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A  growing number of experimental observations reveal that the cell nucleus is functionally compartmentalized 
yet organized to ensure a dynamic response to events that influence nuclear activities. The cellular and molecular 
response to physiological and environmental stress induces a rapid and transient change in gene expression 
associated with major changes in nuclear architecture that impacts on signals involved in cell growth. In this 
review, we will address the effects of stress on the functional compartmentation of the cell nucleus and the 
dynamic reorganization of nuclear stuctures and function.
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THE CELLULAR RESPONSE TO STRESS

Cells have developed an evolutionary conserved 
mechanism to cope with potentially deleterious stress 
conditions. The cellular response to stress can be in
duced by a variety of environmental and physiologi
cal conditions including heat shock, alcohol, heavy 
metals, cell cycle, aging, inflammation, or cancer [for 
reviews see (25,39,40)]. Stress-inducing agents are 
characterized by their ability to cause the appearance 
of misfolded proteins whose accumulation and aggre
gation can be damaging to the cell. Cells respond to 
stress by the synthesis of large amounts of specialized 
proteins known as heat shock proteins (HSPs), whose 
primary functions are to associate with misfolded 
proteins to prevent their aggregation and to facilitate 
their refolding or degradation [for reviews see 
(17,82)]. HSPs also function as chaperones in un
stressed cells, to assist in the folding of newly synthe
sized proteins and assembly of macromolecular com
plexes. Moreover, the major heat shock protein 
HSP90 functions as a capacitor for morphological 
evolution in Drosophila (60). Indeed, the fruit fly ge
nome contains a hidden reservoir of mutations whose

phenotype is undetected in “wild-type” animals ex
pressing normal levels of HSP90 and revealed under 
conditions when the supply of HSP90 is reduced, 
thus endowing the organism with the capacity to 
evolve rapidly when external conditions change. 
HSPs are thus essential to maintain protein homeosta
sis at all stages of cell life.

The cellular response to stress has been widely 
employed as a tool to investigate mechanistic and dy
namic aspects of gene expression. The activation of 
hsp gene transcription is mediated by a family of heat 
shock transcription factors (HSFs) [for reviews see 
(41,84)]. Among the various cloned mammalian HSF 
genes, there is an overall sequence conservation of 
40%. Three different HSFs have been identified in 
humans; HSF I is responsible for the stress-induced 
expression of hsp genes (51,61) whereas HSF2 is ac
tivated during specific stages of development (64), 
upon hemin-induced cell differentiation (68), and 
during inhibition of the ubiquitin-dependent protea- 
some (29). The function of HSF4 is less well under
stood and is expressed in a tissue-specific manner 
with constitutively DNA binding activity, although 
lacking transcriptional activity, perhaps representing
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a new class of HSF repressors (45). Active trimeric 
HSFs bind to heat shock promoter elements, charac
terized as multiple adjacent repeats of the motif 5'- 
nGAAn-3', located in the 5'-flanking regions of hsp 
genes [(50); for reviews see (41,84)].

The regulation of the transcriptional response to 
stress has been extensively studied and is well docu
mented [for reviews see (25,39,40)]. In this review, 
we will focus on the effects of stress on the functional 
compartmentation of the cell nucleus and on the use 
of this model system to investigate the dynamic or
ganization of nuclear stuctures and functions, in par
ticular those related to mRNA metabolism.

STRESS AS A MODEL TO STUDY 
NUCLEAR ORGANIZATION

Understanding how the interphase nucleus is orga
nized and how the internal structure of the nucleus 
may influence gene replication and activity has be
come a subject of intense studies in the last decade 
[for reviews see (23,35,36,67)]. The complexity of 
the interior of the nucleus is strongly influenced by 
the high concentrations and organization of proteins 
and nucleic acids, consequently the regulation of 
DNA replication and transcription or splicing activi
ties must rely upon different levels of functional com
partmentation to ensure access, in an orderly manner, 
to specific DNA sequences and regulatory proteins at 
each of the stages in the life of the cell.

Investigating the Organization of the Nucleus

Molecular biology has revealed essential features 
of the basic molecular mechanisms of gene expres
sion. However, as many of these studies were per
formed using in vitro assays, the influence of the 
three-dimensional organization of the nucleus had not 
been incorporated into the thinking. As recently as 20 
years ago, the cell nucleus was still viewed as a con
tainer where chromosomes and proteins were floating 
in a poorly characterized nucleoplasm. Electron mi
croscopic observations subsequently revealed the 
presence of granular and fibrous structures in the nu
cleus, but they were usually considered as transient 
complexes that formed and dispersed as a result of 
nuclear activities. Progress in the understanding of 
nuclear organization and its influence on nuclear ac
tivity has come from the application of molecular 
cloning reagents and from the development of new in 
situ methodologies and high-resolution cell imaging 
techniques, which have allowed investigations on the 
localization and function of genes, RNAs, and pro
teins (70). The discovery and widespread use of the 
green fluorescent protein (GFP), a very stable green

light-emitting autofluorescent protein from the jelly
fish Aequorea victoria, allows the analysis of real
time movements of proteins in living cells [(6); for 
reviews see (33,74)].

Important findings on the organization of chromo
somes and nuclear activities have also come from 
studies using transgenes or viral constructs expressed 
transiently or stably in human cells and from the 
analysis of endogenous gene expression. The influ
ence of the integration site of exogenous DNAs on 
transcriptional activity has been well documented and 
represents a potential caveat when such constructs are 
used to investigate nuclear organization with relation 
to gene expression (63). This “position effect” is par
ticularly remarkable when active genes are translo
cated to transcriptionally silent heterochromatic re
gions (13,19). For these and other reasons, it has been 
important to also examine changes in nuclear events 
associated with the inducible transcription of hsp 
genes as they provide a wide dynamic range of ex
pression levels under physiologically relevant condi
tions.

Stress and Nuclear Function

Transcription. The cellular response to stress 
represents a rapid and precisely regulated process for 
inducible gene expression. Multiple levels of control 
ensure the rapid expression of HSPs and minimize 
the synthesis of aberrant mRNAs and proteins. Anal
ysis of Drosophila cells has revealed that RNA poly
merase II is paused 20 to 40 nucleotides downstream 
from the transcription start site of the heat shock 
genes hsp70, hsp27, and hsp26 when the genes are 
not transcriptionally active (47,53,59). The paused 
RNA polymerases on the promoters of heat shock 
genes are released upon binding of active trimers of 
HSFs to the proximal HSEs, thus resulting in tran
scriptional activation. At the elevated temperatures of 
heat shock, the transcription of most non-hsp genes, 
including ribosomal genes, is arrested with kinetics 
of repression that are inversely linked with the activa
tion of hsp genes [for reviews see (18,25,39,40,76)]. 
How these changes are coordinated within minutes 
upon temperature elevation remains unaddressed.

mRNA Processing. Heat shock also blocks splic
ing activity in Drosophila, either partially or com
pletely depending on the intensity and duration of the 
stress (85). Splicing activities seem particularly sensi
tive to elevated temperatures in many organisms 
(3,86). Heat shock affects 5' splice site selection and 
cleavage of some pre-mRNA (32,71) and can affect 
alternative splicing (16,66). The thermotolerant state 
in Drosophila cells, induced by a short treatment at
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intermediate elevated temperatures, prevents the heat 
shock-induced disruption of splicing during a subse
quent severe heat exposure (7,85). Similarly, HSP104 
and HSP70 were shown to reactivate mRNA splicing 
after heat inactivation in yeast (77). How splicing is 
disrupted upon stress is not clear, and one hypothesis 
posits that mRNA processing involves thermolabile 
factors that become inactivated by stress.

The absence of introns in certain hsp genes such 
as hsp70 is thought to represent an evolutionary 
mechanism employed to accelerate the production of 
mature transcripts and to escape splicing arrest. How
ever, other heat shock genes such as hsp90 are intron 
containing, which suggests that at least certain intron- 
containing hsp transcripts can be correctly spliced 
during stress (31,44,48). A possible explanation is 
that the splicing of hsp transcripts might be favored 
if they share a specific sequence for recognition by 
splicing components. Transcripts lacking this se
quence would not be spliced, or would occur at a 
much lower rate than for hsp transcripts. The poly(A) 
tail of mRNAs could represent a recognition motif 
for the splicing machinery, as it has been shown that 
heat shock increases poly(A) tail length of some hsp 
transcripts (37,48).

mRNA Transport and Translation. Another 
means to ensure the continued synthesis of HSPs dur
ing stress is the selective transport of hsp mRNAs to 
the cytoplasm, as observed for hsp70 mRNA in heat- 
treated yeast (26,38), associated with the inhibition 
of poly(A) RNA export (26,72). Hsp mRNAs are 
preferentially translated during stress, and the transla
tion of non-hsp mRNAs is repressed [for reviews see 
(5,25,39)]. Both mechanisms suggest specific recog
nition motifs in components of the translational ma
chinery or the nuclear pore complexes and RNAs. 
Newly synthesized hsp70 transcripts are retained for 
a period of approximately 15 min after their comple
tion during heat treatment of normal human fibro
blasts at 42°C or 45°C (21), which would seem in
consistent with the proposal that hsp genes are 
intronless as a means to accelerate mRNAs synthesis. 
The retention of full-length hsp transcripts at the site 
of transcription may correspond to yet another step 
of control in mRNA synthesis, regulating the amount 
of transcripts delivered until a threshold concentra
tion is reached. Alternatively, this retention may be 
related to the selective export of hsp70 transcripts to 
the cytoplasm, perhaps reflecting a role for the tran
scriptional machinery in mRNA export through asso
ciation between the active transcription site and nu
clear pore complexes. It is noteworthy that active hsp 
genes are preferentially distributed at the nuclear pe
riphery in different cell types [(89); C. Jolly, unpub

lished observation]. A similar role in mRNA trans
port has already been suggested for nucleoli based on 
the nucleolar accumulation of poly(A) RNA in heat- 
treated yeast cells (72).

Cell Cycle and Cell Life. Exposure to heat shock 
and other forms of stress negatively impacts on cell 
proliferation. HSPs are cell cycle and growth regu
lated and have been shown to have a role in cell cycle 
control in many organisms [for review see (62)]. Heat 
shock delays cell cycle progression at the Gi/S and 
S/G2 boundaries (46,78); this may represent a defense 
mechanism to prevent cells from entering mitosis, a 
stage when cells are particularly thermosensitive 
(83). During mitosis, heat shock gene expression can
not be induced despite complete activation of HSF1
(27). When irreparable heat-induced damage occurs, 
cell death either by apoptosis or necrosis ensues [(1); 
for review see (11)]. Stress-induced cell death is 
thought to be due in part to protein aggregation in the 
nuclear matrix (58). HSPs, in particular HSP70, ap
pear to be essential for the protection against stress- 
induced apoptosis (15,43). The heat shock response 
may also be critical in cell aging as aged cells exhibit 
a dampened response to stress [for review see (55)]. 
Repeated exposure to mild heat shocks has been 
shown to delay in vitro aging in human normal fibro
blasts (54) and to extend life span in yeast (65). In 
this regard, the stress response could represent an in
teresting model system to understand the role of 
maintenance and repair mechanisms in cell aging.

Stress and Nuclear Structures

Chromosomes. Individual chromosomes occupy 
discrete regions of the interphase nucleus referred to 
as chromosome territories [for reviews see (9,23)]. 
The interchromosomal space is thought to generate a 
three-dimensional network of channels throughout 
the nucleoplasm called interchromosomal domain 
(ICD) where the factors for mRNA synthesis concen
trate [(89); for review see (23)]. Evidence for the ex
istence of such an interchromosomal compartment 
has recently come from the use of a nuclear-targeted 
vimentin, which polymerizes into a network of chan
nels localized outside of chromosome territories, dis
assembling during mitosis and reassembling into fila
ments in anaphase-telophase (4). Active genes would 
be preferentially localized at the periphery of chro
mosome territories, such that nascent transcripts can 
be released into the ICD where they can be immedi
ately processed (22,89). This model suggests that 
transcriptionally active chromosomes should have 
more surface area in contact with the ICD. This has 
already been confirmed for the X chromosomes. Both
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the active and inactive X chromosomes occupy the 
same nuclear volume and display similar levels of 
condensation; however, the inactive X, which con
tains fewer active genes, has a much reduced surface 
area compared to the active X (12). Based on this 
model, one would expect to see a dramatic change in 
chromosome domain organization during stress. Be
cause stress results in a general decrease in the tran
scriptional activity of non-hsp genes, the surface area 
of most chromosomes may be reduced during expo
sure to stress.

Nuclear Matrix. The discovery of the nuclear 
matrix, a meshwork of insoluble proteins that re
mains after extraction of nucleic acids and nuclear 
soluble proteins, revealed an initial insight into the 
organization of the nucleus (2). Although the exis
tence of the nuclear matrix remains controversial, a 
role in maintaining nuclear architecture, regulating 
key reactions in the nucleus such as replication or 
transcription, and intranuclear transport has been sug
gested [for review see (49)]. A consequence of heat 
shock is a general increase in the mass of nuclear 
matrix proteins and modifications in the association 
of specific proteins with the matrix (75,79). Because 
stress results in disruption of nuclear matrix-associ
ated functions and cell death at high temperatures, 
the matrix has been suggested to be a target for the 
stress-induced modifications in nuclear activity and 
nuclear structures (57). Some of these events may be 
associated with the stress-induced changes in tran
scriptional activity by altering essential matrix attach
ment sites and modifying the association of specific 
regulatory proteins with the nuclear matrix. Changes 
in nuclear matrix network may also act to preserve 
nuclear architecture during stress. Similarly, a col
lapse and aggregation of vimentin-containing inter
mediate filaments is also observed in the perinuclear 
region of the cytoplasm, perhaps as a means to pre
serve nuclear architecture (81).

Nucleoli. Stress also affects other aspects of the 
internal structure of the nucleus, of which the nucleo
lus represents one of the most studied and best under
stood subnuclear compartments. The nucleolus is a 
paradigm for nuclear compartmentation [for review 
see (23)]. Stress causes a general relaxation in the 
condensation state of nucleoli, changes in both the 
number and size of the granular ribonucleoprotein 
components, and a reorganization of the nucleolar fi
brillar reticulum (26,72,81). These changes correlate 
with a dramatic reduction in ribosomal gene tran
scription (18), and may represent a mechanism to 
protect the cells from producing aberrant rRNAs and

ribosomes. HSP70 and HSP110 accumulate in 
nucleoli following heat shock, and may have a role 
in the recovery of nucleolar architecture after stress 
(80,81). Heat shock also induces the appearance in 
the nucleoplasm of rod-shaped bodies comprised pri
marily of actin filaments (81). It is not clear if these 
nuclear filaments are a mere consequence of dramatic 
cellular and nuclear reorganization or if they have a 
structural or functional role in the nucleus of stressed 
cells.

Nuclear Structures Enriched in Splicing Compo
nents. Since the 1970s, an increasing number of nu
clear compartments have been described; however, 
for many of these their function remains unclear. 
These include the coiled bodies, also known as 
sphere organelles in amphibians. First observed in 
1903 by Ramon y Cajal (52), coiled bodies contain 
several splicing-related proteins and are associated 
with some of the genes encoding their constituants 
[for reviews see (28,56)]. Another example are nu
clear speckles enriched in splicing factors such as 
snRNPs, SC35, or U2B", poly(A) RNA, and subpop
ulations of RNA Pol II. While these speckles corre
spond to 20-40 nuclear sites that exhibit a dynamic 
reorganization in response to gene activation (34,88), 
their role in splicing remains an open issue. Several 
observations demonstrate a spatial association of in- 
tron-containing active genes with speckles, suggest
ing an involvement in both transcription and splicing 
activities. However, sites of nascent transcription re
vealed by BrUTP or tritiated uridine incorporation or 
the distribution of active RNA Pol II are randomly 
distributed relative to the speckles, suggesting that 
transcription and splicing occur throughout the nu
cleoplasm [for reviews see (23,35,36,67)].

The heat shock system has proved to be a power
ful model to investigate the role of these nuclear 
speckles in transcription and splicing. Effect of heat 
shock on the intranuclear localization of RNA Pol II 
is not clear, as different anti-Pol II antibodies yield 
distinct subcellular patterns, perhaps reflecting the 
differential distribution of RNA Pol II subpopula
tions. Heat shock was shown to induce the redistribu
tion of active RNA Pol II from a dispersed nucleo- 
plasmic staining to speckles (88), whereas another 
study, using three different antibodies, revealed no 
significant changes in Pol II distribution upon heat 
shock (C. Jolly, C. Vourc’h, M. Robert-Nicoud, and
R. I. Morimoto, submitted) (Fig. 1). In contrast, heat 
shock clearly induces the disruption of snRNPs from 
the nuclear speckles enriched in splicing factors (69) 
(Fig. 1). Surprisingly, the nuclear distribution of other 
splicing factors such as SC35 or U2B" is not dramati-
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FIG. 1. Effect of heat shock on the intranuclear distribution of splicing factors and RNA polymerase II. SC35 (antibody from Sigma) (14) 
and snRNPs splicing factors (Y12 antibody) (24) as well as a subpopulation of active RNA Pol II (CC-3 antibody) (73) concentrate in the 
nucleus of human normal fibroblasts in 2(M10 nuclear speckles in addition to a nucleoplasmic staining (A-C). Heat shock at 42°C does not 
affect the distribution of the three proteins (D-F). Heat shock at 45°C disrupts the association of snRNPs with the speckles (G). Only a few 
dots persist (arrows), perhaps corresponding to coiled bodies. In contrast, the distribution of SC35 and RNA Pol II is not dramatically altered 
(H-I). Only a slight morphological change in SC35 speckles to a rounded shape is detectable. Bar: 5 pm.

cally affected by heat exposure, as well as coiled bod
ies. Depending on the heat shock conditions and on 
the cell type considered, only a slight morphological 
change to a rounded shape of SC35 foci associated 
with a loss of interconnections between speckles can 
be observed (69,88) (Fig. 1), whereas the distribution 
of U2B" is not affected by stress in human primary 
fibroblasts (C. Jolly, C. Vourc’h, M. Robert-Nicoud, 
and R. I. Morimoto, submitted). Although snRNPs 
no longer concentrate in the speckles in heat-shocked 
cells, RNA processing still occurs correctly at least 
for the hsp transcripts, thus demonstrating that high 
concentrations of snRNPs within these structures are 
not required for splicing activity. In addition, the in- 
tronless hsp70 gene was associated with speckles 
only when it was activated by stress, demonstrating 
that subnuclear complexes containing splicing factors 
function in association with the dynamics of tran
scription, independent of the presence of introns (C.

Jolly, C. Vourc’h, M. Robert-Nicoud, and R. I. Mori
moto, submitted). Why splicing factors should associ
ate with intronless nascent transcripts is not clear. 
This observation supports the proposal that splicing 
factors are co-recruited with RNA Pol II to new sites 
of transcription and is supported by numerous obser
vations revealing a physical interaction between 
splicing factors and the hyperphosphorylated car- 
boxy-terminal domain (CTD) of Pol II (10,30,42,87) 
(Fig. 2).

HSF1 Stress Granules. Stress causes the drastic 
redistribution of HSF1 from a diffuse nucleoplasmic 
pattern to large nuclear stress granules (8,20,61) (Fig.
3). These nuclear structures were found to be highly 
dynamic, transient, and reversible, appearing within 
seconds upon exposure of HeLa cells to 42°C and 
disappearing within minutes during recovery (C. 
Jolly, Y. Usson, and R. I. Morimoto, submitted).
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FIG. 2. A model of nuclear compartmentation of transcription, splicing, and RNA processing activities in spatially organized mRNA “factor
ies.” Part or all of the RNA processing factors present in the speckles would be bound to the CTD of RNA Pol II even when the enzyme 
is not active. Some factors, in complexes or alone, could also be present as a diffuse population in the nucleoplasm (A). When a gene is 
activated, the required amount of RNA Pol II and processing factors would be recruited to this gene, together or alone, independent of the 
presence of introns. Alternatively, the gene itself could move towards a neighboring speckle, or both mechanisms could occur coordinately 
to accelerate the process (B). Nascent transcripts would be spliced and polyadenylated co- or posttranscriptionally at the site of transcription, 
within this mRNA “factory” (pink hatched area) (C). Mature transcripts would then be released in the nucleoplasm and be exported to the 
cytoplasm. When transcription is attenuated, the polymerase and processing factors would be released from the site of transcription as single 
molecules or as complexes that can then be recycled (D).

These observations reveal new features of the dynam
ics of nuclear organization and demonstrate that the 
cell nucleus is able to reorganize its structure within 
seconds in response to changes in environmental con
ditions and/or in transcriptional activities. They also 
reveal the existence of signaling pathways precisely 
regulating the intranuclear trafficking of HSF1 upon 
stress exposure. The function of the HSF1 stress 
granules is not known; however, they correspond to 
the hyperphosphorylated, trimeric DNA binding state 
of HSF1. Their appearance correlates temporally with 
the inducible transcription of heat shock genes, but 
they are distinct from the sites of transcription of the 
major hsp genes (20). Their presence in heat-shocked 
mitotic cells, which are devoid of transcription, 
clearly confirms that they are involved in a function

distinct from transcription (C. Jolly, Y. Usson, and R.
I. Morimoto, submitted). HSF1 stress granules could 
represent a novel nuclear compartment that may 
function to coordinately regulate the multiple states 
of HSF1 activity during events of inducible phos
phorylation and dephosphorylation, association with 
frarcs-regulatory chaperones and negative regulators, 
and changes in oligomeric state [for review see (41)] 
(Fig. 3).

CONCLUSIONS

The cell nucleus is a highly dynamic organelle in 
which compartments organize in response to meta
bolic requirements as a means to bring together mole
cules of related function and thus enhance the effi-
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FIG. 3. HSF1 stress granules as a highly dynamic, reversible, and transient compartment for the regulation of HSF1 activity. Under normal 
growth conditions, HSF1 detected with a rat monoclonal antibody (8) is present in the nucleus as a diffuse population excluded from nucleoli 
and corresponding to inactive monomers (top panel). Upon stress, HSF1 stress granules form rapidly in discrete regions of the nucleus 
distinct from the location of hsp genes. These granules may represent central “depots” where the multistep activation of HSF1 including 
trimerization, phosphorylation, and acquisition of DNA binding activity takes place, and from which transcriptionally competent HSF1 
trimers can be dispensed to hsp genes (bottom panel). Bar: 5 pm.

ciency of nuclear activities. Because stress induces a 
rapid and transient change in gene expression associ
ated with major changes in nuclear architecture, it 
clearly represents a powerful tool to investigate struc
ture-function relationships in the nucleus. Of particu
lar interest will be to utilize the stress response to 
investigate how the nucleus reorganizes in a stress- 
dependent manner to integrate signals for protection, 
recovery, and cell death.
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