies in budding
yeast have elegantly addressed the mechanisms underlying nucleolar biogenesis.
Strains were created bearing deletions of the endogenous rDNA gene cluster, and
its absence was complemented by multicopy plasmids expressing rRNA from
either a Pol I or a Pol II promoter (186, 244). When expressed from the Pol I pro-
moter, the plasmid-borne rDNA genes and the nucleolar marker Ssb1 colocalize
to multiple foci adjacent to the NE, as opposed to forming the normal crescent-
shaped structure (186). When transcribed by RNA Pol II, the rDNA genes and
Ssb1 formed 1 to 2 foci that did not associate with the NE. Despite the differences
in spatial organization, the internal structure of these nucleolar structures was con-
served (244). Because transcripts and processing were the same in both cases,
one can attribute the differences in subnuclear position to the RNA polymerase
involved.

This model was tested by introducing a mutation that disrupts RNA Pol I com-
plex formation (rpa12�). In this mutant, Ssb1 was redistributed from the pe-
riphery to internal sites that resemble the foci of Pol II-transcribed rDNA genes
(186). These authors conclude that the formation of contiguous, crescent-shaped
nucleoli requires the genomic array of tandemly repeated rDNA genes (150–200
copies), and that Pol I-mediated transcription itself targets nucleolar components
to the NE. Moreover, the nucleolar infrastructure forms even in fragmented, mislo-
calized nucleoli, indicating that this compartment is self-organizing. Surprisingly,
these manipulated strains have few other defects apart from a 20% to 40% decrease
in growth rate.

In human cells, rDNA genes are found on five different pairs of chromosomes
and cluster to form intranuclear nucleoli. The trans-association of nucleolar orga-
nizer regions (NORs) occurs in an asynchronous manner shortly after telophase
(208), independently of rDNA transcription and prior to chromosome deconden-
sation (50). Intriguingly, pre-rRNAs synthesized in late G2 of the previous cell
cycle appear to be recruited to NORs together with the transcription machinery,
and all subsequent steps of assembly require RNA Pol I activity (50, 217). It is
still unclear what mediates NOR association and fusion, yet ∼1 h after this event,
both active nucleoli and silent NORs move to more central intranuclear positions
coincident with a major repositioning of chromosomes (208, 234).

In yeast, RNA Pol I and III transcription are temporally and spatially coordinated
at least partly because the 5S RNA, a Pol III transcript, lies adjacent to the 35S
rRNA coding region (126). Surprisingly, however, tRNA transcripts, which are
also Pol III dependent, accumulate in the nucleolus even though the 9 to 16 copies
of each tRNA gene are scattered throughout the yeast genome (13). Moreover, the
active tRNA genes themselves cluster and colocalize with the nucleolar 5S gene
signal (242). This association is dependent on both the transcriptional status of
the tRNA genes and Pol I-mediated transcription, which, as explained above, is
necessary for nucleolar integrity. The grouping of expressed tRNA genes at the
nucleolus restricts the volume within which Pol III transcription factors function,
yet requires that the yeast nucleolus is accessible to all 16 chromosomes.
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In contrast to the highly localized transcription of rDNA by RNA Pol I, Cook
and colleagues have shown that there are thousands of RNA Pol II “transcription
factories” dispersed throughout the nucleoplasm of mammalian cultured cells, each
comprising around 5 to 8 RNA Pol II complexes (119, 122). It is unclear whether
coordinately regulated RNA Pol II genes are grouped together in an expression
site, or whether these foci simply reflect the random juxtaposition of neighbor-
ing transcription units. Given that a typical RNA Pol II gene is only transiently
associated with a polymerase [i.e., roughly 5–10 min/h (124, 212)], active Pol II
transcription is unlikely to constitute a stable element of subnuclear organization.
In contrast, eukaryotic DNA replication is also organized into foci, which appear
in recognizable patterns that persist for hours during S phase in mammalian cells
[(49, 182, 187) and references therein]. Their importance for genomic replication
is discussed below.

Global Chromosome Arrangements

Besides this function-based organization, whole chromosomes are thought to adopt
reproducible positions within the nucleus. There may be fundamental differences
in the spatial distribution of small and large genomes, and two configurations are
commonly recognized. The first is one in which most chromosomes are polarized
within the nucleus, an arrangement exemplified by the Rabl configuration (198).
Here centromeres and telomeres are at opposite ends of a nucleus, a distribution that
arises naturally as the anaphase spindle pulls on kinetochore-containing chromo-
somes. The Rabl configuration is readily observed in rapidly dividing embryonic
cells and is well-described for Drosophila (73, 110, 112). Nonetheless, no muta-
tions have been found that disrupt it, including those that compromise telomere
integrity such as UbcD1 (30). In Drosophila and related insects (Diptera), the Rabl
configuration is accompanied by homologue pairing, which ensures that homol-
ogous chromosomes in a diploid somatic cell assume nearly identical positions.
Although homologue pairing in flies is developmentally regulated (111), there is
no compelling evidence for homologue pairing in most plants, mammalian cells,
or in vegetatively growing yeast (153). Moreover, because yeast and many plants
maintain the Rabl configuration throughout interphase without homologue pairing,
there is clearly no obligatory link between these two phenomena (reviewed in 216,
227). To date no mutations have been reported that disrupt homologue pairing in
flies, not even zeste, a mutation that compromises transvection effects (81).

The second type of global nuclear organization is based on the hypothesis that
individual chromosomes maintain discrete “territories,” each defining a compart-
ment within the nucleus (20). This non-overlapping distribution is readily observed
in vertebrate cells in early prophase as chromosomes begin to condense, yet was
also detected in G1- and S-phase cells by whole chromosome FISH (fluorescence
in situ hybridization) (41). The relative positioning of chromosomes is not deter-
mined by a species-specific floorplan, however, because no reproducible pattern
of chromosomal territories (CTs) persists in all nuclei of a given multicellular or-
ganism. Moreover, FISH and real-time imaging have both documented extensions
of chromatin from one CT into a neighboring one (68, 157, 252, 260), an event
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correlated with active transcription in mammalian cells. This does not invalidate
the notion of CTs, but allows for extensive chromosomal cross-talk.

Some principles of CT organization have been proposed. For instance, in sev-
eral mammalian cell types a radial distribution is observed such that gene-poor
chromosomes are enriched at the nuclear periphery (42, 94, 239, 240), an arrange-
ment that is not found in proliferating fibroblasts (40) or quiescent cells (23).
Certain chromosomes showed a reproducible juxtaposition in quiescent human
fibroblasts (180) and mouse splenocytes (191), whereas other groups found ran-
dom distributions (38, 94). Until the proteins are identified that position CTs or
mutations are found that disrupt nuclear organization, the only question is whether
a given organization is heritable. Below we examine experiments that address this
question.

IS RELATIVE CHROMOSOME POSITION HERITABLE? To study the mitotic inheri-
tance of a cell-specific chromosome distribution, photobleaching techniques were
used to impose patterns in the chromatin of nuclei that were expressing histone
H2B forms fused to GFP derivatives. By comparing pre- and post-mitotic patterns
of bleached zones, one can observe a gross similarity of chromatin distribution in
some daughter cells (83, 257). Quantitation by Walter and colleagues suggested
that pattern perpetuation occurs at low frequency, however, and that positioning is
often lost due to chromatin movements soon after cytokinesis. Indeed, chromatin
repositioning is most pronounced at the beginning of G1 phase (218, 243, 257).
Intriguingly, the post-mitotic persistence of a heritable chromosomal distribution
was lost when cells continued to divide or were treated with Hoechst (83), an inter-
calating dye that displaces proteins from the narrow minor groove of DNA (257).
Thus, although some degree of heritable order was detected, perhaps reflecting the
intrinsic symmetry of cytokinesis, this cellular memory seems short-lived, at least
in tissue-culture cells.

The Bickmore laboratory took a more rigorous approach to this question, scor-
ing the positions of specific GFP-tagged chromosomal loci relative to other nuclear
structures in early G1-phase daughter cells of a human fibrosarcoma line (243). Po-
sitions were mapped relative to nucleoli or the NE, and results were compared with
distributions that would occur stochastically. The majority of daughter cell pairs
showed dissimilar locus positioning, arguing for a nonsymmetrical distribution of
homologous loci following mitotic division. Although in apparent disagreement
with the above studies, these authors did not actually monitor global CT position,
which may have remained grossly similar between daughter cells. In summary, we
propose that some aspects of CT position may be maintained through mitosis in im-
mortalized cells lines, yet specific loci are unlikely to be restored to specific sites.
Stochastic interactions of chromatin with chromatin, or chromatin with nuclear
structures in early G1 phase, are likely to move chromosomal domains to differ-
ent locations or reinforce their original position. Indeed, Dimitrova & Gilbert (49)
demonstrated a significant movement of heterochromatin and appropriately tagged
early and late-replicating regions, until ∼2 h after telophase in CHO cells. Missing
are studies of mutants that generate an aberrant positioning of chromosomes.
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LOCAL AND LONG-RANGE CHROMATIN DYNAMICS In order for chromosomes to
change position there must also be an underlying movement of chromatin per se.
Indeed, one of the more surprising findings of recent years, documented through
rapid time-lapse imaging of green fluorescent protein (GFP)-tagged chromosomal
loci (166), is how mobile chromatin can be. Improved high-resolution fluorescence
tracking has allowed a detailed quantitation of chromatin dynamics in interphase
nuclei, revealing high rates of local chromatin motion in species ranging from
yeast to human.

Quantitation of the movement of specific chromosomal loci shows that most are
engaged in continual, albeit spatially constrained, movement. The diffusion coef-
ficient of different loci ranges from 1 × 10−4 to 1 × 10−3 µm2/s and for nonrepeti-
tive open chromatin domains the radii of constraint were similar for budding yeast,
Drosophila, and human [r = 0.5–0.7 µm (32, 108, 166)]. When time-lapse imaging
is adequately rapid, two types of motion can be distinguished: smaller, saltatory
movements <0.2 µm that occur every 1–2 s, and larger, more rapid movements
[i.e. >0.5 µm in a 10.5 sec interval (108)]. In budding yeast, the smaller move-
ments are observed for euchromatic as well as silent regions, whereas the larger
movements are characteristic for euchromatic loci but are nearly undetectable for
telomeres (105). Changes in cellular energy levels (through depletion of glucose
or addition of protonophores, which reduce intracellular ATP levels) induce a de-
crease or complete abolition of large movements (108). Thus, although resembling
Brownian motion, chromatin mobility seems to be influenced by energy-requiring
enzymatic events.

The extent of spatial constraints imposed by the environment on a given locus
can be calculated by plotting the mean squared displacement (MSD) over fixed
intervals of time (166). These MSD plots reach a plateau at time intervals of 60
to 100 s from which the radius of constraint of a given site can be derived, and
compared with the movement of other loci or other cell types. The movement
of euchromatic loci in flies, human, and yeast is confined to volumes of ∼0.5–
0.7 µm in radius, which constitutes a large fraction of a yeast nucleus (r = 1 µm),
but not of a mammalian one [r≥10µm (32, 108, 247)]. This movement would com-
promise an organization with spatially distinct CTs in yeast, but not in mammalian
cells.

The degree of spatial constraint imposed on a locus depends on two addi-
tional variables: cell cycle stage and the nature of the locus observed. In G2-phase
Drosophila spermatocytes, there is both random, locally constrained movement
and a long-range directional movement, which occurs over a much longer time
scale. A decrease in step size for the rapid movements and termination of the
long-range migration were observed in late G2 spermatocytes just before they
enter meiosis (247). This drop in chromatin mobility correlates with a clear de-
velopmental change characterized by a nuclear reorganization during which bulk
chromatin moves from a central region to three distinct perinuclear masses (29). In
budding yeast, on the other hand, different genomic loci show a general decrease
in mobility during S phase (108). The reduced mobility does not correlate with
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the passage of a replication fork, and instead might reflect either a reduction in
ribonucleotide pools that accompanies S phase, or replication fork clustering into
foci, a result of trans-interactions between distant genomic loci.

In both yeast and human cells, some loci have constraints imposed on their
mobility due to interactions with a nuclear structure [NE, lamina, spindle pole
body, or the nucleolus (32, 108)]. Importantly, higher mobility is restored when
the association with the nuclear structure is lost. Disruption of the yeast yku70 gene
leads to the release of telomere 6R from the NE and a significantly higher mobility
of the locus (105). In mammalian cells, treatment with the transcriptional inhibitor
DRB, which disrupts nucleolar structure, leads to an increase in the local dynam-
ics of a locus integrated near rDNA repeats (32). Finally, poorly characterized
stochastic events may also influence the dynamics of tagged loci. For instance,
although most human telomeres move little, occasional rapid transitions occur,
as if a telomere were momentarily liberated from constraints (177). Spontaneous
movement of yeast telomeres away from the NE is also observed (105), possibly
reflecting sporadic transcription or chromatin remodeling events.

Besides spatial constraints imposed by nuclear substructure, a given locus is also
restricted in its mobility by the contiguity of the chromatin fiber itself. In budding
yeast, chromatin can be excised from the chromosome as an intact ring that main-
tains its nucleosomal status (79). The resulting episome moves without detectable
constraint throughout the nucleoplasm, indicating that once freed of flanking DNA,
there is no restriction on its movement. This shows that even actively transcribed
chromosomes restrain mobility (M.R. Gartenberg, F.R.N. & S.M.G., personal com-
munication). These freely diffusing chromatin loci, the nondirectional diffusion
monitored for mRNA (124), and the rapid diffusion-based exchange rates detected
by FRAP (fluorescence recovery after photobleaching; reviewed in 173) for most
chromatin-bound factors all indicate that it is unnecessary to postulate interchro-
matin channels to account for the mobility of macromolecules in interphase nuclei
(41). The documented chromatin mobility may well itself facilitate factor/binding
site searches or homology searches during recombination.

Long-Range Pairing Mediated by Repetitive Sequences

Stable somatic homologue pairing is, as far as we know, only manifest in Diptera,
yet associations between physically distant loci are widely observed for genomic
regions that contain stretches of repetitive elements. Simple-repeat elements found
at telomeres or centromeres are obvious candidates for long-range pairing, which,
in turn, will undoubtedly contribute to the global interphase positioning of chro-
mosomes. As such, long-range repeat interactions constitute a third element de-
termining interphase nuclear organization.

CENTROMERIC REPEAT INTERACTIONS Centromeres generally consist of simple
DNA repeats packaged into heterochromatin and a limited number of genes un-
iquely designed for transcription in a heterochromatic environment (256). Cen-
tromeric DNA repeats cluster to form either the chromocenter or, as occurs more
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frequently in mammalian cells, several foci of pericentric heterochromatin. These
associate occasionally with other repetitive DNA sequences or position themselves
around nucleoli (93, 109). Chromocenters stain intensely with DNA intercalating
agents, due to their sequence bias, and are enriched for heterochromatic markers
such as Heterochromatin Protein 1 (HP1). Chromocenter organization depends on
underacetylated histone tails, which then later are methylated and bound by HP1
(237). Importantly, however, conditions that delocalize HP1 from heterochromatin
do not induce a loss of chromocenter organization (160, 195), indicating that HP1
does not itself promote centromere clustering.

In Schizosaccharomyces pombe, centromeric regions are also highly repeti-
tive, consisting of two distinct elements: the otr region, which is bound by the
fission yeast HP1 (Swi6), and a central core region that contains the histone H3
variant Cnp1 (CENP-A) and an unusual nucleosomal structure (231). In mitot-
ically dividing fission yeast, centromeres cluster near the SPB as well as with
each other (72). In interphase, mutants affecting the central core structure induce
a loss of centromere clustering, whereas the loss of rik1, a WD-40 repeat protein
that is required for stable pericentric heterochromatin, does not (7). Although no
longer clustered, the centromeres remain near the NE, suggesting the existence of
a kinetochore-independent mechanism for the NE-anchoring of heterochromatin,
like the Sir4-Esc1 pathway described for silent chromatin in budding yeast [see
below and (236)].

TELOMERE-TELOMERE INTERACTIONS Whereas telomere clustering is a univer-
sally conserved feature of the pre-pachytene “bouquet” stage of meiosis, in mi-
totically growing cells these interactions are well-documented only in yeast,
trypanosomes, and Plasmodia. In these cases, telomere clustering is often ac-
companied by anchoring at the NE, thus contributing to the global positioning of
interphase chromosomes. The clustering of telomeres in budding yeast contributes
to the repression of subtelomeric chromatin, conferring a telomere position ef-
fect (TPE), which resembles the position-effect variegation (PEV) nucleated by
centromeric repeats in flies. Indeed, it is thought that the mechanisms that bring
fission and budding yeast telomeres together are likely to provide paradigms for
other repeat-dependent interactions.

In fission yeast, the telomeric repeat is bound by Taz1, a Myb-domain DNA-
binding protein, that recruits spRap1 and spRif1. The subtelomeric regions contain
the heterochromatin factors Swi6, Clr4, and Rik1, which also participate in het-
erochromatin at centromeric repeats and the mating-type loci. Clr4 is the fission
yeast equivalent of the Su(var)3-9 histone methyltransferase, which modifies his-
tone H3 on lysine 9 to allow recruitment and binding of the HP1 equivalent, Swi6.
The Taz1-Rap1-Rif1 and the Swi6-Clr4-Rik1 complexes both induce compact
chromatin structures at telomeres, albeit with different properties. Importantly,
TPE in fission yeast depends primarily on Taz1 and SpRap1, and only to a minor
extent on Swi6, Clr4, and Rik1 (2, 36, 127).

During interphase, the six fission yeast telomeres cluster into 1 to 2 foci near
the NE (72), an organization that is, surprisingly, affected by mutations in the
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key factors of the RNAi machinery [ago1, dcr1, and rdp1 (95)]. In these mu-
tants, telomeres fail to cluster but remain perinuclear. The fission yeast RNAi
machinery is required for epigenetic gene silencing at centromeres or mating
type loci, being linked to H3 K4 methylation and Swi6 binding (96, 251). It is
not required, however, to any significant extent, for telomere-linked silencing.
Indeed, the loss of RNAi leads to a loss of histone H3 K9 methylation, Swi6 mis-
localization (251) and reduced telomere clustering, but does not disrupt TPE.
Conversely, these same mutations do impair centromeric repression, although
centromere clustering persists. In summary, the RNAi pathway promotes telomere-
telomere interactions in S. pombe [as do, to lesser extents, Rik1 and Clr4 (55)], but is
dispensable for telomere length regulation, TPE, and telomere-NE association (95).

Superficially, the S. cerevisiae telomeric organization resembles that of fission
yeast, in that 32 telomeres cluster in 4 to 7 perinuclear foci (88), yet the mecha-
nisms that tether telomeres are quite different. In contrast to most other organisms,
budding yeast lacks HP1, methylation on histone H3 K9, and the RNAi machinery.
Replacing this mechanism for silent chromatin formation is the Sir2-3-4 complex,
a heterotrimer with NAD-dependent histone deacetylase activity and histone tail-
binding capacity (103). At telomeres Sir proteins are recruited by interaction with
the ScRap1 C terminus, which, like Taz1, is a Myb-domain containing repeat bind-
ing factor. Budding yeast telomeres also bind the heterodimeric complex Ku70/80,
which cooperates with Rap1 to recruit and nucleate the Sir complex. The Sir com-
plex then spreads along histone tails to repress nearby genes. Sir proteins are
present in limiting amounts in the yeast nucleus, and are sequestered at telomeric
foci (88, 159).

In budding yeast, two parallel pathways, one dependent on the Ku heterodimer
and the second on the silencing factor Sir4, mediate telomere-NE association (105,
236). Both proteins mediate anchorage in the absence of silencing, although the
presence of TPE enhances tethering efficiency (105, 236). The bifunctional role
of Sir4 as a mediator of repression and an anchor for silent chromatin underscores
the close relationship of the two functions. In vivo a non-silent telomere can be
localized at the NE through interaction with Ku; and being thus placed in a zone
enriched for Sir proteins, this telomere is thought to have a better chance to become
repressed (4). Once the Sir-dependent chromatin is established, silencing itself
will reinforce the perinuclear localization through the Sir4 anchoring pathway
(Figure 1). In this way, the formation of silent chromatin is self-reinforcing and
contributes to the spatial positioning of telomeres.

Given the absence of nuclear lamina, a meshwork of intermediate filament
proteins that underlies the NE of most eukaryotic cells (86), it was unclear what
might anchor Ku and Sir4 at the yeast NE. The pore-associated myosin-like factors,
Mlp1 and 2, have been proposed to bind Ku (77), yet detailed studies revealed no
defect in telomere localization or silencing in double mlp1�mlp2� strains (5, 104,
105). Moreover, telomeres and Sir foci do not colocalize with pores by FISH, IF,
or live imaging, being enriched instead in spaces between pore complexes where
a large acidic NE-associated protein called Esc1 provides a Sir4 anchoring site (5,
236; M.R. Gartenberg & S.M.G., personal communication). Esc1 binds Sir4 in
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two-hybrid assays (5) and localizes at the nuclear envelope independently of Ku
and Sir4 (236). Although the physiological anchor for telomere-bound yKu is not
known, in a yku-deficient strain, Esc1 becomes essential for telomere anchoring.
Conversely, if the yKu anchor is intact, esc1 has only minor effects on telomere
localization, confirming the redundancy of anchoring pathways. Surprisingly, esc1
mutants, unlike yku mutants, show only a minor loss of TPE.

Mammalian telomeres seem to be randomly positioned throughout the cell nu-
cleus (14, 155) and at some points of the cell cycle are preferentially internal (62,
253). Nonetheless, trans-associations between 2 to 3 telomeres occur, as demon-
strated by live imaging of human fibroblasts (177), or FISH on U2OS cells (181).
Intriguingly, the association is more frequently observed in noncycling cells, much
like the yeast telomeric foci, which are more pronounced under conditions of glu-
cose depletion (T. Cheutin, A.T., T. Misteli & S.M.G., unpublished observations).

BIOLOGICAL FUNCTIONS OF TELOMERE CLUSTERING Insight into the function of
telomere clustering is provided by pathogens such as Plasmodium falciparum, Try-
panosoma brucei, or Candida glabrata. In all three species, telomeres are grouped
at the NE, as they are in budding yeast (33, 69). In addition, orthologues of yeast SIR
proteins have been identified in Plasmodia (210) and Candida (45), increasing the
likelihood for conserved anchoring and clustering pathways. In these pathogens,
telomere clustering is clearly linked to the organism’s virulence (45, 106), which
in Trypanosoma requires a sequential activation of variant-specific surface glyco-
protein genes (vsg or var) following translocation into a subtelomeric expression
site, and in Plasmodia involves an epigenetic mechanism of allelic exclusion. Coat
protein variation allows the parasites to escape the host immune system. The clus-
tering of different var genes in foci, corresponding to telomeric foci, is thought to
enhance recombination efficiency among such genes, thereby increasing the para-
sites’ virulence. Although anchoring proteins are not yet characterized, Figueiredo
and colleagues showed that the clustering of Plasmodia telomeres depends on
repetitive subtelomeric elements (64).

In the fungal pathogen Candida glabrata, virulence depends on adherence of
the parasite to the intestinal epithelia through the lectin EPA-1 (37). Indeed, EPA-1
is a member of a family of related Candida genes found in subtelomeric clusters,
most of which are not expressed at any one time. Their repression resembles the re-
versible position effect found at budding yeast telomeres, and is mediated by homo-
logues of the ScSir3 and ScRap1 proteins (45). Also regulating cell adherence and
a developmental transition to a filamentous form are the budding yeast FLO genes.
While the FLO11 gene is non-subtelomeric and expressed, all other members of
the FLO gene family are repressed in a variegated manner owing to their physi-
cal proximity to telomeres (97). Repression is reversible, heritable and involves a
subset of the Sir proteins, but does not reflect an extension of TPE per se (97).

In summary, unicellular organisms use the clustering of telomeres at the nuclear
periphery and its associated recombination and repression phenotypes to regulate
genes crucial for their survival. Unusual recombination behavior also characterizes
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budding yeast telomeres, which recombine efficiently among themselves, but
poorly with internal chromosomal sites (197). This recombination behavior is
thought to reflect constraints imposed on telomeres by the NE, since telomere
recombination rates increase in strains lacking the telomere anchor, yKu (197).

PAIRING-DIRECTED SILENCING IN DROSOPHILA In Drosophila, plants, and hu-
mans, the presence of a transgene sequence can influence the transcriptional state
of the endogenous gene. This phenomenon was called homology-dependent gene
silencing (HDGS) in plants or transvection in Drosophila (reviewed in 241, 262).
While some of this repression is posttranscriptional, transgene repeats inserted at
distant positions on the same or different chromosomes in wheat and Arabidop-
sis were observed to cluster together (1, 68), suggesting that physical interaction
might be involved in gene silencing. Some models for transvection also argue for a
physical interaction of the two homologous sequences, although it is documented
in only a few cases.

One example of pairing directed silencing is the brownDominant (bwD) allele in
Drosophila, a phenotype caused by the insertion of a heterochromatic block into
the coding region of the brown gene, which is located on the right end of Chr2.
In heterozygotes, this insertion causes variegated expression of the second wild-
type copy of brown, producing variegated eye color. By monitoring the subnuclear
position of the bwD allele at different stages of fly development, Dernburg and
colleagues found that the mutant locus was often juxtaposed to the centromeric
heterochromatin of Chr2 (Cen2) in larval, although not in embryonic, cells (47).
Somatic pairing of chromosomes was not altered by the bwD mutation, and this
alignment therefore positioned both the mutant and wild-type alleles close to Cen2
repeats. Seeking a situation in which this triple association was disrupted, Csink and
colleagues found that the Cen2-bwD allele association could be partially suppressed
by mutations affecting PEV, e.g., Su(var)205, which encodes the Drosophila HP1
(43). To test whether the association of bwD with Cen2 requires the large stretch
of homologous sequence in cis, the bwD-Cen association was analyzed in cells
carrying translocations of the bwD region. By shifting the bwD from the end of
Chr2 to Chr3 or Chr4, it was observed that bwD no longer associates with Cen2.
Moreover, when present on Chr3, bwD had a slight but significant tendency to
associate with Cen3, despite its lack of homology with the bwD insert (206). These
observations led to the idea that heterochromatin clustering is not strictly dependent
on sequence homology but rather on heterochromatin-bound proteins, and that
intrachromosomal interactions may be favored by proximity.

A recent study argues that the link between chromosome architecture and tran-
scriptional repression is widespread in Drosophila. A screen from the Karpen
group showed that out of a series of Mod(var) proteins (suppressors or enhancers
of PEV), half affect native chromosome morphology and cell cycle progression
(138), including Su(var)2-10, a suppressor of PEV that colocalizes with the nu-
clear lamin in interphase (101). Mutant su(var)2-10 nuclei show disorganized
and improperly condensed chromosomes, as well as defects in telomere clustering
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and telomere-NE associations. Thus, Su(var)2-10, like the yeast SIR proteins or fly
PcG, may represent a class of factors involved in both transcription and long-range
chromosomal interactions.

INSULATOR FUNCTIONS AND NUCLEAR STRUCTURE The insulator provides a fur-
ther example of a chromatin function that has been correlated with tethering or
sequestering of sequences. The term insulator refers to two different activities that
can be distinguished experimentally. The first is an enhancer-blocking activity,
which shields a promoter from the action of a distant enhancer. The second is
a silencing barrier activity, which protects genes from invasion by neighboring
heterochromatin (reviewed in 25). Although within genomes these activities are
sometimes linked, proteins involved in the process often confer only one of the two
activities. Both functions have been proposed to involve specific configurations of
chromatin, such as a topologically defined loop, tethered to nuclear pores (16, 82,
121). Several examples are described below.

In Drosophila, the element Fab-7 contains an insulator flanked by a Polycomb
group (PcG) response element that recruits PcG proteins. This element physically
associates in trans with an integrated copy of the same element located on another
chromosome (9). The association is lost in the absence of PcG protein, which also
compromises a correlated silencing function. The Drosophila gypsy insulator has
also been studied in detail. Its insertion into the genome causes the surrounding
DNA to move to the nuclear periphery in a Su(Hw)-dependent manner (82). Sim-
ilar to Fab-7 and scs boundary elements, two gypsy elements inserted at distant
sites were reported to associate (16, 26, 27). However, Xu and colleagues later
showed that the preferential peripheral association of gypsy-containing loci can
be genetically separated from the minimal 340-bp insulator element that is suffi-
cient to bind Su(Hw). Moreover, the Su(Hw) insulator can function in the nuclear
interior (264). Thus gypsy-mediated anchoring seems not to be a prerequisite for
Su(Hw) insulator function.

In vertebrates, a conserved sequence-specific factor CTCF is implicated in the
function of a broad range of insulators, and it has been demonstrated to tether
a transgene containing the CTCF insulator near the nucleolus (269). Again, it is
argued that its insulator activity may reflect a higher-order level of genome organi-
zation. This is reminiscent of activities isolated in a fusion protein screen in yeast,
which can confer barrier activity by tethering to nuclear pores (121). Missing to
date is genetic evidence that disruption of the spatial positioning ablates native
insulator function.

Role of Long-Range Organization in Differentiated
Gene Expression

Despite the positive evidence of the bwD allele, there are both examples and coun-
terexamples in mammalian cells, in which a locus moves (or does not) relative
to a heterochromatin domain, in response to a change in its transcriptional state.
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One must conclude that movement away from heterochromatin is neither abso-
lutely required nor sufficient for transcriptional activation (24, 158). Indeed, several
experiments suggest that the impact of large-scale repositioning needs to be con-
sidered on a longer timescale as a change necessary in cycling cells undergoing
non-transient changes in transcription. For instance, in a study of the position of
several differentiation-regulated genes in immature or mature B cells, Brown and
colleagues showed that inactive genes associate with heterochromatic domains
(24), yet this association is only seen in cycling cells. In quiescent cells, associa-
tion of repressed loci with pericentric heterochromatin is lost, being re-established
only after mitogenic activation (24). Spatial reorganization was also reported for
genes repressed during T-lymphocyte activation (Rag-1 and TdT). The relocaliza-
tion of silenced loci to pericentric heterochromatin was observed only in normal
differentiating thymocytes, and not in an immature T cell line in which Rag-1 and
TdT are repressed in a transient manner.

In quiescent or senescent fibroblasts, the human gene-poor Chr 18 adopts a
random position within the nucleus as opposed to its preferential peripheral lo-
cation detected in proliferating cells (23). The restoration of Chr 18 association
with the nuclear periphery requires passage through S phase and mitosis and was
still not complete in the subsequent G1 phase, again suggesting that chromosome
organization is less tightly regulated in nonproliferating than in proliferating cells.

Why would the stable spatial reorganization of mammalian nuclear architecture
require proliferation? We propose that nuclear compartments become increasingly
pronounced and functionally important as cells differentiate. It is well documented
that eukaryotic replication is spatially and temporally regulated, as is its link with
epigenetic determination (168). Genomic loci found in the same compartment dur-
ing S phase are likely to be replicated at the same time and to come in contact
with the same chromatin factors right after replication. Histone variants, modi-
fiers, or chromatin binding factors that influence factor accessibility are likely to
act coordinately on newly replicated loci, providing a means to re-establish a given
transcriptional and/or spatial pattern of organization in daughter cells, determined
by chromatin marks deposited during replication. As such, subnuclear compart-
ments may not be critical for immediate biological events yet would provide a
mechanism for the accurate inheritance of transcription patterns. If replication
provides an opportunity to reinforce epigenetic marks, it follows that dividing and
differentiating cells would tend to have a more robust nuclear organization.

NUCLEAR LAMINS AND CHROMATIN ANCHORING

One element of nuclear architecture implicated primarily in differentiated cell in-
tegrity is the nuclear lamina, a perinuclear meshwork of intermediate filament (IF)
proteins that associates with an increasing number of inner NE proteins. Lamins
are the oldest of the IF family members (35, 71), consisting of a central rod of α-
helical heptad repeats flanked by head and tail domains, which are critical for lamin
polymerization (233). Lamins are also dispersed throughout the nucleoplasm,
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possibly forming a thin fibrillar network (11, 117). Whereas the perinuclear lamin
polymer resists solubilization by salt and chaotropic agents, internal lamins do not.

Lamins are generally classified as A-type or B-type (86). Mammalian A-type
lamins include four developmentally regulated variants of the LMNA gene (lamins
A, C, A�10, and C2), expressed in a wide variety of differentiated cells. B-type
lamins (lamins B1, B2, and B3 encoded by the essential LMNB1 and LMNB2 genes)
are present in both embryonic and differentiated cells. To date, no homologues have
been detected in plants (203) or in unicellular organisms such as yeast, although
they are conserved in flies and worms (34). Nonetheless, several lamin paralogues
have been proposed to exist in plants, based on either partial peptide sequence
homology to IFs, immunological cross-reaction, or a perinuclear localization (17).
These include the 134-kDa NMCP1 protein, which participates in an insoluble
perinuclear structure (167). In contrast, a salt-resistant perinuclear framework is
missing altogether in yeast (28), perhaps owing to its small genome and closed
mitosis.

NE-Associated Proteins

Metazoan cells express many proteins that interact specifically with the lamins.
These can be divided into two groups, one comprising integral proteins of the
inner nuclear membrane and including several isoforms of lamin-associated pro-
tein 2 (LAP2), LAP1, emerin, MAN1, Unc84, and the lamin B receptor [LBR;
see (34, 84)]. Figure 2 summarizes interactions involving these and other integral
nuclear envelope (INE) proteins. The second group includes proteins that link
these components to chromatin. This ever-expanding group of proteins includes
germ cell-less (GCL), young arrest (YA), transcriptional repressors MOK2, and
Retinoblastoma protein (Rb), sterol regulatory element binding protein (SREBP)
factors 1a and 1b, and a 10-KDa, ubiquitous dsDNA-binding factor called Bar-
rier to Autointegration Factor or BAF (141, 143, 230). BAF is widely conserved
and binds a 40-aa motif called LEM, a domain shared by several major INE pro-
teins [Figure 2; (27, 274)]. A global BLAST search for LEM domain proteins
identified three proteins in Caenorhabditis elegans, at least six in Drosophila,
and many additional LEM proteins in human (34). Some, but not all,
LEM domains may share overlapping or redundant roles in nuclear
organization.

This redundancy is illustrated by the RNAi-mediated depletion in C. elegans
of two LEM proteins, emerin and Man1. Efficient depletion of emerin produced
no detectable phenotype, whereas the depletion of the Man1 protein to ∼90% was
lethal to approximately 15% of embryos (90, 151). By antagonizing both LEM
proteins, however, even an incomplete depletion of Man1 killed all embryos by the
100-cell stage. Such cells showed impaired chromosome segregation and anaphase
bridges leading to aneuploidy and death (151). The authors conclude that the worm
emerin and Man1 proteins share at least one as yet unidentified function essential
for cell division. Functional redundancy may account for the fact that emerin RNAi
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in HeLa cells was non-lethal (100) and that chromosomal positioning at the NE
was unaltered in emerin-deficient cells (21).

A further NE member of the LEM domain family is LAP2, which is present
in multiple isoforms in mammalian cells (12, 75, 102), zebrafish, and Xenopus
(78, 137, 213), although flies and worms lack LAP2 (34). The major LAP2 forms
are β, which binds lamin B1 directly (67), and α, which lacks a transmembrane
anchor and binds lamin A (46, 249). The LAP2 proteins are unique in having both
a LEM and LEM-like domain, which allows LAP2 to bind both DNA or chromatin
as well as BAF (27, 74, 75). Since BAF can itself simultaneously bind DNA and
LAP2 (221), the LAP2-chromatin association may be regulated in multiple ways.
Injection of the BAF-binding LAP2β N-terminal domain into G1-phase HeLa
nuclei, or its addition to a cell-free system, has a strong dominant negative effect
on nuclear assembly, growth, and replication (78, 265). The effect of LAP2β

deletions or point mutations have not yet been reported.
Novel NE components have been proposed by two recent biochemical/pro-

teomic screens that identified, respectively, 19 and 67 new integral NE compo-
nents, as well as detecting a number of known NE markers (51, 211). Of the new
components, 12 have predicted enzymatic activities, 2 (Syne-1 and Syne-2) are
related to a known NE-associated component, Nesprin, and another resembles
the lamin-binding Unc-84 from C. elegans, which is implicated in nuclear migra-
tion and anchoring (51, 142, 162, 211). Whether any of these mediates chromatin
anchoring is unknown.

GENETIC ANALYSES OF LAMIN FUNCTION To address the cellular function of
lamins, genetic approaches were pursued in worms and flies. C. elegans has only
one lamin gene (lmn-1), which is expressed in all cells except mature sperm (150),
while Drosophila has both a B-type (Dm0) and A/C-type lamin (C). Lamin Dm0 is
expressed ubiquitously, whereas lamin C is found in late-embryonic and differen-
tiated cells (233). Reduced Dm0 expression inhibits nuclear membrane assembly
and induces the formation of annulate lamellae, which are cytoplasmic stacks
of membrane containing incomplete nuclear pores (145). A mutant Dm0 allele
also profoundly affects nuclear morphology and impairs Drosophila development,
again owing to alterations in cytoplasmic organization (91). Lamin depletion by
RNAi in C. elegans produces pleiotropic phenotypes including rapid fluctuations
in nuclear shape, nuclear pore clustering, and abnormal chromosome segregation
during mitosis (90, 150). Some embryos escape lethality due to residual levels of
lmn-1, yet these have a high incidence of sterility and reduced germ cell count
(150). Although improper chromosome segregation appears to be the lethal down-
stream event of lamin depletion in both flies and worms, the critical execution
point for lamin function may well be DNA anchoring during replication or gene
expression.

In mammalian cells, RNAi studies demonstrate the different roles of A-type and
B-type lamins: B-type lamins are essential for individual cell growth but A-type
lamins are not (56, 100). Both proteins associate with decondensing chromosomes,
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yet the roles of the two proteins are clearly different. The A-type lamin associates
in a complex with BAF and emerin, while lamin B binds earlier, independently,
and at a different site (46, 99, 176). If lamin B1 integration into the NE is blocked
by mistargeting protein phosphatase I, cells undergo apoptosis (229), an event that
does not occur when lamin A assembly fails.

Confirming the RNAi results, homozygous laminA/C knockout mice appear
normal at birth. However, their growth rate slows within 2 to 3 weeks; they incur
muscle wasting, a loss of white fat, and death by week 8 (235). Histological exami-
nation reveals skeletal and cardiac muscle abnormalities that correlate with changes
in cardiomyocyte nuclear size and shape, and very significant disorganization of
the subnuclear distribution of heterochromatin (184, 235). Cultured Lmna−/− fi-
broblasts or myocytes accumulate abnormal nuclear blebs with reduced levels of
lamins, LAP2, and nuclear pore components in the blebbed regions (235). Cen-
tromeric heterochromatin becomes fragmented and relocates to the nuclear interior
(184), and in both A/C-silenced HeLa cells and Lmna−/− mice, the LEM-protein
emerin shifts from the NE to the endoplasmic reticulum (100, 235).

The general cardiac dysfunction of Lmna−/− mice is proposed to reflect a
lack of cytoskeletal tension, possibly due to a loss of a nuclear-cytoskeletal in-
terface (184). This correlates with an increased sensitivity of Lmna−/− cells to
mechanical stress and a corresponding loss of mechanotransduction signaling
(135), underscoring a role for lamins in nucleo-cyto-skeletal interactions (see
below).

An interesting feature of Lmna−/− mice is the similarity of their symptoms to
those of Emery Dreifuss Muscular Dystrophy patients (EDMD; 58). Indeed, in
humans, Lmna mutations cause both the autosomal dominant (18) and autosomal
recessive forms of EDMD (199), while mutations in a lamin A ligand, emerin,
are responsible for X-linked EDMD (15). Numerous mutations throughout the
human LMNA gene have been linked to eight further diseases, collectively called
laminopathies. The laminopathies are generally late-onset diseases with skeletal or
muscular atrophy, lipodystrophy, or neuropathy, reflecting structural degeneration
of highly differentiated tissues (reviewed in 179).

ANCHORING CHROMATIN DIRECTLY AND THROUGH BRIDGING FACTORS Early
studies correlating the nuclear lamina with chromatin organization were based
on the isolation of insoluble nuclear structures from HeLa cells. When histones
and soluble proteins were extracted from intact nuclei, genomic DNA remained
bound in torsionally constrained loops. DNA loops were much larger in structures
that contained the nuclear lamina-pore complex material only (type II matrices),
whereas type I matrices preserved an RNAse-insensitive internal network of pro-
tein that could also anchor genomic DNA and restrict loop size (139, 140). Sub-
sequent DNA-binding studies confirmed the existence of sequence-independent
lamin-DNA interactions but suggested that the physiological interactions with the
nuclear lamina were likely to be mediated by histones and other bridging proteins
(reviewed in 248). Although the number of candidates that may bridge between
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lamins and chromatin is ever-expanding, we present here but a few examples, with
a focus on interactions between LBR and HP1, lamin Dm0 and YA, and insights
into LEM domain protein-BAF interaction (Figure 2).

In vertebrates, the integral NE lamin B-binding factor LBR has sterol C14
reductase activity, yet independently may also mediate NE-heterochromatin as-
sociation. Physiological evidence supporting LBR-chromatin interactions comes
from a study of HL-60 cells induced to differentiate by retinoic acid (188). During
differentiation to a granulocytic cell form, cellular LBR levels increase markedly,
lamin levels drop, and the nucleus becomes blebbed, accumulating sheets of chro-
matin anchored at the NE (188). It is proposed that the loss of lamins increases
nuclear envelope plasticity while the upregulation of LBR increases chromatin-NE
interactions. When the same cells are induced to form macrophages by phorbol
esters, lamin expression increases, emerin is localized to the NE, and there is no
nuclear blebbing (188). Importantly, in patients suffering from the Pelger-Huet
Anomaly (PHA), a genetic disease caused by a mutation in LBR (113), one sees
similar phenotypes: Granulocytes have reduced LBR levels, abnormal chromatin
organization, and misshapen nuclei.

An N-terminal LBR domain mediates a sequence-independent, yet saturable
and high-affinity (KD ∼ 4 nM) interaction with linker DNA (53) and associates
with HP1 in various binding assays (266). A complex of LBR, HP1, and the H3/H4
dimer could be isolated (196), suggesting a mechanism through which HP1 might
anchor heterochromatin at the NE. HP1 binds tightly to tri-methylated K9 of
histone H3 (134) and could thereby recruit H3 methyl-K9 marked chromatin to
the NE-associated LBR. Indeed, a GST-LBR N-terminal fusion precipitated such
chromatin from “nuclear ghosts” (161). Problematic with this model is the fact that
in vivo analyses do not show HP1 is particularly enriched at the NE. Moreover,
RNAi-mediated depletion of the Drosophila LBR homologue did not severely
affect nuclear organization in either cultured cells or early embryos, although
LBR binds tightly to Dm0 lamin and chromatin (255). The DmLBR may bind
heterochromatin uniquely in differentiated cells and may require proteins other
than HP1. A further potential stage-specific linker between chromatin and lamin
in Drosophila is the maternally encoded component Young Arrest [YA; (85)]. YA
mutant phenotypes are consistent with a role in proper chromatin decondensation
in very early embryogenesis (267). The protein binds tightly to and colocalizes
with lamin Dm0, as well as showing affinity for histone H2B and chromatin, albeit
at fairly low affinities in vitro [KD = 1.1 µM (268)].

LEM Domain Proteins Bind BAF

Probably the most universal candidate for providing a link between LEM domain
proteins (LAP2α, LAP2β, emerin, MAN1, otefin, Bocksbeutel) and chromatin is
the small, highly conserved DNA-binding protein called BAF (74, 141, 143, 254).
Biochemical studies have shown that BAF binds dsDNA as a multimer in a molar
ratio of 2:1 (274), and immunostaining shows BAF throughout the nucleus (74, 99,
220). Its presence at the NE thus results from its affinity for LEM proteins, not DNA.
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FRAP, FLIP (fluorescence loss in photobleaching), and FRET (fluorescence
resonance energy transfer) analyses in HeLa cells have recently monitored the
stability of the BAF-NE interaction, comparing its turnover with that of other
NE components (220). Nucleoplasmic GFP-BAF has an extremely rapid recovery
after photobleaching (t1/2 = 47 ms), close to that of free GFP (t1/2 = 30 ms),
while the NE-bound GFP-BAF population was about three times less mobile. This
turnover rate is still much higher than that recorded for GFP-emerin, GFP-LAP2β,
or GFP-MAN1, which have recovery half times of ∼60 s. Although artefacts due to
overexpression of a GFP-fusion cannot be entirely excluded, these results suggest
that BAF molecules exchange rapidly at their LEM binding sites. Similarly rapid
turnover rates were also monitored for HP1 at its binding sites (31, 63); thus it is
possible to contribute to long-range chromatin structure without being integrated
into higher-order complexes that impair exchange.

Reminiscent of the double Man1/emerin RNAi results, depletion of BAF in
worms and flies resulted in aberrant chromosome segregation (274) and other
phenotypes typical for impaired mitosis, i.e., lethality at the fly larval-pupal stage,
small brains, and missing imaginal disks. Electron and light microscopy confirmed
multiple distortions in interphase nuclear structure including abnormal lamin dis-
tribution, large clumps of chromatin and nuclear blebbing (76), possibly resulting
from impaired chromatin reassembly with the NE following mitosis. Indeed, in
several species BAF plays an important role during chromatin decondensation in
late telophase (215). BAF is responsible for the dominant negative effect of the
Lap2β N-terminal domain (221), and a dominant BAF mutation displaces emerin,
LAP2β, and lamin A (but not lamin B) from reforming nuclei. It appears, therefore,
that as nuclei assemble the LAP2β-BAF complex recruits emerin to chromatin,
which in turn promotes lamin A binding (99, 215).

The Nuclear Lamina and Gene Expression

In addition to the interactions necessary for nuclear assembly, the NE-association of
chromatin is correlated with gene repression. In one model, the nuclear lamina (e.g.,
lamins, LBR, or LEM proteins) sequesters folded chromatin from transcription,
whereas in a second, the NE would play a more active role by stabilizing repressive
complexes. Alternatively, lamins might directly interfere with transcription.

The interference of lamin with RNA pol II activity has been examined using
dominant negative alleles of lamin A, which makes it difficult to distinguish di-
rect from indirect effects. Microinjection of an N-terminal deletion of lamin A,
lmna�N, leads in vitro to the formation of lamin aggregates and alters the distri-
bution of splicing factors, without influencing chromatin distribution or nuclear
transport (133, 225). Under these conditions, there is a dramatic decrease in RNA
Pol II-mediated transcription and a delocalization of TBP to lamin aggregates.
Conversely, the reversible inhibition of RNA Pol II causes a coordinated reorgani-
zation of lamin A/C and splicing factors (133). Given that lamins are not integral
components of the basal transcriptional machinery and behave in this assay in a
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manner coordinated with splicing factors (133), interpretation of lmna�N dom-
inant negative effects is not straightforward. Feedback inhibition due to splicing
defects is possible.

More convincing is the involvement of lamins in transcription through tran-
scriptional regulators. Again, the simplest scenario is one in which either the
peripheral NE or intranuclear lamin A/Lap2α complexes stabilize a repressive
complex on DNA, such as the Rb-E2F complex, preventing gene activation. Blot
overlay, immunoprecipitation, and extraction experiments have shown a repro-
ducible interaction between hypophosphorylated Rb and nuclear lamin A (163,
190), an interaction that in vivo appears to require a co-complex with LAP2α

(165). The hypophosphorylated Rb represses the transcription of E2F-regulated
genes by binding E2F. Upon cell growth stimulation, Rb is phosphorylated and
releases both lamins and E2F-DP, which presumably remains bound to its tar-
get promoter. In quiescent primary skin fibroblasts, the expression of LAP2α and
phosphorylated Rb drop below detectable levels but are restored upon re-entry into
the cell cycle (165). Given that LAP2α and lamin A are not exclusively perinuclear,
this Rb-E2F repression mechanism could also function internally.

Like Rb, the conserved and ubiquitously expressed transcription regulator Germ
cell less (GCL) also binds E2F-DP3α and thereby represses E2F-dependent gene
transcription (44, 131, 185). Interestingly, GCL also binds a conserved domain
common to LAP2β and emerin and localizes in speckles at the NE (44, 114, 185).
GCL also mediates the localization of E2F-DP3α to these sites (44). Overexpres-
sion of either GCL or LAP2β partially represses E2F target genes, while complete
repression required overexpression of both (185). This additive effect may indicate
a function for LAP2β that is independent of GCL, perhaps acting through BAF.
BAF and GCL bind in a mutually exclusive manner to emerin in vitro, suggesting
that the two factors may regulate each other’s interaction (114). Whether BAF and
GCL compete as well for LAP2β is not known.

The binding of Rb to lamin A and LAP2α, and of GCL to LAP2β and emerin,
implicates NE components in the repression of E2F-DP-regulated genes. Most
transcription assays testing this repression were performed with reporter constructs
and overexpressed transgenes. However, a recent study shows that mgcl1−/− mice
have abnormal sperm development, altered testis-specific gene expression patterns,
and highly distorted nuclei in the differentiated tissues that normally have high Gcl1
levels, i.e., exocrine pancreas, liver, and testes (131). This mouse study confirms
that a NE-mediated regulation of gene expression can occur under physiological
conditions in differentiated tissues.

Other developmentally expressed factors that colocalize with or bind NE pro-
teins (Figure 2) include a key regulator of cholesterol metabolism, SREBP 1 (152),
Oct-1 (120), and the death-promoting repressor Btf, which binds the same do-
mains in emerin as GCL (98, 128). The transcriptional repressor MOK2, which
binds to lamins A/C in vitro, competes for the binding of the Drosophila cone-rod
homeobox protein, CRX, at its target promoters (258). In other assays, fly BAF
was shown to bind to and decrease the transcriptional activity of CRX, which
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regulates photoreceptor differentiation (52). Finally, during Xenopus embryoge-
nesis the NE protein XMAN1 antagonizes bone morphogenic protein signaling
and neural induction by interacting with the coactivator Smad1 (189). We propose
that tissue-specific repressors, as well as growth repressors like Rb, use the NE
to help promote repression, profiting from a stable nuclear subcompartment that
may sequester chromatin remodelers and histone deacetylases. As shown for yeast
telomeres, such subcompartments can facilitate the establishment and maintenance
of transcriptional repression.

Linking Nuclear and Cellular Architecture

A final role for NE proteins in differentiated tissues is that illustrated by the nesprins
(nuclear envelope spectrin repeat, a.k.a., Syne, Myne, or NUANCE), which bind
both lamin A and emerin (171, 172). These large integral NE proteins have varying
numbers of spectrin repeats (SR), usually a C-terminal membrane-spanning do-
main and an actin-binding domain of claponin-homology (172, 273). In general,
all known SR family members share one basic function, that of linking membranes
to the cytoskeleton. They thereby fulfill a specialized role in establishing and main-
taining the 3-D architecture of the cell. In structured tissues such as skeletal and
cardiac smooth muscle, nuclei have distinct subcellular positions, which requires
the binding of nesprin-1α to both the nuclear lamina and cytoplasmic actin (6, 273).

Genetic studies in flies and worms reinforce the idea that nesprin serves the
tissue-specific function of coordinating the nucleus with the cytoskeleton, partic-
ularly in structured tissues. Loss of the Drosophila homologue MSP-300 (272)
or the C. elegans nesprin ANC-1 [nuclear anchorage defective (228)] severely
affects nuclear positioning, as does overexpression of the CeANC-1 actin-binding
domain. Flies that bear mutations in MSP-300 die with muscular deficiencies, un-
derscoring the importance of proper nuclear positioning in differentiated tissues
(204).

Another fly member of the nesprin family called Klarsicht (Klar) diverges
by having no cytoplasmic actin-binding domain. Nonetheless, in Drosophila eye
development, Klar functions to ensure the movement of photoreceptor nuclei by
linking the microtubule organizing center (MTOC) to the nuclear lamina (65,
194). In this system, both the lamin Dm0 and Klar are necessary for proper nuclear
migration, providing genetic evidence for critical cytoskeletal-NE connections.
Such studies provide examples of how the loss of lamin and nesprin integrity
might lead to cytoskeleton-based dystrophies.

DNA REPLICATION AND NUCLEAR STRUCTURE

Eukaryotic genomes initiate DNA replication at multiple sites (origins) dispersed
along each linear chromosomal arm. In budding yeast, origins of replication
are short cis-acting sequences called ARS elements (Autonomously Replicating
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Sequences) that support both autonomous plasmid replication and genomic initi-
ation events. In most other organisms, genomic origins are less strictly sequence-
defined and far more dependent on chromatin structure (reviewed in 54).

Replication Foci

In higher eukaryotes, S-phase DNA synthesis occurs in discrete foci (Figure 3A),
which change in number and distribution as S phase progresses [(49, 182, 187)
and references therein]. By counting foci and estimating the number of repli-
cation origins, it was proposed that between 5 and 10 bidirectional forks clus-
ter in an average replication focus in cultured HeLa cells (123), and on aver-
age, ∼10 origins cluster at 20 to 40 foci in yeast (144, 193). In cultured cells,
a combination of pulse-labeling with BrdUTP and DNA combing showed that
neighboring origins tend to fire synchronously (123), and double-pulse labeling
experiments showed coordinate progression of replication forks within a focus
(156, 164, 238). Neighboring replication foci colocalize in metaphase chromo-
somes, and the propensity of given domains to associate in S phase seems to be
mitotically heritable (123). Taken together, these observations reinforce the hy-
pothesis that replication foci are sites at which polymerases remain stationary,
and through which template DNA is pulled as it replicates (Figure 3A). In mam-
malian cells, not only polymerases but chromatin assembly factors and modifying
enzymes colocalize to sites of replication (132, 205), suggesting a spatial coordi-
nation of DNA replication and the duplication of chromatin structure (reviewed in
168).

The progressive appearance of discrete patterns of replication foci raises the
question whether replication complexes disassemble and reform, or move as S
phase progresses. This was addressed with time-lapse imaging of GFP-PCNA in
mammalian cells. Replication foci do not move directionally, merge, or divide,
but instead focal pattern changes seem to reflect coordinated, but asynchronous,
assembly and disassembly events (147). The reproducible appearance of recog-
nizable focal patterns may also be linked to an organism’s developmental stage. In
early Xenopus and Drosophila embryos, S phase is extremely short, owing to ini-
tiation events every 5 kb. At the mid-blastula transition (MBT), a developmental
switch leads to the selection of preferred initiation sites, coincident with a ma-
jor remodeling of chromatin structure and transcriptional competence (118, 207).
Thereafter, the amount of late-replicating DNA increases as cells differentiate
(66).

Patterns of replication origin firing differ between primary and transformed
mammalian cells. Kennedy and colleagues showed that in primary culture cells,
replication in early S phase initiates at a small number of perinucleolar foci, a
pattern not observed in immortalized cell lines (129). The subsequent focal patterns
are similar in transformed and primary culture cells, but the pattern changes again
in the final 3 or 4 cell divisions prior to exit from the cell cycle (10). The final rounds
of DNA synthesis occur exclusively in the perinucleolar replication foci that typify
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early S phase in primary cells, such that all genomic sequences are replicated at
these foci only. These authors suggest that the spatio-temporal organization of
DNA replication can be regulated by cell-cell contact or signaling pathways that
regulate cell growth. The change in replication patterns may also help prepare the
cell for quiescence.

DNA Replication, Lamins, and Matrix

Intranuclear lamins have also been correlated with sites of replication. B-type
lamins localize to late S-phase heterochromatic replication sites in mouse NIH 3T3
cells (174), whereas lamin A/C was found at the earliest sites of DNA synthesis
in human WI38 cells by immunostaining (129). Biochemical support for lamin
function comes from the immunodepletion of lamin B3 (XLB3) from interphase
Xenopus egg extracts. This immunodepletion impairs replication in reconstituted
nuclei (169, 183), although the effects could be indirect, reflecting destabilization
of the NE or nuclear transport mechanisms. More compelling are experiments in
which dominant negative forms of lamin A are added after nuclear assembly. These
did not impair the initiation of DNA replication, but instead blocked elongation,
while NE integrity and protein import were unaffected (57, 175, 226). When DNA
synthesis is blocked by lmna�N, elongation factors such as PCNA and RFC
became dispersed, suggesting that lamins may help stabilize replication foci. For
this function, the redundancy of lamins B and A/C needs to be tested, since the
complete absence of lamin A/C clearly does not impair replication during early
mouse development.

Various differential extraction procedures have shown that DNA replication
foci are recovered with a nucleoskeleton or matrix, and that mammalian repli-
cation intermediates can be significantly enriched by isolating a matrix fraction
(116, 192, 246). Indeed, in many species origins of replication colocalize with
genomic S/MAR sequences (3, 48, 125). To test the notion that the S/MAR is
essential for initiation in CHO cells, one such element, situated ∼10 kb from the
bidirectional DHFR origin, was cleanly excised from its genomic location (170).
The deletion provoked loss of the matrix-binding activity but had no effect on ei-
ther the efficiency or timing of initiation. The MAR-free origin did, however, have
a delayed separation of replicated sisters, as detected by the delayed appearance
of doublet FISH signals. At face value, this suggests that the AT-rich MAR nor-
mally facilitates homologue separation, something achieved either by recruiting
DNA topoisomerases or displacing/inhibiting cohesin. Perhaps reflecting the same
mechanism, a mammalian MAR has recently been shown to improve the mitotic
distribution of an episome but not to influence its replication per se (209).

Determining the Timing of Origin Firing

One of the more intriguing links between nuclear organization and replication
is the correlation of specific replication patterns with the temporal progression
of S phase. Individual budding yeast origins fire reproducibly in early, mid-, or
late-S phase (60), and genomic approaches have confirmed regulated origin firing
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along entire chromosomes in yeast, fly, and human cells (201, 214, 259, 261). In
budding yeast, origin activation in early S phase appears to be the default state
for an extrachromosomal ARS, and cis-acting chromosomal elements, such as
telomeres, delay origin firing until late-S phase (61). Late activation, which is
controlled by chromosomal context, is also observed at internal origins, although
sequence analysis failed to identify specific motifs responsible for late firing (70).
Recently, it was noted that the two ends of each of the 16 yeast chromosomes fire
synchronously (201). Surprisingly, left and right telomeres do not reproducibly
share sequence homology yet can be juxtaposed to each other, which may implicate
nuclear organization in regulating origin firing.

For S. cerevisiae origins, the late-firing status is established between mitosis
and START (200) and correlates with a transient, but nonetheless preferential,
localization at the NE in early G1 phase (107). However, the excision of a late-
firing origin after this time point allowed the chromatin ring to diffuse freely away
from the telomere while remaining late replicating (107, 200). This suggests that
an origin’s position in S phase is less critical than its localization in early G1.
The early G1-phase factors that determine late firing may be either perinuclear
enzymes that induce characteristic changes in chromatin or factors that are loaded
onto the origin itself, in a NE-facilitated manner.

Is perinuclear positioning sufficient to confer the late-firing status? This possi-
bility was excluded by a study in which an origin was anchored to the NE through
targeted interaction with an integral membrane protein called Yif1 (270). Anchor-
ing was not sufficient to delay the firing of an early origin, although the nucleation
of silent chromatin, which also confers anchoring, is. In brief, the timing of initia-
tion of a subtelomeric origin is selectively advanced 10 min in silencing-deficient
yeast strains (232), as well as in strains lacking the end-binding complex yKu (39).
Since telomeres in sir-deficient strains remain peripherally anchored by the yKu
complex (105), these results suggest that both chromatin structure and position
regulate yeast origin timing. Finally, the Raghuraman-Heun excision experiment
suggests that whatever is contributed by NE-proximity in G1 phase becomes an
intrinsic component of the origin’s structure, leading to late initiation despite sub-
sequent delocalization.

In mammalian cells, the temporal pattern of origin firing is also established
during G1 phase at the Temporal Decision Point or TDP, which is established in
CHO nuclei ∼1 to 2 h after metaphase (49). Studies that compare the distribution
of differentially labeled early and late-replicating domains in a subsequent S phase
(induced by incubation of isolated nuclei in a Xenopus egg extract) suggest that the
establishment of timing may correlate with the resumption of distinct chromatin
positions, either at the NE or near the nucleolus, in interphase nuclei (49). By
looking at specific origins, it was shown that the late-replication character of the
silent ß-globin locus is established in early G1 phase, coincident with its reposi-
tioning near peripheral heterochromatin (148), and a similar correlation could be
documented for the mouse-imprinted Igf2-H19 (89). In this case, the two parental
alleles were found in different subnuclear compartments in fetal liver cells, with
the early replicating allele more internal than the late-replicating imprinted allele.
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Surprisingly, in nonexpressing embryonic stem cells, the positions were switched:
The late-replicating locus was more internal than the earlier one. Still, paternal
and maternal alleles were clearly restricted to different subnuclear compartments
and in both cases correlated with differential replication timing (89).

Further studies show that, as in yeast, position alone cannot determine the time
at which a mammalian origin fires. The clearest example of this is given by silent
leukocyte-specific genes that are associated in trans with centric heterochromatin
in mouse lymphocytes, yet replicate early (8). In contrast, the integration of trans-
genes directly into this heterochromatin domain renders them late replicating, a
status lost when the repressed transgene shows variegated expression. This argues
that neither juxtaposition in trans to heterochromatin nor transcriptional repression
per se is sufficient to ensure late replication in mice. Nonetheless, expression status
can impact replication timing, even though its effects can be mitigated by cis-acting
elements or chromatin structures. Indeed, for the developmentally regulated repli-
cation timing patterns of the human β-globin locus, the Igf2-H19-, and the SNRPN-
imprinted loci, cis-acting enhancers or locus-control elements clearly influence
replication timing, independently of their impact on transcription (89, 219, 222).

TRANSCRIPTION AND REPLICATION TIMING The most widely accepted general-
ization about replication and transcription was based on studies of mammalian
chromosomes: At a gross chromosomal level, late-replicating Giemsa-dark bands
contain tissue-specific genes, whereas the early replicating Giemsa-light or R-
bands contain ubiquitously expressed housekeeping genes (115). More recently,
an increasing number of exceptions to the correlation between constitutive expres-
sion and early replication has forced its re-evaluation: G- and R-bands may have
features other than transcription that influence replication timing (66).

Genome-wide replication profiling in yeast and flies have examined rigor-
ously the relationship between transcription and replication timing (201, 214). In
S. cerevisiae, no correlation between transcription and timing of DNA replication
was observed and early firing seems to be a default state (201). On the other hand,
in Drosophila Kc cells replication timing and expression data were examined for
5077 genes; a good but not absolute correlation was found, linking early replication
with expressed genes (214). Exceptions to this are numerous, however, particularly
in vertebrates. Examples include the leukocyte-specific genes discussed above (8),
the silent XIST gene on the active X chromosome, which replicates before the ex-
pressed allele on the inactive X (80), and asynchronous replication of imprinted or
monoallelically expressed genes, a pattern that actually precedes the establishment
of differential expression (87).

There are also exceptions among simple repeat DNAs: The centromeric bovine
satellite I repeat, alpha-satellite sequences in human cells, pericentric heterochro-
matin and centromeres in mice, some human telomeres, the Drosophila inner cen-
tromeric sequences, and β-heterochromatin all replicate in early or mid-S phase
and not late-S phase like other simple repeat sequences [(130, 187, 214) and
references therein]. Even in fission yeast, the heterochromatic centromeres and
silent mating-type cassettes replicate in early S phase (130). This last result is
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particularly striking because, unlike budding yeast, fission yeast pericentric het-
erochromatin has the same histone components and modifications as centric het-
erochromatin has in higher eukaryotes. In conclusion, it seems that some hete-
rochromatin structures lead to late replication whereas others do not. This rules
out a strong causal relationship between the two, and we suggest instead that tran-
scription and replication are linked through a more subtle third characteristic, an
aspect of chromatin structure that influences both.

ORIGIN TIMING AND CHROMATIN STRUCTURE Besides the delay imposed by
SIR-mediated silencing on initiation (232), the histone tail deacetylase Rpd3 also
contributes to replication timing in budding yeast cells (250). More generally,
Turner and colleagues correlated late replication with underacetylated histone tails
in several organisms (245). Linker histones may also contribute to temporal pro-
gramming in some cells. For example, the lack of H1 in the Xenopus early embryo
correlates with the absence of origin specificity and temporal organization, and its
addition to a Xenopus egg extract reduces the frequency of initiation events (154).
Moreover, the progressive accumulation of H1 after the MBT coincides with the
accumulation of late-replicating DNA (66).

If the local composition of chromatin is a major determinant for origin timing,
then late replication could also be responsible for maintaining chromatin structure,
since some histone deacetylases and remodeling enzymes are specifically associ-
ated with late-replicating foci [see below (168)]. Consistent with this view is the
fact that differential replication timing is a feature of all monoallelic expressed
loci, a state that is established very early in development before differential gene
expression is manifest (87). Moreover, the asynchronous replication of imprinted
genes can occur independently of either gene expression or DNA methylation
(89): The imprinted locus Igf2-H19 is still asynchronously replicated in Dnmt1-
and Dnmt3L-deficient stem cells, which lack differential DNA methylation and
imprinted gene expression (89). In this case, rather than resulting from transcrip-
tion, replication timing is more likely to participate in the establishment of the
different transcription states.

A further example of this is the phenomenon of allelic exclusion, which regu-
lates selective antigen receptor expression during differentiation of the mammalian
immune system (178). Mostoslavsky et al. showed that asynchronous replication
is established randomly in pre-lymphocytes early in development and is main-
tained thereafter by clonal growth. This pattern may represent an epigenetic mark
for allelic exclusion, since the early replicating allele is almost always initially
selected to undergo rearrangement in B cells. FISH analyses of both human and
mouse genes expressed in a random monoallelic fashion showed chromosome-
specific timing for the replication of such genes, as if all imprinted genes on either
the maternal or paternal homologue are regulated coordinately. Thus homologue
nonequivalence is not restricted to the X chromosome (59, 223), and the selec-
tion of an allele as early or late-replicating seems to be chromosome, not gene,
specific. Since chromosomes are found in different territories, these phenomena
may be spatially controlled.
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Epigenetic marks not only have to be established but also propagated through
cell division, and the problem boils down to a question of how local chromatin
structure is duplicated. We propose below that both subnuclear localization and
replication timing provide means for the establishment and perpetuation of epige-
netic features.

Establishment and Maintenance of Epigenetic States

The replication fork provides an opportune situation for both creating and propa-
gating an epigenetic state of chromatin. Parental histones are distributed randomly
to the daughter strands of replicated DNA (224), yet newly synthesized histones
are also incorporated. Whether a specific chromatin modification is reinforced or
removed may result from the time within S phase at which replication occurs,
particularly if the chromatin component or modifier itself shows S-phase regula-
tion (reviewed in 168). One of the best arguments in favor of this hypothesis is
based on the microinjection of reporter plasmids into Rat1 cells at different times
during S phase (271). The exogenous DNA was assembled into transcriptionally
active, hyperacetylated chromatin if injected in early S phase, while it was as-
sembled into transcriptionally inert, hypoacetylated chromatin when injected late.
Once microinjected DNA assumed a particular replication profile, its transcrip-
tional state was preserved through cell division. That replication timing correlates
with the type of chromatin assembled can be explained by the fact that a histone
deacetylase, HDAC2, and a chromatin remodeling complex, WICH, seem to be
specifically localized to late-replicating foci (22, 205). Modulating the impact of
replication timing are specific cis-acting sequences or regulatory factors like Rb,
whose presence may modulate the chromatin of Rb-regulated early replicating
genes (19, 129).

We propose further that the spatial organization of DNA synthesis contributes in
a manner similar to temporal factors: If different types of chromatin are juxtaposed,
they form a subcompartment of the nucleus that can provide a local concentration
of chromatin modifying factors (Figure 3B). As discussed above (236), chromatin
composition can also, in turn, determine sequence localization (Figure 1). Indeed,
although long-term inactivation does not always correlate with late replication,
it does correlate with relocation to a subnuclear domain in which heterochro-
matin factors such as HP1 concentrate (8). The enrichment of HP1, a mark for
heterochromatin, persists during DNA replication (238), allowing a rapid reasso-
ciation with replicated sequences and subsequent re-packaging into a heterochro-
matic state.

Finally, changes in the spatial positioning of replication can be used to switch
transcriptional states. This may play a role, for example, in monoallelic exclusion
events, and the change in expression that correlates with a cell’s withdrawal from
the cell cycle (10). In this latter case, the sequence of replication patterns was
modified several cell divisions before quiescence, with the result that the entire
genome then passed through perinucleolar foci for replication, possibly permitting
a global remodeling of chromatin. This may be aided by the binding of Rb, as well



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

FUNCTIONAL NUCLEAR ARCHITECTURE 331

as HDAC1 and HDAC2, which colocalize with these perinucleolar replication
sites. If this can be shown to lead directly to a modification of the transcriptional
status within the nucleus and be modulated by specific mutations, we will have
come a significant way toward demonstrating the synergistic impact that nuclear
architecture and cis-acting regulators can have on differentiated gene expression.

PERSPECTIVES

The spatial positioning of chromosomes and subchromosomal domains in the in-
terphase nucleus is a control mechanism that acts not in place of, but together
with, tissue-specific transcription factors and gene promoter controls to facilitate
the heritable patterning of gene expression. Genetics tells us that the disruption of
nuclear order compromises the integrity of highly differentiated cells. The nuclear
envelope and the clustering of simple repeat DNA concentrates general chromatin
repressors, making sure that they act efficiently on sequences in their proximity and
not promiscuously throughout the nucleoplasm. Redundancy in anchoring mecha-
nisms is a recurrent theme. The resulting nuclear compartments allow an organism
to be economical with mechanisms for gene repression, using general chromatin
repression systems for different sets of genes in different tissues. Future studies
will elucidate how these domains are chosen and maintained through organismal
development.

ACKNOWLEDGMENTS

We apologize to all colleagues we could not cite due to space limitations. We thank
the members of the Gasser laboratory for tolerance during this writing endeavor,
and thank Dr. K. Bystricky for reading the text. A.T. acknowledges EMBO for
a long-term fellowship and S.M.G. the Swiss National Science Foundation and
Swiss Cancer League for continued support.

The Annual Review of Genetics is online at http://genet.annualreviews.org

LITERATURE CITED

1. Abranches R, Santos AP, Wegel E,
Williams S, Castilho A, et al. 2000.
Widely separated multiple transgene in-
tegration sites in wheat chromosomes are
brought together at interphase. Plant J.
24:713–23

2. Allshire RC, Nimmo ER, Ekwall K,
Javerzat JP, Cranston G. 1995. Mutations
derepressing silent centromeric domains
in fission yeast disrupt chromosome seg-
regation. Genes Dev. 9:218–33

3. Amati BB, Gasser SM. 1988. Chromoso-
mal ARS and CEN elements bind specif-
ically to the yeast nuclear scaffold. Cell
54:967–78

4. Andrulis ED, Neiman AM, Zappulla DC,
Sternglanz R. 1998. Perinuclear local-
ization of chromatin facilitates transcrip-
tional silencing. Nature 394:592–95

5. Andrulis ED, Zappulla DC, Ansari A,
Perrod S, Laiosa CV, et al. 2002. Esc1,
a nuclear periphery protein required for



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

332 TADDEI ET AL.

Sir4-based plasmid anchoring and parti-
tioning. Mol. Cell. Biol. 22:8292–301

6. Apel ED, Lewis RM, Grady RM, Sanes
JR. 2000. Syne-1, a dystrophin- and
Klarsicht-related protein associated with
synaptic nuclei at the neuromuscular junc-
tion. J. Biol. Chem. 275:31986–95

7. Appelgren H, Kniola B, Ekwall K. 2003.
Distinct centromere domain structures
with separate functions demonstrated in
live fission yeast cells. J. Cell Sci. 116:
4035–42

8. Azuara V, Brown KE, Williams RR, Webb
N, Dillon N, et al. 2003. Heritable gene si-
lencing in lymphocytes delays chromatid
resolution without affecting the timing of
DNA replication. Nat. Cell Biol. 5:668–74

9. Bantignies F, Grimaud C, Lavrov S,
Gabut M, Cavalli G. 2003. Inheritance
of Polycomb-dependent chromosomal in-
teractions in Drosophila. Genes Dev. 17:
2406–20

10. Barbie DA, Kudlow BA, Frock R, Zhao
J, Johnson BR, et al. 2004. Nuclear reor-
ganization of mammalian DNA synthesis
prior to cell cycle exit. Mol. Cell. Biol. 24:
595–607

11. Barboro P, D’Arrigo C, Diaspro A,
Mormino M, Alberti I, et al. 2002. Un-
raveling the organization of the internal
nuclear matrix: RNA-dependent anchor-
ing of NuMA to a lamin scaffold. Exp.
Cell Res. 279:202–18

12. Berger R, Theodor L, Shoham J, Gokkel
E, Brok-Simoni F, et al. 1996. The char-
acterization and localization of the mouse
thymopoietin/lamina-associated polypep-
tide 2 gene and its alternatively spliced
products. Genome Res. 6:361–70

13. Bertrand E, Houser-Scott F, Kendall A,
Singer RH, Engelke DR. 1998. Nucleo-
lar localization of early tRNA processing.
Genes Dev. 12:2463–66

14. Billia F, de Boni U. 1991. Localization of
centromeric satellite and telomeric DNA
sequences in dorsal root ganglion neu-
rons, in vitro. J. Cell Sci. 100:219–26

15. Bione S, Maestrini E, Rivella S, Mancini

M, Regis S, et al. 1994. Identification
of a novel X-linked gene responsible for
Emery-Dreifuss muscular dystrophy. Nat.
Genet. 8:323–27

16. Blanton J, Gaszner M, Schedl P. 2003.
Protein:protein interactions and the pair-
ing of boundary elements in vivo. Genes
Dev. 17:664–75

17. Blumenthal SS, Clark GB, Roux SJ. 2004.
Biochemical and immunological charac-
terization of pea nuclear intermediate fil-
ament proteins. Planta 218:965–75

18. Bonne G, Di Barletta MR, Varnous S,
Becane HM, Hammouda EH, et al. 1999.
Mutations in the gene encoding lamin
A/C cause autosomal dominant Emery-
Dreifuss muscular dystrophy. Nat. Genet.
21:285–88

19. Bosco G, Du W, Orr-Weaver TL. 2001.
DNA replication control through interac-
tion of E2F-RB and the origin recognition
complex. Nat. Cell Biol. 3:289–95

20. Boveri T. 1909. Die Blastomeren Kerne
von Ascaris megalocephala und die The-
orie der Chromosomen individualität.
Arch. Zellforsch. 3:181–286

21. Boyle S, Gilchrist S, Bridger JM, Mahy
NL, Ellis JA, Bickmore WA. 2001. The
spatial organization of human chromo-
somes within the nuclei of normal and
emerin-mutant cells. Hum. Mol. Genet.
10:211–19

22. Bozhenok L, Wade PA, Varga-Weisz P.
2002. WSTF-ISWI chromatin remodeling
complex targets heterochromatic replica-
tion foci. EMBO J. 21:2231–41

23. Bridger JM, Boyle S, Kill IR, Bickmore
WA. 2000. Re-modelling of nuclear archi-
tecture in quiescent and senescent human
fibroblasts. Curr. Biol. 10:149–52

24. Brown KE, Baxter J, Graf D, Merken-
schlager M, Fisher AG. 1999. Dynamic
repositioning of genes in the nucleus of
lymphocytes preparing for cell division.
Mol. Cell. 3:207–17

25. Burgess-Beusse B, Farrell C, Gaszner M,
Litt M, Mutskov V, et al. 2002. The insula-
tion of genes from external enhancers and



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

FUNCTIONAL NUCLEAR ARCHITECTURE 333

silencing chromatin. Proc. Natl. Acad.
Sci. USA 99:16433–37

26. Byrd K, Corces VG. 2003. Visualiza-
tion of chromatin domains created by the
gypsy insulator of Drosophila. J. Cell
Biol. 162:565–74

27. Cai M, Huang Y, Ghirlando R, Wilson
KL, Craigie R, Clore GM. 2001. Solution
structure of the constant region of nuclear
envelope protein LAP2 reveals two LEM-
domain structures: One binds BAF and the
other binds DNA. EMBO J. 20:4399–407

28. Cardenas ME, Laroche T, Gasser SM.
1990. The composition and morphology
of yeast nuclear scaffolds. J. Cell Sci. 96:
439–50

29. Cenci G, Bonaccorsi S, Pisano C, Verni
F, Gatti M. 1994. Chromatin and mi-
crotubule organization during premeiotic,
meiotic and early postmeiotic stages of
Drosophila melanogaster spermatogene-
sis. J. Cell Sci. 107:3521–34

30. Cenci G, Rawson RB, Belloni G, Castril-
lon DH, Tudor M, et al. 1997. UbcD1,
a Drosophila ubiquitin-conjugating en-
zyme required for proper telomere behav-
ior. Genes Dev. 11:863–75

31. Cheutin T, McNairn AJ, Jenuwein T,
Gilbert DM, Singh PB, Misteli T. 2003.
Maintenance of stable heterochromatin
domains by dynamic HP1 binding. Sci-
ence 299:721–25

32. Chubb JR, Boyle S, Perry P, Bickmore
WA. 2002. Chromatin motion is con-
strained by association with nuclear com-
partments in human cells. Curr. Biol.
12:439–45

33. Chung HM, Shea C, Fields S, Taub RN,
Van der Ploeg LH, Tse DB. 1990. Ar-
chitectural organization in the interphase
nucleus of the protozoan Trypanosoma
brucei: location of telomeres and mini-
chromosomes. EMBO J. 9:2611–19

34. Cohen M, Lee KK, Wilson KL, Gruen-
baum Y. 2001. Transcriptional repression,
apoptosis, human disease and the func-
tional evolution of the nuclear lamina.
Trends Biochem. Sci. 26:41–47

35. Cohen M, Tzur YB, Neufeld E, Feinstein
N, Delannoy MR, et al. 2002. Transmis-
sion electron microscope studies of the
nuclear envelope in Caenorhabditis ele-
gans embryos. J. Struct. Biol. 140:232–
40

36. Cooper JP, Nimmo ER, Allshire RC, Cech
TR. 1997. Regulation of telomere length
and function by a Myb-domain protein in
fission yeast. Nature 385:744–47

37. Cormack BP, Ghori N, Falkow S. 1999.
An adhesin of the yeast pathogen Candida
glabrata mediating adherence to human
epithelial cells. Science 285:578–82

38. Cornforth MN, Greulich-Bode KM, Lou-
cas BD, Arsuaga J, Vazquez M, et al.
2002. Chromosomes are predominantly
located randomly with respect to each
other in interphase human cells. J. Cell
Biol. 159:237–44

39. Cosgrove AJ, Nieduszynski CA, Donald-
son AD. 2002. Ku complex controls the
replication time of DNA in telomere re-
gions. Genes Dev. 16:2485–90

40. Cremer M, von Hase J, Volm T, Brero A,
Kreth G, et al. 2001. Non-random radial
higher-order chromatin arrangements in
nuclei of diploid human cells. Chromo-
some Res. 9:541–67

41. Cremer T, Kurz A, Zirbel R, Dietzel S,
Rinke B, et al. 1993. Role of chromosome
territories in the functional compartmen-
talization of the cell nucleus. Cold Spring
Harbor Symp. Quant. Biol. 58:777–92

42. Croft JA, Bridger JM, Boyle S, Perry P,
Teague P, Bickmore WA. 1999. Differ-
ences in the localization and morphology
of chromosomes in the human nucleus. J.
Cell Biol. 145:1119–31

43. Csink AK, Henikoff S. 1996. Ge-
netic modification of heterochromatic as-
sociation and nuclear organization in
Drosophila. Nature 381:529–31

44. de la Luna S, Allen KE, Mason SL,
La Thangue NB. 1999. Integration of
a growth-suppressing BTB/POZ domain
protein with the DP component of the E2F
transcription factor. EMBO J. 18:212–28



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

334 TADDEI ET AL.

45. De Las Penas A, Pan SJ, Castano I, Alder
J, Cregg R, Cormack BP. 2003. Virulence-
related surface glycoproteins in the yeast
pathogen Candida glabrata are encoded
in subtelomeric clusters and subject to
RAP1- and SIR-dependent transcriptional
silencing. Genes Dev. 17:2245–58

46. Dechat T, Korbei B, Vaughan OA, Vl-
cek S, Hutchison CJ, Foisner R. 2000.
Lamina-associated polypeptide 2alpha
binds intranuclear A-type lamins. J. Cell
Sci. 113:3473–84

47. Dernburg AF, Broman KW, Fung JC, Mar-
shall WF, Philips J, et al. 1996. Pertur-
bation of nuclear architecture by long-
distance chromosome interactions. Cell
85:745–59

48. Dijkwel PA, Vaughn JP, Hamlin JL. 1991.
Mapping of replication initiation sites in
mammalian genomes by two-dimensional
gel analysis: stabilization and enrichment
of replication intermediates by isolation
on the nuclear matrix. Mol. Cell. Biol.
11:3850–59

49. Dimitrova DS, Gilbert DM. 1999. The
spatial position and replication timing of
chromosomal domains are both estab-
lished in early G1. Mol. Cell. 4:983–93

50. Dousset T, Wang C, Verheggen C, Chen
D, Hernandez-Verdun D, Huang S. 2000.
Initiation of nucleolar assembly is inde-
pendent of RNA polymerase I transcrip-
tion. Mol. Biol. Cell. 11:2705–17

51. Dreger M, Bengtsson L, Schoneberg T,
Otto H, Hucho F. 2001. Nuclear envelope
proteomics: novel integral membrane pro-
teins of the inner nuclear membrane. Proc.
Natl. Acad. Sci. USA 98:11943–48

52. Dreuillet C, Tillit J, Kress M, Ernoult-
Lange M. 2002. In vivo and in vitro inter-
action between human transcription factor
MOK2 and nuclear lamin A/C. Nucleic
Acids Res. 30:4634–42

53. Duband-Goulet I, Courvalin JC. 2000. In-
ner nuclear membrane protein LBR pref-
erentially interacts with DNA secondary
structures and nucleosomal linker. Bio-
chemistry 39:6483–88

54. Dutta A, Bell SP. 1997. Initiation of DNA
replication in eukaryotic cells. Annu. Rev.
Cell Dev. Biol. 13:293–332

55. Ekwall K, Nimmo ER, Javerzat JP,
Borgstrom B, Egel R, et al. 1996. Muta-
tions in the fission yeast silencing factors
clr4+ and rik1+ disrupt the localisation
of the chromo domain protein Swi6p and
impair centromere function. J. Cell Sci.
109:2637–48

56. Elbashir SM, Harborth J, Lendeckel W,
Yalcin A, Weber K, Tuschl T. 2001. Du-
plexes of 21-nucleotide RNAs mediate
RNA interference in cultured mammalian
cells. Nature 411:494–98

57. Ellis DJ, Jenkins H, Whitfield WG,
Hutchison CJ. 1997. GST-lamin fusion
proteins act as dominant negative mutants
in Xenopus egg extract and reveal the
function of the lamina in DNA replica-
tion. J. Cell Sci. 110:2507–18

58. Emery AE, Dreifuss FE. 1966. Unusual
type of benign x-linked muscular dys-
trophy. J. Neurol. Neurosurg. Psychiatry
29:338–42

59. Ensminger AW, Chess A. 2004. Coordi-
nated replication timing of monoalleli-
cally expressed genes along human auto-
somes. Hum. Mol. Genet. 13:651–58

60. Fangman WL, Brewer BJ. 1992. A ques-
tion of time: replication origins of eukary-
otic chromosomes. Cell 71:363–66

61. Ferguson BM, Fangman WL. 1992. A po-
sition effect on the time of replication
origin activation in yeast. Cell 68:333–
39

62. Ferguson M, Ward DC. 1992. Cell cy-
cle dependent chromosomal movement in
pre-mitotic human T-lymphocyte nuclei.
Chromosoma 101:557–65

63. Festenstein R, Pagakis SN, Hiragami K,
Lyon D, Verreault A, et al. 2003. Modu-
lation of HP 1 dynamics in primary mam-
malian cells. Science 299:719–21

64. Figueiredo LM, Freitas-Junior LH, Bot-
tius E, Olivo-Marin JC, Scherf A. 2002.
A central role for Plasmodium falci-
parum subtelomeric regions in spatial



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

FUNCTIONAL NUCLEAR ARCHITECTURE 335

positioning and telomere length regula-
tion. EMBO J. 21:815–24

65. Fischer-Vize JA, Mosley KL. 1994. Mar-
bles mutants: uncoupling cell determi-
nation and nuclear migration in the de-
veloping Drosophila eye. Development
120:2609–18

66. Flickinger R. 2001. Replication timing
and cell differentiation. Differentiation
69:18–26

67. Foisner R, Gerace L. 1993. Integral mem-
brane proteins of the nuclear envelope in-
teract with lamins and chromosomes, and
binding is modulated by mitotic phospho-
rylation. Cell 73:1267–79

68. Fransz P, De Jong JH, Lysak M, Cas-
tiglione MR, Schubert I. 2002. Interphase
chromosomes in Arabidopsis are orga-
nized as well defined chromocenters from
which euchromatin loops emanate. Proc.
Natl. Acad. Sci. USA 99:14584–89

69. Freitas-Junior LH, Bottius E, Pirrit LA,
Deitsch KW, Scheidig C, et al. 2000.
Frequent ectopic recombination of viru-
lence factor genes in telomeric chromo-
some clusters of P. falciparum. Nature
407:1018–22

70. Friedman KL, Diller JD, Ferguson BM,
Nyland SV, Brewer BJ, Fangman WL.
1996. Multiple determinants controlling
activation of yeast replication origins late
in S phase. Genes Dev. 10:1595–607

71. Fuchs E, Weber K. 1994. Intermediate
filaments—structure, dynamics, function,
and disease. Annu. Rev. Biochem. 63:345–
82

72. Funabiki H, Hagan I, Uzawa S, Yanagida
M. 1993. Cell cycle-dependent specific
positioning and clustering of centromeres
and telomeres in fission yeast. J. Cell Biol.
121:961–76

73. Fung JC, Marshall WF, Dernburg A,
Agard DA, Sedat JW. 1998. Homolo-
gous chromosome pairing in Drosophila
melanogaster proceeds through multi-
ple independent initiations. J. Cell Biol.
141:5–20

74. Furukawa K. 1999. LAP2 binding protein

1 (L2BP1/BAF) is a candidate mediator of
LAP2-chromatin interaction. J. Cell Sci.
112:2485–92

75. Furukawa K, Glass C, Kondo T. 1997.
Characterization of the chromatin binding
activity of lamina-associated polypeptide
(LAP) 2. Biochem. Biophys. Res. Com-
mun. 238:240–46

76. Furukawa K, Sugiyama S, Osouda S, Goto
H, Inagaki M, et al. 2003. Barrier-to-
autointegration factor plays crucial roles
in cell cycle progression and nuclear or-
ganization in Drosophila. J. Cell Sci.
116:3811–23

77. Galy V, Olivo-Marin JC, Scherthan H,
Doye V, Rascalou N, Nehrbass U. 2000.
Nuclear pore complexes in the organiza-
tion of silent telomeric chromatin. Nature
403:108–12

78. Gant TM, Harris CA, Wilson KL. 1999.
Roles of LAP2 proteins in nuclear as-
sembly and DNA replication: truncated
LAP2beta proteins alter lamina assem-
bly, envelope formation, nuclear size, and
DNA replication efficiency in Xenopus
laevis extracts. J. Cell Biol. 144:1083–96

79. Gartenberg MR, Wang JC. 1993. Identifi-
cation of barriers to rotation of DNA seg-
ments in yeast from the topology of DNA
rings excised by an inducible site-specific
recombinase. Proc. Natl. Acad. Sci. USA
90:10514–18

80. Gartler SM, Goldstein L, Tyler-Freer SE,
Hansen RS. 1999. The timing of XIST
replication: dominance of the domain.
Hum. Mol. Genet. 8:1085–89

81. Gemkow MJ, Verveer PJ, Arndt-Jovin
DJ. 1998. Homologous association of
the Bithorax-Complex during embryoge-
nesis: consequences for transvection in
Drosophila melanogaster. Development
125:4541–52

82. Gerasimova TI, Byrd K, Corces VG.
2000. A chromatin insulator determines
the nuclear localization of DNA. Mol.
Cell. 6:1025–35

83. Gerlich D, Beaudouin J, Kalbfuss B,
Daigle N, Eils R, Ellenberg J. 2003.



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

336 TADDEI ET AL.

Global chromosome positions are trans-
mitted through mitosis in mammalian
cells. Cell 112:751–64

84. Goldberg M, Harel A, Brandeis M, Rech-
steiner T, Richmond TJ, et al. 1999. The
tail domain of lamin Dm0 binds histones
H2A and H2B. Proc. Natl. Acad. Sci. USA
96:2852–57

85. Goldberg M, Lu H, Stuurman N, Ashery-
Padan R, Weiss AM, et al. 1998. Interac-
tions among Drosophila nuclear envelope
proteins lamin, otefin, and YA. Mol. Cell.
Biol. 18:4315–23

86. Goldman RD, Gruenbaum Y, Moir RD,
Shumaker DK, Spann TP. 2002. Nuclear
lamins: building blocks of nuclear archi-
tecture. Genes Dev. 16:533–47

87. Goren A, Cedar H. 2003. Replicating by
the clock. Nat. Rev. Mol. Cell Biol. 4:25–
32

88. Gotta M, Laroche T, Formenton A, Mail-
let L, Scherthan H, Gasser SM. 1996.
The clustering of telomeres and colocal-
ization with Rap1, Sir3, and Sir4 proteins
in wild-type Saccharomyces cerevisiae. J.
Cell Biol. 134:1349–63

89. Gribnau J, Hochedlinger K, Hata K, Li E,
Jaenisch R. 2003. Asynchronous replica-
tion timing of imprinted loci is indepen-
dent of DNA methylation, but consistent
with differential subnuclear localization.
Genes Dev. 17:759–73

90. Gruenbaum Y, Lee KK, Liu J, Cohen M,
Wilson KL. 2002. The expression, lamin-
dependent localization and RNAi deple-
tion phenotype for emerin in C. elegans.
J. Cell Sci. 115:923–29

91. Guillemin K, Williams T, Krasnow MA.
2001. A nuclear lamin is required for
cytoplasmic organization and egg polar-
ity in Drosophila. Nat. Cell Biol. 3:848–
51

92. Gustafson WC, Taylor CW, Valdez BC,
Henning D, Phippard A, et al. 1998. Nu-
cleolar protein p120 contains an arginine-
rich domain that binds to ribosomal RNA.
Biochem. J. 331:387–93

93. Haaf T, Schmid M. 1991. Chromosome

topology in mammalian interphase nuclei.
Exp. Cell. Res. 192:325–32

94. Habermann FA, Cremer M, Walter J,
Kreth G, von Hase J, et al. 2001. Arrange-
ments of macro- and microchromosomes
in chicken cells. Chromosome Res. 9:569–
84

95. Hall IM, Noma K, Grewal SI. 2003. RNA
interference machinery regulates chromo-
some dynamics during mitosis and meio-
sis in fission yeast. Proc. Natl. Acad. Sci.
USA 100:193–98

96. Hall IM, Shankaranarayana GD, Noma K,
Ayoub N, Cohen A, Grewal SI. 2002. Es-
tablishment and maintenance of a hetero-
chromatin domain. Science 297:2232–37

97. Halme A, Bumgarner S, Styles C, Fink
GR. 2004. Genetic and epigenetic reg-
ulation of the FLO gene family gener-
ates cell-surface variation in yeast. Cell
116:405–15

98. Haraguchi T, Holaska JM, Yamane M,
Koujin T, Hashiguchi N, et al. 2004.
Emerin binding to Btf, a death-promoting
transcriptional repressor, is disrupted by
a missense mutation that causes Emery-
Dreifuss muscular dystrophy. Eur. J.
Biochem. 271:1035–45

99. Haraguchi T, Koujin T, Segura-Totten M,
Lee KK, Matsuoka Y, et al. 2001. BAF
is required for emerin assembly into the
reforming nuclear envelope. J. Cell Sci.
114:4575–85

100. Harborth J, Elbashir SM, Bechert K,
Tuschl T, Weber K. 2001. Identification
of essential genes in cultured mammalian
cells using small interfering RNAs. J. Cell
Sci. 114:4557–65

101. Hari KL, Cook KR, Karpen GH. 2001.
The Drosophila Su(var)2-10 locus regu-
lates chromosome structure and function
and encodes a member of the PIAS protein
family. Genes Dev. 15:1334–48

102. Harris CA, Andryuk PJ, Cline S, Chan
HK, Natarajan A, et al. 1994. Three dis-
tinct human thymopoietins are derived
from alternatively spliced mRNAs. Proc.
Natl. Acad. Sci. USA 91:6283–87



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

FUNCTIONAL NUCLEAR ARCHITECTURE 337

103. Hecht A, Laroche T, Strahl-Bolsinger S,
Gasser SM, Grunstein M. 1995. Histone
H3 and H4 N-termini interact with SIR3
and SIR4 proteins: a molecular model for
the formation of heterochromatin in yeast.
Cell 80:583–92

104. Hediger F, Dubrana K, Gasser SM. 2002.
Myosin-like proteins 1 and 2 are not
required for silencing or telomere anchor-
ing, but act in the Tel1 pathway of telom-
ere length control. J. Struct. Biol. 140:79–
91

105. Hediger F, Neumann FR, Van Houwe G,
Dubrana K, Gasser SM. 2002. Live imag-
ing of telomeres: yKu and Sir proteins de-
fine redundant telomere-anchoring path-
ways in yeast. Curr. Biol. 12:2076–89

106. Hernandez-Rivas R, Mattei D, Sterkers
Y, Peterson DS, Wellems TE, Scherf A.
1997. Expressed var genes are found in
Plasmodium falciparum subtelomeric re-
gions. Mol. Cell. Biol. 17:604–11

107. Heun P, Laroche T, Raghuraman MK,
Gasser SM. 2001. The positioning and
dynamics of origins of replication in the
budding yeast nucleus. J. Cell Biol. 152:
385–400

108. Heun P, Laroche T, Shimada K, Furrer P,
Gasser SM. 2001. Chromosome dynamics
in the yeast interphase nucleus. Science
294:2181–86

109. Hilliker AJ, Appels R. 1989. The arrange-
ment of interphase chromosomes: struc-
tural and functional aspects. Exp. Cell.
Res. 185:267–318

110. Hiraoka Y, Agard DA, Sedat JW. 1990.
Temporal and spatial coordination of
chromosome movement, spindle for-
mation, and nuclear envelope break-
down during prometaphase in Drosophila
melanogaster embryos. J. Cell Biol. 111:
2815–28

111. Hiraoka Y, Dernburg AF, Parmelee SJ,
Rykowski MC, Agard DA, Sedat JW.
1993. The onset of homologous chromo-
some pairing during Drosophila melano-
gaster embryogenesis. J. Cell Biol. 120:
591–600

112. Hochstrasser M, Mathog D, Gruenbaum
Y, Saumweber H, Sedat JW. 1986. Spa-
tial organization of chromosomes in
the salivary gland nuclei of Drosophila
melanogaster. J. Cell Biol. 102:112–
23

113. Hoffmann K, Dreger CK, Olins AL, Olins
DE, Shultz LD, et al. 2002. Mutations in
the gene encoding the lamin B receptor
produce an altered nuclear morphology in
granulocytes (Pelger-Huet anomaly). Nat.
Genet. 31:410–14

114. Holaska JM, Lee KK, Kowalski AK, Wil-
son KL. 2003. Transcriptional repressor
germ cell-less (GCL) and barrier to au-
tointegration factor (BAF) compete for
binding to emerin in vitro. J. Biol. Chem.
278:6969–75

115. Holmquist GP. 1987. Role of replication
time in the control of tissue-specific gene
expression. Am. J. Hum. Genet. 40:151–
73

116. Hozak P, Hassan AB, Jackson DA, Cook
PR. 1993. Visualization of replication fac-
tories attached to a nucleoskeleton. Cell
73:361–73

117. Hozak P, Sasseville AM, Raymond Y,
Cook PR. 1995. Lamin proteins form an
internal nucleoskeleton as well as a pe-
ripheral lamina in human cells. J. Cell Sci.
108:635–44

118. Hyrien O, Maric C, Mechali M. 1995.
Transition in specification of embryonic
metazoan DNA replication origins. Sci-
ence 270:994–97

119. Iborra FJ, Pombo A, Jackson DA, Cook
PR. 1996. Active RNA polymerases are
localized within discrete transcription
“factories” in human nuclei. J. Cell Sci.
109:1427–36

120. Imai S, Nishibayashi S, Takao K, Tomifuji
M, Fujino T, et al. 1997. Dissociation of
Oct-1 from the nuclear peripheral struc-
ture induces the cellular aging-associated
collagenase gene expression. Mol. Biol.
Cell. 8:2407–19

121. Ishii K, Arib G, Lin C, Van Houwe
G, Laemmli UK. 2002. Chromatin



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

338 TADDEI ET AL.

boundaries in budding yeast: the nuclear
pore connection. Cell 109:551–62

122. Jackson DA, Iborra FJ, Manders EM,
Cook PR. 1998. Numbers and organiza-
tion of RNA polymerases, nascent tran-
scripts, and transcription units in HeLa
nuclei. Mol. Biol. Cell. 9:1523–36

123. Jackson DA, Pombo A. 1998. Replicon
clusters are stable units of chromosome
structure: evidence that nuclear organiza-
tion contributes to the efficient activation
and propagation of S phase in human cells.
J. Cell Biol. 140:1285–95

124. Janicki SM, Tsukamoto T, Salghetti SE,
Tansey WP, Sachidanandam R, et al. 2004.
From silencing to gene expression: real-
time analysis in single cells. Cell 116:
683–98

125. Jankelevich S, Kolman JL, Bodnar JW,
Miller G. 1992. A nuclear matrix attach-
ment region organizes the Epstein-Barr
viral plasmid in Raji cells into a single
DNA domain. EMBO J. 11:1165–76

126. Johnston M, Hillier L, Riles L, Alber-
mann K, Andre B, et al. 1997. The
nucleotide sequence of Saccharomyces
cerevisiae chromosome XII. Nature 387:
87–90

127. Kanoh J, Ishikawa F. 2001. spRap1 and
spRif1, recruited to telomeres by Taz1, are
essential for telomere function in fission
yeast. Curr. Biol. 11:1624–30

128. Kasof GM, Goyal L, White E. 1999. Btf, a
novel death-promoting transcriptional re-
pressor that interacts with Bcl-2-related
proteins. Mol. Cell. Biol. 19:4390–404

129. Kennedy BK, Barbie DA, Classon M,
Dyson N, Harlow E. 2000. Nuclear or-
ganization of DNA replication in primary
mammalian cells. Genes Dev. 14:2855–
68

130. Kim SM, Dubey DD, Huberman JA. 2003.
Early-replicating heterochromatin. Genes
Dev. 17:330–35

131. Kimura T, Ito C, Watanabe S, Takahashi
T, Ikawa M, et al. 2003. Mouse germ cell-
less as an essential component for nuclear
integrity. Mol. Cell. Biol. 23:1304–15

132. Krude T. 1995. Chromatin assembly fac-
tor 1 (CAF-1) colocalizes with replication
foci in HeLa cell nuclei. Exp. Cell Res.
220:304–11

133. Kumaran RI, Muralikrishna B, Parnaik
VK. 2002. Lamin A/C speckles medi-
ate spatial organization of splicing fac-
tor compartments and RNA polymerase
II transcription. J. Cell Biol. 159:783–93

134. Lachner M, O’Carroll D, Rea S, Mechtler
K, Jenuwein T. 2001. Methylation of his-
tone H3 lysine 9 creates a binding site for
HP1 proteins. Nature 410:116–20

135. Lammerding J, Schulze PC, Takahashi T,
Kozlov S, Sullivan T, et al. 2004. Lamin
A/C deficiency causes defective nuclear
mechanics and mechanotransduction. J.
Clin. Invest. 113:370–78

136. Lamond AI, Sleeman JE. 2003. Nuclear
substructure and dynamics. Curr. Biol.
13:R825–28

137. Lang C, Paulin-Levasseur M, Gajewski
A, Alsheimer M, Benavente R, Krohne
G. 1999. Molecular characterization and
developmentally regulated expression of
Xenopus lamina-associated polypeptide 2
(XLAP2). J. Cell Sci. 112:749–59

138. Le HD, Donaldson KM, Cook KR,
Karpen GH. 2004. A high proportion of
genes involved in position effect variega-
tion also affect chromosome inheritance.
Chromosoma 112(6):269–76

139. Lebkowski JS, Laemmli UK. 1982. Evi-
dence for two levels of DNA folding in
histone-depleted HeLa interphase nuclei.
J. Mol. Biol. 156:309–24

140. Lebkowski JS, Laemmli UK. 1982. Non-
histone proteins and long-range organi-
zation of HeLa interphase DNA. J. Mol.
Biol. 156:325–44

141. Lee KK, Haraguchi T, Lee RS, Koujin
T, Hiraoka Y, Wilson KL. 2001. Distinct
functional domains in emerin bind lamin
A and DNA-bridging protein BAF. J. Cell
Sci. 114:4567–73

142. Lee KK, Starr D, Cohen M, Liu J, Han
M, et al. 2002. Lamin-dependent local-
ization of UNC-84, a protein required for



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

FUNCTIONAL NUCLEAR ARCHITECTURE 339

nuclear migration in Caenorhabditis ele-
gans. Mol. Biol. Cell 13:892–901

143. Lee MS, Craigie R. 1998. A previously
unidentified host protein protects retrovi-
ral DNA from autointegration. Proc. Natl.
Acad. Sci. USA 95:1528–33

144. Lengronne A, Pasero P, Bensimon A,
Schwob E. 2001. Monitoring S phase pro-
gression globally and locally using BrdU
incorporation in TK+ yeast strains. Nu-
cleic Acids Res. 29:1433–42

145. Lenz-Bohme B, Wismar J, Fuchs S,
Reifegerste R, Buchner E, et al. 1997. In-
sertional mutation of the Drosophila nu-
clear lamin Dm0 gene results in defective
nuclear envelopes, clustering of nuclear
pore complexes, and accumulation of an-
nulate lamellae. J. Cell Biol. 137:1001–16

146. Leonhardt H, Cardoso MC. 1995. Target-
ing and association of proteins with func-
tional domains in the nucleus: the insolu-
ble solution. Int. Rev. Cytol. 162B:303–35

147. Leonhardt H, Rahn H, Weinzierf P,
Sporbert A, Cremer T, et al. 2000. Dynam-
ics of DNA replication factories in living
cells. J. Cell Biol. 149:271–79

148. Li F, Chen J, Izumi M, Butler MC, Keezer
SM, Gilbert DM. 2001. The replication
timing program of the Chinese hamster
beta-globin locus is established coinci-
dent with its repositioning near peripheral
heterochromatin in early G1 phase. J. Cell
Biol. 154:283–92

149. Li H, Bingham PM. 1991. Arginine/
serine-rich domains of the su(wa) and tra
RNA processing regulators target proteins
to a subnuclear compartment implicated
in splicing. Cell 67:335–42

150. Liu J, Ben-Shahar TR, Riemer D, Treinin
M, Spann P, et al. 2000. Essential roles for
Caenorhabditis elegans lamin gene in nu-
clear organization, cell cycle progression,
and spatial organization of nuclear pore
complexes. Mol. Biol. Cell. 11:3937–47

151. Liu J, Lee KK, Segura-Totten M, Neufeld
E, Wilson KL, Gruenbaum Y. 2003.
MAN1 and emerin have overlapping func-
tion(s) essential for chromosome segre-

gation and cell division in Caenorhabdi-
tis elegans. Proc. Natl. Acad. Sci. USA
100:4598–603

152. Lloyd DJ, Trembath RC, Shackleton S.
2002. A novel interaction between lamin
A and SREBP1: implications for partial
lipodystrophy and other laminopathies.
Hum. Mol. Genet. 11:769–77

153. Lorenz A, Fuchs J, Burger R, Loidl J.
2003. Chromosome pairing does not con-
tribute to nuclear architecture in vegeta-
tive yeast cells. Eukaryot. Cell 2:856–66

154. Lu ZH, Sittman DB, Romanowski P, Leno
GH. 1998. Histone H1 reduces the fre-
quency of initiation in Xenopus egg ex-
tract by limiting the assembly of prerepli-
cation complexes on sperm chromatin.
Mol. Biol. Cell. 9:1163–76

155. Luderus ME, van Steensel B, Chong L, Si-
bon OC, Cremers FF, de Lange T. 1996.
Structure, subnuclear distribution, and nu-
clear matrix association of the mammalian
telomeric complex. J. Cell Biol. 135:867–
81

156. Ma H, Samarabandu J, Devdhar RS,
Acharya R, Cheng PC, et al. 1998. Spatial
and temporal dynamics of DNA replica-
tion sites in mammalian cells. J. Cell Biol.
143:1415–25

157. Mahy NL, Perry PE, Bickmore WA.
2002. Gene density and transcription in-
fluence the localization of chromatin out-
side of chromosome territories detectable
by FISH. J. Cell Biol. 159:753–63

158. Mahy NL, Perry PE, Gilchrist S, Baldock
RA, Bickmore WA. 2002. Spatial orga-
nization of active and inactive genes and
noncoding DNA within chromosome ter-
ritories. J. Cell Biol. 157:579–89

159. Maillet L, Boscheron C, Gotta M, Mar-
cand S, Gilson E, Gasser SM. 1996. Evi-
dence for silencing compartments within
the yeast nucleus: a role for telomere
proximity and Sir protein concentration in
silencer-mediated repression. Genes Dev.
10:1796–811

160. Maison C, Bailly D, Peters AH, Quivy
JP, Roche D, et al. 2002. Higher-order



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

340 TADDEI ET AL.

structure in pericentric heterochromatin
involves a distinct pattern of histone mod-
ification and an RNA component. Nat.
Genet. 30:329–34

161. Makatsori D, Kourmouli N, Polioudaki H,
Shultz LD, McLean K, et al. 2004. The in-
ner nuclear membrane protein LBR forms
distinct microdomains and links epigenet-
ically marked chromatin to the nuclear en-
velope. J. Biol. Chem. In press

162. Malone CJ, Fixsen WD, Horvitz HR, Han
M. 1999. UNC-84 localizes to the nuclear
envelope and is required for nuclear mi-
gration and anchoring during C. elegans
development. Development 126:3171–81

163. Mancini MA, Shan B, Nickerson JA,
Penman S, Lee WH. 1994. The retinoblas-
toma gene product is a cell cycle-depen-
dent, nuclear matrix-associated protein.
Proc. Natl. Acad. Sci. USA 91:418–22

164. Manders EM, Stap J, Strackee J, van Driel
R, Aten JA. 1996. Dynamic behavior of
DNA replication domains. Exp. Cell Res.
226:328–35

165. Markiewicz E, Dechat T, Foisner R, Quin-
lan RA, Hutchison CJ. 2002. Lamin A/C
binding protein LAP2alpha is required for
nuclear anchorage of retinoblastoma pro-
tein. Mol. Biol. Cell. 13:4401–13

166. Marshall WF, Straight A, Marko JF,
Swedlow J, Dernburg A, et al. 1997. Inter-
phase chromosomes undergo constrained
diffusional motion in living cells. Curr.
Biol. 7:930–39

167. Masuda K, Xu ZJ, Takahashi S, Ito A, Ono
M, et al. 1997. Peripheral framework of
carrot cell nucleus contains a novel protein
predicted to exhibit a long alpha-helical
domain. Exp. Cell Res. 232:173–81

168. McNairn AJ, Gilbert DM. 2003. Epige-
nomic replication: linking epigenetics to
DNA replication. BioEssays 25:647–56

169. Meier J, Campbell KH, Ford CC, Stick R,
Hutchison CJ. 1991. The role of lamin LIII
in nuclear assembly and DNA replication,
in cell-free extracts of Xenopus eggs. J.
Cell Sci. 98:271–79

170. Mesner LD, Hamlin JL, Dijkwel PA.

2003. The matrix attachment region in
the Chinese hamster dihydrofolate reduc-
tase origin of replication may be required
for local chromatid separation. Proc. Natl.
Acad. Sci. USA 100:3281–86

171. Mislow JM, Holaska JM, Kim MS,
Lee KK, Segura-Totten M, et al. 2002.
Nesprin-1alpha self-associates and binds
directly to emerin and lamin A in vitro.
FEBS Lett. 525:135–40

172. Mislow JM, Kim MS, Davis DB, Mc-
Nally EM. 2002. Myne-1, a spectrin
repeat transmembrane protein of the my-
ocyte inner nuclear membrane, interacts
with lamin A/C. J. Cell Sci. 115:61–70

173. Misteli T. 2001. Protein dynamics: impli-
cations for nuclear architecture and gene
expression. Science 291:843–47

174. Moir RD, Montag-Lowy M, Goldman
RD. 1994. Dynamic properties of nuclear
lamins: lamin B is associated with sites of
DNA replication. J. Cell Biol. 125:1201–
12

175. Moir RD, Spann TP, Herrmann H, Gold-
man RD. 2000. Disruption of nuclear
lamin organization blocks the elongation
phase of DNA replication. J. Cell Biol.
149:1179–92

176. Moir RD, Spann TP, Lopez-Soler RI,
Yoon M, Goldman AE, et al. 2000.
Review: the dynamics of the nuclear
lamins during the cell cycle—relationship
between structure and function. J. Struct.
Biol. 129:324–34

177. Molenaar C, Wiesmeijer K, Verwoerd NP,
Khazen S, Eils R, et al. 2003. Visual-
izing telomere dynamics in living mam-
malian cells using PNA probes. EMBO J.
22:6631–41

178. Mostoslavsky R, Singh N, Tenzen T,
Goldmit M, Gabay C, et al. 2001. Asyn-
chronous replication and allelic exclusion
in the immune system. Nature 414:221–
25

179. Mounkes L, Kozlov S, Burke B, Stew-
art CL. 2003. The laminopathies: nu-
clear structure meets disease. Curr. Opin.
Genet. Dev. 13:223–30



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

FUNCTIONAL NUCLEAR ARCHITECTURE 341

180. Nagele RG, Freeman T, McMorrow L,
Thomson Z, Kitson-Wind K, Lee H. 1999.
Chromosomes exhibit preferential posi-
tioning in nuclei of quiescent human cells.
J. Cell Sci. 112:525–35

181. Nagele RG, Velasco AQ, Anderson WJ,
McMahon DJ, Thomson Z, et al. 2001.
Telomere associations in interphase nu-
clei: possible role in maintenance of inter-
phase chromosome topology. J. Cell Sci.
114:377–88

182. Nakamura H, Morita T, Sato C. 1986.
Structural organizations of replicon do-
mains during DNA synthetic phase in the
mammalian nucleus. Exp. Cell Res. 165:
291–97

183. Newport JW, Wilson KL, Dunphy WG.
1990. A lamin-independent pathway for
nuclear envelope assembly. J. Cell Biol.
111:2247–59

184. Nikolova V, Leimena C, McMahon AC,
Tan JC, Chandar S, et al. 2004. Defects
in nuclear structure and function promote
dilated cardiomyopathy in lamin A/C-
deficient mice. J. Clin. Invest. 113:357–69

185. Nili E, Cojocaru GS, Kalma Y, Gins-
berg D, Copeland NG, et al. 2001. Nu-
clear membrane protein LAP2beta medi-
ates transcriptional repression alone and
together with its binding partner GCL
(germ-cell-less). J. Cell Sci. 114:3297–
307

186. Oakes M, Aris JP, Brockenbrough JS,
Wai H, Vu L, Nomura M. 1998. Muta-
tional analysis of the structure and local-
ization of the nucleolus in the yeast Sac-
charomyces cerevisiae. J. Cell Biol. 143:
23–34

187. O’Keefe RT, Henderson SC, Spector DL.
1992. Dynamic organization of DNA
replication in mammalian cell nuclei;
spatially- and temporally-defined repli-
cation of chromosome specific alpha-
satellite DNA sequences. J. Cell Biol.
116:1095–110

188. Olins AL, Herrmann H, Lichter P,
Kratzmeier M, Doenecke D, Olins DE.
2001. Nuclear envelope and chromatin

compositional differences comparing un-
differentiated and retinoic acid- and phor-
bol ester-treated HL-60 cells. Exp. Cell.
Res. 268:115–27

189. Osada S, Ohmori SY, Taira M. 2003.
XMAN1, an inner nuclear membrane pro-
tein, antagonizes BMP signaling by inter-
acting with Smad1 in Xenopus embryos.
Development 130:1783–94

190. Ozaki T, Saijo M, Murakami K, Enomoto
H, Taya Y, Sakiyama S. 1994. Com-
plex formation between lamin A and the
retinoblastoma gene product: identifica-
tion of the domain on lamin A required
for its interaction. Oncogene 9:2649–
53

191. Parada LA, McQueen PG, Munson PJ,
Misteli T. 2002. Conservation of relative
chromosome positioning in normal and
cancer cells. Curr. Biol. 12:1692–97

192. Pardoll DM, Vogelstein B, Coffey DS.
1980. A fixed site of DNA replication in
eucaryotic cells. Cell 19:527–36

193. Pasero P, Braguglia D, Gasser SM. 1997.
ORC-dependent and origin-specific initi-
ation of DNA replication at defined foci
in isolated yeast nuclei. Genes Dev. 11:
1504–18

194. Patterson K, Molofsky AB, Robinson C,
Acosta S, Cater C, Fischer JA. 2004.
The functions of Klarsicht and nuclear
lamin in developmentally regulated nu-
clear migrations of photoreceptor cells in
the Drosophila eye. Mol. Biol. Cell 15:
600–10

195. Peters AH, Mermoud JE, O’Carroll D,
Pagani M, Schweizer D, et al. 2002. Hi-
stone H3 lysine 9 methylation is an epi-
genetic imprint of facultative heterochro-
matin. Nat. Genet. 30:77–80

196. Polioudaki H, Kourmouli N, Drosou V,
Bakou A, Theodoropoulos PA, et al. 2001.
Histones H3/H4 form a tight complex
with the inner nuclear membrane pro-
tein LBR and heterochromatin protein 1.
EMBO Rep. 2:920–25

197. Pryde FE, Gorham HC, Louis EJ. 1997.
Chromosome ends: all the same under



31 Oct 2004 14:6 AR AR230-GE38-10.tex AR230-GE38-10.sgm LaTeX2e(2002/01/18) P1: GJB

342 TADDEI ET AL.

their caps. Curr. Opin. Genet. Dev. 7:822–
28
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Figure 1 Self-perpetuating mechanisms for the anchoring of silent loci in yeast. 1.
yKu70/80 or Sir4 can be recruited independently of silencing to unanchored telomeric loci
or silencers. yKu binds the ends of chromosomes, and Sir4 interacts with both the Rap1
C-terminal domain and internal silencers. 2. Binding of yKu and Sir4 will bring the loci
to the NE through interactions between Sir4-Esc1, and yKu bridges to an uncharacterized
NE factor. This will bring these loci close to other silent chromatin, such as telomeres and
mating-type loci. 3. The clustering of silent loci creates a high local concentration of
silencing factors, which will increase the probability of assembling silent chromatin and
of Sir complex spreading along the chromatin fiber. 4. Sir complex binding will create
additional NE anchorage sites through Sir4-Esc1 interactions, reinforcing the peripheral
localization of the silent locus.
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Figure 2 Interactions between proteins and chromatin at the nuclear envelope. Proteins are
classified as integral nuclear envelope proteins (yellow), lamins (gray), or chromatin bind-
ing transcription regulators (red). Simple connecting lines indicate interactions that have
been shown with biochemical assays, and bold lines indicate multiple lines of evidence. The
numbers near the connecting lines correspond to relevant references, and interactions with
the NE are indicated above the corresponding protein. For clarity, interactions between inner
NE proteins [for LBR: (53, 113, 161, 196); for LAP2: (67, 75, 185), or lamins (150, 184)]
and DNA/chromatin are not shown. Due to space limitations, we are unable to cite all rele-
vant references, particularly with respect to DNA/chromatin interactions with NE compo-
nents. The proteins hatched in gray are specific to Drosophila.
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See legend on next page
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Figure 3 Genomic replication is organized in recognizable and sequential focal patterns.
(a) CHOC 400 cells were synchronized at the G1/S border and released into S phase. At var-
ious intervals thereafter, cells were pulse labeled for 5 min with BrdU and stained with anti-
BrdU antibodies. Shown are examples of successive temporal patterns of replication (49).
We model replication within one replication focus (large oval), containing origins (small
circles) of three chromatin loops attached to polymerizing sites (small ovals). As replication
occurs, daughter strands are extruded in loops and the parental strand slides through the
fixed sites. In the bottom panel, isolated BrdU-labeled DNA was spread as a linear fiber and
visualized by fluorescent detection of the newly synthesized DNA (123). Each panel con-
tains three regions of newly replicated DNA along one fiber of 375 kb. Images supplied by
D.A. Jackson. (b) Model for epigenetic propagation of a chromatin state through replication
position and timing. During DNA replication, parental histones are randomly segregated
between the two-daughter strands (224), and newly synthesized histones are incorporated as
well. Restricted availability of specific factors (e.g., histone modifiers, chromatin remodel-
ers, or other factors) either in time (left) or space (right) could help propagate specific chro-
matin structures, which would in turn determine their specific replication timing or local-
ization within the nucleus.
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