Nuclear periphery

A term that generally refers to
the nuclear-membrane bilayer,
its associated proteins and the
embedded nuclear-pore
complexes.

Dosage compensation

A phenomenon that ensures
equalized gene expression of
X-chromosomal genes between
males and females. In
Drosophila melanogaster, this
results in approximately
twofold higher levels of
transcriptional activation in the
single male X chromosome
compared with the female

X chromosomes.
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The nuclear envelope and
transcriptional control

Asifa Akhtar* and Susan M. Gasser?

gene expression in a heritable manner.

A glance at an electron micrograph of a mammalian cell
nucleus reveals a special relationship between the nuclear
envelope and chromatin. In differentiated nuclei, dense-
staining, transcriptionally inactive ‘heterochromatin’ is
usually plastered against the inner face of the nuclear
membrane. These heterochromatic patches are inter-
rupted by nuclear pores, which contain the light-staining
nucleoplasm of ‘open’ or active domains (FIC. 1a,b).
Similarly, in budding yeast, fluorescent markers for
repressed chromatin and nuclear pores can be readily
distinguished as distinct non-overlapping series of foci
(FIC. 1¢). Is this subnuclear compartmentation a side effect
of differential chromatin folding, or does positional infor-
mation actually contribute to gene regulation? Studies in
budding yeast and Drosophila melanogaster suggest that
perinuclear compartments do influence various nuclear
activities, ranging from transcription and mRNA export
to DNA repair and the stable transmission of a heritable
state of repression. We expect equivalent functional
effects to exist in mammalian systems.

A well-studied example of a functional perinuclear
microenvironment is that which is created by telomere
clustering at the nuclear envelope in yeast'. These foci
sequester the silencing factors that promote and stabilize
heterochromatin. Recent data suggest that the associa-
tion of active, induced genes with nuclear pores creates a
second functional compartment at the nuclear periphery.
Genes can shift to pores in a transcription-dependent
manner, and expression levels can drop if this relocation
is impaired. Studies of dosage compensation in flies also
indicate that pore-bound factors might help to upregulate
gene expression in males. This Review examines new
data suggesting that the positioning of chromatin at the

Abstract | Cells have evolved sophisticated multi-protein complexes that can regulate
gene activity at various steps of the transcription process. Recent advances highlight
the role of nuclear positioning in the control of gene expression and have put nuclear
envelope components at centre stage. On the inner face of the nuclear envelope,
active genes localize to nuclear-pore structures whereas silent chromatin localizes to
non-pore sites. Nuclear-pore components seem to not only recruit the RNA-processing
and RNA-export machinery, but contribute a level of regulation that might enhance

nuclear envelope can contribute to gene regulation in
both a positive and negative manner.

Epigenetic specification of cell identity
Transcriptional regulation is crucial for defining cell
identity. This cannot be achieved soley by the orches-
trated appearance and disappearance of transcription
factors, but instead results from the complex interplay
of sequence-specific DNA-binding factors and the
epigenetic status of target sequences, which limit the frac-
tion of the genome that is subject to sequence-specific
regulatory control (reviewed in REF. 2). Combined with
post-transcriptional steps that regulate the efficiency of
mRNA processing, export and translation, these mecha-
nisms lead to reproducible, cell-type-specific patterns of
gene expression.

Eukaryotic genomes contain three classes of chroma-
tin®*. The first is open or actively transcribed chromatin,
which contains genes with engaged RNA polymerases.
The second is potentially active chromatin, which con-
tains promoters that are poised to respond to activating
signals, but from which stable transcripts are rare or non-
existent. These two states account for the vast majority of
chromatin in yeast, yet comprise only a small fraction of a
mammalian genome. The third type of chromatin encom-
passes a range of transcriptionally silent heterochromatic
states, accounting for most of the DNA in differentiated
somatic cells. Here genes are generally repressed in a herit-
able manner, and gene promoters tend to be inaccessible
to transcription factors (reviewed in REF. 3). Although the
existence of these characteristic chromatin domains is
well established, the factors that create and regulate them
are poorly characterized. One element that contributes to
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micrograph of the mammalian liver nucleus (with an enlarged section shown in part B), showing dense-staining
heterochromatin located around the nucleolus and against the nuclear envelope. Nuclear pores open onto lighter-
staining open chromatin. C | In budding yeast, heterochromatin binds the nuclear envelope through Esc1 (enhancer of
silent chromatin 1; labelled green), which forms distinct foci alternating with nuclear pores (visualized in red through
labelling of Nup49 (nucleoporin 49)). D | An electron micrograph showing Esc1 at non-pore sites along the yeast inner
nuclear envelope. An arrow indicates the nuclear pore, and black dots represent the labelling of Myc-epitope-tagged
Esc1 using fluoronanogold Alexa*®® anti-mouse antibody®. The image in part c is reproduced with permission from

EMBO Journal REF. 18 © (2004) Macmillan Publishers Ltd.

both the establishment and maintenance of chromatin
states seems to be their spatial distribution within the
interphase nucleus (reviewed in REFS 1,4-7).

Insulator function and nuclear pores

Non-coding DNA elements called boundary elements
contribute to chromatin domains in two ways®. First,
they protect open chromatin regions from the encroach-
ing repression that is caused by heterochromatin.
Second, they restrict the interaction of enhancers with
promoters. Both events are thought to involve elements
of nuclear organization, either through the formation of
a chromatin loop or by tethering topologically defined
domains to nuclear structures® .

An important aspect of insulator function is the ability
to mediate long-range DNA interactions. For example,
the D. melanogaster insulator element Fab-7 (also
known as Abd-B) was shown to physically associate with
a second, randomly inserted Fab-7 copy independently
of its position on the chromosome arm. This association
in trans was disrupted by loss of the Polycomb protein'?,
which also compromised insulator function. Another
element, the D. melanogaster gypsy insulator, which
binds a factor called Suppressor of hairy wing (Su(Hw)),
might have a similar function. The gypsy element itself is
often associated with the nuclear periphery and, when it
was inserted into the genome, caused surrounding DNA
to shift to the insertion site in a Su(Hw)-dependent
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Figure 2 | The nuclear periphery in metazoans and yeast. In eukaryotic cells, the
nuclear compartment is separated from the cytoplasm by the inner and outer nuclear
membranes. This membrane bilayer is perforated by nuclear pores, which are
constituted by a large multiprotein complex (the nuclear pore complex (NPC)) that

is composed of about 30 proteins (reviewed in REF. 94). This nuclear membrane,
together with the pores, is commonly referred as the ‘nuclear envelope’ (NE).a | In
yeast nuclei, envelope-associated proteins such as Esc1 (enhancer of silent chromatin 1)
are present in foci at the periphery; however, they do not coincide with the pores.
Esc1 binds Sir4 (silent information regulator 4), which is an integral component of
repressed heterochromatin in yeast'*'*?2 b | In metazoan nuclei, the nuclear envelope
is underlaid by a continuous meshwork of lamins and lamin-associated proteins
(LAPs), which preferentially associate with inactive chromatin regions®”*%. Increasing
evidence implicates interactions of chromatin with various nuclear-envelope
components in gene repression as well as gene activation. BAF, barrier to
autointegration factor; GCL1, germ-cell-less homologue; RB, retinoblastoma 1.

manner"'. Moreover, much like Polycomb-binding sites,
two gypsy elements that were inserted at distant sites
on the same or on different chromosomes were found
to self-associate. Although the perinuclear anchoring
of gypsy was correlated with its insulator function, Xu
and colleagues later identified a 340-bp core element
that maintained insulator activity without anchoring
DNA at the nuclear periphery’. This minimal core
element could bind Su(Hw) and retained the ability
to interact in trans". Thus, peripheral position might
be a side effect of selective long-range interactions
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that generate the chromatin loops that are needed for
insulator function®.

Do other insulators depend on attachment to nuclear
substructures? In human cells, a conserved sequence-
specific factor, CTCE is implicated in the function of a
broad range of insulators, and has been demonstrated to
tether an insulator-associated transgene to the nucleo-
lus'. It was proposed that CTCF insulator activity might
require this localization. Similarly, a screen in budding
yeast that scored for insulator activity in a library of
targeted fusion proteins® yielded many candidates
that acted as barriers to heterochromatin spreading.
Several seemed to function by creating a DNA loop
that encompassed the ‘protected’ gene and tethered
it to Nup2 (nucleoporin 2), a dynamic component of
the nuclear pore’. Similar tethering models have been
proposed for the fission yeast transcription factor
TFIIIC, which blocks the spread of heterochromatin
apparently by anchorage near the nuclear envelope'.
The binding of the budding yeast TFIIIC factor at a
tRNA gene near the silent mating type locus HMR was
also necessary for boundary function®. In a further
study, yeast tRNA genes were shown to be accessible
to cleavage by a Nup2-micrococcal-nuclease fusion'®.
Assuming that functional Nup2 is pore-bound, these
results collectively argue that pore-mediated anchorage
might block the spread of heterochromatin in yeast. It
remains to be tested whether TFIIIC or nuclear-pore
anchorage are universal mechanisms for insulator and
boundary function.

The nuclear envelope harbours repressive zones
Telomeric silencing in yeast. The observation that teth-
ering at the nuclear periphery could shield a promoter
from repression seemed surprising initially because, in
all organisms from yeast to humans, the nuclear enve-
lope was known to harbour repressed domains (FIC. 2).
However, it was shown in budding yeast that the sites
that anchor silent chromatin are mechanistically distinct
from those for active genes'”'®. Yeast heterochromatin
forms in subtelomeric domains, and basically consists
of underacetylated nucleosomes that are bound to a
complex of silent information regulators, Sir2, Sir3
and Sir4 (reviewed in REF 19). Sir-bound chromatin is
localized almost exclusively into foci at the nuclear enve-
lope®, positioned in-between but not coincident with
nuclear pores'®?? (FIG. 1¢). Although heterochromatin
in mammalian cells is also found at the nuclear envelope
between pores, anchorage mechanisms differ between
yeast and multicellular eukaryotes'®.

In budding yeast, silent telomeres are anchored to
non-pore sites by two partially redundant pathways'®*-*.
One of these correlates strictly with repression, being
mediated by the binding of Sir4 to an acidic membrane-
associated protein called Escl (enhancer of silent
chromatin 1) 22, The Sir4-Escl interaction is both
necessary and sufficient to anchor silent chromatin at
the nuclear envelope', even for silent chromatin on an
episome®. Immuno-electron microscopy confirmed that
Escl was peripheral, yet largely excluded from nuclear
pores (FIC. 2). In a compelling demonstration of this
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Nuclear lamina

A meshwork of a nuclear
intermediate filament protein
that is found at the interface
between the inner nuclear
membrane and chromatin.

Figure 3 | Telomere position through Sir4-Esc1 is
independent of nuclear-pore positioning. In budding
yeast, mutation of nup133 shifts nuclear pores (stained
red with the monoclonal antibody Mab414, which
recognizes the pore proteins Nup116 and Nup96) to one
side of the nucleus in a large cluster. This does not affect
the position of silent telomeres (stained green with
polyclonal antibodies specific for Rap1 (repressor—
activator site-binding protein 1)), showing that telomere
anchorage is likely to be independent of nuclear
pores'®2125 Staining of a wild-type strain is shown in the
inset. Identical results were obtained when Sir4 (silent
information regulator 4) was localized in the nup133A
strain. Image modified with permission from REF. 25©
(2002) Elsevier Sciences.

separation, Escl and silent telomeric foci were shown
to maintain a wild-type distribution in the presence of
a nup133A mutation, which allows pores to cluster at
one side of the nucleus' (FIG. 3). The second telomere-
anchorage pathway requires the conserved heterodimeric
protein yKu**?. This DNA-end-binding factor can
anchor chromosomes independently of Sir-mediated
silencing, possibly helping telomeres to cluster together
before the silent state is established.

Other factors, including nuclear-pore components,
have been suggested to influence telomere anchoring
and repression. These effects are likely to be indirect,
reflecting loss of the proper sequestering or targeting of
the pore-associated desumoylase Ulp1 (ubiquitin-like-
specific protease 1) or the SUMO conjugase, Mms21
(methylmethanesulfonate-sensitivity protein 21),
which modifies yKu?*%. Indirect effects on telomere
anchoring may also be attributed to mutations in the
structural maintenance of chromatin (SMC) factors
or to components of their putative loading complex,
such as Ctfl18 (chromosome transmission fidelity
protein 18)*. We expect additional membrane span-
ning proteins to be involved in tethering yKu- and
Escl-bound telomeres, perhaps including conserved
inner-nuclear-envelope proteins, such as those that
contain SUN or KASH domains'.

How does the nuclear organization of silent yeast
chromatin contribute to heritable repression? Crucially,
the silencing factors (Sir2, Sir3 and Sir4) are limiting
in concentration everywhere in the nucleus except at
telomeres, where the multiple binding sites of repressor—
activator site-binding protein 1 (Rapl) sites sequester
the silencing factors from histone tails elsewhere in the
genome?®. This sequestration of silencing factors favours
the propagation of Sir binding along chromatin close
to telomeres, and prevents the promiscuous repression
of non-subtelomeric genes”. In mutants that release
telomeres and allow Sir-protein dispersion, there is
both a loss of subtelomeric repression and a gain of
repression at internal loci that are positioned near sites
that nucleate Sir binding. Consistent with this, Andrulis
et al. showed that the artificial tethering of chromatin at
the nuclear envelope by a membrane-spanning anchor
could favour repression of a reporter as long as it con-
tained Sir-nucleating sites called silencers®. Although
this result is commonly misinterpreted as showing
that nuclear-envelope tethering is sufficient to mediate
repression, what the paper actually proposed is that the
positioning of a cis-acting control element (silencer)
near Sir pools would facilitate stable repression. Other
conditions that enhance weak silencer function to
promote silencing include targeting the Sir4-binding
domain of Escl to the reporter? or the coordinate
overexpression of all Sir genes®. Collectively, these
studies argue that the crucial element that is provided
by the nuclear periphery is access to limiting pools of
general repressors’.

Nuclear lamina and gene repression. In higher-eukaryotic
cells, the nuclear lamina is a layer of intermediate
filament proteins at the interface between chromatin
and the inner nuclear membrane (FIG. 2b). The o-helical
heptad repeats of lamins form coiled-coil dimers, which
associate head-to-tail in filaments that span from pore
to pore. Loss of lamin A, which leads to death at post-
natal week 8 in mice, correlates with dramatic changes
in the size and shape of cardiomyocyte nuclei and,
importantly, a displacement of heterochromatin from
the nuclear periphery®"*. Strikingly, the abundance of the
most typical repressive histone mark, trimethylation of
histone H3 at lysine 9 (H3K9me3), was also reduced.
Defects in heterochromatin and H3K9me3 also occurred
in cells bearing far-more-minor lamin A mutations, such
as the small C-terminal deletion of the premature age-
ing syndrome Hutchinson-Gilford progeria®-**. Finally,
in worms, the defects in chromatin organization that
are caused by lamin depletion were mimicked by the
elimination of two or more lamin-associated proteins,
Manl and emerin, which participate with nuclear lamin-
associated proteins to tether chromatin at the nuclear
periphery®. Thus, the nuclear lamina is implicated either
directly or indirectly in the proper distribution and
maintenance of heterochromatin.

The abundance and stability of lamin proteins have
provided a means to identify the DNA that is associated
with the nuclear envelope on a genome-wide scale. To
localize lamin-associated sequences, Pickersgill et al.
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Box 1| Chromatin mobility

Time-lapse imaging of LacO-tagged chromosomal loci suggests that the random
movement of various internal, active loci in the nuclei of yeast, Drosophila melanogaster
or mammalian cells is similar?*3940492088 Despite differences in imaging methods, a
comparison of the radii of constraint (ranging from 0.5 pm to 1 um) and diffusion
coefficients (ranging from 1x10~* pm? s to 1x10 pm? s!) suggests that restricted
background movement of chromatin, although influenced by ATP levels, is inherent to
the chromatin fibre”*°4°. Major alterations in its mobility probably reflect interactions
with anchoring proteins or changes in chromatin from repressed to actively transcribed
states. The measured degree of random movement would compromise the organization
of chromosomes into strict territories in the ~2-pm-diameter nucleus of budding yeast,
but would not impair territorial organization in mammalian cells®, in which nuclear
diameters range from 5 pm to 10 pm, as discussed in a recent review™.

Nonetheless, locus mobility changes with transcriptional status. Most striking is the
reduced mobility that correlates with heterochromatin. As shown for yeast telomeres?*“°,
the association of heterochromatin with the nuclear periphery (through lamin binding in
mammals or through Esc1 binding in budding yeast) restricts its dynamics?*4°*. The
treatment of mammalian cells with DRB (5,6-dichloro-1-B-p-ribofuranosylbenzimida-
zole), a transcriptional inhibitor that disrupts nucleolar structure, increased the mobility
dynamics of a locus that was located close to rDNA repeats, indicating that the nucleolus
might also tether certain genes®. Finally, double fluorescence in situ hybridization (FISH)
labelling showed that developmentally induced loci such as the HoxB locus occasionally
move far from the condensed chromosome territory to which they belong. It was
concluded that locus dynamics can change with developmentally regulated expression
patterns®~%. From yeast live-tracking studies, one notes that gene dynamics are locus
specific: when activated, some become more dynamic, whereas others become
peripherally constrained!’:34647:55:56,

adapted an in vivo DNA-modification technique called
DamlID to D. melanogaster and coupled it with micro-
array profiling®. This method exploits a fusion of the
Escherichia coli DNA adenine methyltransferase (Dam)
to the lamin gene, which is expressed at a low level in
D. melanogaster tissue culture cells”’. Regions of the fly
genome that were juxtaposed to the lamins were pref-
erentially methylated by the fusion protein, and could
be isolated, labelled and used to probe whole-genome
microarrays. Approximately 500 genes were found to
be at least transiently lamin-associated; the bulk of
these were depleted in active histone modifications,
were transcriptionally silent and had late replicating
kinetics””. They were positioned along all chromosome
arms but did not include constitutive centromeric
heterochromatin. Although it is not possible to deter-
mine from DamID whether the lamin-binding sites
are transiently or stably bound, there was significant
overlap of these loci with sites that were predicted to
be stably nuclear-envelope-bound by high-resolution

microscopy?®.

Nuclear space and chromatin mobility

If the subnuclear positioning of any particular chromo-
somal locus reflects its state of transcriptional activity,
then chromatin must be able to move to achieve tissue-
specific and developmental-stage-specific levels of

Fluorescence in situ organization. How does chromatin move?
hybridization

A technique whereby a
fluorescently labelled DNA
probe is used to detect a
particular chromosomal region
by fluorescence microscopy.

Using time-lapse imaging of GFP-tagged chromo-
somal loci, the Sedat laboratory observed that chromatin
in yeast and flies was engaged in a continuous random-
walk-like motion®. However, these initial studies in
yeast monitored a centromere-proximal locus, which is
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tethered to the nuclear-envelope-embedded spindle pole
body (SPB) through short interphase microtubules, lim-
iting chromatin motion*-*. Somewhat less constrained
random movement was later ascribed to multiple other
yeast loci by coupling LacO-tagged genes with a GFP-
nuclear-pore marker*>*, a modification that allows the
coincident analysis of mobility and position relative to
the nuclear envelope.

In budding yeast, most of the active chromosomal
loci moved with a radius of 0.5-0.7 um in a random walk
within the nucleoplasm?®***, This represents more than
one-quarter of the nuclear diameter in yeast, but less
than one-tenth of the nuclear diameter in a mammalian
cell. Because 50% of the yeast nuclear volume is con-
tained within a peripheral shell that is <0.4 pm thick,
most yeast genes probably encounter the nuclear mem-
brane at least occasionally. On the other hand, silent
telomeres move in a highly constrained manner along the
inner face of the nuclear envelope and only rarely occupy
the nuclear core*******, Yet the movement of a typical
telomere is restricted to ~12% of the inner-nuclear-
envelope surface®. Similar constraint was observed for
a subset of active genes, notably the galactose-induced
loci that associate with nuclear pores upon induction*®*’.
Given their lateral dynamics and striking radial confine-
ment, it was suggested that these active genes move from
pore to pore”.

By monitoring the dynamics of a fluorescently tagged
SPB, embedded in the yeast nuclear envelope®, it was pos-
sible to demonstrate that chromatin movement does not
arise from nuclear rotation: SPB movement was clearly
more restricted than that of chromatin (r, = 0.2 m).
Furthermore, the photobleaching of a region of
Nup49-GFP-labelled pores showed that lateral move-
ment of unbleached pores was slower than that of
chromatin, with recovery requiring minutes, rather than
seconds’®S,

What keeps chromatin at the nuclear envelope? The
importance of protein-protein interactions for limiting
chromatin dynamics was demonstrated by tracking rings
of fluorescently tagged yeast chromatin that were excised
from the genome by an inducible recombination event®.
Whereas non-silenced loci on excised rings traversed the
yeast nucleus in rapid jumps, the repressed-chromatin
ring remained fixed at the nuclear perimeter®. This
constraint was due to the affinity of Sir proteins for Escl
because, if this membrane-associated anchor was com-
promised, the excised chromatin moved as freely as an
active locus, although it remained repressed®. Thus, the
primary restriction on mobility is not chromatin struc-
ture but protein-mediated binding sites at the nuclear
envelope, which limits DNA movement to a subnuclear
zone®. Similar constraint was observed for lamin-bound
sites in cultured mammalian cells®. Non-coding RNAs
might also have a role in heterochromatin anchoring
in some species. These studies demonstrate the impor-
tant principle that nuclear macromolecules, including
chromatin, are highly mobile unless anchored (BOX 1).
This is confirmed by the equally rapid diffusion kinet-
ics of nuclear proteins and mRNA particles in higher
eukaryotes®,
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Chromatin
immunoprecipitation

A technique that involves
crosslinking methods and is
used to identify pieces of DNA
or chromatin that contact a
protein of interest in vivo.

Nuclear-pore complexes
Large, multiprotein complexes
(composed of about 30
proteins) that are embedded in
the nuclear membrane and
serve as gateways for traffic
between the nucleus and the
cytoplasm.

Genome-wide contacts with the nuclear envelope
Given that rapid macromolecular kinetics can eas-
ily deliver polymerases to genes and mRNA to pores,
it seems unnecessary to propose that RNA synthesis
occurs in spatially organized sites. Nonetheless, increas-
ing evidence places transcripts and multiple active
polymerases in discrete foci. Perhaps the most surpris-
ing results on the localization of active genes came from
genome-wide studies that identified sequences that
could be either crosslinked to, or modified by, nuclear-
pore-associated proteins. Using formaldehyde-mediated
crosslinking and chromatin immunoprecipitation (ChIP),
Silver and colleagues sought sequences that were bound
to nuclear-pore factors and identified three classes of
gene-associated pore components”. First, they found
that several nuclear-pore components (Nic96, Nup116,
Nup60, Nup2, Mlp1 (myosin-like protein 1) and Mlp2),
and factors involved in mRNA export (Xpol (expor-
tin 1), Csel (chromosome segregation protein 1) and
the karyopherin Kap95) were bound preferentially
to genes that were strongly induced by an alternative
carbon source, galactose. By contrast, genes that were
bound to nucleoporins Nsp1, Nup84, and Nup100 did
not change when transcription was altered. Intriguingly,
the upstream control regions of genes that were bound
by Mlp1, Mlp2 and Nic96 were statistically enriched
in binding sites for the multifunctional transcription
regulator, Rap1. These results reinforced another set of
genetic and biochemical observations, which indicated
that Rapl and its co-activators Gerl and Ger2 could
bind Nup84, and that the Nup84-pore subcomplex was
needed for full transcriptional induction®. These activa-
tion events are distinct from those that are induced by
galactose, suggesting that more than one pathway makes
use of the nuclear-pore complex (NPC) for transcriptional
activation in yeast.

A further genome-wide ChIP study used the budding
yeast mating pheromone o-factor to induce changes in
gene expression, and mapped the association of genes
with the pore components Xpol, Nup116, Mlp1l and
Mlp2 (REF. 54). Most ai-factor-induced genes had at least
a transient association with the nuclear periphery upon
activation. Because these genes were distributed on 13
of the 16 yeast chromosomes, global changes in chroma-
tin organization were proposed to occur in response to
pheromone®™. Interestingly, the pore-associated mRNA
export factor Mlp1 was recovered with induced genes
in an RNase-sensitive manner, and high-resolution
mapping placed Mlp1 preferentially at the 3" end of
active genes, suggesting that transcript accumulation
might be important for perinuclear tethering. Less clear
was why MIp1 or Mlp2 were also recovered with silent
loci, as genetic studies argued against any direct role
for Mlp proteins in the anchoring of telomeres'®2>2425,
A possible explanation is that, when network-forming
proteins are analysed by ChIP, their association with
DNA stems in part from indirect interactions that
become stabilized by formaldehyde crosslinking. It was
therefore essential to couple ChIP with genetic assays
and quantitative microscopy on large populations
of cells.

An alternative genome-wide approach to the map-
ping of gene position relied on the regulated cleavage
of DNA by micrococcal nuclease (MN). This study
indicated that the early steps of initiation, but not the
mRNA itself, links genes to nuclear pores. The authors
followed the interaction pattern of the dynamic pore
protein Nup2 fused to MN'®. Nup2-MN-dependent
cleavage was detected in the promoters of galactose-
induced genes, apparently confirming the ChIP
results. But, when scored for the entire chromosome 6,
Nup2-MN cleavages were found in the promoters
of most divergently transcribed RNA polymerase II
(RNA pol II) genes, and at tRNA clusters, independ-
ently of high levels of transcription. Nonetheless,
accessibility increased when genes were induced'®. At
galactose-induced promoters, the transcription factor
Gal4 and TATA-binding factor enhanced Nup2-MN
cleavage, whereas components of the SAGA histone
acetyltransferase complex were not needed, indicating
that early steps of initiation increase accessibility for
Nup2-MN'®. It was proposed that transient nuclear-
pore contact might even be a prerequisite for RNA pol I
activation.

These genome-wide approaches left a somewhat
contradictory scenario: although they showed that
gene induction and NPC crosslinking were correlated,
they failed to establish a functional dependence of
transcription on positioning. Were selected promoter
factors capable of gene anchoring, or were transcripts
and transport factors needed to deliver the induced
genes to nuclear pores? One limitation of genome-
wide profiling assays is that they tend to trap rapid
or one-hit events, scoring both stable and transient
interactions with equal efficiency. For this reason, it
was unclear from Nup2-MN or ChIP how stable the
scored interactions might be. Finally, these results had
to be reconciled with the observation that many, if not
most, transcribed genes, in both yeast and mammals,
did not associate stably with pores. This was confirmed
by direct-imaging studies of active loci in both living
yeast?” and mammalian cells®’. To decipher the func-
tional significance of the NPC-gene link, one needed
quantitative analyses of gene position correlated
with quantitative transcript-level assessment in the
corresponding cells.

Yeast nuclear pores as active zones

The quantitative analysis of subnuclear position for
several inducible genes (INO! (inositol 1-phosphate
synthase gene), HXKI (hexokinase isoenzyme 1 gene),
GALI, GAL2, HSP104 (heat-shock protein 104 gene))
through the LacO/Lacl tagging system confirmed that
these become stably positioned at the nuclear periphery
when activated. Moreover, they remain there after the
gene is shut off'”*6*73*58_ By combining the position
data with quantitative PCR of mRNA levels, it was
shown that maximal expression for at least some loci is
coupled with stable NPC association*****, However, the
elements that are required for the translocation were
often gene specific. Despite this, a few principles that
guide the positioning of active genes have surfaced.
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Figure 4 | A model for the role of the NPC in coupling transcription and mRNA
processing by gene looping in yeast. It is becoming increasingly clear that a number
of transcription-coupled processes converge at nuclear pores, and by this virtue
nuclear-pore complexes (NPCs) are likely to contribute, directly or indirectly, to
transcriptional regulation. Although not all transcriptional activity in the nucleus will
be subject to this mode of regulation, the budding yeast NPC seems to work together
with transcriptional activation mechanisms to fine-tune gene activity, as proposed in
this model. The SAGA chromatin-remodelling complex in yeast has been shown to
contain Sus1; this protein is also present in the mRNA-export complex TREX, which
interacts with the nucleoporin Nup1 (REFS 59,60). Furthermore, Nup2 has been shown
to interact with the promoters of active genes'®, and the NPC-associated protein Mlp1
(myosin-like protein 1) accumulates at the 3" end of active genes, where it contributes
to an RNA surveillance mechanism**#%, Studies involving individual loci have shown
that optimal activation (resulting in a twofold transcriptional effect) can require both
localization of the induced gene at the NPC as well as at the 3" UTR**#756, Our model
suggests that gene looping, which results from the coincident NPC-tethering of an
initiation complex and mRNA-processing complexes that are associated with the

3" UTR, will help to fine-tune the expression of certain genes®>%>, NPC factors can
facilitate efficient transcription elongation and/or efficient mMRNA-processing events,
or the coordination of the two. If aberrantly processed mRNAs are near the site of
transcriptionalinitiation, their retention or rapid degradation can provide an
immediate signal for the production of additional transcripts. Such a mechanism might
be important for genes that require immediate high-level induction, such as heat-
shock- or galactose-inducible genes. Finally, the pore protein Nup2 was found to
tether genes through a histone variant H2A.Z (Htz1) in yeast**. This could reflect a
heritable localization that contributes to forms of epigenetic control. This might be
critical during dosage compensation of X-linked genes in male flies, where a twofold
upregulation is crucial. Mex67; mRNA export factor 67; Pol I, RNA polymerase Il.

One clear principle is that specific promoter
sequences and activators are crucial for determining
whether a transcription unit will associate stably with
nuclear pores. Importantly, a GALI promoter fused to
an artificial reporter at an ectopic site could still mediate
NPC relocalization®®. Conversely, when HXK1 was acti-
vated by two different pathways, only one (induction by
low glucose) led to NPC localization*. Thus, promoters
are selective and essential for NPC binding; a nascent
transcript alone seems to be insufficient for pore associa-
tion. Galactose- and heat-shock-controlled promoters
generally require components of the SAGA complex
for stable nuclear-pore positioning**"*, involving not
only core SAGA components like Ada2 (transcriptional
adaptor 2), but the SAGA-associated factor Susl (REF. 47).
Susl is unique in that it co-purifies with both SAGA and
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the Sac3-Thp1-Cdc31 complex, which is part of the
mRNA-export machinery that binds the NPC through
Nupl (REFS 59,60). This might link the promoter with
the mRNA-export machinery. Given that SAGA is often
required for the induction of stress-responsive genes,
which require a highly dynamic range of expression
coupled with rapid mRNA export, stress-induced genes
might exploit pore association to achieve these ends.

Are promoters sufficient to ensure association with
the pore? Here the answer seems to be gene specific.
For GAL2, the upstream activation sequence (UAS)
and promoter were sufficient to support localization
at the NPC* and, at both INOI and GALI, pore relo-
calization occured independently of elongation®. This
might reflect promoter strength or context, because an
ectopic GALI UAS was not sufficient for stable relocali-
zation; a specific 3" UTR was also required®. Similarly,
the subtelomeric HXKI gene required its own 3" UTR
for stable association®. Because each study exploited
a slightly different reporter in a different chromatin
environment, we propose that the variable requirement
for the 3" UTR reflects the differential strength of the
interactions between promoter-bound factors and
the NPC. Strong promoter—pore interactions might
obviate the need for anchoring through 3" UTR-linked
factors, but other promoters may require them.

In support of the proposal that mRNA and its
processing are important for stable NPC binding, the
export-complex component Sac3 and its pore-ligand
Nupl are both needed for relocalization of GALI
(REF. 47). Sac3 interacts with the shuttling export fac-
tor Mex67, which also affects the stable NPC binding
of GALIO and HSP104 (REF. 57). Mex67-dependence
might reflect the protein’s ability to bind DNA, or its
association with a low-level, RNase-inaccessible tran-
script that would recruit Sac3 and the THO complex, a
tetrameric complex composed of Hpr1, Tho2, Mtfl and
Thp2. Together, these mRNA-processing and mRNA-
export complexes seem to link the transcribed gene to
components of the NPC**". We conclude that different
types of NPC-gene interactions exist; some are mediated
by Susl-Sac3 to Nupl, and others by Mex67 to Mlpl
(FIC. 4). A third pathway seems to involve the histone
H2A variant H2A.Z, which is inserted at inducible pro-
moters after activation®. In this case, the NPC-retention
of GALI and INOI is Nup2-dependent and requires the
insertion of H2A.Z. Finally, the subtelomeric HXK1
gene might exploit a fourth pathway involving Meds,
a promoter-bound mediator component that interacts
with Nup116 (REF. 46).

Generally, the stable association of yeast genes with
the NPC seems to occur in two steps. First, promoter-
bound factors, including in some cases SAGA and
Susl, promote a transient contact of the gene with pore
proteins, which at some promoters is sufficient for relo-
cation. Second, factors that are recruited for transcript
processing might stabilize the association and allow
the formation of a small single-gene loop®*®* (FIC. 4).
Juxtaposition of promoter and terminator regions resulting
in gene looping has been proposed to facilitate tran-
scription reinitiationand thereby increase transcription
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efficiency®. The involvement of transcript-processing
or quality-control factors in gene anchorage is fur-
ther supported by the fact that the NPC-association

Ab MOF+Hoechst

Aa MOF+Nupl53

B MOF+Hoechst

X chromesome

Figure 5 | The dosage-compensated male X chromosome in Drosophila melanogaster.
Dosage compensation of the male X chromosome requires approximately twofold
transcriptional activation of X-linked genes in comparison with the female

X chromosome, a process that is mediated by the male-specific lethal (MSL) complex
(reviewed in REFS 71-73). The X chromosome is immunostained red with an antibody
against MOF (Males on absent first), NPC is immunostained green with an

antibody against the nucleoporin Nup153, and DNA is stained blue with Hoechst322.

A | The nuclei of Schneider (SL-2) cells, when immunostained with antibodies against
members of the MSL complex (in this case MOF (Males absent on first)), show a
distinct X-chromosomal territory within the nucleus. Using confocal microscopy,
parts of this X-chromosomal territory appear juxtaposed at or near to the nuclear
periphery. Components of the nuclear pore complex (NPC) have been found to be
associated with the MSL complex, and are required for dosage compensation of
X-linked genes®®. B | Polytene chromosomes isolated from third instar larvae show a
distinct binding pattern for the MSL complex on the male X chromosome, as detected
by immunostaining with MOF antibody. The MSL complex is enriched on genes along
the male X chromosome, with preference for the 3" end of genes’* 7. Image courtesy
of J. Kind, European Molecular Biology Laboratory, Heidelberg, Germany.

of an activated GALI-reporter persisted for at least
60 minutes after the promoter was switched off?®.
This persistence correlated with the presence of stable
mRNA at the pore. Indeed, the persistence of process-
ing and export factors depends on both the transcrip-
tional-elongation rates and the message proof-reading
events that precede mRNA export®®. Finally, a recent
report argues that the retention of a gene after induc-
tion and subsequent repression requires the insertion
and recognition of H2A.Z*. In this case, NPC bind-
ing lasted for seven generations after removal of the
inducing conditions.

But do expression levels actually change as a result
of NPC association? In two cases, increased transcript
levels could be linked to a stable positioning of the gene
at the NPC**; at other genes, however,the impact on
transcript accumulation was negligible*”**, In the first
of the positive reports, Brickner and Walter showed that
activation of S. cerevisiae INOI occurs at the nuclear
membrane®. In this case, both promoter activation
and relocalization required Scs2, an integral membrane
protein. By artificially tethering INOI at the nuclear
periphery, transcriptional activation occurred in the
absence of Scs2; in the case of GALI, artificial tethering
allowed a more rapid re-induction after an intervening
period of repression®*. In a second report, the tagged
HXKI1 locus shifted from a telomeric cluster to the
nuclear pore upon activation on low glucose'®*. When
pore binding was averted by targeting a viral transactiva-
tor to a region upstream of the gene, the accumulated
HXKI transcript levels were twofold lower*. Finally,
much like the results for INO1 5>°°, HXK1 induction was
rendered twofold more efficient by tethering the gene
to the nuclear envelope, this time through a subdomain
of Escl (REF. 46). Nuclear-envelope-tethering is thought
to facilitate transfer to pores; thus, these results indicate
that NPC-association can indeed help to fine-tune
expression levels.

Conversely, at other inducible loci, mutations that
disrupt pore association did not significantly affect levels
of accumulated mRNA**"*, This variation might reflect
either the chromatin context in which the reporter gene
is found or the strength of the promoter. Strong promot-
ers can overcome a repressive chromatin context but,
for weaker promoters, H2A.Z insertion and NPC bind-
ing might be needed to insulate the gene from flanking
chromatin®®.

Known suspects at unexpected places

The association of nuclear pores with chromatin remod-
elling and gene activation was detected not only in yeast,
but by biochemical co-purification in flies. Analogous
to the presence of the yeast pore-binding component
Susl in both the SAGA and mRNA-export complexes,
NPC components were recovered in purifications of the
male-specific lethal (MSL) complex of both D. melanogaster
and humans®. This complex is involved in the twofold
upregulation of X-linked genes in male flies (FIC. 5a,b).
In addition to the core MSL complex (which contains
MSL1, MSL2, MSL3 and MOF (Males absent on first),
the affinity-purified complex contained nuclear-pore
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MSL complex

An RNA-protein complex
containing at least five male-
specific Lethal (MSL) proteins,
MSLT, MSL2, MSL3, MOF
and MLE, and two non-coding
RNAs, roX1 and roX2. This
complex is stably expressed
in male flies and regulates
dosage compensation of
X-linked genes.

components MTOR (Megator) and NUP153, and exo-
some components DIS3 and RRP6. Although these
proteins were present in substoichiometric amounts,
a depletion of NPC proteins MTOR and NUP153
abrogated the usual MSL staining pattern on the fly
X chromosome and compromised dosage compen-
sation of a subset of X-linked genes®. Genetic and
biochemical studies show that several proteins interact
with MSL proteins®", but so far only depletion of
MTOR and NUP153 have been shown to cause a signifi-
cant reduction in MSL staining on the X chromosome®.
Because MTOR is considered a functional orthologue of
the yeast Mlp1, the co-purification of MTOR with MSL
parallels the Mex67-Mlp1 link in yeast'”".

A speculative link between yeast and flies

What allows the D. melanogaster MSL complex to
specifically recognize the male X chromosome and
produce a twofold transcriptional activation of dosage-
compensated genes” "7 (FIG. 5a,b)? Although recent
global chromatin-profiling assays™7¢ have provided
clues, the issue remains unresolved. High-resolution
ChIP-chip (chromatin immunoprecipitation with tiling
arrays) analysis revealed preferential binding of the MSL
complex at active genes, with enrichment towards the
3’ ends™”. This 3" bias resembles the ChIP-determined
distribution of yeast Mlp1, which associates with both
inducible genes and the NPC**. MSL binding is cor-
related with active genes in both fly embryos and cell
lines of embryonic origin7¢. Given the co-purification
of MSL with MTORS®, it seems likely that active MSL-
bound genes”” are recruited to nuclear pores, even if
only transiently. Analogously to the NPC-relocalization
of yeast HXK1, which required its own 3" UTR and
resulted in a twofold increase in mRNA levels®, it
is possible that NPC association regulates dosage
compensation in flies.

What mechanism regulates message level? Although
juxtaposition to pores could facilitate mRNA export,
the rapid rates of mRNA diffusion within the nucleus
argue against subnuclear transport being a rate-limiting
event’'. Rather, it seems likely that transcriptional elon-
gation is crucial in the control of mRNA accumula-
tion””°. By coupling mRNA production with turnover,
message accumulation can be precisely regulated.
Again using yeast as an example, it has been shown
that exosome components Rrp6 and Dis3 (also known
as Rrp44) participate at different steps of mRNA matu-
ration and collaborate with the Mlp proteins at other
essential steps of gene expression®®'. Recent work has
linked Rrp6 to the mRNA-export TREX complex®#+%,
and the exosome components Rrp6 and Dis3 were
co-purified with the elongating form of RNA pol IT*.
Because the Rrp6 subunit has been implicated in quality
control of mRNP particles at an early step of transcrip-
tion**%>%, it might also contribute to elongation control.
By analogy, D. melanogaster MSL proteins might bridge
the exosome to MTOR, possibly to regulate elongation
rates. We propose that, once induced, modulation of
transcriptional efficiency occurs at the level of elonga-
tion, which is then coordinated with mRNA packaging,
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scanning and processing®. We note that the factors
involved in these processes in yeast are precisely those
that are implicated in gene-NPC interactions.

Why should the fine-tuning of elongation occur
at the nuclear pore? Nuclear pores harbour a range of
ubiquitination and SUMOylation enzymes®**’, which
might have an integral role in controlling elongation®’.
Thus, positioning the transcription machinery itself near
these regulatory enzymes could control mRNA levels.
In addition, the NPC provides a useful scaffolding for
gene-loop-forming insulators, possibly ensuring that
active domains are separated from adjacent repression
zones”$>%*%, Creating an active and stably transcribed
gene loop might require that a domain remains in
a readily inducible state, which could be achieved by a
combination of pore-bound insulator proteins, histone
modifications or histone variants such as H2A.Z*. This
might ensure that MSL-regulated genes need only a
transient contact with the NPC in D. melanogaster. In
yeast, there are multiple pathways for mediating NPC-
association but, once positioned, the incorporation of
H2A.Z or other histone modifications could ensure that
transcription rates are maintained at reproducible levels
through mitotic division®. If nuclear-pore association
can fine-tune gene expression, juxtaposing genes near
pores could indeed represent a heritable element of
epigenetic control.

Future Directions
It remains to be seen how inner-membrane or pore-
complex factors segregate heterochromatin from highly
expressed genes, creating distinct zones at the nuclear
envelope. Cross-talk between these zones and their
mutual relationships to SUMOylating and ubiquitinylat-
ing enzymes, or even the proteasome, are still unclear. Not
all transcription occurs at nuclear pores, and it is pecu-
liar that stress-inducing conditions alone should favour
localization of genes to the NPC. Above all, it remains
to be seen whether nuclear pores or other internal
structures fulfil a similar function in mammalian cells.
Intriguingly, the mRNA and promoter sequences are
not the only determinants for positioning, as different
activation pathways can result in different subnuclear
localizations for the same locus. This raises the poten-
tial for antagonism between activating mechanisms,
and it will be exciting to discover how cells or organ-
isms exploit this. Indeed, some genes, such as those in
subtelomeric regions or on the X chromosome, could
have evolved to use pore association as a mode of regu-
lation. It is unknown whether there are specific pores
for specific classes of genes, nor is it clear whether
coordinately regulated genes are grouped at selected
pores. Finally, given that NPC anchorage can be
re-established after mitosis, we assume that positioning
might be heritable through cell division. It is unknown
which pore-bound components recognize H2A.Z or
other histone modifications, and which marks maintain
the association to ensure heritable patterns of expres-
sion. Just like for silent chromatin maintenance, we
expect that there is a logic of heritable gene-NPC
association that awaits deciphering.
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