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R:cruitment of genes to the nuclear

eriphery upon  transcriptional
activation is a common phenomenon
in  Saccharomyces cerevisiae. We have
recently identified DNA elements called
gene recruitment sequences (GRSs) in
the promoters of genes that are recruited
to the nuclear periphery. These elements
are necessary for peripheral targeting of
genes. GRSs also function as DNA zip
codes: they are sufficient to target an
ectopic locus to the nuclear periphery.
Targeting promotes full transcription and
involves the interaction of promoters with
the Nuclear Pore Complex (NPC). GRSs
are widespread across the yeast genome,
and are enriched in the promoters of genes
induced by protein folding stress. Here,
we place these observations in the con-
text of the more global topic of genome
organization and speculate about how the
position of genes impacts their expression.

Introduction

The study of nuclear architecture and how
it influences gene expression has long rep-
resented a fascinating challenge for cell
biologists. Chromosomes fold and are non-
randomly arranged within the nucleus.'?
Therefore, individual genes on these
chromosomes will have unique positions
within the nucleus and may be exposed
to distinct molecular environments. The
positioning of genes in the nuclear space
is also highly dynamic and can change
rapidly in response to spatial and tempo-
ral cues.*” Repositioning of genes (and
chromosomes) within the nucleus can
therefore change inter-chromosomal and
intra-chromosomal interactions® and the
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association of genes with nuclear struc-
tures (reviewed in ref. 9). Changes in
gene localization are often accompanied
by changes in gene expression, suggesting
that nuclear environment can influence
transcription, perhaps by exploiting the
heterogeneous distribution of trans-acting
regulators within the nucleus.!" Here we
discuss new conceptual and mechanistic
insights into the molecular mechanisms
that control-the subnuclear positioning of
genes in yeast.

Localization of Genes
is Controlled by DNA Zip Codes

The sequence of genomes not only encodes
proteins and binding sites that regulate
gene expression, but also provides infor-
mation that dictates gene positioning.
In Drosophila, DNA sequences known
as Scaffold Associated Regions (SARs)

matrix.'>"?

interact with the nuclear
Additionally, microscopic analysis of
Drosophila chromosome 2 revealed that
specific loci serve as nuclear envelope asso-
ciation sites.” Genome-wide studies in
humans and Drosophila have identified
large, megabase scale domains that associ-
ate with the nuclear lamina. These lamin-
associated domains or LADs, are enriched
for Oct-1 binding sites, a protein known
to localize to the nuclear lamina.” Taken
together, these studies have suggested that
the association of chromatin with specific
nuclear landmarks is conferred or influ-
enced by DNA sequence and that trans
acting proteins with particular localization
within the nucleus bind these sequences.
Consistent with this idea, we have recently
identified small, well-defined sequence



zip code

Figure 1. Gene relocalization within the nucleus associated with changes in expression. (A) Genes in yeast, and perhaps other organisms, associ-

ate with the nuclear pore complex upon activation. Interaction of the INOT and TSA2 genes with the NPC requires DNA zip codes in their promoters
and promotes their expression, perhaps because of a high local concentration of factors that promote transcription (yellow cloud). (B) Genes that

are induced during development often relocalize away from the nuclear periphery upon activation. Interaction with the nuclear lamina is associ-

ated with transcriptional repression (red cloud). It is possible that cis-acting DNA elements within such genes (blue box) might either target them to
the nuclear lamina when repressed or target them to an internal site when activated. (C) Some Drosophila genes interact with NPC proteins such as
Nup153, Nup98, Sec13 and Mtor in the nucleoplasm and this promotes their expression. It is possible that cis-acting DNA elements (green box) control
the interaction with NPC proteins specifically within the nucleoplasm. (D) Co-regulated genes from different chromosomes can cluster together upon
activation, a phenomenon known as “gene kissing”. These genes often relocalize from within chromosome territories to the inter-chromosomal space.
Colocalization of genes at “transcription factories” requires transcriptional regulators (grey ovals) that bind to cis-acting DNA elements (red boxes).

elements from promoters that can func-
tion as “DNA zip codes”: elements that are
necessary and sufficient to control the sub-
nuclear localization of chromosomal loci.

A number of genes in yeast localize in
the nucleoplasm when transcriptionally
repressed but move to the nuclear periph-
ery upon activation.'®?* Relocalization to
the nuclear periphery is associated with
an interaction with the nuclear pore com-
plex (NPC; Fig. 1A).” We found that the
targeting of one such gene, /NOI, to the
nuclear periphery required two DNA ele-
ments within its promoter.”> These ele-
ments are distinct from the previously
characterized upstream activating ele-
ments and, although /NOI is targeted to
the nuclear periphery upon activation,

these targeting elements appear to func-
tion independently of these enhancer
sequences.”? We call these elements Gene
Recruitment Sequences (GRSs).?> The
GRS elements are necessary for /NOI
targeting to the nuclear periphery and
sufficient to target an ectopic locus to the
nuclear periphery. When removed from
the /NOI promoter and integrated at a
location that normally localizes in the
nucleoplasm, they are sufficient to target
this ectopic locus to the nuclear periph-
ery. DNA zip codes such as the GRSs are
small: insertion of the 8 base pair GRS 1
at an ectopic location is sufficient to confer
peripheral localization.?

The localization of transcriptionally
active genes to the nuclear periphery is a

Nucleus

common phenomenon. The Asp/0 gene
cluster in Drosophila physically interacts
with the NPC and localizes to the nuclear
periphery.?® In mouse tissue culture cells,
some genes that are derepressed by treat-
ment with the histone deacetylase inhibi-
tor TSA also relocalize to the nuclear
periphery and physically interact with
the NPC.?* Furthermore, in male flies,
the entire X chromosome localizes at the
nuclear periphery and interacts with the
NPC.” In S. cerevisize where this phe-
nomenon is best characterized, hundreds
of active genes are thought to interact with
the NPC.!¢-20-22

Gene localization has been studied
using DNA-FISH?*% or variations of the
GFP-Lac repressor/Lac operator system,*
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which allow the visualization of a spe-
cific genetic locus with respect to nuclear
landmarks. Genome-wide chromatin
immunoprecipitation experiments with
NPC proteins has defined a subset of the

yeast16,17 29-31
with the NPC and, in some cases is local-

and fly genome?*! that interacts
ized at the nuclear periphery (see below
for exceptions). Among the genes that
physically associate with the nuclear pore
complex in yeast, we found an enrichment
for genes with GRS I zip codes in their
promoters.”* Furthermore, the GRS I ele-
ment, integrated at an ectopic locus, is suf-
ficient to confer a physical interaction with
the nuclear pore complex.? Therefore, we
have argued that GRS-mediated targeting
of genes to the nuclear periphery occurs
through interaction of their promoters
with the NPC.

We believe that current estimates for
the number of genes that interact with
the NPC and localize to the nuclear
periphery may represent a conservative
lower limit. The identification of NPC-
associated genes by ChIP was performed
only under a few conditions'®” and did
not include many of the inducible genes
that have been shown to be targeted to
the nuclear periphery. We have identified
~100 yeast genes with perfect GRS T ele-
ments in their promoters, but we imagine
that there are a number of variant forms of
this element that would expand this list.
Additionally, two redundant zip codes,
GRS T and GRS 1I, control the periph-
eral targeting of INOI. These elements
are functionally redundant but are not
similar DNA sequences. Therefore, some
genes may be targeted by only GRS I (as
is the case for the yeast TSA2 gene), some
genes may be targeted by only GRS II and
some genes may be targeted by redundant
mechanisms.?? Therefore, until we better
understand the mechanisms controlling
gene localization to the nuclear periphery,
it is difficult to know how broadly these
mechanisms are employed.

Two redundant DNA zip codes tar-
get transcriptionally active /NOI to the
nuclear pore complex.”? When INOI is
repressed, the gene does not immedi-
ately return to the nucleoplasm. /NOI
remains at the nuclear periphery after
being repressed, a phenomenon known
as transcriptional memory.?! While at the
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nuclear periphery, genes in the “mem-
ory state” are primed for reactivation.
Retention of /NOI at the nuclear periph-
ery is maintained through 3 to 4 cell divi-
sion and is observed in the daughters,
grand daughters and great-grand daugh-
ters of the cells that previously expressed
the gene.” This inherited, epigenetic
retention of /NOI at the nuclear periph-
ery involves a different targeting mecha-
nism than the active gene, requiring the
histone variant H2A.Z?' and a distinct
interaction with the NPC (Light et al.
submitted). Furthermore, whereas target-
ing of active /NOI promotes a higher level
of transcription® (see below), retention
of genes after repression promotes a faster
rate of reactivation.”! Therefore there are
several (and perhaps many) mechanisms
by which genes can interact with the NPC
and localize to the nuclear periphery and
some genes use more than one.

Peripheral Localization
and Gene Expression

Both active and repressed loci localize at
the nuclear periphery and localization
affects these expression states.”? Tethering
of telomeres to the nuclear envelope plays
a role in the establishment of transcrip-
tional silencing of subtelomeric genes in
yeast® and the tethering of genes to the
nuclear lamina in mammals is often suf-
ficient to promote repression (Fig. 1B).*
This has led to the suggestion that the
nuclear periphery is a complex environ-
ment with sub-compartments that allow
active and silenced regions of the genome
to be in close proximity. Consistent with
this proposal, interaction with the NPC is
sufficient to establish boundaries between
these
domains.

silenced and active chromatin
35,36

Genes that relocalize to the nuclear
periphery upon activation require target-
ing for full expression. Mutation of the
GRS zip codes in the INOI and TSA2
gene promoters causes a loss of periph-
eral localization and poor transcription.?
Transcription correlates with gene relo-
calization and reaches full levels once tar-

geting to the periphery is complete."?"3

Artificially tethering of /NOI to the
nuclear periphery enhances the rate of
transcriptional activation?! and tethering
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of the HXKI gene to the nuclear periph-
ery promotes more robust transcription.®®
Likewise, tethering nucleoporins of the
Nup84 subcomplex to reporter genes leads
to constitutive activation, suggesting that
localization at the NPC is sufficient to
promote transcription.’’ The hsp/0 gene
cluster localizes at the nuclear periphery,
interacts with the NPC and expression
of these genes depends on proteins that
interact with the NPC.? The localization
of the male X chromosome in Drosophila
to the nuclear periphery involves interac-
tion with the NPC and this is important
for interaction with MSL dosage com-
pensation factors, suggesting a correla-
tion between peripheral localization and
increased transcription.” Thus many
genes require localization to the nuclear
periphery for full activation.

Simply targeting genes to the nuclear
periphery is usually not sufficient for full
transcription. For the yeast genes we have
examined, a specific interaction of the
gene promoter with the NPC is important
to-promote transcription.'®** Using a ver-
sion of the INOI gene where the GRS 1
sequence had been mutated, we were able
to partially rescue the defect in transcrip-
tion by reintroduction of the GRS I 5'
of the gene. Introduction of the GRS I
sequence 3' of the gene led to peripheral
targeting but did not improve transcrip-
tion.** This suggests that the interaction
of the promoter with the NPC is impor-
tant for transcription. Both GRS elements
that have been studied in detail have
been found in gene promoters (/NOI and
TSA2). In fact, the positioning of the GRS
I elements with respect to their transcrip-
tional start sites is very similar in these
two promoters. Genes co-regulated with
INOI most often contain GRS I elements
located within 775 base pairs upstream of
the open reading frame, suggesting that
the positioning of the sequence may influ-
ence transcription of the gene.”

During  development,
move away from the nuclear periphery
and towards the interior of the nucleus
when induced (Fig. 1B). Repositioning
of the activated gene towards the nuclear
interior has been documented for IgH
(immunoglobulin heavy chain) in com-
mitted B lymphocytes,* Mashl in neuro-
nal cells,® -globin in erythocytes’ CFTR

many genes



in adenocarcinoma cells® and several
tissue-specific promoters in C. elegans.
A progressive increase in expression of
these genes is seen as they move away from
the nuclear periphery.” Therefore, even
though the nuclear periphery serves as a
platform for increased gene expression in
yeast, developmentally regulated genes
seem to move to more interior positions,
perhaps to interact with ‘transcription
factories’. This change might also reflect
escape from lamin-mediated repression
(Fig. 1B).>* Furthermore, recent studies
in Drosophila have demonstrated that
NPC proteins interact with active genes
both at the nuclear periphery and in the
nucleoplasm (Fig. 1C).*3' The interac-
tion with these nucleoporins is required
for proper expression of many of these
genes. Therefore, movement of some genes
to a specific nuclear landmark may not be
required to interact with proteins that are
concentrated at the NPC.

In yeast, genes containing GRS I ele-
ments are transcriptionally-co-regulated.
Many of these genes are induced by heat
shock and ER stress conditions.??> This
raises the interesting possibility that locals
ization to the nuclear periphery in yeast
may serve as a meeting point for coordi-
nately expressed genes to colocalize and
collectively benefit from the peripheral
environment. This resembles a phenom-
enon known as ‘gene kissing’ where two
or more loci on different chromosomes
spatially colocalize with each other and
with  RNA polymerase II foci in the
nucleus upon co-induction (Fig. 1D).%!
Though ‘gene kissing” has not been docu-
mented in yeast, it has been reported in T
lymphocytes and erythroid cells. Using
chromosome conformation capture (3C)
the interferon-y gene (/fzg) on mouse
chromosome 10 was shown to physically
interact with the T ;2 cytokine gene locus
located on chromosome 11 in naive T
lymphocytes.® Furthermore, mutations at
the chromosome 11 locus that led to a loss
of kissing affected the expression of both
genes following stimulation of naive T
lymphocytes.® Similarly, the active globin
genes in erythroid cells interact with many
co-regulated genes in transcription facto-
ries.*! Consistent with the idea that DNA

elements are important for regulating gene

positioning, the colocalization of the glo-
bin genes with coregulated genes requires
a transcription factor responsible for their
induction (Fig. 1D).%! Therefore, it is pos-
sible that genes not only relocalize within
the nucleus, but that there are mechanisms
to bring together co-regulated genes either
at an existing subnuclear body or as a way
to create a new subnuclear compartment.
Why is the nuclear periphery in yeast
beneficial for transcription of GRS I tar-
geted genes? The simplest possibility is that
the periphery presents a high local con-
centration of transcription factors, initia-
tion factors and/or chromatin modifying
enzymes important for the transcription
of these genes. This is perhaps analogous
to the high concentration of the Sir pro-
teins at the nuclear envelope that help
maintain and propagate silenced regions
of the genome at the nuclear periph-
ery.”>% Previous work has shown that
components of the SAGA histone acetyl-
transferase complex are required for the
peripheral localization of the INO! and
GALI genes.” ™7 The SAGA complex
has been suggested to physically associate
with the nuclear pore complex through a
bridging interaction between the Sac3 and
Susl proteins.®® Acetylation by the cata-
lytic subunit of SAGA, the Gen5 protein,
promotes transcription initiation of the
INOI and GALI genes, both of which
are targeted to the nuclear periphery upon
activation.”>® Therefore, localization to
the nuclear periphery may help overcome
rate-limiting steps in transcription ini-
tiation by providing increased access to
SAGA components. Though this is an
attractive model for the /NOI and GALI
genes, it does not explain the role of NPC
interaction in the transcription of 7542, a
gene not regulated at the level of chroma-
tin. Therefore, localization to the nuclear
periphery may fulfill a more basic require-
ment for transcription such as the binding
of a transcription factor, the rate at which
RNA polymerase II is recruited to the
promoter or the rate at which RNA poly-
merase is recycled. Peripheral association
may function at multiple steps to promote
transcription initiation, elongation, termi-
nation or even posttranscriptional mRNA
processing. Proximity to the nuclear pore
complex may also allow improved mRNA
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export through a mechanism reminiscent
of the ‘gene gating” hypothesis.”

Conclusions

Studies of nuclear architecture have

long suggested the importance of three-
establish-
ing and maintaining gene expression
states. Nuclear positioning of DNA has
also been implicated in DNA repair and
maintenance of genome stability, cancer

dimensional positioning in

and aging.”? Therefore, to better under-
stand the regulation of genomes and cel-
lular changes that result as a consequence
of natural development or aging, it is
important to understand where loci are
positioned in the nucleus. The GRS I ele-
ment is able to function in an organism
approximately one billion years diverged
from the budding yeast Saccharomyces
cerevisiae in which it was discovered.??
Therefore, movement of DNA to the
nuclear periphery represents an ancient
mechanism that could be shared by other
eukaryotic —organisms. Understanding
the fundamental principles that govern
DNA movement and localization in the
simple yeast model system may lay the
foundation for the study of how genes
and chromosomes are localized in more
complex metazoan nuclei. The contribu-
tion of DNA sequence to gene position-
ing is only half the puzzle. The challenge
that lies ahead is to identify proteins that
recognize these sequences to cause the
dynamic behavior of genes. Insight into
the mechanism of gene targeting may also
help highlight how localization of genes to
particular nuclear environments impacts
gene expression and how this is managed
at the level of the genome.
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