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Interleukin 6 activates heat-shock protein 90β gene expression
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The levels of the cytokine interleukin-6 (IL-6) and the heat-shock

protein hsp90 have both been reported to be elevated in patients

with active systemic lupus erythematosus (SLE). We show that

hsp90 protein accumulates to increased levels in both HuH7

hepatoma cells and peripheral blood mononuclear cells (PBMCs)

treated with IL-6. In PBMCs this effect occurs without induction

of the other hsps, paralleling the specific elevation of hsp90 in

SLE. IL-6 is able to activate the hsp90 gene promoter directly ;

INTRODUCTION

Interleukin 6 (IL-6) is a multifunctional cytokine with many

different effects on specific cell types, including the stimulation

of B-cell differentiation and immunoglobulin secretion, T-cell

differentiation and}or activation, and production of acute-phase

proteins by the liver (reviewed in [1]). These effects are produced

via the IL-6-induced activation of specific transcription factors

such as NF-IL-6, NF-IL-6β and STAT-3 (APRF), which then

bind to specific binding sites in the regulatory regions of target

genes and activate their expression [2,3].

Interestingly, elevated levels of circulating IL-6 have been

reported in a number of different autoimmune diseases such as

rheumatoid arthritis [4], juvenile chronic arthritis [5] and systemic

lupus erythematosis (SLE) [6], and the levels have been shown to

be correlated with disease activity, being highest in patients with

active disease. Moreover, spontaneous production of IgG by

normal and SLE-derived B lymphocytes in culture can be

enhanced by the addition of exogenous IL-6 and inhibited by

antibody to IL-6 [6,7]. These findings therefore suggest that IL-

6 might play a role in the pathogenesis of autoimmune diseases.

In agreement with this idea, infusion of antibody to IL-6 can

relieve disease symptoms in lupus-prone NZB}NZW F1 mice [8].

A role for IL-6 in disease pathogenesis is likely to involve the

induction of the expression of specific genes within its target cells.

We have shown previously that the 90 kDa heat-shock protein

(hsp90) is expressed at elevated levels in peripheral-blood

mononuclear cells (PBMCs) froma specific subset of SLEpatients

and that such overexpression correlates with disease activity in

some organs or systems [9–11]. Overexpression of hsp90 has been

shown to be dependent on the enhanced transcription of the

hsp90β gene in these patients, whereas transcription of the hsp90α

gene is unchanged [12].Moreover, overexpression is also observed

in lupus-prone MRL}1pr mice, where it precedes the onset of

disease [13].

To elucidate the role of IL-6 in the activation of hsp90 in SLE

patients we have studied the effect of IL-6 on hsp90 protein levels

and on the hsp90β gene promoter.

Abbreviations used: CAT, chloramphenicol acetyltransferase ; hsp, heat-shock protein ; (r)IL-6, (recombinant) interleukin 6 ; PBMCs, peripheral-blood
mononuclear cells ; SLE, systemic lupus erythematosus.

§ To whom correspondence should be addressed.

this activation can also be achieved by overexpressing either of

the transcription factors NF-IL-6 or NF-IL-6β whose synthesis

is induced by IL-6 treatment. Hence the induction of hsp90

protein accumulation by IL-6 is likely to be dependent on the

enhanced activity of the hsp90β gene promoter produced by

increased levels of NF-IL-6 and}or NF-IL-6β. These effects are

discussed in terms of the role of hsp90 in the normal immune

system and the mechanism of its activation in patients with SLE.

MATERIALS AND METHODS

Patient samples and cell cultures

PBMCs were isolated by Ficol-paque (Pharmacia). Briefly,

PBMCs were cultured at 10' per well in RPMI-1640 plus 5%

(v}v) fetal calf serum in six-well plates (Nunc, Uxbridge, U.K.)

at 37 °C in a 5% CO
#

incubator. PBMCs were treated with

human IL-6 (Sigma, Poole, Dorset, U.K.) at the concentrations

and time intervals indicated in the Figure legends. After recom-

binant (r)IL-6 treatment, cells were harvested for Western blot

analysis. The human hepatoma cell line HuH7 (American Type

Culture Collection, Rockville, MD, U.S.A.) was maintained in

monolayer cultures in RPMI-1640 plus 10% (v}v) fetal calf

serum. Before each experiment, cells were treated with trypsin

and replated at a density of 10' per well in RPMI-1640 plus 5%

(v}v) fetal calf serum in six-well plates with or without rIL-6

treatment. After treatment, cells were harvested for Western blot

analysis, which was performed as described previously [10,11]

with the AC88 antibody to hsp90 [14] and commercially available

antibodies to the heat-inducible proteins hsp70 and hsp27

(Stressgen Biotechnologies, York, U.K.).

Plasmid constructs

The 5« HSP90β promoter chloramphenicol acetyltransferase

(CAT) constructs A and C were kindly provided by Neil Rebbe

(Washington University School of Medicine, St. Louis, MO,

U.S.A.) [15]. Construct A-HSP90β consisted of a fragment from

®1044 to ­36 relative to the transcriptional start site coupled to

a CAT vector. Construct C-HSP90β consisted of a ®299 to ­36

fragment coupled to the CAT vector.

DNA transfection and CAT assay

Transfection of DNA was performed by the method of Gorman

[16]. Transfection of HuH7 cells plated at a density of 10' per

well in six-well plates was performed with the calcium phosphate

method. Briefly, 10 µg of reporter plasmid and the indicated
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amounts of NF-IL-6 expression vectors were transfected for

4–6 h and the cells were osmotically shocked with 15% (v}v)

glycerol in PBS for 2 min and washed in PBS.

The cells were re-fed with complete medium and harvested

48 h later. The cells were then lysed by three cycles of repeated

freeze–thawing. To normalize for transfection efficiency, CAT

activities were corrected for β-galactosidase activities. Assays of

CAT activity were performed by the method of Gorman [16] on

samples that had been equalized for protein content as determined

by the method of Bradford [17].

RESULTS

To test whether hsp90 levels could be stimulated by IL-6, the IL-

6-responsive HuH7 hepatoma cell line was treated with IL-6 and

the levels of hsp90 were measured by Western blotting. As

illustrated in Figure 1, a clear increase in hsp90 levels

was observed in the IL-6-treated cells that was comparable with

that observed in heat-shocked cells (results not shown). Interest-

ingly, however, other heat-shock proteins, hsp70 and hsp27,

were also induced in the IL-6-treated cells, suggesting that IL-6

might induce all the hsps.

Although these results indicated that IL-6 did indeed induce

hsp90, the results differed from our observations in SLE,

where hsp90 overexpression in patient PBMCs is not accom-

panied by the overexpression of other hsps [10,11]. To test

whether this difference represented a cell-type-specific effect of

IL-6, we added IL-6 to PBMC cultures from normal individuals.

As shown in Figure 2 (upper panel), clear up-regulation of hsp90

expression was observed in these experiments. In contrast,

however, no IL-6-induced up-regulation of hsp70 was observed

in PBMCs, and the levels of hsp27 seemed to fall dramatically

(Figure 2, lower panel). Hence in PBMCs, IL-6 does indeed

specifically induce hsp90, but not the other hsps.

In our previous experiments [12], up-regulation of the hsp90

protein in SLE, patient PMBCs was dependent on enhanced

transcription of the hsp90β gene. We therefore transfected HuH7

with a construct in which the hsp90β gene promoter drives

expression of the readily assayable gene for CAT. In these

experiments (Figure 3) we observed a dose-dependent activation

of the hsp90β gene promoter by IL-6, indicating that the IL-6-

induced up-regulation of hsp90 protein levels is likely to be

mediated by activation of the corresponding gene promoter.

Figure 1 Western blot with the antibodies to hsp90, hsp70 and hsp27 and
protein extracts prepared from either untreated (0) or HuH7 cells treated
with 50 ng of IL-6 for 24 h (6)

The positions of hsp90, hsp70 and hsp27 are indicated.

Figure 2 Western blots to measuere levels of hsp90, hsp70 and hsp27

Upper panel : Western blot to measure the levels of hsp90 in protein extracts from PBMCs either

untreated (0) or treated with 50 ng/ml IL-6 (6) for 24 h. The arrows indicate the position of

hsp90. Lower panel : Western blot to measure the levels of hsp70 and hsp27 in protein extracts

from PBMCs either untreated (0) or treated with IL-6 (6). The positions of hsp70 and hsp27

are indicated. Lane P contained purified hsp27 protein.

Figure 3 Assay of CAT activity in HuH7 cells transfected with a hsp90β
gene reporter construct

CAT activity was measured in HuH7 cells transfected with a hsp90β gene reporter construct

and either left untreated (0) or treated with 5 ng/ml (5) or 50 ng/ml (50) IL-6 for 24 h before

harvesting, or co-transfected with expression vectors encoding NF-IL-6 (I) or NF-IL-6β (IB).

In many different cell types, IL-6-mediated gene activation is

dependent on the increased activity of the transcription factors

NF-IL-6 and NF-IL-6β [2,3]. We therefore determined whether

overexpression of these factors in HuH7 cells could substitute for

IL-6 in activating the hsp90β gene promoter. As illustrated in

Figure 3, co-transfection of expression vectors encoding either of

these factors with the hsp90β gene reporter construct (containing

bases ®1044 to ­36 relative to the transcriptional start site)

resulted in its activation to a level similar to that observed with

IL-6. This finding therefore suggests that the activation of the

hsp90β gene promoter by IL-6 is likely to be mediated by the

increased levels of NF-IL-6 and NF-IL-6β in IL-6-treated cells.

Indeed this effect of NF-IL-6 and NF-IL-6β could even be

observed in the ND7 neuronal cell line, which is not responsive

to IL-6. Thus the hsp90β gene promoter was activated by co-

transfection with NF-IL-6 and NF-IL-6β expression vectors in

these cells (Figure 4, upper panel), and the degree of activation

was greater than that observed on co-transfection with an
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Figure 4 Assay of CAT activity in ND7 cells

Upper panel : assay of CAT activity in ND7 cells transfected with an hsp90β gene reporter

construct together with either expression vector lacking any insert (C) or the same vector

expressing NF-IL-6 (I) or NF-IL-6β (IB). Lower panel : assay of CAT activity in ND7 cells

transfected with an hsp90β gene reporter construct together with either expression vector

lacking any insert (C) or the same vector expressing NF-IL-6 (I) or HSF1 (H).

expression vector encoding the heat-shock factor HSF1, which

mediates heat-inducibility of the hsp genes (Figure 4, lower

panel).

All these experiments used a construct (A) containing the

hsp90β gene promoter from ®1044 to ­36 bases relative to the

transcriptional start site. To begin to map the region of the hsp90

promoter involved in these effects, we used a shorter reporter

construct (C) containing only nucleotides from ®299 to ­36.

This construct was not activated by co-transfection with NF-

IL-6, although the full-length construct was activated as before

(Figure 5). Hence the region from ®1044 to ®300 of the hsp90β

gene promoter is required for its activation. In agreement with

this idea, inspection of the DNA sequence in this region [15]

revealed four potential binding sites for NF-IL-6 and NF-IL-6β.

To confirm that the region of the hsp90β promoter from

®1044 to ®300 also mediates its activation by IL-6 itself, we

transfected the A and C constructs into HuH7 cells and de-

termined their response to IL-6. As shown in Table 1, construct

A was induced approx. 5-fold by IL-6, whereas construct C

showed decreased activity after IL-6 treatment. Hence this region

does indeed mediate the response to both IL-6 and NF-IL-

6}NF-IL-6β. To investigate further the role of NF-IL-6}NF-IL-

6β in this effect we synthesized an oligonucleotide containing the

region of the hsp90β promoter from ®643 to ®623, which

contains a binding site for these factors (TGCTGGAAAT). This

oligonucleotide was cloned upstream of the thymidine kinase

promoter in the vector pBLCat2 [18]. As shown in Table 1, this

binding site rendered the thymidine kinase promoter inducible

4.5-fold by IL-6, whereas the parental promoter was unaffected.

Hence a binding site in the hsp90 promoter for NF-IL-6 can

indeed confer the observed response to IL-6.

DISCUSSION

The work presented here indicates that IL-6 can induce the

accumulation of hsp90 in both the human hepatoma HuH7 cell

Figure 5 Assay of CAT activity in HuH7 cells transfected with the full-
length hsp90β gene reporter construct A or the truncated construct C lacking
the region from ®1044 to ®300 relative to the transcriptional start site

In each case the reporter construct was transfected with expression vector lacking any insert

(O) or the same vector expressing NF-IL-6 (I).

Table 1 Effect of IL-6 on the activity of hsp promoter constructs

Values represent the CAT activity of each construct in HuH7 cells either untreated (®IL-6) or

treated (­IL-6) with IL-6 for 24 h before harvesting and were obtained by scanning

densitometry of assays of the type shown in Figures 3–5.

CAT activity (arbitrary units)

Construct ®IL-6 ­IL-6

Hsp90A (®1044 to ­36) 9.18 49.49

Hsp90C (®299 to ­36) 3.39 1.80

pBLCat2 vector 1.00 1.00

pBLCat2 ­hsp90 NF-IL-6 site (®643 to ®623) 1.01 4.67

line and in human PBMCs. At least in the HuH7 cell line this

effect is mediated by IL-6 activation of the hsp90β gene promoter,

which can also be produced in different cell types by the

overexpression of the IL-6-induced transcription factors NF-IL-

6 and NF-IL-6β. Moreover, the region of the promoter from

®1044 to ®300, which mediates the response to IL-6 itself, also

mediates its activation by NF-IL-6, and a short region of the

hsp90 promoter containing a binding site for these factors can

confer responsiveness to IL-6 on a heterologous promoter. This

strongly suggests that these factors play a critical role in the

induction of the hsp90 promoter by IL-6. It should also be noted,

however, that the region of the promoter from ®1044 to ®300

contains two potential binding sites for the STAT-3 transcription

factor, which can also mediate IL-6-dependent gene activation

[19]. It will thus be necessary to conduct further studies to

determine whether STAT-3 also plays a role in hsp90 gene

activation.

Although hsp90 was originally identified on the basis of its

induction by elevated temperature and other stresses [20,21],

its induction by other stimuli has also been reported. Thus for

example the induction of hsp90 is observed when the U937

monocytic cell line is induced to differentiate to a more mature

macrophage-like phenotype [22]. Similarly the activation of T

cells by phorbol esters [23], mitogenic lectins [23,24], anti-CD3

[25] or interleukin 2 [26] also activates hsp90 synthesis. Moreover,

at least for phorbol esters, such treatment results in preferential

activation of the hsp90β gene rather than of the hsp90α gene,

which is preferentially induced by heat shock [23].
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The induction of hsp90 by IL-6 is therefore likely to represent

one aspect of its regulation by a number of agents, including

cytokines, that modulate immune function. Hence, as well as

their induction by stressful stimuli, which allow them to protect

cells against stress, hsps would also play a role in normal immune

functioning and would therefore be regulated by stimuli that

control this system. Such a role would presumably involve the

chaperoning function of the hsps in regulating the correct folding

and transport of other proteins (reviewed in [26]). In agreement

with this role, hsp90 or peptides derived from it have been found

associated with class I MHC molecules on the cell surface [27,28].

A similar role for other hsps such as hsp70 in the functioning

of the immune system has also been postulated. Thus a peptide

containing the major T-cell epitope of cytochrome c has been

shown to bind to hsp70 [29], whereas the Bip member of the

hsp70 family plays a critical role in immunoglobulin assembly

[30]. Indeed hsp70 expression is activated by many of the stimuli

that activate hsp90 expression in the immune system such as

differentiation of U937 cells [22] or T-cell activation due to

mitogenic lectins [23,24], anti-CD3 [24] or interleukin 2 [25].

Similarly the induction of hsp70 by IL-6 has previously been

reported in human leucocytes [31].

In agreement with this induction of hsp70 by IL-6 in some cell

types, we demonstrated that both hsp90 and hsp70 are induced

by treatment of the human hepatoma HuH7 cell line with IL-6.

Interestingly, hsp27 was also induced by IL-6 in HuH7 cells, but

not in PBMCs. Indeed a considerably decreased signal was seen

in IL-6-treated PBMCs with the hsp27 antibody. As hsp27 is

known to be phosphorylated after IL-6 treatment [32], this

effect might reflect a decreased affinity of the antibody for

phosphorylated hsp27. Thus the specific induction of hsp90 by

treatment of PBMCs with IL-6 indicates that cell-type-specific

differences in the response of hsps to IL-6 exist and suggests that

hsp90 might have a specific function in IL-6-treated PBMCs,

whereas hsp70 is not required. In this regard it is also of interest

that differentiation of U937 cells also results in increased levels of

NF-IL-6 [33].

Such specific induction of hsp90 by IL-6 parallels the situation

in SLE, where we have identified a group of patients with an

HLA A1, B8, DR3-negative haplotype who show elevated levels

of hsp90 correlated with disease activity [10,11]. Moreover, SLE

patients do not show elevated levels of other hsps such as hsp60

or ubiquitin [10,34,35]. Similarly the patients with elevated hsp90

do not exhibit elevation of hsp70, although this is observed in a

small number of other SLE patients lacking the A1, B8, DR3-

negative haplotype and not showing elevated levels of hsp90

[10,36].

Hence both the induction of hsp90 in PBMCs by IL-6 and the

elevation of hsp90 in the PBMCs of a subset of SLE patients are

specific to hsp90 compared with other phenomena that induce

all the hsps. It is therefore possible that the elevation in IL-6

levels that is known to occur in SLE patients with active disease

[6] is involved in inducing the observed increase in hsp90 levels.

In turn, because this elevation in hsp90 is accompanied by the

appearance of autoantibodies to the protein in both A1, B8,

DR3-negative patients [37] and MRL}1pr mice [38], such in-

duction of hsp90 by IL-6 could be involved in the pathogenic

effect of IL-6 in these autoimmune diseases.

Further studies monitoring the levels of IL-6 in patents with

and without elevation in hsp90 and their fluctuation with disease

activity will be required to test this possibility. It is, however,

already clear that IL-6 can induce hsp90 expression by activating

the hsp90β gene promoter and that in PBMCs this effect occurs

without induction of the other hsps.
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