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Immediate early gene-X1 interferes with 26S proteasome activity by attenuating expression of the 19S proteasomal components Rpn10 and Rpn2
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The stress response gene IEX-1 is involved in the regulation of cell growth and cellular viability. To some extent, these effects include an interference with the proteasomal turnover of certain regulatory proteins. Here, we show that IEX-1 directly attenuates the activity and formation of the 26S-proteasome in 293-cells. We further demonstrate that IEX-1 reduces the overall expression levels of certain protein components of the 19S-proteasomal subunit such as S5a/Rpn10 and S1/Rpn2, whereas the expression of other proteasomal proteins was less or not affected. In contrast to direct apoptotic stimuli, such as the anti-cancer drug etoposide, leading to caspase dependent degradation of Rpn10 and Rpn2, the effect of IEX-1 is independent of proteolytic cleavage of these proteins. Furthermore, the decreasing effect of IEX-1 on Rpn10 and Rpn2 expression is still seen in the presence of cycloheximide, but not in the presence of actinomycinD, and quantitative real time PCR revealed lower mRNA levels of Rpn10 and Rpn2 in IEX-1 overexpressing cells, suggesting an interference of IEX-1 with the gene transcription of Rpn10 and Rpn2. Additionally, luciferase assays confirmed an interference of IEX-1 with the activity of the Rpn10 promoter. These findings indicate a role of IEX-1 in the maintenance and assembly of the 26S-proteasome, obviously involving an altered gene expression of certain proteasomal proteins. Thereby, IEX-1 may essentially modulate signaling pathways related to 26S-proteasome activity and involved in cellular growth control and apoptosis.

Introduction

The ubiquitin-proteasome pathway plays a pivotal role in signal transduction [1,2]. By mediating the tightly regulated turnover of a great variety of regulatory proteins, including cyclins, kinases, phosphatases or transcription factors, the ubiquitin-proteasome pathway essentially contributes to the orchestration of multiple cellular processes such as differentiation, proliferation and apoptosis [1][2][3][4][5][6]. One hallmark of this pathway is the polyubiquitination of the substrate protein which targets it to the proteolytic degradation complex -the 26S proteasome. This high moleceular weight multiprotein-complex comprises a central catalytic part, the 20S proteasome, and two axially positioned regulatory parts, the 19S regulatory caps.

The 20S proteasome presents itself as a cylindrical structure composed of two pairs of ring shaped subunits each consisting of 7 non-identical α-(noncatalytic) and β-(catalytic) subunits, respectively, and the 19S subunit consists of about twenty nonidentical proteins exhibiting ATPase (Rpt proteins) and non-ATPase (Rpn proteins) activity [7,8]. It is meanwhile known that the synthesis of certain proteasomal proteins as well as the formation and maturation of the 20S and 19S subunits and the assembly of the 26S proteasome itself is also a tightly regulated process [9,[START_REF] Meiners | Inhibition of proteasome activity induces concerted expression of proteasome genes and de novo formation of Mammalian proteasomes[END_REF]. In yeast, it has been shown that the expression of various proteasomal proteins is under control of a proteasome sensitive transcription factor, RPN4, that accounts for an adequate level of proteasome activity [START_REF] Xie | RPN4 is a ligand, substrate, and transcriptional regulator of the 26S proteasome: a negative feedback circuit[END_REF][START_REF] Ju | Homeostatic regulation of the proteasome via an Rpn4-dependent feedback circuit[END_REF][START_REF] London | Regulatory mechanisms controlling biogenesis of ubiquitin and the proteasome[END_REF]. Any deregulation in proteasome activity leads to a loss in cellular homeostasis and to severe cellular dysfunctions.

Accordingly, an inadequate proteasome activity is involved in various pathological conditions including cancer, cachexia and neurodegenerative or autoimmune diseases [START_REF] Devo | The ubiquitin-proteasome system and cancer[END_REF][15][16][17][18][START_REF] Mountz | Significance of increased circulating proteasome in autoimmune disease[END_REF][20][START_REF] Hayashi | Implications of altered apoptosis in diabetes mellitus and autoimmune disease[END_REF].

One of the most prominent signal transduction pathways which are under control of the ubiquitin-proteasome module is the IκBα/NF-κB pathway. NF-κB represents a homo-or heterodimeric transcription factor of the Rel-/NF-κB protein families and plays a fundamental role in various cellular processes, including protection from apoptosis. NF-κB activity is regulated by the κB-inhibitor IκBα which prevents its nuclear translocation and the site specific transactivation of NF-κB target genes. In response to NF-κB inducing conditions, polyubiquitination and subsequent proteasomal degradation of IκBα releases NF-κB from its sequestration in the cytoplasm and promotes its transcriptional activity in the nucleus. As recently shown, the induced IκBα degradation is under control of the stress responsive early response gene , also designated IER3. This widely expressed and inducible protein has been shown to block NF-κB activation by attenuating the signal induced turnover of phospho-IκBα, an effect due to the inhibition of phospho-IκBα degradation by the 26S proteasome [25]. Consequently, IEX-1 prevents the NF-κB dependent protection from apoptosis. Furthermore, since IEX-1 itself is a target gene of NF-κB it might be part of the NF-κB self termination process by preventing inappropriate IκBα degradation in the presence of stimuli like IL-1beta or TNF-alpha [25]. Such an exaggerated NF-κB induction gives rise to various severe pathological conditions, i.e. inflammation and cancer [START_REF] Karin | NF-kappaB: linking inflammation and immunity to cancer development and progression[END_REF][27][28][29]. In accordance with the role of anti-apoptotic protection, the activity of the 26S proteasome is subject of downregulation by proapoptotic triggers, i.e. anti cancer drug treatment. It has been recently

shown that the major excecutor caspase, caspase-3, cleaves certain regulatory components of the 19S proteasomal subunits [START_REF] Sun | Caspase activation inhibits proteasome function during apoptosis[END_REF], thereby efficiently consolidating the initiation and excecution of apoptosis. So, it is tempting to speculate that IEX-1 exerts its proapoptotic potential by affecting the proteasomal activity. We could show, that IEX-1 affects the activity of the 26S proteasome by downregulating the expression of certain regulatory proteins, mainly those forming the 19S subunit. Moreover, this effect of IEX-1 is caspase independent but obviously dependent on altered gene transcription.

MATERIALS AND METHODS

Materials. MG132 and Suc-LLVY-AMC are from Biomol (München, FRG). Etoposide (Vepesid) was from Bistol-Myers-Squibb (München, FRG). Z-VADmk was from R&D-Sytems (Wiesbaden, FRG). Cycloheximide and Actinomycin-D were obtained from SIGMA (Munich, FRG).

Cell lines and their handling. Retrovirally transduced human embryonic kidney 293-cells stably expressing tetrameric and trimeric anti-IEX-1 hammerhead ribozymes or not -designated 293-Ri2/10, 293-Ri2/9 and 293-Babe, respectively [31], were cultured in DMEM low glucose medium (PAA-Laboratories; Cölbe, FRG) supplemented with 1 % (w/v) glutamine (Life Technologies; Eggenstein, FRG), 10 % (v/v) fetal calf serum (Biochrom KG; Berlin, FRG) and 1 µg/ml Puromycine (BD-Clontech; Heidelberg, FRG). Stably mock/pTO-LacZ or pTO-IEX-1 transfected TRex-293 cells (Invitrogen; Schelp, Netherlands) -designated Tet-293-Mock and Tet-293-IEX-1, respectively, were kept in culture using DMEM low glucose medium supplemented with 1 % (w/v) glutamine, 10 % (v/v) fetal calf serum, 5 µg/ml Blasticidine and 400 µg/ml Zeocine (both Invitrogen). All cells were kept at 37°C in a 5 % CO 2 atmosphere at 85 % humidity. Prior to the experiments, cells were kept at least 24 h without selection antibiotics.

Western blotting. Cells were lysed in 500 µl lysis buffer (50 mM Tris/HCl pH 7.4, 1% (v/v) TritonX100, 150 mM NaCl, 1 mM EDTA, 0.1 mM PMSF, and 0.1 mM Na 3 VO 4 ) supplemented with protease inhibitor cocktail (Complete-Mini/EDTA free, Roche) and further treated three times with sonication for 10s. After adjusting to equal protein concentrations (using the D c -Protein assay, Bio-Rad; München, FRG), the samples were supplemented with a 0.5 volume of 3 x SDS-PAGE sample buffer, heated (95°C) for 5 min and submitted to 8-20 % PAA-gradient electrophoresis. Upon semidry transfer onto PVDF membrane, blots were blocked for 2h with 5 % non-fat milk powder, 0.05 % Tween20 in PBS (blocking solution) at room temperature. Afterwards, blots were exposed to the primary 6 antibodies against S5a/Rpn10, S1/Rpn2, S6'/Rpt-5, α6/C2, or hUMP1/POMP (Affiniti/ Biomol; Hamburg, FRG), against caspase-3 (Cell Signalling, Frankfurt FRG), α-tubulin (Sigma, Deisenhofen, FRG) and against HSP90 (Santa-Cruz; Heidelberg, FRG) at a 200-to 1000-fold dilution in primary antibody diluent (5 % bovine serum albumine in 0.05 % Tween20 in TBS) overnight at 4°C. After extensive washing with 0.05 % Tween20 in TBS blots were exposed to the appropriate HRP-conjugated secondary antibody (Cell Signalling) diluted (1:1000) in blocking buffer and were developed using the LumiGlo peroxidase detection kit (Cell Signalling).

Fluorometric Proteasome assay. For the determination of proteasomal activity in 293 cell derived clones, a flurometric assay protocol was performed, as recently described [START_REF] Masdehors | Deregulation of the ubiquitin system and p53 proteolysis modify the apoptotic resp onsein B-CLL lymphocytes[END_REF]. In brief, cells were harvested by mild trypsinization. Then, 5 x 10 5 cells were resuspended in 500 µl medium and incubated with the proteasome inhibitor MG132 (5 µg/ml), or not. After 30 min, 10 µl of N-succinyl-L-leucyl-L-leucyl-L-leucyl-7-amido-4-methylcumarin (Suc-LLVY-AMC, 10 mM dissolved in DMSO) were added, and at various time points the formation of the fluorescent dye 7-amido-4-methylcumarin (AMC) was measured at λ=460 nm using a spectralfluorometer (Perkin Elmer). Specific chymotryptic proteasomal activity was determined by subtraction of the mostly proteasome independent fluorescence, measured in the presence of MG132.

Sucrose Gradient centrifugation. Identical amounts (2-3 mg protein) of cellular extracts (in 25 mM Hepes/HCl pH 7.4, 40 mM NaCl, 5 mM MgCl 2 , 1 mM EDTA, 0.2 mM PMSF, 0.5 mM Na 3 VO 4 , 250 mM sucrose and 0.5% (v/v) TritonX100 supplemented with protease inhibitor cocktail) were loaded on top of 10-30% linear sucrose gradients (in lysis buffer) and the material was centrifuged using a SW28 rotor (Beckman) for 30 h at 28,000 rpm at 4 °C.

After centrifugation, 0.5-ml fractions were collected and 20 µl of each fraction was run on an 8-20% gradient gel, and immunoblotted.

RNA preparation and real time PCR. Total RNA was isolated using the RNeasy Kit from Qiagen (Hilden, FRG) and reverse-transcribed into single-stranded cDNA, as described previously [33]. Two µl of cDNA were subjected to semiquantitative real time PCR (iCycler, Biorad) using the SYBR-green assay with gene-specific primers at a final concentration of 0.2 µM. The primer sequences and the PCR conditions for the detection of the proteasomal subunits were: 5´-gaaggtttccggagtcggcagtt-3` (S1/Rpn2, sense) and 5`-ctccagagcaatgccaatagcct-3` (S1/Rpn2, antisense); 5´-aggcactgtcaccagatgag aac-3` S5a/Rpn10, sense) and 5`-aggcac tgtcaccagatgagaac-3` (S5a/Rpn10, antisense); 5`-gtcaagagtcgggatttgtggg-3` (S6'/Rpt5, sense) and 5´-ttggagctcatgggtgactctc-3` (S6'/Rpt5, antisense); 5`-ggcttactgctgatgctaga CTG-3` (α6/C2, sense) and 5´-agtcaggtcctgttctgcaggaa-3` (α6/C2, antisense); 94°C for 5 min; 35 cylces 94°C for 30 sec, 60°C for 30 sec, 72°C for 90 sec; 72°C for 10 min. For control, βactin was amplified in parallel using primers from BD Biosciences Clontech. The Real-time PCR was performed with a MyiQ Single Color Real-time PCR Detection System (BioRad).

Data were collected during annealing steps and were further analysed by using the i-Cycler iQ Optical system software (BioRad). All samples were analysed in duplicates and data are expressed as amount of mRNA in arbitrary units. The quality of PCR-products was checked by melting curve analysis following the amplification as well as by analytical RT-PCR and subsequent gel electrophoresis.

Cloning of the Rpn10/S5a (psmd4) promoter and luciferase reporter gene assay. Using the 5'primers tccgggctctgtactgggctta (pos. 147722) or ccaactgagaactgcaatggc (pos. 148630) and the 3' primer caagcttcaccaatcacagacctc (pos. 148812) containing a HindIII resctriction site, 1090 bp and 186 bp fragments of the 5`flanking region of the Rpn10 gene (psmd4, Gene bank Acc. No. AL592424; reported transcription start pos. 148806) were amplified and cloned into the pGL3basic luciferase vector (Promega) via KpnI/HindIII sites. Both constructs were verfied by automated BigDye (Perkin Elmer) DNA cyclce sequencing using a ABI 3770 instrument (Perkin Elmer). These psmd4 vectors psmd4 [-186] and psmd4[-1090] or the empty pGL3 vector (0.6 µg each) were co-transfected with 0.2 µg pTK-renilla (pTKRL) used as transfection control, as described recently [25]. After treatment, transfected cells were lysed with dual lysis buffer (Promega) and firefly or renilla luciferase activities were determined using the dual-luciferase reporter kit (Promega) on a luminometer (Bertholdt).

Optical units determined for firefly luciferase were normalized for renilla luciferase chemoluminescence.

Statistics Data are presented as mean ± SD and analyzed by Student´s t-test. A p-value < 0.05 (indicated as * in the figures) or < 0.02 (indicated ** in the figures) was considered as statistically significant.

Results

IEX-1 attenuates the activity of the 26S proteasome in 293 cells.

For the determination of the activity of the 26S proteasome in IEX-1 overexpressing cells, the formation of the fluorescent AMC product from cleavage of the proteasomal Suc-LLVY-AMC substrate was measured in mock-or IEX-1-transfected Tet-293 cells treated with tetracyclin, or not. As shown in figure 1a, in Tet-293-mock cells, the activity of the proteasome was not altered by tetracycline treatment, whereas in Tet-293-IEX-1 cells, here represented by the two independent clones Tet-293-IEX-1(a3) and Tet-293-IEX-1(a10), the formation of the AMC substrate was greatly reduced if IEX-1 was overexpressed in response to tetracyline administration. To verify the specificity of this effect, the proteasome inhibitor MG132 was added prior to tetracycline stimulation. Under these conditions, the residual activity of AMC formation that is independent of the proteasome was not affected by IEX-1 overexpression.

In contrast, an increase of AMC formation was observed in ribozyme transduced 293 cells with disrupted IEX-1 expression (Figure 1b). In 293-Ri2/10 cells expressing a tetrameric anti-IEX-1 hammerhead ribozyme and exhibiting the most efficient knock-down of IEX-1 expression [31], the cleavage of Suc-LLVY-AMC was more pronounced as compared to con- Copyright 2006 Biochemical Society trol cells (293-Babe). A similar, but slightly lower effect was seen in 239-Ri2/9 cells expressing a trimeric anti-IEX-1 hammerhead ribozyme and exhibiting a slightly less efficient IEX-1 knock-down [31]. Again, these IEX-1 related effects in 293-Ri2/10 and 293-Ri2/9 cells were not seen in the presence of MG132, hence indicating proteasome specificity.

Altered protein levels of Rpn10 and Rpn2 by IEX-1 in 293 cells. In order to elucidate whether the decrease of proteasomal activity could be attributed to an altered expression of certain proteasomal protein components [START_REF] Meiners | Inhibition of proteasome activity induces concerted expression of proteasome genes and de novo formation of Mammalian proteasomes[END_REF], total lysates from IEX-1 overexpressing or IEX-1 deficient 293 cells were submitted to Western blot analysis detecting the 19S subunit components S5a/Rpn10, S1/Rpn2 und S6'/Rpt-5 as well as of the 20S subunit component α6/C2.

In comparison with mock-transfected Tet-293 cells, the protein levels of Rpn10 and Rpn2 were strongly reduced in the two clones (a3 and a10) of Tet-293-IEX-1 cells if IEX-1 is overexpressed in a tetracycline dependent fashion (Figure 2a). By contrast, the expression of Rpt-5 and α6/C2 was not significantly affected. Conversely, the knock-down of IEX-1 expression in ribozyme transduced 293 cells, as seen in 293-Ri2-9 and 293-Ri2-10 cells, siginificantly increased the expression levels of Rpn10 and Rpn2, but not of Rpt-5 and α6/ C2 (Figure 2b).

To further address the impact of IEX-1 expression on proteasome formation, sucrose density gradient centrifugation was performed and fractions hereof were analysed by Western blot. As compared with tetracycline treated mock-Tet-293 cells, IEX-1 overexpressing 293 cells -here shown for the clone Tet-293-IEX-1(a3) -again exhibited much lower levels of the S5a/Rpn10 protein which is sedimented in higher density fractions corresponding to the 26S proteasome (Figure 3). In contrast, the C2/α6 protein detected over a broader range in the density gradient was not affected in its overall amount by IEX-1 overexpression. However, C2-positive sediments in higher density fractions (containing material of the 26S and 20S proteasome) 10 were less pronounced, whereas those in lower density fractions (containing material of the 20S proteasome precursors) were enriched in Tet-293-IEX-1 cells. Furthermore, expression of the proteasomal maturation factor hUMP1/POMP was strongly increased in IEX-1 overexpressing cells, probably reflecting accumulation of undigested hUMP1 protein due to an impaired proteasome assembly (Figure 3, bottom). Copyright 2006 Biochemical Society higher protein levels of Rpn10 and Rpn2 were still seen in the presence of Z-VADfmk (Figure 4d). These findings demonstrate that the effect of IEX-1 on Rpn10 and Rpn2 expression itself is independent of caspase activity, but significantly enhances the caspase dependent decrease of Rpn2 and Rpn10 protein levels during etoposide induced apoptosis.

The attenuating effect of IEX-1 on

Along with these additive actions of etoposide and IEX-1, apoptotic cell death increases with IEX-1 overexpression as indicated by the stronger caspase-3 activation seen in figure 4c, but decreases with IEX-1 knock down, as indicated by the reduced caspase-3 activation seen in figure 4d.

IEX-1 interferes with Rpn10 and Rpn2 gene transcription. It was therefore tempting to speculate that IEX-1 may interfere with gene transcription of Rpn10 and Rpn2, particularly since these two proteins are subject to tight transcriptional regulation [START_REF] Meiners | Inhibition of proteasome activity induces concerted expression of proteasome genes and de novo formation of Mammalian proteasomes[END_REF]. For this purpose, quantitative real time PCR was conducted in order to determine the mRNA levels of Rpn10 and Rpn2 as well as of Rpt5 and C2 for comparison. As shown in figure 5a, after normalization to the amount of β-actin mRNA used as internal control, the levels of Rpn10 and Rpn2 mRNA were significantly reduced in tetracycline treated Tet-293 cells overexpressing IEX-1. Compared to Tet-293-mock cells, the mRNA levels of Rpn10 and Rpn2 decreased by 32 % and 47 %, respectively, in Tet-293-IEX-1(a10) cells, and by 35% and 53 %, respectively, in Tet-293-IEX-1(a3) cells. In contrast, mRNA levels of Rpt5 and C2

were not significantly affected by tetracycline treatment in mock-or IEX-1 transfected Tet-293 cells. When analysing 293 cells with disrupted IEX-1 expression, it turned out that in these cells (293-Ri2/9 and 293-Ri2/10) the amount of Rpn10 mRNA (increase by 80 % and 120 %, respectively) and Rpn2 mRNA (increase by 70 % and 90 %, respectively) were significantly higher than in 293 babe control transfectants (Figure 5b), whereas the mRNA levels of Rpt5 and C2 did not differ in this way.

The negative interference of IEX-1 with Rpn2 and Rpn10 is abrogated during transcriptional but not during translational inhibition. In order to show whether the attenuating effect of IEX-1 on Rpn2 and Rpn10 expression depends on de novo mRNA synthesis, the transcriptional inhibitor actinomycinD (0.2 µg/ml, 24 h) was added 16 h after induction of IEX-1 overexpression. As shown by real time PCR (Figure 6a), mRNA levels of Rpn2 and Rpn10 were significantly suppressed in the presence of actinomycinD reflecting blockade of RNA de novo synthesis. Under these conditions, the overexpression of IEX-1 did not further decrease the expression levels of Rpn2 or Rpn10 mRNA, thus indicating a non-additive action of IEX-1 and actinomycinD. In contrast, cycloheximide (0.5 µg/ml, 24h) that blocks protein de novo synthesis did not interfere with the levels of Rpn2 or Rpn10 mRNA and IEX-1 overexpression still decreased the amount of both mRNAs in the presence of cycloheximide, indicating that neither the Rpn2 or Rpn10 gene transcription under these conditions nor the negative effect of IEX-1 involve de novo protein synthesis.

When analysing the effects of these inhibitors also on protein levels (Figure 6b) it turned out that both actinomycinD and cycloheximide decrease the expression of Rpn2 and Rpn10. But whilst no additive effect was seen with IEX-1 and actinomycinD, the decrease of Rpn2 and Rpn10 protein levels seen with cycloheximide was much more pronounced in IEX-1 overexpressing cells indicating an additive action. These data suggest that the supressing effect of IEX-1 on Rpn2 and Rpn10 expression is due to an interference with de novo mRNA synthesis of these genes. This effect does not involve posttranscriptional or cotranslational events that control mRNA stability because this would be additive to the effect of actinomycinD.

Suppression of S5a/Rpn10 promoter activity by IEX-1. Since S5a/Rpn10 appears to be the most affected 19S subunit-gene by IEX-1 (see above) we chose the promoter of this gene for analysing the effect of IEX-1 on promoter activity of proteasomal subunit genes. For this purpose, parts of the Rpn10 promoter, which has not been characterized so far, were fused to the firefly luciferase reporter gene and used for luciferase assays in Tet-293 cells. From a data base search we generated two promoter fragments (Figure 7 When overexpressing IEX-1 by the addition of tetracycline in Tet-293-IEX-1 cells (clone a3), but not in Tet-293-mock cells, the psmd4[-1090] driven luciferase expression declined significantly (Figure 7), whereas the residual promoter activity seen with psmd4[-186] and pGL3 were not affected. These findings strongly support our conclusions drawn from the preceding experiments that IEX-1 specifically interferes with the expression of the 19S subunit genes on the transcriptional level, obviously by exerting an inhibitory effect on the promoter activity, what is shown here in example for the Rpn10 promoter.

Discussion

Under certain cellular conditions (i.e. serum stravation, DNA-damging insults), the stress response gene IEX-1 exerts a strong pro-apoptotic effect [31,[33][START_REF] Segev | Mullerian-inhibiting substance regulates NF-kappa B signaling in the prostate in vitro and in vivo[END_REF][35], that to some extent relates to its attenuating effect on NF-κB activation [25]. This involves an interference of IEX-1 with the signal induced degradation of IκBα by the 26S proteasome. Whereas it is known that certain pro-apoptotic triggers, as shown above for the anti-cancer drug etoposide, decrease the levels of certain proteasomal protein components by caspase mediated cleavage and thereby consolidate the cell death comitting apoptotic program [START_REF] Sun | Caspase activation inhibits proteasome function during apoptosis[END_REF], we could show that the effect of IEX-1 does not involve this process. In fact, IEX-1 affects the expression of these proteins independently of caspase activity and, thereby, acts additive to the decreasing effect of apoptotic stimuli on protein levels of proteasomal components which is caspase dependent.

Intriguingly, IEX-1 directly attenuates the expression of certain proteasomal components, particularly those being part of the 19S regulatory subunit of the 26S proteasome [START_REF] Meiners | Inhibition of proteasome activity induces concerted expression of proteasome genes and de novo formation of Mammalian proteasomes[END_REF] and conferring specificity for polyubiquitinated substrates such as IκBα [36,37]. This decreased expression of S5a/Rpn2 or S1/Rpn10 in response to IEX-1 is not due to a direct protein interaction as recently described for alpha-synuclein [38], but obviously results from a suppressed gene transcription as shown by the declined mRNA levels of both genes in 293 cells if IEX-1 is overexpressed. In support of this assumption, conditions of transcriptional blockade by ac-tinomycinD abrogated this negative interference of IEX-1 with Rpn2 and Rpn10 expression, suggesting that the effect of IEX-1 does not depend on post-transcriptional events, i.e. a decreased mRNA stabilization or an increased mRNA turn-over, but rather relates to the transcription process and RNA de novo synthesis. Furthermore, treatment with the translational inhibitor cycloheximide did not alter the effect of IEX-1 on Rpn2 and Rpn10 expression, also indicating that IEX-1 expression does not affect a post-transcriptional or a co-translational event. In further support of this assumption, the activity of the putative s5a/Rpn10 promoter as determined by luciferase reporter gene assay was attenuated by IEX-1.

Still, it could be just speculated how IEX-1 interferes with gene transcription of Rpn2 and Rpn10. In yeast, the transcription of proteasomal proteins is under control of the transcription factor Rpn4 which is mainly regulated by its proteasomal degradation [START_REF] Xie | RPN4 is a ligand, substrate, and transcriptional regulator of the 26S proteasome: a negative feedback circuit[END_REF][START_REF] Ju | Homeostatic regulation of the proteasome via an Rpn4-dependent feedback circuit[END_REF][START_REF] London | Regulatory mechanisms controlling biogenesis of ubiquitin and the proteasome[END_REF]. Accordingly, during conditions with high proteasomal activity the de novo synthesis of protein components is restrained, whereas the lack of proteasome activity favours the increased expression of particularly those proteins compensating for the declined proteasomal activity [START_REF] Meiners | Inhibition of proteasome activity induces concerted expression of proteasome genes and de novo formation of Mammalian proteasomes[END_REF]. Whilst the human counterpart of Rpn4 has not been identified yet, recent reports indicated that in mammalian cells the antioxidant related transcription factor Nrf2 (NF-E2 related factor 2) which is known to be involved into cytoprotection during oxidative stress may control the expression Copyright 2006 Biochemical Society of these proteins [START_REF] Kwak | Antioxidants enhance mammalian proteasome expression through the Keap1-Nrf2 signaling pathway[END_REF][START_REF] Kwak | Induction of 26S proteasome subunit PSMB5 by the bifunctional inducer 3-methylcholanthrene through the Nrf2-ARE, but not the AhR/Arnt-XRE, pathway[END_REF]. Kwak et al. recently described a crucial role of Nrf2 in the induced expression of the proteasomal subunit protein β5/PSMB5 in response to oxidative stress [START_REF] Kwak | Induction of 26S proteasome subunit PSMB5 by the bifunctional inducer 3-methylcholanthrene through the Nrf2-ARE, but not the AhR/Arnt-XRE, pathway[END_REF],

and other conditions are known -including proteasome inhibition, PI3K/Akt or ERK activation -leading to increased Nrf2 activity and, thereby, stimulating expression of proteasomal proteins [41,[START_REF] Numazawa | Nrf2-dependent gene expressions: a moleculartoxicological aspect[END_REF]. However, it still has to be elucidated whether or not the effect of IEX-1 on the gene expression of certain proteasomal proteins is indeed related to the action of this transcription factor as could be expected from Rpn10 promoter analysis and luciferase assays, and whether other transcription factors, i.e. or NF-κB, play also a role.

A major consequence of the blocking effect of IEX-1 on the expression of certain subcomponents of the 26S proteasome is a marked impairment of its assembly (Figure 3) that is already blocked on the level of the precursor particles [START_REF] Meiners | Inhibition of proteasome activity induces concerted expression of proteasome genes and de novo formation of Mammalian proteasomes[END_REF]44,45]. Moreover, along with the decreased formation of the 26S proteasome, the maturation of the 20S proteasome seems also to be affected as indicated by the accumulation of the maturation factor hUMP1 and by the altered distribution of sedimented 20S protein -i.e. α6/C2 -in the sucrose density gradients (Figure 3). It is not clear yet how the reduced de novo expression of 19S proteins and consequently the 19S subunit depletion influences the assembly of the 20S proteasome. Due to the reduced levels of certain protein components, the immature 19S precursors may disintegrate and assemble improperly with 20S precursors, thereby blocking further 20S subunit maturation. Another explanation could be that the inappropriate assembly of the 19S subunit excessively consumes certain proteasome related chaperons [45] that are then unavailable for the completion of the 20S subunit.

Irrespective of the exact mechanisms, proteasome activity targeted to poly-ubiquitinated proteins (i.e. IκBα) is significantly compromized by IEX-1 giving rise, at least in part, to an increased sensitivity to apoptotic triggers. This is underlined by the finding that many conditions affecting proteasome activity enhance apoptosis. In this way, proteasome inhibitors and anti-cancer drugs and, as can be assumed, IEX-1 expression sensitizes various cell types to diverse apoptotic stimuli [46,47]. Thus, it can be speculated that IEX-1 is part of a cellular regulation process that dampens the exaggerated processing and turn over of regulatory proteins. Thereby, IEX-1 may contribute to the maintenance of cellular homeostasis and integrity which, for example, is a prerequisite in the elimination of pre-malignant cells.

Accordingly, IEX-1 expression has been found to be reduced in certain types of tumours indicating a potential role of IEX-1 in tumour suppression [48][49][50]. Transcription Element Search Software (www.cbil.upenn.edu/tess). After transfection, cells were incubated with 1 µM tetracycline or not for 24 h. Then, cells were lysed and submitted to dual luciferase assay using renilla luciferase activity (pTKRL) for normalization of optical units obtained with firefly luciferase and expressed as mean ± SD (n = 4), * indicates statistically significant (p < 0.05). 

Legends to figures

  Rpn10 and Rpn2 expression enhances the reduction of Rpn10 and Rpn2 protein levels resulting from etoposide induced apoptosis and is caspase independent. Next we looked whether downregulation of Rpn10 and Rpn2 is related to apoptosis dependent and caspase-3 mediated degradation of these proteins. Upon administration of the anti-cancer drug etoposide (20 µg/ml) and in the absence of tetracycline, the protein levels of Rpn10 and Rpn2 quite similarly declined in mock-and IEX-1 transfected Tet-293 cells within 24 hours in comparison with untreated cells. If tetracycline was added 16 hours prior to etoposide administration the drug induced decrease of Rpn10 and Rpn2 protein levels was much more pronounced in Tet-293-IEX-1 cells, here the clone Tet-293-IEX-1(a3), as compared to Tet-293-mock cells (Figure 4a). Conversely, in 293 cells subject to ribozyme mediated knock-down of IEX-1 expression (293-Ri2-10 and 293-Ri2-9), the etoposide dependent decrease of Rpn10 and Rpn2 protein levels was much less pronounced compared to 293-babe control transfectants (Figure 4b). In the presence of the Caspase inhibitor Z-VADfmk (Figure 4c,d), the etoposide dependent decrease of Rpn10 and Rpn2 protein levels in all transfected 293 cells was completely blocked, indicating that this decreasing effect by etoposide was indeed due to caspase mediated degradation of Rpn10 and Rpn2. Interestingly, caspase inhibition by Z-VADfmk did not affect the tetracycline induced decrease of Rpn10 and Rpn2 protein levels in IEX-1 overexpressing 293-Tet cells (Figure 4c), neither in the absence nor in the presence of etoposide. Moreover, in ribozyme transduced 293 cells with disrupted IEX-1 expression, the Biochemical Journal Immediate Publication. Published on 3 Nov 2006 as manuscript BJ20061072

  , lower panel): one (psd4[-1090]) containing a potential antioxidant response element (ARE) and binding site for Nrf2 as well as potential binding sites for AP1, PPARα, Sp1, Ets-1 and, most notably, NF-κB, and one lacking these sites (psd4[-186]). As shown in figure 7, significant promoter activity as measured by firefly luciferase optical units (normalized to renilla luciferase) was detected in Tet-293 cells transfected with psmd4[-1090] compared to cells transfected with promoterless pGL3, but only marginal promoter activity was seen in cells transfected with psmd4[-186].

Figure 1 .

 1 Figure 1. IEX-1 inhibits the activity of the 26S proteasome. a) Tet-293-mock and Tet-293-IEX-1 cells (clone a3 and a10) treated with tetracycline (16h, 1 µM) or without, or b) 293babe, 293-Ri2/10 and 293-Ri2/9 cells were submitted to a fluorometric 26S proteasome assay.

Figure 2 .

 2 Figure 2. IEX-1 decreases protein levels of Rpn2 and Rpn10 in 293 cells. Total lysates from a) Tet-293-mock and Tet-293-IEX-1 cells (clone a3 and a10) treated with tetracycline (16 h, 1 µM) or without, or from b) 293-babe, 293-Ri2/10 and 293-Ri2/9 cells were submitted to Western blot analysis detecting the proteasomal proteins a6/C2 (20S proteasome

Figure 3 .

 3 Figure 3. Impaired protein assembly of the 26S proteasome in IEX-1 expressing 293 cells. Cellular lysates from Tet-293-mock and Tet-293-IEX-1 cells (clone a3) treated with tetracycline (16 h, 1 µM) were submitted to sucrose density gradient(10-30%) 

Figure 4 .

 4 Figure 4. The decreasing effect of IEX-1, but not of etoposide, on the protein levels of Rpn2 and Rpn10 is caspase independent. a) Tet-293-mock and Tet-293-IEX-1 cells (clone a3) pre-treated with tetracycline (8 h, 1 µM) or without, or b) 293-babe, 293-Ri2/10 and 293-Ri2/9 cells were subject of treatment with etoposide (10 µM) or without for 24h. Then, cell

Figure 5 .

 5 Figure 5. IEX-1 suppresses gene expression of Rpn2 and Rpn10 on the transcriptional level. Total RNA from a), Tet-293-mock and Tet-293-IEX-1 cells (clone a3 and a10) pretreated with tetracycline (16 h, 1 µM) or from b), 293-babe, 293-Ri2/9 and 293-Ri2/10 cells was reversed transcribed and then submitted to semi-quantitative real-time PCR using specific primers for Rpn2, Rpn10, Rpt-5, S1, C2 and, as control, βactin. The amount of mRNA normalized to βactin is shown and expressed as mean value ± SD (n = 5); * indicates

Figure 6 .

 6 Figure 6. The decreasing effect of IEX-1 on Rpn2 and Rpn10 expression is blocked by transcriptional, but not by translational inhibition. Tet-293-mock and Tet-293-IEX-1 cells (clone a3), pre-treated with tetracycline (16 h, 1 µM) or not, were further incubated with the

Figure 7 .

 7 Figure 7. IEX-1 overexpression attenuates Rpn10 promoter activity. Tet-293-IEX-1 (clone a3) or Tet-293-mock cells were cotransfected with pTKRL (for normalization) and
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