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We have previously demonstrated that interleukin-6 (IL-6) increases the levels of the heat shock protein 90
(Hsp90) and activates the Hsp90B promoter via the IL-6-activated transcription factors NF-IL6 and STAT-3. In
addition, interferon-y (IFN-y) treatment increases the levels of Hsp70 and Hsp90 and also enhances the activity
of the Hsp70 and Hsp90f promoters with these effects being dependent on activation of the STAT-1 transcription
factor by IFN-y. The effect of IL-6/STAT-3 and IFN-y/STAT-1 was mediated via a short region of the Hsp70/
Hsp90 promoters, which also mediates the effects of NF-IL6. This region also contains a binding site for the
stress-activated transcription factor HSF-1. Furthermore, STAT-1 and HSF-1 interact with one another via a
protein—protein interaction and produce a strong activation of transcription. In contrast, STAT-3 and HSF-1
antagonize one another and reduce the activation of both the Hsp70 and Hsp90 promoters. Thus, STAT-1 or
STAT-3 activation alone or together results in the activation of Hsp promoters. However, STAT-1 or STAT-3
interact differently with HSF-1 to regulate Hsp promoter activity. These results indicate that STATSs are able to
moduate the Hsp70 and Hsp90 gene promoters and that these transcription factors are likely to play a very
important role in Hsp gene activation by nonstressful stimuli and the intergration of these responses with the
stress response of these genes.

Heat shock protein Transcription factors

Stress response STAT family

CYTOKINES and growth factors are important in
regulating multiple aspects of cell growth and differ-
entiation. Transcriptional responses to various cyto-
kines have identified the Janus kinases (JAKSs)-signal
transducers and activators of transcription (STATS)
as important signaling pathway for gene activation
(12,33). Presently, six STATs (STAT-1 to -6) have
been charcterized and they share several conserved
structural and functional domains including a DNA
binding domain and a phosphotyrosine binding motif
(Fig. 1) (4). Upon ligand binding the JAKs become
activated and this leads to recruitment of latent
STATS that become phosphorylated and form homo-
or heterodimers, which are then translocated to the
nucleus and bind STAT-responsive genes. Interleu-
kin-6 (IL-6) was shown to activate both STAT-1 and
STAT-3. IFN-y activates only STAT-1. The IL-6

family members that include leukemia inhibitory fac-
tor (LIF), oncostatin M (OM), and cardiotrophin-1
(CT-1) activate primarily the STAT-3 pathway.
STAT-4 has been shown to be activated only by IL-
12, and STAT-5 activation was demonstrated by IL-
3, IL-5, and prolactin. STAT-6 is only activated by
IL-4 [for review see (13)].

The role for some of these STATS in cytokine sig-
naling has been assessed by STAT gene knockout
mice. STAT-1-deficient mice show no overt develop-
mental abnormalities and are indistinguishable from
their normal counterparts on the basis of size, activ-
ity, or ability to reproduce. However, these animals
display a complete lack of responsiveness to either
IFN-o or IFN-y and are highly sensitive to infection
by microbial pathogens and viruses (7). This is in
contrast to STAT-3 knockout, which resulted in em-
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FIG. 1. Structure of the different STAT forms and activation by specific cytokines.

bryonic lethality, suggesting that STAT-3 has an im-
portant role in development (43). However, a STAT-
3 dominant-negative mutant introduced in a myeloid
cell line was shown to abolish the IL-6-induced
growth arrest and macrophage differentiation (27),
indicating that STAT-3 is critical in determining the
cellular decision from cell proliferation to cell growth
and differentiation. In contrast, STAT-1 dominant-
negative mutant had no effect on cellular differentia-
tion in this system (27).

The heat shock proteins (Hsps) are a group of pro-
teins that was originally identified on the basis of
their increased synthesis in cells exposed to elevated
temperatures, and subsequently shown to be similarly
induced by exposure of cells to a variety of stresses
(19). The induction of Hsps in response to various
stresses is dependent on the activation of a specific
transcription factor, the heat shock factor (HSF-1),
which binds to the heat shock element (HSE) in the
promoters of Hsps genes (26). In addition, however,
many Hsps are also expressed in unstressed cells and
their levels are regulated in response to a wide variety
of biological processes such as cellular differentiation
(25). In general, however, the stimuli that induce
such alteration in Hsp gene expression under non-
stress conditions have been poorly characterized and
the mechanisms by which they act are unclear.

HSFs (HSF-1 to -4) have been cloned from a num-
ber of organisms and their roles have been character-
ized. HSF-1 has been shown to be involved in regu-

lating Hsp in response to heat stress (26), whereas
HSF-2, HSF-3, and HSF-4 may be involved in Hsp
gene regulation under non-heat stress conditions
(e.g., during cellular differentiation) (21,25). HSF-1
is present in the cytoplasm as a monomer and is
maintained in a non-DNA binding state in unstressed
cells. In response to heat shock HSF-1 undergoes
conformational changes and forms a trimer that is
able fo bind to the HSEs on Hsp promoters. Targeted
disruption of HSF-1 has no effect on constitutive ex-
pression of Hsps. However, deficiency of HSF-1
abolishes thermotolerance and protection against
heat-inducible apoptosis (22). Thus, HSF-1 is neces-
sary for the stress-induced expression of Hsps. HSF-
1 has also been recently demonstrated to regulate the
IL-1 promoter under non-heat stress conditions (3).
Our recent results have shown that HSF-1 interacts
with other transcription factors to modulate Hsp pro-
moter activity under non-heat stress conditions.
These studies suggest that HSF-1 is able to modulate
promoter activity in the absence of physiological
stress. A number of studies have demonstrated that
transcriptional activity is attained by protein—protein
interaction of transcription factors on DNA response
elements. Recently, HSF-3 and c-Myb have been re-
ported to interact physically and such interaction may
be important in the regulation of Hsp gene expression
during cellular proliferation (14). This observation,
together with our recent data that HSF-1 and STAT-
1 interact physically to enhance Hsp promoter activ-



TRANSCRIPTIONAL REGULATION OF Hsp GENES

ity (39), suggests that HSFs are able to interact with
other transcription factors to modulate Hsp gene ex-
pression during nonstressful and stressful conditions.

IL-6 FAMILY MEMBERS AND STAT-3
MODULATE Hsp GENE EXPRESSION

IL-6 is a multifunctional cytokine with pleiotropic
activities on a variety of cell types (16). This property
of IL-6 is dependent on the IL-6 receptor, which in-
cludes the gp130 subunit that is shared among the
other cytokine receptors belonging to the IL-6 recep-
tor superfamily (LIF, IL-11, OM, and CT-1) as well
as a receptor chain that is unique to the the IL-6 re-
ceptor (41). Binding of IL-6 to its receptor is known
to stimulate two distinct signaling pathways, resulting
in the activation of two distinct transcription factors:
NF-IL6 (C/EBPP) and STAT-3 (Fig. 2). Thus, class
I acute-phase proteins (such as o-acetic glycoprotein,
haptaglobin, C-reactive protein, and serum amyloid)
contain responsive elements for NF-IL6 and this fac-
tor has been shown to be involved in the activation
of these genes following IL-6 treatment (1). In agree-
ment with this idea, these genes are stimulated by
exposure of cells to IL-1, TNF-¢, and LPS, which
also stimulate NF-IL6 activity without affecting
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STAT-3 (2). In contrast, class II acute-phase genes
such as fibrinogen, thiostatin, and a-microglobin are
not inducible by IL-1 and lack binding sites for NF-
IL-6. Instead these genes contain STAT-3-responsive
elements and allow the binding of STAT-3, which is
responsible for activation of these genes in response
to IL-6 (10,29).

Our initial studies began by investigating the ele-
vated levels of Hsp90 in systemic lupus erythremato-
sus (SLE). Interestingly, elevated levels of circulating
IL-6 have also been reported in a number of different
autoimmune diseases such as rheumatoid arthritis (8)
and SLE (20), and the. levels have been shown to
be correlated with disease activity, being highest in
patients with active disease. These findings therefore
suggested that IL-6 might play a role in the pathogen-
esis of autoimmune diseases. Furthermore, infusion
of an antibody to IL-6 can relieve disease symptoms
in lupus-prone NZB/NZW F1 mice (9). Therefore, a
role for IL-6 in disease pathogenesis is likely to in-
volve the induction of the expression of specific
genes within its target cells. We and others have
shown that elevated levels of Hsp90 in peripheral
blood mononuclear cells (PBMCs) from a specific
subset of SLE patients correlated with disease activ-
ity in some organs or systems (5,18,28,44). We then
started to investigate the role of IL-6 in the activation
of Hsp90 by studying the the effect of IL-6 on Hsp90

IL-6RE
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FIG. 2. IFN-y/STAT1 and IL-6/STAT3 or IL-6/NF-IL6 signaling pathway and Hsp gene activation and comparison to Type-I or Type-II

acute-phase genes.
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protein levels and on the Hsp90 gene promoter. IL-6
was shown to induce the accumulation of Hsp90 in
both liver cells and in PBMCs (35). Interestingly, IL-
6 also induced the expression of Hsp70 in liver cells
but not in PBMCs. At least in liver cells this effect
is mediated by IL-6 activation of the Hsp90PB gene
promoter, which can also be produced in different
cell types by the overexpression of the IL-6-induced
transcription factors NF-IL6 and NF-IL6f. Moreover,
several NF-IL6 binding sites are present in the region
of the promoter from —1044 to —300, which mediates
the response to IL-6 itself, and also mediates its acti-
vation by NF-IL6. A short region of the Hsp90 pro-
moter (—643 to —623) containing a binding site for
these factors can confer responsiveness to IL-6 on a
heterologous promoter (36).

Additional studies have demonstrated that LIF can
also enhance Hsp70 and Hsp90 protein levels in liver
cells (Stephanou et al., unpublished data). CT-1 and
LIF have also recently been shown to enhance the
expression of Hsp70 and Hsp90 protein levels in neo-
natal cardiomyocytes and hence protect against sub-
sequent exposure to severe thermal or ischemic stress
(37). Furthermore, CT-1 also reduces the infarct size
in the rat myocardium in response to ischemia/reper-
fusion injury ex vivo (Brar et al., manuscript in prep-
aration). These results therefore suggest that CT-1
and LIF may have therapeutic potential in the protec-
tion of the heart from stress, particularly if the protec-
tive effects of CT-1 can be dissected away from the
potential damaging induction of cardiac hypertrophy.
Recently, CT-1 has been reported to reduce pro-
grammed cell death or apopotosis in neonatal cardio-
myocytes via the MAPK pathway and not the STAT-
3 pathway (34). Taken together these observations in-
dicate that the activation of the gp130 pathway by
IL-6, CT-1, and LIF can result in elevated Hsp ex-
pression and protection from a stressful stimuli.

Further studies demonstrated that the Hsp90p pro-
moter is also activated by the STAT-3 signaling path-
way (36). Furthermore, additional analysis of the
Hsp90 promoter revealed that the short region be-
tween —643 and —623 that was previously shown to
confer responsiveness to NF-IL6 also contained two
STAT-3-like binding sites and was also activated by
STAT-3 overexpression in transfection experiments
(Fig. 3). Moreover, NF-IL6 and STAT-3 synergized
strongly in activating the Hsp90f promoterm (36). In
addition, experiments with dominant-negative mu-
tants of these factors showed that the effect of IL-6
itself on the Hsp90B promoter is strongly dependent
on the synergistic interaction of NF-IL6 and STAT-3.
Hence, the Hsp90P promoter appears to have a novel
pattern of inducibility that is dependent upon both
the IL-6-activated pathways involving the threonine
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phosphorylation of NF-IL6 by MAP kinases and the
tyrosine phosphorylation of STAT-3 by JAK family
kinases (Fig. 2) (2).

Further studies have demonstrated that both NF-
IL6 and STAT-3 are able to interact differently with
HSF-1 or a heat shock (36). Thus, overexpressed NF-
IL6 and HSF-1 and/or heat shock stimuli cooperate
and enhance the activity of the Hsp90B promoter,
whereas overexpressed STAT-3 and HSF-1 and/or
heat shock stimuli antagonize each other. Further
studies were performed to determine which of these
opposite interactions of IL-6-stimulated transcription
factors with HSF-1 predominated when cells were
exposed to both heat shock and IL-6 in the absence
of any transcription factors. It was shown that both
heat shock and IL-6 individually activated the
Hsp908 promoter; however, when both stimuli were
applied together a much weaker increase in promoter
activity was observed compared to that seen with ei-
ther stimulus alone. Hence, the synergistic interaction
between HSF-1 and NF-IL6 that we observed in
transfection experiments appears to be overcome by
the antagonistic interaction of HSF-1 and STAT-3
when the transcription factors are activated by the ap-
propriate stimuli rather than by overexpression (36).
Moreover, IL-1, which activates only the NF-IL6 and
not the STAT-3 pathway, was able to synergize with
heat shock and produce a strong activation of the
Hsp90P promoter (36). It is clear, therefore, that the
activity of Hsp90B gene is also influenced by other
pathways other than the heat shock-activated pathway
and that these results suggest that Hsp90 gene regula-
tion is more complex than has been supposed. How-
ever, these results render this promoter distinct from
those of the liver acute-phase protein genes, which
appear to fall in two separate classes that are predom-
inantly regulated either by the NF-IL6 pathway or the
STAT-3 pathway (Fig. 2).

It is possible that this difference may reflect the
tissue-specific expression of Hsp90 in all cell types.
Indeed, the great majority of studies of IL-6-induc-
ible genes have focused on genes encoding proteins
that are expressed in only a limited range of cell types
such as the acute-phase proteins, or the immunoglob-
ulins (1,30). It is unlikely, however, that this differ-
ence is responsible for the unuique response of the
Hsp90P gene promoter because we observed identical
responses of the promoter in both liver cell lines,
which express acute-phase protein genes and neu-
ronal cells which do not (35).

IL-10 signaling has been shown to be similar to
the IL-6 pathway by activating both the STAT-1/
STAT-3 pathways (17). This led us to study the ef-
fect of IL-10 in modulating the Hsp expression. Re-
cently we have shown that IL-10 is also able to in-
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FIG. 3. Hsp70 and Hsp90f truncated promoter constructs and also the sequence of the HSE/STAT-Hsp70 or -Hsp90 element ligated to the
heterologous thymidine kinase promoter construct and responsiveness to either IFN-y/STAT1 or IL-6/STAT3.

duce enhanced Hsp90 protein levels in PBMCs and
to transactivate the Hsp90 promoter in HepG2 cells
stably expressing the IL-10 receptor (31). Other
groups have also shown the induction of Hsps by cy-
tokines in different cell types. For example, IL-4,
which is known to specifically activate STAT-6 (42),
has been shown to enhance the expression of Hsp90p
in human lymphocytes (23). IL-1p also increases the
levels of Hsp70 and Hsp90 in rat islet pancreatic cells

(11). Both TNF-a and INF-y have also been reported
to enhance the levels of Hsp70 in granulosa-luteal
cells (15). In addition, IL-4 and IFN-y increased the
levels of Hsp27 in human renal carcinoma cells (40).
IL-1, IL-6, and TNF-o have also been shown to in-
crease the expression of Hsp70 in synovial fibroblast
cells (32). Nitric oxide also causes the induction of
Hsp70 gene expression in vascular smooth muscle
cells via a HSF-1-dependent pathway (45).
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THE ROLE OF IFN-y AND STAT-1 IN
REGULATING Hsp EXPRESSION

IFN-y is also a multifunctional cytokine that is
known to have antiviral and antitumor properties by
inducing specific IFN-y-responsive genes (4,12,33).
Recently we investigated whether the STAT-1 path-
way may also play a role in activating the expression
of Hsps. IFN-y treatment was shown to induce the
expression of Hsp70 and Hsp90 in the IFN-y-respon-
sive HepG?2 cell line (39). In addition, overexpression
of STAT-1 enhanced the activities of the Hsp70 and
Hsp90B promoter. Futhermore, in studies with a
STAT-1-deficient cell line U3A, INF-y was unable to
activate either the Hsp70 or Hsp90 promoter (39).
However, in studies with the U3A-STATI cell line
in which STAT-1 was reintroduced, activation of
both the Hsp70 and Hsp90 promoter was established

STAT
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in response to INF-y. In addition, INF-y increased the
levels of both Hsp70 and Hsp90 protein in U3A-
STATI cells (39). It was also established that a short
region of the Hsp70 promoter (—122 to —90), which
contained both the STAT-like binding and the HSF-
1 sites, was necessary for IFN-y/STAT-1 promoter
activation (Fig. 3) Interestingly, STAT-1 and HSF-1
were shown to cooperate in activating the Hsp70 and
Hsp90P promoter (39). In vivo protein binding studies
demonstrated protein—protein interaction between
STAT-1 and HSF-1 but not HSF-1 and STAT-3 (39).
These studies therefore indicate differential interac-
tions between STAT-1 or STAT-3 with HSF-1 and
identifies HSF-1 as an interaction partner with STAT-
1. This was the first report showing that HSF-1 is able
to interact directly with another transcription factor and
may explain the mechanism whereby the induction of
Hsps is observed during cytokine stimulation.

STAT
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FIG. 4. Sequnce of the HSE/STAT in the Hsp promoters of various species.
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ELEVATION OF STATs AND Hsps
EXPRESSION DURING INFLAMMATORY
AND PATHOLOGICAL STATES

Some members of the Hsp70, Hsp27, and Hsp90
families have been suggested to play a defined role
in cancer, and it has been reported that Hsps are over-
expressed in patients with malignant tumors com-
pared to healthy controls and this overexpression
does show some correlation with disease features.
Breast cancer cells require exogenous serum-derived
factors for optimal growth. These factors included
epidermal growth factor (EGF) and its receptor
(EGFR), which unlike the IL-6 receptor family, con-
tains an intracellular domain with tyrosine kinase ac-
tivity and is also able to activate the STAT-3 pathway
in a JAK-independent manner (4).

However, recently members of the IL-6 receptor
family including IL-6, LIF, OM, CNTF, and IL-11
have been shown to be expressed in breast cancer
cells (6,24). In addition, these cytokines were shown
to increase the proliferation of breast cancer cells.
Moreover, the gp130 subunit was also demonstrated
in these cells. Breast cancer cells also secrete IL-6,
LIF, and OM, suggesting that these cytokines may be
important in regulating the growth of breast cells (6).
We have shown that breast cancer cells express high
levels of STAT proteins and those samples contain-
ing the highest levels of STAT-1 or STAT-3 also
have elevated levels of Hsp70 and Hsp90 (38). These
data therefore suggest that expression of Hsps may
be regulated by transcription factors involved in the
IL-6 signaling pathway in breast cancer. In addition,
transfection studies using an Hsp90 promoter con-
struct demonstrated an increase in promoter activity
in breast cancer cell lines treated with IL-6 and LIF
(Stephanou et al., unpublished data).

It has been reported that immune activation by
phorbol esters or by other immunomodulators can
lead to increased expression of Hsps. However, the
mechanism resulting in this enhanced expression of
Hsps is unclear. We have studied the role of STAT
proteins in regulating Hsps in lymphocytes after stim-
ulation with PHA, which is a nonspecific T-lympho-
cyte mitogen that mimics a T-cell inflammatory re-
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sponse. PHA induces the rapid expression STAT-1
and STAT-3 (38). The increased levels of these tran-
scription factors also paralleled the increased expres-
sion of Hsp70 and Hsp90 in lymphocytes (38). These
results differ with PBMCs cells treated with IL-6
where only Hsp90 was shown to be induced but not
Hsp70 or Hsp27. Therefore, these results suggest that
the induction of Hsps may depend upon the changes in
and expression of transcription factors that occur in re-
sponse to a mitogen or cytokine stimulation. These
studies also indicate that the altered levels of Hsps ob-
served in disease or inflammatory states may be modu-
lated by cytokine-induced transcription factors.

CONCLUSION

In this review we have demonstrated that cyto-
kines belonging to the IL-6 receptor family or IFN-y
are able to stimulate the expression of Hsps by acti-
vating specific transcription factors that bind and
transactivate the Hsp genes. Thus, these studies indi-
cate that transcription factors other than the HSFs
may also play a role in modulating Hsp expression.
In addition, our studies reveal an unexpected com-
plexity in the regulation of Hsps by nonstressful stim-
uli. These studies have identified a composite re-
sponse element that intergrates the HSF-mediated
heat shock response with IL-6 and IFN-v signaling to
mediate the differential regulation of Hsps. Interest-
ingly, analysis of the promoters of Hsps from differ-
ent species reveals similar but not identical DNA
binding sequences for HSFs and STATs (Fig. 4).
Thus, this would suggest a composite response ele-
ment for these transcription factors that have evolved
together and may be an explanation at the molecular
level of how HSF-1 is able to interact and cooperate
with the STATs. We hope that further studies will
provide a clear understanding of the molecular mech-
anism of regulation of Hsps by cytokines.
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