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Abstract Trafficking of proteins and RNAs is essential
for cellular function and homeostasis. While it has long
been appreciated that proteins and RNAs move within cells,
only recently has it become possible to visualize trafficking
events in vivo. Analysis of protein and RNA motion within
the cell nucleus have been particularly intriguing as they
have revealed an unanticipated degree of dynamics within
the organelle. These methods have revealed that the intra-
nuclear trafficking occurs largely by energy-independent
mechanisms and is driven by diffusion. RNA molecules and
non-DNA binding proteins undergo constrained diffusion,
largely limited by the spatial constraint imposed by chro-
matin, and chromatin binding proteins move by a stop-and-
go mechanism where their free diffusion is interrupted by
random association with the chromatin fiber. The ability
and mode of motion of proteins and RNAs has implications
for how they find nuclear targets on chromatin and in
nuclear subcompartments and how macromolecular com-
plexes are assembled in vivo. Most importantly, the
dynamic nature of proteins and RNAs is emerging as a
means to control physiological cellular responses and path-
ways.
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Introduction

It is an irony of science that the discovery of fundamental
principles is often delayed. A case in point is the cell bio-
logical investigation of the cell nucleus. The nucleus is
arguably the functionally most prominent cellular orga-
nelle as it houses the vast majority of the genetic informa-
tion and is the exclusive site of essential processes
including transcription, RNA processing, replication and
DNA repair. Yet, our understanding of how the nucleus is
organized and how nuclear architecture contributes to cel-
lular function is only now emerging and still lags behind
that of most other cellular compartments. Fortunately,
pioneering studies over the past decade have uncovered
several of the fundamental principles which determine
nuclear architecture and function (Lanctot et al. 2007;
Misteli 2001; Spector 2003). These studies have revealed
the presence of distinct structural elements, particularly
lamin proteins and possibly short actin filaments, within
the nucleus and they have led to the identification of a
large number of distinct nuclear subcompartments in
which specific nuclear functions, such as the synthesis and
processing of ribosomal RNA in the nucleolus, occur
(Burke and Stewart 2006; Gruenbaum et al. 2005; Hand-
werger and Gall 2006; Hernandez-Verdun 2006; Lamond
and Sleeman 2003) (Fig. 1a). In addition, it has become
clear that the genome is non-randomly organized within
the spatial confines of the nucleus with specific chromo-
somes and genes preferentially localizing to specific sites
(Lanctot et al. 2007; Meaburn and Misteli 2007) (Fig. 1b,
c¢). These observations paint a picture of a highly complex
and heterogeneous cell nucleus. They also indicate that
some properties of the nucleus are counterintuitive. For
example, despite the requirement to accommodate ~2 m
of DNA within the cell nucleus of a diameter of typically
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Fig. 1 Nuclear architecture and function. The mammalian cell nucle-
us contains a large number of non-random and structural features.
a Nuclear lamins (green) form a network of architectural elements at
the periphery. This nuclear lamina is implicated in mechanical support
of the nucleus, organization of chromatin (red/blue) in the nuclear inte-
rior, as a platform for signaling events and in the sequestration of nu-
clear proteins. b, ¢ Genomes are non-randomly organized within the

~10 pm, chromatin is estimated to only occupy about
15% of the nuclear volume.

A key question in understanding nuclear architecture is
how protein and RNAs move within the nucleus. This is a
key issue if we are to gain a full appreciation of what the
nuclear environment is like. More importantly, the mode of
nuclear motion of molecules has physiological implications
as it affects how proteins find their target sequences in the
genome, how RNAs are exported from the nucleus upon
transcription and how proteins are sequestered within the
nucleus for regulatory purposes. Some initial insights into
these issues are summarized in broad terms here.

The motion of RNA and proteins in the cell nucleus

We have long known that proteins and RNAs must be able
to move within the cell nucleus. Messenger RNAs traverse
the nucleus and are promptly exported from the nucleus
after their synthesis and complete processing. Newly syn-
thesized proteins on the other hand are imported into the
nucleus and rapidly disperse throughout its volume, imply-
ing effective intranuclear trafficking. Furthermore, proteins
rapidly relocalize within the nucleus upon experimental or
physiological changes in conditions. For example, inhibi-
tion of protein synthesis leads to rapid and dramatic relocal-
ization of a large number of nucleolar proteins (Andersen
et al. 2005), and pre-mRNA splicing factors swiftly respond
to transcriptional activation and inhibition (Jiménez-Garcia
and Spector 1993; Misteli et al. 1997). How proteins and
RNAs move within the nucleus and how they find their
targets, however, was unknown for long. It was not clear
whether movements are energy dependent, whether they
occur by directed transport or what the speed of intranuclear
trafficking is. These fundamental questions have recently
been answered (Misteli 2001).
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nucleus. b Each chromosome occupies a distinct chromosome territory
(red chromosome 14; green chromosome 17 in human breast epithelial
cells). ¢ Pericentromeric heterochromatin regions (white) from multi-
ple chromosomes often cluster into chromocenters. Bar 6.3 um. Image
courtesy: a Gianluca Pegoraro, b Karen Meaburn, ¢ Manjari Mazum-
dar, all National Cancer Institute, NIH

The investigation of intranuclear protein and RNA
dynamics was made possible by the development of tech-
niques to visualize and measure the motion of these mole-
cules by time-lapse microscopy. Tracking of proteins by
photobleaching methods revealed a surprising degree and
speed of intranuclear trafficking. The analysis of tracers
such as GFP or dextran which do not undergo specific inter-
actions with DNA or other proteins indicated that the
nuclear environment is permissive for rapid diffusional
motion (Gorisch et al. 2005; Misteli 2001; Seksek et al.
1997). The diffusion of molecules within the nucleus is
only limited by the steric constraints imposed by chromatin
and nuclear bodies (Gorisch et al. 2005; Misteli 2001;
Seksek etal. 1997). The typically measured diffusion
coefficients of 10-100 pm?s~' are similar to those
observed in the cytoplasm and are only ~5 times less than
that in solution. As expected for diffusion, this rapid motion
is energy-independent and non-directional.

RNA motion within the nucleus is similarly rapid and
non-directional. =~ Several —methodological approaches
involving fluorescently labeled, microinjected, engineered
or endogenous RNAs demonstrate that ribosomal RNAs as
well as polyA-RNAs move freely in a non-directional man-
ner with a diffusion coefficient of 0.03-0.1 pm? s~! within
the nucleus (Ritland-Politz et al. 2006; Shav-Tal et al.
2004). A diffusion coefficient of this magnitude is sufficient
to ensure transport of an RNA particle from deep within the
nucleus to the cytoplasm within a few minutes, consistent
with biochemical observations on kinetics of RNA matura-
tion and transport. Thus energy-independent, diffusion-
based movement of RNA particles alone can account for
the observed kinetics of RNA export, and no active mecha-
nisms are required to ensure rapid export. An impressive
demonstration of the non-directional motion of mRNA
comes from studies in which a nascent RNA is visualized at
its site of transcription and its export to the cytoplasm mea-
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sured in living cells (Ritland-Politz et al. 2006; Shav-Tal
etal. 2004). These studies show that RNAs synthesized
from genes positioned in proximity to the nuclear envelope
diffuse away from their site of synthesis in all directions
rather than follow a direct path to the nearest nuclear pore.
This observation powerfully demonstrates the non-directed,
diffusion-based motion of RNAs in the nucleus.

Trafficking as a means of targeting

One of the conceptually most challenging problems in cell
biology is the question of how molecules find their specific
targets within a cell or within an organelle. This problem is
particularly complex in the cell nucleus where transcrip-
tional regulators need to find their specific target genes
amongst the myriad of potential binding sites within the
genome. Somewhat counter-intuitively, the non-directional,
but rapid, motion of proteins within the cell nucleus pro-
vides a means to ensure targeting of proteins to specific
genome locations (Misteli 2001). The power of targeting by
random diffusion within the nucleus is best illustrated when
considering how a transcription factor finds its target genes
but it also applies to targeting of proteins to nuclear com-
partments or any other nuclear site.

Proteins a priori do not know where their targets are and
we do know of any directed transport systems, such as a
molecular motor-based mechanism, that would bring a fac-
tor to a specific gene or a specific location within the
nucleus. Thus, the only way for a transcription factor to find
its target is to scan the genome. The intrinsic ability of pro-
teins to rapidly move within the nucleus by diffusion-based
mechanisms permits such genome scanning (Misteli 2001).
This occurs by a transcription factor freely diffusing within
the nucleoplasm until it interacts by chance with chromatin.
The molecule will now probe whether the sequence it has
encountered is a specific binding site such as in the pro-
moter of one of its target genes. If it is, the transcription
factor will be captured and stably associated with its spe-
cific target site. If the sequence is not a binding site, the
molecule, after a short interaction, will dissociate from
chromatin and continue its diffusional journey through the
nucleus.

It might appear at first glance that such a stop-and-go
model for genome scanning would be insufficiently effec-
tive. However, the observed dynamic properties of tran-
scription factors are entirely consistent with this model. We
know that the residence time of most transcription factors
even on specific DNA binding sites is in the order of a few
seconds and that their interaction with non-specific sites is
even faster, most likely in the order of tens of milliseconds
(Gorski et al. 2006; Houtsmuller et al. 1999; McNally et al.
2000; Phair et al. 2004; Sprague et al. 2006). Assuming

these time scales for binding, one can calculate that it takes
a single transcription factor molecule only a few minutes to
search the entire genome space. Considering that most tran-
scription factors exist in several thousand copies and have
multiple target genes, their random diffusional motion is
entirely sufficient to ensure a steady supply at their target
genes. This assumption is further supported by direct mea-
surement of transcription factor flux on an endogenous
rRNA promoter demonstrating the collision of several hun-
dred molecules per second (Dundr et al. 2002). Since pro-
teins similarly move by diffusional motion within the
cytoplasm, it stands to reason that the random scanning is
also a key mechanism of protein targeting in the cytoplasm
and represents a universal mechanism for how proteins find
their targets.

A key feature, and a requirement, in a genome-scanning
model of targeting is that the interactions of proteins with
chromatin are transient. This has been confirmed by photo-
bleaching methods on a large number of DNA binding pro-
teins (Gorski et al. 2006; Phair et al. 2004; Sprague et al.
2006). The transient nature of protein—chromatin interac-
tions is important for three reasons. First, it allows proteins
to maintain a high rate of motion and thus allows faster
scanning. Were protein—chromatin interactions static, they
would get stuck at non-specific or incorrect binding sites
which would slow down their overall motion. Second, the
short-life of protein—chromatin interactions continuously
makes available binding sites which can then be scanned by
diffusing transcription factors. If proteins interacted for
extended periods of time on chromatin, non-specific or
improper binding would block access of the correct factors.
Third, the dynamic dissociation allows for change. Were
protein complexes permanently bound to their target sites,
changes in transcriptional activity such as in response to
physiological stimuli could only occur after active removal
of the bound complex, presumably by dedicated and spe-
cialized molecular machinery. In contrast, in a dynamic
binding model the natural flux of proteins provides a win-
dow of opportunity for association of a distinct regulator
each time a bound protein or complex dissociates as part of
its normal binding cycle.

Protein dynamics as the key for formation of nuclear
compartments

A hallmark of the mammalian cell nucleus is the presence
of distinct subnuclear compartments and domains in which
particular functions occur (Handwerger and Gall 2006;
Hernandez-Verdun 2006) (Fig. 2). The prototypical nuclear
compartment is the nucleolus, a distinct intranuclear com-
partment in which ribosomal RNAs are synthesized and
partially processed. Other prominent nuclear domains
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Fig. 2 Intranuclear compart-
ments. The mammalian cell nu-
cleus contains a larger number of
distinct intranuclear compart-
ments. The nucleolus is the site
of ribosomal RNA synthesis and
is a prototypical nuclear body.
The complex organization of the
nucleolus is revealed by multi-
color staining of distinct nucleo-
lar components. RPA43 RNA
polymerase I transcription fac-
tor, Fibrillarin snRNP compo-
nent, B23 rRNA processing
factor. Image courtesy of Miro-
slav Dundr, Rosalind Franklin
University of Medicine and Sci-
ence, Chicago

RPA43-RFP

RPA43 + DAPI

include splicing factor compartments which serve as stor-
age and assembly sites for spliceosomal components, and
the Cajal bodies which are possibly involved in maturation
of small nuclear RNPs. The structure of intranuclear bodies
is not determined by a membrane, and the principles under-
lying their biogenesis are extremely poorly understood. The
recently revealed dynamic properties of proteins in nuclear
compartments give a hint as to the principles involved in
subnuclear compartment assembly.

The key property in understanding the formation of
nuclear compartment is the remarkable fact that the asso-
ciation of proteins with their compartments is highly
dynamic (Dundr et al. 2004; Kruhlak et al. 2000; Phair and
Misteli 2000). Typical residence times of proteins within a
compartment are in the seconds range. In practical terms
the dynamic behavior of nuclear body proteins means that
they undergo repeated rapid cycles of association and dis-
sociation between the nuclear body and the nucleoplasm.
As a consequence, a nuclear body is in perpetual flux and
its structure is determined by the ratio of on-rate versus off-
rate of its proteins.

Given these observations, the simplest scenario to
explain the formation of nuclear subdomains is a self-orga-
nization model in which the collective sum of all inter-
actions amongst proteins in a body establishes and
determines its structure (Carrero et al. 2006; Misteli 2007).
In this model, nuclear bodies are essentially dynamic pro-
tein aggregates which form as a consequence of multiple,
transient interactions amongst a large number of proteins.
This is consistent with the lack of defining intranuclear
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membranes and with the absence of any known dedicated
structural elements within intranuclear bodies. While
dynamic observations on nucleoli, splicing factor compart-
ments and Cajal bodies support this view, this model has
not been rigorously tested experimentally. A key predic-
tion, and a way to experimentally address this fundamental
question, is that it should be possible to create nuclear bod-
ies de novo and that any nuclear body component should be
able to nucleate the formation of a body. Experimental sys-
tems to test these predictions are now available, and we are
eagerly awaiting the results of these key experiments.

The importance of protein and RNA dynamics
in regulatory events

The observation of dynamic properties of proteins in the
cell nucleus of living cells has suggested that dynamic
trafficking is an intrinsic property of proteins and RNAs.
The dynamic behavior of proteins and RNAs clearly con-
tributes to their proper function. However, is dynamic
trafficking important for physiological regulation? Several
observations demonstrate that dynamic trafficking of both
proteins and RNA indeed can have regulatory function by
several means.

Of particular importance as a regulatory mechanism is
intranuclear sequestration (Fig. 3). Accumulation of a pro-
tein at a particular nuclear site or within a nuclear compart-
ment can serve to either increase the local concentration of
a factor at that site or to reduce its abundance in the rest of
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Fig. 3 Intranuclear retention and sequestration as a regulatory means.
a Retention of proteins within intranuclear subcompartments regulates
their nuclear concentration and their rate of nuclear export. b Seques-
tration of proteins at the nuclear periphery, particularly via interaction
with the lamina (blue) controls their nucleoplasmic concentration and

the nucleus. Several proteins are now known to accumulate,
in particular nuclear locations in response to physiological
cues and their sequestration is thought to contribute to their
cellular function.

Prototypical example of sequestration as a regulatory
mechanism is the accumulation of the ubiquitin ligases
MDM?2 and the von Hippel-Lindau tumor suppressor pro-
tein VHL in the nucleolus (Mekhail et al. 2005, 2007).
These two proteins are responsible for the ubiquitination of
the p53 tumor suppressor and the hypoxia-induced factor
HIF, respectively. Modification of these two targets leads to
their nuclear export and degradation in the cytoplasm.
Since ubiquitination is a major regulatory mechanism in
their function, the concentration of the ubiquitin ligase in
the nucleus significantly determines their fate. Both MDM?2
and VHL diffuse freely within the nucleus. However, in
response to physiological cues, both MDM2 and VHL can
become sequestered in the nucleolus, thus reducing their
nucleoplasmic concentration and the extent of ubiquitina-
tion of their targets (Mekhail et al. 2005, 2007) (Fig. 1a).
Sequestration of these proteins appears to occur by
increased retention of diffusing molecules within the
nucleolus. How this retention is regulated is currently
unclear (Mekhail et al. 2005, 2007). The possibility that
retention is a highly controlled mechanism comes from
observations on nucleostemin, a nucleolar protein impli-
cated in stem cell maintenance and cancer proliferation
(Meng et al. 2007; Tsai and McKay 2005). The retention of
nucleostemin in the nucleolus is controlled by a GTP-GDP
binding cycle which might be directly or indirectly linked
to signaling pathways. In addition to nucleostemin the
localization of several additional GTP-binding domain con-
taining nucleolar proteins seems to be controlled in a simi-
lar fashion (Meng et al. 2007; Tsai and McKay 2005).

Intranuclear sequestration can also be a means of nega-
tive regulation. The basic helix—loop-helix transcription
factor Handl is expressed in trophoblast stem cells and is
required for their differentiation along several lineages
(Martindill et al. 2007). Hand1 is sequestered in the nucleo-
lus and upon stimulation during differentiation is rapidly

their availability at target genes. Sequestration can act both as a nega-
tive or a positive regulatory mechanism. Sequestration of an activator
leads to repression, sequestration of a repression leads to activation. ¢
Retention of partially or fully processed RNA within intranuclear com-
partments modulates RNA export rate

released and moves into the nucleoplasm where it presum-
ably acts on target genes. Handl1 is retained in the nucleolus
by its interaction with I-mfa, and this interaction is sensi-
tive to phosphorylation of Handl. Upon phosphorylation
Handl dissociates from I-mfa and is released from the
nucleolus. Interestingly, both the sequestration of Hand1 in
the nucleolus and its release are functionally important.
Premature release of Handl triggers differentiation,
whereas the presence of Handl1 is also required to maintain
the stem-cell potential of trophoblast stem cells. Thus
nucleolar sequestration of this key cell fate regulator serves
a dual regulatory role (Martindill et al. 2007).

Most examples of intranuclear sequestration involve the
nucleolus. However, the nuclear lamina has recently also
emerged as a major site for transcription factor sequestra-
tion (Heessen and Fornerod 2007) (Fig. 1b). Prominent
transcription factors which associate with the nuclear
periphery either via interaction with the lamins or with the
inner nuclear membrane proteins include c-fos, Oct-1 and
Rb (Imai etal. 1997; Ivorra etal. 2006; Johnson et al.
2004). It is tempting to speculate that the association of
these factors with the periphery reduces the intranuclear
concentration and thus their availability at target genes
(Heessen and Fornerod 2007). A physiological role for such
peripheral sequestration is most strongly suggested by
observations on the pro-proliferation factor c-fos which
associates with the lamina in quiescent cells but is released
upon entry of cells into the cell cycle correlating with acti-
vation of some of its target genes (Ivorra et al. 2006). Simi-
larly, release of Oct-1 from the lamina correlates with
activation of collagenase, one of its prime target genes
(Imai et al. 1997). The sequestration of transcription factors
at the nuclear periphery is a potentially powerful and sim-
ple mechanism of transcriptional regulation. It will be
important to determine how widespread this mechanism is
and how precisely the association of transcription factors
with the lamina is controlled.

Dynamic trafficking of RNA is similarly used as a regu-
latory mechanism (Prasanth and Spector 2007). In particu-
lar, it appears that RNA retention can act as a quality
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control mechanism for RNA export. For one, incompletely
spliced or processed RNAs are retained at their sites of
transcription and not released into the nucleoplasm for
export. In addition, pools of stable polyadenylated RNAs
are enriched in the nuclear splicing factor compartments,
although their function remains unclear (Huang et al.
1994). But retention is also emerging as a mechanism for
regulation of specific RNAs. A non-coding RNA tran-
scribed from the mouse Cat2 gene encoding a cationic
amino acid transporter is retained in the nucleus via a dedi-
cated 3’ end containing extensive repeat sequences (Pra-
santh etal. 2005). These sequences are responsible for
accumulation of the RNA in a nuclear compartment identi-
fied as paraspeckles (Fig. 1c). This retention serves a physi-
ological function because upon stress the Cat2 RNA is
cleaved, released from paraspeckles and rapidly exported
into the cytoplasm for translation, thus ensuring a rapid
physiological stress response. Although the Cat2 RNA is
to-date the best characterized example of such retention, a
similar mechanism is likely at work for the migration-stimu-
lating factor (MSF) mRNA whose 3’ end resembles that of
Cat2 and is retained within the nucleus (Kay et al. 2005).
Under conditions of MSF secretion the RNA appears to be
released from the nucleus and rapidly translated. A further
candidate for control via nuclear retention is the neuron-
specific gomafu RNA which is retained in intranuclear
compartments. Interestingly, gomafu does not seem to
encode for any protein and might thus be a non-coding reg-
ulatory RNA which is retained in the nucleus (Sone et al.
2007).

Conclusions

The past few years have seen a dramatic change in how we
view the cell nucleus. We have come to appreciate the pres-
ence of distinct structural elements within the nucleus, the
presence of a multitude of intranuclear bodies and the fact
that genomes are non-randomly organized within the
nuclear space. One of the most consequential findings has
been the realization that just about every aspect of nuclear
organization is highly dynamic. Both proteins and RNAs
move rapidly within the nucleus, and they only transiently
interact with chromatin and nuclear bodies. It is now clear
that the dynamic nature of nuclear components is a funda-
mental property and has implications for how molecules are
targeted to their final destinations and for how intranuclear
compartments form. Most importantly, it is becoming clear
that the dynamic properties of nuclear proteins are critical
for various mechanisms of physiological regulation, partic-
ularly via sequestration and retention of proteins and RNA.
It is likely that these recently discovered examples of regu-
lation by modulation of dynamic interactions within the cell
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nucleus are only the proverbial tip of the iceberg, and it
stands to reason that we should consider the contribution of
dynamic interactions and trafficking in any nuclear event
we investigate in the future.
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