Mediators of Inflammation
Volume 2015 (2015), Article ID 347965, 16 pages
http://dx.doi.org/10.1155/2015/347965
Research Article
Sustained Interleukin-1β Exposure Modulates Multiple Steps in Glucocorticoid Receptor Signaling, Promoting Split-Resistance to the Transactivation of Prominent Anti-Inflammatory Genes by Glucocorticoids
Pedro Escoll,1,2 Ismael Ranz,3,4 Norman Muñoz-Antón,3 Ana van-den-Rym,3 Melchor Alvarez-Mon,1 Carlos Martínez-Alonso,5 Eva Sanz,1 and Antonio de-la-Hera3
1Department of Medicine, School of Medicine, Alcala University (UAH), Alcalá de Henares, 28805 Madrid, Spain
2Biologie des Bactéries Intracellulaires, Departement Genomes et Génétique, Institut Pasteur, 75015 Paris, France
3Immunology and Individualized Medicine, IMMPA CSIC/UAH Joint Unit, Alcalá de Henares, 28805 Madrid, Spain
4MRC & Asthma UK Centre in Allergic Mechanisms of Asthma, King’s College London, Division of Asthma,
Allergy & Lung Biology, 5th Floor Tower Wing, Guy’s Hospital, London SE1 9RT, UK
5Department of Immunology and Oncology, National Biotechnology Center, Spanish National Research Council (CNB-CSIC), 28049 Madrid, Spain
Received 10 December 2014; Revised 22 February 2015; Accepted 26 February 2015
Academic Editor: Tânia Silvia Fröde 
Copyright © 2015 Pedro Escoll  et al. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Abstract. 
Clinical treatment with glucocorticoids (GC) can be complicated by cytokine-induced glucocorticoid low-responsiveness (GC-resistance, GCR), a condition associated with a homogeneous reduction in the expression of GC-receptor- (GR-) driven anti-inflammatory genes. However, GR level and phosphorylation changes modify the expression of individual GR-responsive genes differently. As sustained IL-1β exposure is key in the pathogenesis of several major diseases with prevalent GCR, we examined GR signaling and the mRNA expression of six GR-driven genes in cells cultured in IL-1β and afterwards challenged with GC.  After a GC challenge, sustained IL-1β exposure reduced the cytoplasmic GR level,  and  phosphorylation, and GR nuclear translocation and led to selective GCR in the expression of the studied genes. Compared to GC alone, in a broad range of GC doses plus sustained IL-1β, FKBP51 mRNA expression was reduced by 1/3, TTP by 2/3, and IRF8 was completely knocked down. In contrast, high GC doses did not change the expression of GILZ and DUSP1, while IGFBP1 was increased by 5-fold. These effects were cytokine-selective, IL-1β dose- and IL-1R1-dependent. The integrated gain and loss of gene functions in the “split GCR” model may provide target cells with a survival advantage by conferring resistance to apoptosis, chemotherapy, and GC.
 


1. Introduction
Cortisol, a steroid of the glucocorticoid (GC) class, is a major hormone with several physiological roles in modulating the immune response and the cell survival/apoptosis balance. These functions provided a rationale to develop synthetic GCs, such as dexamethasone (DEX), which are mainstay drugs to treat inflammation and cancer [1–8]. However, groups of patients display acquired low responsiveness to GC, a condition termed GC-resistance (GCR). Partial or complete GCR causes treatment inefficacy, which forces clinicians to raise the GC therapeutic dose and can lead to either detrimental side effects or GC withdrawal [1–8]. The development of GCR depends on the cytokine environment in an individual patient’s lesion and also varies among diseases [1, 2, 5].
Interleukin- (IL-) 1β was not originally cited among major GCR-inducing cytokines [1–8], but sustained exposure to IL-1β is key in the pathogenesis of several major diseases with prevalent GCR [4, 9–21]. Importantly, IL-1β triggers secretory cascades including several molecules that promote GCR (e.g., IL-2, IL-6, IL-17, GM-CSF, and TNF-α) [1, 4, 6–8, 22–24]. Current GCR models propose an interplay between cytokines and the GC receptor (GR) [2, 23–28]: GC-activated GR downregulates inflammation, but sustained exposure to cytokines before the GC treatment overrides GC actions, which can lead to GCR, reinforced inflammation, and increased cell survival by blockade of apoptosis [1–8, 29–32].
Both GC and IL-1β signaling are tightly regulated, and they have several natural crosstalk nodes. IL-1β neuroendocrine activity triggers GC secretion, which activates negative feedback loops [2, 9, 11, 13, 15, 17, 18, 33]. Receptors that trigger IL-1β production also activate cell-autonomous signals that downregulate proinflammatory gene expression (e.g., via the suppression of MAPK by dual-specific phosphatase 1, DUSP1) and promote IL-10 and interferon (IFN) secretion [2, 22–24, 34–36]. DUSP1, IL-10, and IFN downregulate IL-1β responses by different mechanisms including upregulation of tristetraprolin (TTP, a mRNA-binding protein that degrades proinflammatory mRNAs) and apoptosis inhibitory proteins such as glucocorticoid-induced leucine zipper (GILZ, a NF-κB inhibitor) and IFN-response factor (IRF-) 8 [2, 3, 23–28]. Notably, TTP, DUSP1, GILZ, and IRF8 expression is also directly activated by GR-driven transcription; these genes are responsible for many of the effects of GC [1–3, 29–32, 37]. Different cytokines are proposed to “generally” compromise GC transactivation potential of these genes, which would result in a “global” block of endogenous GR-driven suppression of inflammation [2, 3, 32, 33, 37–41]. Since patients suffer inflammation and cytokine exposure before GC treatments, sustained proinflammatory conditions are mimicked in vivo and in vitro by cytokine preincubation and cytokine + GC challenges [2]. While sustained IL-1R1 signaling, after prolonged incubation with either IL-1α or IL-1β, is known to reduce GR nuclear translocation and promote GCR, its effects on GC transactivation of endogenous anti-inflammatory genes have not been investigated [2, 34–36, 42].
GCs act by binding to cytoplasmic GR, which is followed by GR Ser203 phosphorylation (p-) and the exchange of FKBP51 for FKBP52 in the GC/GR-chaperone containing complex. The complex then translocates to the nucleus, where it is active as a transcription factor [2, 3, 38, 41]. GCs increase FKBP51 mRNA expression proportionally to the amount of nuclear GC/GR, making the endogenous FKBP51 level an in vivo biomarker of GC-responsiveness and GCR [2, 33, 37]. The expression of some GC-driven genes is strongly dependent on p-, which recruits distinct GR transcription cofactor combinations. These p- effects are target gene-specific and in some cases also depend on the level of nuclear GC/GR, shown by comparing the effect of p- activation on relative GILZ, IRF8, and insulin growth factor binding protein (IGFBP1) mRNA expression levels [2, 3, 32, 37–41, 43]. Some mechanisms of inflammation modify the GR phosphorylation profile in a GC-independent manner, which promotes selective modifications in the patterns of GR-driven target gene expression and has been suggested to cause GR to signal differently in disease compared to healthy cells. However, cytokine effects in this novel GCR model were not addressed [42]. The A549 lung cancer epithelial cell line is among the cell systems that were instrumental to define the current GR signaling model and responds naturally to IL-1β [2, 38, 41]. This line was therefore selected for this study to examine the interaction between IL-1β and GR signaling.
Recent GCR models propose that sustained cytokine exposure generally compromises GC transactivation potential of endogenous GR-driven genes, which results in a uniform/global loss of anti-inflammatory functions [2, 33, 44, 45]. However, given that the genome-wide determination of the GC response has revealed an unexpected specificity in GR-driven expression of individual genes [32, 37–41, 43, 46] and that cellular stress conditions associated with inflammation modify the GR-driven gene expression pattern [1–3, 42], we hypothesized that the sustained exposure of A549 cells to IL-1β may differentially affect the mRNA expression of individual DEX/GR-driven endogenous genes.
2. Materials and Methods
2.1. Cells and Reagents
A549 cells (ref. CCL-185, American Type Culture Collection ATCC, Rockville, MD) were cultured in phenol-red-free Dulbecco’s modified Eagle’s medium (Lonza, Walkersville, MD) supplemented with 10% (v/v) charcoal/dextran-treated fetal bovine serum to avoid steroid activity (Hyclone, Logan, UT). Dexamethasone was from Calbiochem (Nottingham, UK). Recombinant human IL-1β and IL-1ra were from R&D (Abingdon, UK), and recombinant human IL-18 was from MBL International (Nagoya, Japan). Stock solutions of the reagents were dissolved in either ethanol (DEX) or PBS supplemented with 0.1% human serum albumin (IL-1β, IL-1ra, and IL-18), and working solutions were diluted in complete medium before addition to cell cultures.
2.2. Western Blots
The NE-PER extraction kit (Pierce Biotechnology, Erembodegem, Belgium) was used according to the manufacturer’s instructions to obtain nuclear and cytoplasmic protein extracts. Western blots followed standard protocols [16, 38]. The total protein concentration in each lysate was measured to normalize the amount loaded in the gels. Antibodies against β-actin, α-tubulin, or p53 were used as references in each lane for the relative quantifications of the indicated targets. The sources of the antibodies specific against the human antigens were GR (BD Biosciences San Diego, CA); β-actin, p53, α-tubulin, p- (Cell Signaling Technology, Danvers, MA); and p- (ab79268, Abcam, Cambridge, UK). The use of IRDye-800CW and IRDye-680-labeled secondary antibodies (Li-Cor, Lincoln, NE) allowed simultaneous quantitation of target and reference antigens with the Odyssey infrared digital imaging system (Li-Cor).
2.3. Immunofluorescence, High Content Analysis (HCA) Microscopy, and Cell Shape Measurements
Cells were cultured in 24-well plates over 12 mm-diameter round coverslips (Menzel-Gläser, Braunschweig, Germany) coated with 5 μg/cm2 poly-D-lysine (BD Biosciences) for the indicated time periods, then washed, and fixed for 20 min in methanol chilled to −20°C and permeabilized for 30 sec in acetone (Merck, Darmstadt, Germany). The primary antibodies to human antigens were GR (Clone 57, Affinity Bioreagents, Golden, CO), p-Ser211-GR, and β-actin (Cell Signaling Technology). Secondary AlexaFluor488- and Texas-Red-conjugated antibodies were from Molecular Probes (Life Technologies, Foster City, CA, USA). The coverslips were mounted with DAPI and antifading solution (10 mg/mL orthophenyendiamine, 90% glycerol, pH 8). High content analysis (HCA) was performed in a  automated microscope station (Olympus, Hamburg, Germany), and nuclear (DAPI) and cytoplasmic (Texas-Red) staining areas were quantified for GR intensity (AlexaFluor488) by  software, with at least 2500 cells per slide analyzed in each compartment [2, 3, 44, 45]. To measure the area and circularity in individual cells, the  phase contrast images were processed using NIH ImageJ 2.0 software (Bethesda, MD). Briefly, circularity was measured using the formula . A value of 1.0 indicates a perfect circle. As the value approaches 0.0, it indicates an increasingly elongated shape [2, 3, 46].
2.4. RT-qPCR
RNA was reverse transcribed with the high capacity cDNA reverse transcription kit, and cDNA was quantitated by PCR using a 7900HT real-time PCR system and specific Taqman assays for GR-α, GR-β, FKBP51, TTP, DUSP-1 (formerly MKP1), GILZ, and IRF8, normalized with an endogenous control (β-actin), using the  method, all according to the manufacturer’s instructions (all from Life Technologies).
2.5. Statistical Analysis
The results are expressed as mean ± SEM or mean ± SD as specified in the figure legends and were statistically tested using the unpaired two-tailed -test or one-way ANOVA, followed by the Tukey-Kramer multiple comparison test using Prism v5 (GraphPad Software, La Jolla, CA). Results were considered significant when . Nonlinear regression analysis showed 95% confidence intervals.
3. Results and Discussion
3.1. Sustained IL-1β Conditions Inhibit GC-Promoted GR Nuclear Translocation
To determine whether sustained IL-1β exposure downregulates GR signaling, potentially leading to GCR, we first compared the effects of distinct IL-1β culture conditions on DEX-promoted GR nuclear translocation. We quantified cytoplasmic and nuclear GR protein in large numbers of cells by GR-immunofluorescence staining and HCA microscopy (Figure 1 and Figure  S1 in Supplementary Material available online at http://dx.doi.org/10.1155/2015/347965). DEX alone promoted significant increases in nuclear GR and significant reductions in cytoplasmic GR (Figure 1(a)(2); ##), as expected [1–3, 60]. The rationale for the selected DEX dose (10−8 M = 10 nM) was to use the same dose that has been uniformly reported in studies of several GR signaling pathway mechanisms and allows for cross-comparison of our results [30, 32, 35, 37, 40, 61]. Under sustained IL-1β conditions (16 h preincubation with IL-1β plus 1 h coincubation with DEX and IL-1β), GR nuclear levels were significantly lower than those induced by DEX (Figure 1(a)(5); , averaging a % reduction compared to DEX alone), which was not accompanied by the expected reciprocal increase in cytoplasmic GR. Importantly, neither a 1 h IL-1β coincubation with DEX nor 16 h IL-1β preincubation before a 1 h DEX-alone challenge caused significant changes in nuclear or cytoplasmic GR levels compared to DEX alone (Figures 1(a)(3) and 1(a)(4), resp.), indicating that sustained IL-1β exposure is required for IL-1β to inhibit DEX-induced nuclear GR translocation. These results were confirmed by Western blot and quantitative densitometry (Figure S2). Under sustained IL-1β conditions, the DEX-induced increase in nuclear GR protein level fell significantly, by % (16 h preincubation with IL-1β + 2 h coincubation with DEX + IL-1β, Figure S2B-3; , compared to 2 h DEX alone), which was not accompanied by significant reciprocal increases in cytoplasmic GR compared to DEX alone (Figure S2B-6).
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Figure 1: Sustained IL-1β conditions reduce DEX-driven nuclear GR translocation in a dose-dependent manner, mediated by IL-1R1. Cells were pretreated with either vehicle (veh) or 5 ng/mL IL-1β for 16 h and then treated for 1 h with either veh, 10−8 M DEX or 5 ng/mL IL-1β + 10−8 M DEX, in the absence or presence of 1 μg/mL IL-1ra, as detailed in the table below the histogram. After culture, the cells were fixed, permeabilized, and stained with β-actin- and GR-specific antibodies. They were then labeled with secondary fluorescent antibodies and DAPI, mounted, and subjected to HCA three-color fluorescence microscopy. β-actin and DAPI staining were used to demarcate the cytoplasmic and nuclear regions of interest (ROI), respectively. (a) Histogram bars represent the HCA results for each culture condition, numbered 1–6. Changes in the levels of nuclear (gray column) and cytoplasmic (white column) GR are expressed as % mean fluorescence intensity (MFI)/nuclear or cytoplasmic ROI ± SD (), relative to GR content in vehicle-treated cells, which are set as 100%. ##, differences in either nuclear or cytoplasmic GR between veh/DEX-treated (a2) and veh/veh-treated cells (a1). , difference in nuclear GR between IL-1β/IL-1β + DEX-treated (a5) and DEX-treated cells (a2).  and , differences between IL-1β + IL-1ra/IL-1β + IL-1ra + DEX-treated (a6) and IL-1β/IL-1β + DEX-treated cells (a5) in their nuclear or cytoplasmic GR level, respectively. (b) Dose-dependent inhibition of nuclear GR translocation was assayed in cells pretreated with titrated concentrations of IL-1β (50 pg/mL to 25 ng/mL) for 16 h and then treated for 1 h with the corresponding IL-1β concentration +10−8 M DEX. The results show the mean percentage of inhibition of GR nuclear translocation observed under sustained IL-1β conditions, compared to veh/10−8 M DEX-alone conditions and their 95% confidence intervals.


To determine whether the IL-1β inhibition of DEX-driven GR nuclear translocation was dose-dependent, we repeated the experiment in Figure 1(a) with titrated amounts of IL-1β (50 pg/mL to 25 ng/mL; Figure 1(b)). IL-1β-driven reductions in nuclear GR levels indeed displayed a linear dose-dependent response (). Together, these results demonstrate that sustained IL-1β conditions are required for this signal to significantly reduce, in a dose-dependent manner, the nuclear GR translocation promoted by DEX. In addition, the data demonstrate that neither a 1 h IL-1β coincubation with DEX nor a 16 h IL-1β preincubation before a 1 h DEX-alone challenge caused significant changes in nuclear or cytoplasmic GR levels compared to DEX alone. It supports the notion that the reported change in GR signaling selectively occurs under sustained IL-1β conditions (IL-1β/IL-1β + DEX), after a direct comparison of the above conditions, which has not been previously reported [34, 35].
We next asked whether these effects of sustained IL-1β are mediated by IL-1R1 (Figure 1(a)(6)). Quantitative analyses showed that a natural selective IL-1R1 antagonist, IL-1ra [2, 3, 16], inhibits the effects of sustained IL-1β: both nuclear () and cytoplasmic () GR levels were significantly higher under sustained IL-1β conditions in the presence of IL-1ra (Figure 1(a)(6)). After addition of IL-1ra, the levels of nuclear and cytoplasmic GR were comparable to those observed in the absence of IL-1β (nonsignificant differences compared to DEX alone, Figure 1(a)(6)). These findings demonstrate that the inhibition of GR nuclear translocation by sustained IL-1β treatment is dependent on IL-1R1.
3.2. IL-1β Reduces Cytoplasmic GR Levels
The lack of a significant reciprocal increase in cytoplasmic GR levels suggested an additional reduction in the total GR protein amount (), which we further investigated. As GC ligand-dependent signals transiently downregulate GR expression at the mRNA and protein levels [2, 3, 35], we tested whether sustained IL-1β treatment affected GR at either level. We first studied whether compared to DEX alone sustained IL-1β conditions modified the mRNA expression of GR-α or GR-β (Figure S3). GR-α and GR-β are splice variants with distinct functions transcribed from the GR/NR3C1 gene [2, 3, 62]. DEX alone downregulated both GR-α and GR-β mRNA in A549 cells, consistent with previous results in this cell line when treated with the GC budesonide [33, 41, 43, 60, 63]. Notably, sustained IL-1β conditions did not significantly change the DEX-induced GR-α and GR-β mRNA downregulation (Figure S3, nonsignificant differences), suggesting that modification of GR mRNA expression does not directly explain the effects of IL-1β.
However, GR and β-actin immunoblots indicated that  is decreased in cells treated with IL-1β-alone (Figure 2(a)). In the corresponding densitometry analyses of GR levels in whole cell lysates (Figure 2(b)), 2 h treatment with IL-1β alone significantly decreased  by an average of % (Figure 2(b)(2); #), whereas 2 h with DEX alone reduced  by % (Figure 2(b)(3); ##). A 2 h IL-1β + DEX coincubation showed a mild additive reduction in  levels, by %, a nonsignificant decrease compared to DEX alone (Figure 2(b)(4)). Sustained IL-1β, however, significantly potentiated GR depletion by DEX, with  reduced by % (16 h preincubation with IL-1β + 2 h coincubation with DEX + IL-1β, Figure 2(b)(5); , compared to 2 h DEX-alone). The reduction in  levels after sustained IL-1β conditions is mediated by IL-1R1, as they are abrogated by IL-1ra: IL-1ra reverts  to levels similar to DEX alone (Figure S4).
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(b)
Figure 2: Sustained IL-1β reduces the whole-cell GR protein level after a DEX challenge. Cells were pretreated for 16 h with either vehicle or 5 ng/mL IL-1β and then treated for 2 h with vehicle (b1, veh/veh), 5 ng/mL IL-1β alone (b2, veh/IL-1β), 10−8 M DEX alone (b3, veh/DEX), simultaneous addition of 5 ng/mL IL-1β + 10−8 M DEX (b4, veh/IL-1β + DEX) or sustained IL-1β conditions (b5, IL-1β/IL-1β + DEX), as indicated in the table. Whole cell lysates were prepared and analyzed by Western blot with anti-GR and -β-actin antibodies. (a) Blots of a representative experiment (). (b) Quantitation of whole cell GR protein by densitometry. Data are represented as mean ± SEM percentage of total GR protein amount as compared to veh/veh treatment. # and ##, difference in GR protein levels between veh/IL-1β-treated (b2) or veh/DEX-treated (b3) and veh/veh-treated cells (b1), respectively. , difference in GR protein levels between IL-1β/IL-1β + DEX-treated (b5) and veh/DEX-treated cells (b3).


While GC-induced GR-protein degradation is a negative feedback loop that limits GC responsiveness and has a recognized role in GCR [2, 3], we are not aware of any report of IL-1β-driven GR protein downregulation. On the contrary, it has been proposed that, in mouse fibroblasts,  increases after IL-1α exposure [2, 3, 34, 35, 38–41], and, in human airway muscle cells, cytokines induce nuclear GR translocation in a “nonspecific” “unliganded” (GC-independent) manner without reducing  [2, 3, 38–41, 62]. To resolve this discrepancy, we next addressed whether the GR reductions induced by IL-1β alone occur in the cytoplasmic and/or nuclear compartments and whether IL-1β alone promotes significant “unliganded” GR nuclear translocation. We performed immunoblots and the corresponding GR densitometry in the nuclear and cytoplasmic fractions of cells incubated with either vehicle, IL-1β alone or DEX alone (Figure 3). The purity of the loaded nuclear and cytoplasmic cell fractions was assessed by p53 and α-tubulin codetection, respectively. The decrease in  protein driven by IL-1β alone was linked to significant reductions in cytoplasmic but not nuclear GR (lanes 2–5), compared to vehicle (lane 1). Further, compared to DEX alone (lane 6), IL-1β alone did not drive any significant GR nuclear translocation.
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(d)
Figure 3: IL-1β alone reduces cytoplasmic GR protein levels without promoting GR nuclear translocation. Cells were pretreated at −32 h and −16 h with vehicle, 5 or 25 ng/mL IL-1β, and then treated the last 2 h with either vehicle or 10−8 M DEX alone, as indicated in the table: 1, 32 h in vehicle; 2, 16 h veh/16 h 5 ng/mL IL-1β; 3, 16 h veh/16 h 25 ng/mL IL-1β; 4, 32 h 5 ng/mL IL-1β; 5, 32 h 25 ng/mL IL-1β; and 6, 30 h veh/2 h 10−8 M DEX. The nuclear and cytoplasmic compartments were then fractionated and their lysates studied by Western blot with anti-GR antibody. Anti-α-tubulin (α-tub) and -p53 antibodies are controls for the correct cytoplasmic (a) and nuclear (b) compartment fractionation, respectively, in the representative blots (). Quantitation of cytoplasmic (c) and nuclear (d) GR protein by densitometry. Data are represented as mean ± SEM. #, differences in cytoplasmic GR protein content between cells treated with 16 h veh/16 h 5 ng/mL IL-1β (c2), 16 h veh/16 h 25 ng/mL IL-1β (c3), 32 h 5 ng/mL IL-1β (c4), 32 h 25 ng/mL IL-1β (c5), or 30 h veh/2 h DEX (c6), compared with 32 h vehicle-treated cells (c1). , difference in cytoplasmic GR protein levels between cells treated with 5 ng/mL (c2) and 25 ng/mL (c3) IL-1β for the last 16 h. #, difference in nuclear GR protein levels between 30 h veh/2 h DEX-treated (d6) and veh-treated cells (d1).


The reductions in cytoplasmic GR driven by the cytokine were related to the IL-1β incubation time and dose. Quantitative analyses showed that increasing the time of IL-1β exposure further reduced the cytoplasmic GR level: 16 h and 32 h incubations in 25 ng/mL IL-1β significantly decreased cytoplasmic GR by an average of % and %, respectively (Figure 3(c)(3); # and Figure 3(c)(5); #, IL-1β compared to vehicle). Lower doses of IL-1β (5 ng/mL) significantly reduced cytoplasmic GR by % and % after 16 h and 32 h, respectively (Figure 3(c)(2); # and Figure 3(c)(4); #, IL-1β compared to vehicle). Notably, 5 ng/mL IL-1β was significantly less effective than 25 ng/mL IL-1β at 16 h (Figure 3(c)(2); ) but not at 32 h, when the IL-1β-alone-driven cytoplasmic GR reduction tended to reach a dose plateau (Figure 3(c)(4), nonsignificant differences). DEX alone was more potent and reduced the cytoplasmic GR more quickly, by %, than IL-1β alone (Figure 3(c)(6); #; 2 h DEX-alone compared to any IL-1β-alone condition). Together, these results suggest that the levels of reduction in cytoplasmic GR promoted by IL-1β could affect GC-responsiveness under IL-1β conditions, given that similar total GR level changes before GC challenges have been shown to determine the potency of subsequent anti-inflammatory GR-driven responses and their gene profile specificity [33, 38–41, 43, 63].
IL-1β alone did not promote any detectable increase in nuclear GR compared to vehicle (nonsignificant differences; IL-1β alone induced 0.11 to 0.17-fold increases over vehicle, Figure 3(d)(1–5)). As expected [2, 3, 38], 2 h DEX-alone promoted significant GR nuclear translocation (7.3-fold increase in nuclear GR levels over vehicle; Figure 3(d)(6); # compared to vehicle or any of the IL-1β-alone incubations). To confirm that prolonged exposure to IL-1β alone reduces GR levels without promoting statistically significant unliganded GR nuclear translocation, we also carried out GR immunofluorescence and HCA microscopy assays, quantifying GR protein levels in the nucleus and cytoplasm (Figure S5). A 16 h IL-1β preincubation + 1 h IL-1β-alone challenge significantly reduced both nuclear and cytoplasmic GR levels (Figure S5-4; # for both nuclear and cytoplasmic GR, ), without promoting the significant GR nuclear translocation seen with DEX alone (Figure S5-2; also see Figures 1 and ) and sustained IL-1β plus DEX (Figure S5-3; also see Figures 1 and ).
We next examined whether the GR nuclear translocation or decrease in GR levels observed with IL-1β treatment was caused by cytokines in a nonspecific manner. We tested whether IL-18, another member of the IL-1 superfamily, had similar effects by immunofluorescence and microscopy assays. A sustained exposure to a broad range of IL-18 concentrations did not significantly modify either the DEX-driven nuclear GR translocation or cytoplasmic GR level reductions (Figure S6), indicating a degree of specificity to IL-1β in the effects reported here.
It is well documented in the literature that the A549 cell line expresses IL-18Rα [64]. All the stocks of A549 cells used in the experiments were from early passages of a certified type culture collection and tested for expression of IL-18Rα, as all reported wild type A549 cells do. Recently, Dinarello and coworkers reported the paradox that the knockdown of IL-18Rα mRNA and protein expression in the standard type collection wild type IL-18Rα + A549 cells results in increased IL-1β-induced production of inflammatory cytokines (i.e., IL-1α, IL-6, and IL-8) in the manipulated IL-18Rα-deficient A549 cells, due to a dysregulation of suppressors of cytokine signaling (SOCS) [64]. Notably, this mechanism does not operate in our assay conditions because we have used wild-type IL-18Rα + A549 cells.
Overall, therefore, prolonged exposure to IL-1β-alone is associated with progressive reductions in cytoplasmic GR in the absence of statistically significant GR nuclear translocation. Quantitative analyses corroborate that a sustained exposure to IL-1β progressively decreases the amount of cytoplasmic GR protein in a GC-unliganded manner and thereafter significantly reduces GC-liganded nuclear translocation in a cytokine-specific, IL-1β dose-dependent, and IL-1R1-dependent manner.
3.3. IL-1β Affects GC-Promoted GR Phosphorylation Patterns
We hypothesized that the effects of IL-1β on GCR may involve modification of the initial steps of GR signaling (GR phosphorylation), a possibility that has not been addressed in previous studies [2, 3, 34, 35, 38–41]. GR is phosphorylated on serine residues after GC binding, which constitute codes with a profound impact on GR signaling. p- is associated with GR nuclear translocation, and subsequent p- activation is related to GR DNA-binding, GR association with distinct nuclear cofactors, and differential transcription of selected GR-target genes [2, 3, 34, 35, 38–41]. We initially tested whether sustained IL-1β conditions had an impact on GR phosphorylation codes by Western blot and densitometry studies. For standardization, blots labeled with either anti-p- or anti-p- were sequentially stripped and reblotted with anti- and anti-β-actin. In whole cell lysates under sustained IL-1β conditions, compared to DEX alone, total p- was significantly reduced at 1, 2, and 4 h post-DEX challenge (Figures 4(a) and 4(c); ). Notably, kinetic experiments showed an abrupt reduction in p- protein levels at 2 hours, averaging a % reduction (Figure 4(c); & compared to sustained IL-1β conditions at 1 and 4 h post-DEX challenge). In stark contrast, p- levels showed a nonstatistically significant trend towards a slow and gradual decrease at 2 and 4 h in DEX alone, consistent with previous reports [38–41, 43, 48, 65, 66]. While the kinetics of  protein resembled the p- curves, with diminished  at 1, 2, and 4 h under sustained IL-1β conditions compared to DEX alone (Figure 4(e); ), the reductions in p- were twofold greater than the reductions in  (Figures 4(c) and 4(e)). This is notable because  protein was not significantly reduced in the cytoplasmic compartment under sustained IL-1β conditions compared to DEX alone (Figures 1 and S2), which suggests that sustained IL-1β conditions impair DEX-driven GR phosphorylation at a residue associated with efficient GR nuclear translocation, which could contribute to GCR.
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(f)
Figure 4: Sustained IL-1β conditions reduce the levels of DEX-activated cytoplasmic p- and nuclear p-. Cells were pretreated with vehicle or 5 ng/mL IL-1β for 16 h followed by treatment with either 10−8 M DEX (veh/DEX, (gray column)) or 5 ng/mL IL-1β + 10−8 M DEX (IL-1β/IL-1β + DEX, (white column)) for 0, 1, 2, or 4 h. Whole cell lysates were prepared, normalized for total protein concentration, and tested by Western blot with p--, p--, and total GR-specific antibodies. Anti-β-actin was used to confirm that protein load was normalized in each lane before relative quantitation. Blots representative of the p- (a) and p- (b) analyses (). Quantitation of whole cell p- (c), p- (d), and total GR (e) protein by densitometry. Data are represented as mean ± SEM. For each condition, bars represent fold-changes in p-, p-, and  at 1, 2, or 4 h compared to veh/DEX-treated cells at 0 h. , differences between sustained IL-1β conditions (IL-1β/IL-1β + DEX, (white column)) and DEX alone-treated cells (veh/DEX, (gray column)). &, differences in p- induction between 2 h and 1 h post-DEX challenge under sustained IL-1β conditions (IL-1β/IL-1β + DEX, (white column)). (f) HCA microscopy analyses of nuclear p- content. Results are expressed as mean ± SEM fold-induction of nuclear p-Ser211-GR at 1, 2, or 4 h compared to veh/DEX-treated cells at 0 h ().  IL-1β/IL-1β + DEX-treated versus veh/DEX-treated cells.


Kinetic analyses of p- activation were run in parallel to the p- expression studies (Figure 4). As expected [2, 3, 37–39, 43, 65], after a DEX-alone challenge, the maximal p- expression occurs at 2 h, well after the p- peak at 1 h (Figures 4(b) and 4(d)). Under sustained IL-1β conditions, the 2 h p- peak was abated, however, and there were significantly less increases in p- at 1, 2, and 4 h post-DEX challenge compared to DEX alone (Figure 4(d); ). The p- activation curve was notably flattened, with levels of p- an average % lower at 2 h post-DEX challenge than DEX alone. Two results indicate that there was not a compensatory retarded p- activation at 4 h. First, there was no significant difference in p- activation between 2 h and 4 h post-DEX challenge under sustained IL-1β conditions. Second, p- amounts were still an average % lower at 4 h under sustained IL-1β conditions than DEX alone (Figure 4(d)). In independent experiments carried out 2 h post-DEX challenge under sustained IL-1β conditions, the magnitude of attenuation of whole-cell p- activation (Figure 4(d); −%) and nuclear  translocation (Figure S2B-3; −%) was relatively similar but less intense than the whole-cell  reduction (−%), compared to DEX alone.
Considering that the transcriptional function of p- is exerted in the nucleus but its phosphorylation is initiated in the cytoplasm [37–39, 65], we directly tested whether nuclear p- was selectively decreased under sustained IL-1β conditions, compared to DEX alone. Cells were stained with the same p--specific antibody, and nuclear p- protein was quantified by immunofluorescence and HCA microscopy (Figure 4(f)). The amount of nuclear p- was significantly reduced 1, 2, and 4 h after the DEX challenge under sustained IL-1β conditions (Figure 4(f); ).
Together, these results indicate that preexposure to IL-1β reduces cytoplasmic  levels before the DEX challenge (Figure 3) and sustained IL-1β conditions both attenuate DEX-driven p- activation at the peak of ligand-driven GR nuclear translocation and reduce nuclear p- levels (Figure 4).
3.4. IL-1β Promotes an Altered Expression Profile of Endogenous GC-Target Genes with Essential Functions in the Regulation of Inflammation and Apoptosis
The transcriptional effects of IL-1-mediated GCR have been assessed using cell lines transfected with GC-responsive reporters carrying minimal promoters, but neither GR-phosphorylation status nor endogenous GC-responsive gene expression has been studied in these systems [2, 34, 35, 37]. Recent studies on the expression of endogenous GR-driven genes have revealed unexpected mechanisms of regulation and specifically demonstrated that, in A549 cells, different GC/GR levels and GR phosphorylation changes cause selective or gene-specific effects [2, 34, 35, 41, 43, 48, 65, 66]. We therefore considered A549 cells a suitable model to ask whether sustained IL-1β GCR conditions differentially affect the expression of a selected set of endogenous GC/GR target genes with defined roles in inflammation and apoptosis.
We investigated by real-time RT-PCR kinetic assays whether sustained IL-1β conditions, compared to DEX or IL-1β-alone, reprogram the mRNA expression of six GR-driven genes (FKBP51, GILZ, DUSP1, TTP, IRF8, and IGFBP1; Figure 5). Among the six genes studied, FKBP51 was the most highly induced mRNA after treatment with DEX alone (-fold increase in 10−8 M DEX compared to vehicle, Figure 5(a); #), as expected [37, 39, 40, 43, 65]. FKBP51 expression is a biomarker of GC-responsiveness that correlates with GC availability and nuclear GR amounts in vivo and in vitro [1, 2, 5, 37, 39, 65]. Under sustained IL-1β conditions, the peak of FKBP51 at 5 h was significantly lower than with DEX alone (Figure 5(a); ), with FKBP51 reduced by an average of %. Significant FKBP51 reductions occurred after GC challenges at a broad range of DEX concentrations under sustained IL-1β conditions compared to DEX alone (Figure S7A; 10−9 M DEX, ; 10−8 M DEX, ; 10−7 M DEX, ; average reductions %, %, and %, resp.). Notably, IL-1β alone did not significantly modify FKBP51 expression, which was similar to vehicle at all time points (Figure S8A). This is consistent with FKBP51 as biomarker of GC-responsiveness that is not induced by proinflammatory agents alone [2, 33, 37]. Overall, sustained IL-1β conditions significantly reduced GC-responsiveness at a broad range of DEX concentrations as assessed by standard FKBP51 assays. The magnitudes of the FKBP51 reductions were remarkably similar to the reductions in nuclear GR translocation (Figures 1 and ), consistent with the proposal that IL-1R1 can promote GCR in different conditions [1, 2, 5, 33–35].
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(f)
Figure 5: Sustained incubation with IL-1β promotes a split responsiveness of GC-induced anti-inflammatory genes: selective reduction in FKBP1, IRF8, and TTP, superinduction of IGFBP1 and unchanged DUSP1 and GILZ mRNA expression. Cells were cultured in complete medium (veh/veh, ▲, solid line), pretreated 16 h in vehicle, then treated with 10−8 M DEX alone for the indicated times (veh/DEX, ●, solid line), subjected to sustained IL-1β conditions (16 h 5 ng/mL IL-1β/5 ng/mL IL-1β + 10−8 M DEX for the indicated times, ■, solid grey line), or treated under sustained IL-1β conditions in the presence of IL-1ra (16 h 5 ng/mL IL-1β + IL-1ra/5 ng/mL IL-1β + IL-1ra + 10−8 M DEX for the indicated times, , dashed line). After the indicated treatments, the cells were collected and mRNA extracted and quantitated by real-time RT-PCR. The time-course curves represent the mean ± SEM fold-changes in the expression of FKBP51 (a), GILZ (b), DUSP1 (c), TTP (d), IRF8 (e), and IGFBP1 (f) mRNAs, for each culture condition compared to veh/veh-treated cells at 0 h (). #, veh/DEX-treated versus veh/veh-treated cells. , sustained IL-1β conditions versus DEX alone-treated cells. , differences between cells under sustained IL-1β conditions in the presence or absence of IL-1ra.


It is noteworthy that the 10−11 to 10−5 M DEX dose range is the uniformly used one in GR signaling studies and would span well below and above the expected plasma levels in patients receiving the DEX doses recommended for anti-inflammatory treatment by European government agencies (http://www.medicines.org.uk/emc/ingredient/328/dexamethasone).
The remaining genes are shown in decreasing order of GC responsiveness (Figures 5(b)–5(f), Figure S8B-F, all significant, #). Surprisingly, the GC-responsiveness of individual genes shows distinct changes under sustained IL-1β conditions (Figure 5). The modified responses fall into a maximum of 5 possible categories. First, DUSP1 did not display significant GCR. Second, GILZ only showed significant inhibition at low DEX under sustained IL-1β conditions. Thus, after a DEX challenge under sustained IL-1β conditions, GILZ (Figure 5(b)) and DUSP-1 (Figure 5(c)) mRNA levels were not significantly different than those with DEX alone over a broad range of DEX concentrations, except GILZ at 10−9 M DEX (Figure S7B, ). This was expected because GILZ has significant p- dependence only at low doses of GC (e.g., 10−9 M) [40, 48, 49], and p- nuclear levels are reduced in this cell model (Figures 4(d) and 4(f)).
Third, TTP expression showed a significantly blunted induction after a DEX challenge under sustained IL-1β conditions (Figure 5(d); , with an average peak level reduction of % compared to DEX alone). Compared to DEX alone, significant TTP reductions occurred with a broad range of DEX concentrations under sustained IL-1β conditions (Figure S7D; 10−8 M DEX, ; 10−7 M DEX, ; 10−6 M DEX, and ; average reductions %, %, and %, resp.). Thus, FKBP51 and TTP represent two cases of different extents of “partial” GCR: TTP had an average relative reduction of ~2/3 (Figure 5(d)), greater than the 1/3 decrease observed in FKBP51 (Figure 5(a)). Contrary to the case of GILZ, both FKBP51 and TTP GCR occur at high GC doses, a feature of GCR relevant in clinical practice [1, 2, 5, 47].
Fourth, the induction of IRF8 mRNA expression was abrogated after a DEX challenge under sustained IL-1β conditions (Figure 5(e); , with an average peak level reduction of % compared to DEX alone). The loss of IRF8 induction under sustained IL-1β conditions occurred at all DEX concentrations that alone caused induction (Figure S7E; ). Therefore, there was an IRF8 knockdown or “complete” GCR for IRF8 responsiveness.
Fifth, IGFBP1 mRNA expression was super-induced after a DEX challenge under sustained IL-1β conditions (Figure 5(f); , with an average super-induction of % compared to DEX alone). The superinduction occurred after the GC challenge under sustained IL-1β conditions with all DEX concentrations that alone caused induction (Figure S7F; ). These results are not unexpected because the preincubation with IL-1β was a much more potent stimulus for IGFBP1 induction than DEX alone (Figure S8F). Finally, IL-1ra reverted reprogramming of the expression of FKBP51, TTP, IRF8, and IGFBP1 genes from the sustained IL-1β condition profiles to patterns not significantly different from those observed after the DEX-alone challenges (Figures 5(a), 5(d), 5(e), and 5(f); ). This indicates that these altered expression profiles with sustained IL-1β conditions are dependent on IL-1R1.
Overall, the distinct patterns of responsiveness shown by individual genes demonstrate an unexpected degree of specificity that reveals that sustained IL-1β conditions cause a split-resistance to the transactivation of prominent anti-inflammatory genes by glucocorticoids, which can be reverted by IL-1ra.
Recent GCR models propose that sustained cytokine exposure generally compromises GC transactivation potential of endogenous GR-driven genes, with global loss of prominent anti-inflammatory functions [2, 33, 47, 49–53]. Here we show that sustained IL-1R1 signaling alone reduces the level of cytoplasmic GR in a time-dependent and IL-1β dose-dependent manner that is GC ligand- and GR nuclear translocation-independent. DEX treatment under sustained IL-1β conditions further reduces the cytoplasmic GR level, which is accompanied by a significant decrease in GR nuclear translocation. Six endogenous GR-driven anti-inflammatory genes have individual GC-responses: some show complete or partial GCR whereas others have unchanged or increased gene expression under sustained IL-1β conditions. This supports a IL1R1-driven “split GCR” model, distinct from current “global GCR” models [1, 2, 5, 33–35, 52, 53].
Recent research has focused on the most prominent genes that restrain IL1R1-driven signaling by interdependent strata of negative regulatory pathways and has mapped the role of essential GR-driven genes that control IL-1β-mediated inflammation under GC-responsive conditions [31, 48, 49]. A schematic of IL-1R1 signaling depicts two major transduction nodes (Figure 6(a)) [22, 30, 47–50]. The first node includes TAK1 (transforming growth factor activated kinase 1, shared by TGF-R, TNF-R, and IL-1R1) which activates several MAPK signaling cascades, such as the JNK-AP1 pathway and the canonical NFκB pathway. In the second node, phosphatidylinositol-3-kinase (PI3K) and AKT promote survival by inhibiting p53 and Bak/Bax-mediated apoptosis and trigger separate NF-κB/AP1 activation pathways (Figure 6(a), blue arrows) [4, 23–26, 29, 47, 49–54]. The most prominent effects mediated by the six selected GC-inducible genes in the regulation of IL-1R1 signaling by multitiered feedback loops (highlighted in green) are also summarized in Figure 6(a). First, FKBP51 is a scaffold protein in the AKT and TAK1 signal nodes and hence regulates the downstream scaffold-associated survival/apoptosis pathways [28, 52, 53, 55, 56, 67]. Second, GILZ directly binds to and inhibits NF-κB as well as MAPKs and their downstream nuclear factors, such as JNK/AP1 [31, 48, 58]. Third, DUSP1 upregulates TTP activity without modifying the total levels of TTP protein by dephosphorylation of p-TTP and is a pivotal negative feedback regulator of MAPK signaling. It is therefore important in inflammatory cytokine secretion and resistance to MAPK-driven apoptosis [22, 30, 48–50, 52]. Fourth, TTP degrades many different mRNA targets known to promote inflammation, angiogenesis, and metastasis (the proinflammatory secretome) and also represses the epithelial-mesenchymal transition (EMT) [4, 23–26, 29, 54, 57]. Fifth, IRF8 is an IFN- and GC-induced gene whose expression is inversely correlated with inflammation and apoptosis-resistance. IRF8 increases apoptosis due to increased expression of several molecules in the death signaling pathways that permeate mitochondrial and endoplasmic reticulum membranes by favoring the assembly of proapoptotic Bax/Bak protein pore-opening complexes [28, 52, 55–57, 67]. Lastly, sixth, while IRF8 increases Bax expression, IGFBP1 is a direct binding partner of Bak, a mechanism by which it prevents the initiation of the death program by inhibiting Bak oligomerization and hence the opening of Bak/Bak pores [58, 67].
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(b)
Figure 6: IL-1R1 signal transduction and negative regulation of GR-induced genes with known functions in inflammation and apoptosis: evidence of split GCR under sustained IL-1β conditions and proposed association with chemo- and GC-resistance phenotypes and EMT. (a) Signaling through the TAK1 and AKT parallel transduction nodes under normal IL-1R1 signaling conditions [44]. In the right node, TAK1 activates the three MAPK signaling cascades, including the JNK-AP1 pathway and the classical NFκB pathway. In the left node, AKT transiently promotes survival by inhibiting p53 and Bak/Bax-mediated apoptosis (thin black inhibition arrows) and also triggers a separate NF-κB/AP1 activation pathway (thin blue arrows) [47]. The schematic superimposes the most prominent effects mediated by the 6 selected GC-inducible genes (FKBP51, GILZ, DUSP1, TTP, IRF8, and IGFBP1, highlighted in green) in the regulation of IL-1R1 signaling under noninflammatory conditions. The level of wild-type FKBP51 contributes to low transient AKT activity, while IRF8 increases Bax expression and Bax/Bak pathway activities (bold arrows) which counteracts the AKT and IGFBP1 upstream survival regulation. GILZ, DUSP1, and TTP exert their regulatory functions as indicated by the bold inhibition arrows [2, 47–56]. (b) Under sustained IL-1β conditions, GC-driven transcription of FKBP51 is significantly reduced, which allows sustained AKT signaling (bold blue lines), which in turn has been associated with apoptosis- and chemo- and GC-resistance [52, 57]. IRF8 knockdown (in faded green) would reinforce the antiapoptotic AKT effects due to lower Bax expression and weak inhibition of other activities in the same pathway that lead to Bax-Bax pore formation (faded gray arrows) [55, 56]. The IGFBP1 overexpression would reinforce the antiapoptotic effects of AKT by further inhibiting activities that lead to Bak-Bak pore oligomerization [58] in the alternative pathway (faded and crossed-out). While GILZ and DUSP1 expression is unaffected in the IL-1β-induced split GCR model, sustained AKT activation might still reinforce the expression of the proinflammatory secretome via the noncanonical NF-κB/AP1 pathway (bold blue arrows) [47]. The latter might be potentiated by the reduction in TTP expression (2/3 less), a knockdown that has been also associated with EMT [54, 59].


Figure 6(b) summarizes how the genes’ functions in IL-1R1 signal regulation and their combined expression changes in the split GCR model might represent complementary losses of function in the AKT node. Specifically, reduced FKBP51 expression results in Ser473-AKT hyperphosphorylation in A549 cells [52, 58], which increases AKT signal strength and duration, shown as bold blue lines. Sustained AKT activity is a negative regulator of GR nuclear translocation, GC-target gene transactivation, and apoptosis [28, 55–58, 67]. These combined AKT activities contribute to chemo- and GC-resistance by mechanisms that limit Bak/Bax protein oligomerization in the pores that trigger the lethal hit [49, 52, 55–58, 67]. Simultaneous loss of Bak + Bax function render cells resistant to apoptosis via all Bcl-2 family signal pathways [6–8, 67], summarized by the faded and crossed-out Bax/Bax and Bak/Bak pores in Figure 6(b). It is known that increased IGFBP1 prevents Bak-mediated death by inhibiting Bak oligomerization [4, 6–8, 50–52, 58]. Further, IRF8 epigenetic knockdown results in apoptosis resistance by loss of function of more than one molecule in the two activation pathways and strongly downregulates Bax, the Bak functional complementation gene [23–26, 28, 48, 49, 54–56, 58, 59, 67]. Hence, a FKBP51 decrease, IGFBP1 increase, and IRF8 knockdown are a reinforced combination of elements known to separately provide cell survival under potent stress, inflammation, or genotoxic conditions, and it has been reported that these individual gene expression changes promote IFN-, chemo-, and GC-resistance [4, 46, 49, 52, 55–58, 67, 68]. Together, this suggests that IL-1β-driven modification of the functions of these three genes may be the basis of an unexpected multiple drug resistance mechanism, involving drugs with very different mechanisms of action and which are essential to treat prevalent and life-threatening cancer and inflammatory diseases.
A549 lung cancer epithelial cells were chosen for this study because they have been instrumental to defining GR signaling mechanisms and the complexity of the regulatory activities of endogenous GR-transactivated genes. Herein, their reprogramming to a split GCR occurs after 18 h under sustained IL-1β conditions. It has been proposed that the senescence associated secretory phenotype (SASP) exploits chronic IL-1R1 signaling and the IL-1β paracrine proinflammatory secretome to cause concurrent inflammation, degenerative syndromes, and cancer from middle age onwards [6–8, 47]. SASP also blocks p53-driven apoptosis and promotes GCR but is further associated with epithelial-mesenchymal transition (EMT) [4, 6–8, 47, 50–52]. In this regard, it is known that IL-1β promotes EMT in tumors and healthy tissues, such as placental trophoblasts, in counterbalance with GC, and that TTP knockdown causes EMT [23–26, 33, 48, 49, 54, 59]. More related to our in vitro model, there have been reported TTP knockdown phenotypes and EMT phenotypes in A549 cells and cancer tissues in vivo after extended IL-1β exposure [4, 33, 46, 63, 68]. Here, we observed a significant two-thirds reduction in TTP expression (Figures 5(d) and 6(b)). Interestingly, experiments aiming to completely knock down TTP protein expression by increasing the sustained IL-1β time up to 72 h resulted in cells with a morphological phenotype (Figure S9), which did not occur in 18 h short-term cultures (Figures 1–5). In fact, it is reminiscent of the fully characterized EMT morphology already reported in A549 cells treated long-term with IL-1β [46]. The characterization of the effects of long-term exposure to IL-1β alone and EMT mechanisms was not an aim of our project. Further experiments will be required to characterize the several discussed potential mechanisms of action and their biological implications (Figure 6) in different models.
Previous work helps suggest potential split GCR mechanisms in SASP that may be reverted by IL-1ra. Campisi and coworkers recently reported that GCs only suppress the secretion of “selected” SASP components and not others such as IGFBP1 [9, 33, 48, 51, 69]. This is similar to the selective GC gene responsiveness in our split GCR: the “selected suppression” required that GC was present during the whole extended period of SASP establishment (1 week) and added IL-1α promoted the SASP rescue under the sustained GC conditions. The authors monitored the SASP rescue by the IL-6 secretion recovery and attributed the SASP rescue to increased IL-1R1-driven NFκB signals [33, 51]. Importantly, Cahill and Rodgers identified novel AKT-dependent pathways from IL-1R1 to IL-6 transcriptional activation [33, 47], depicted as blue arrows in Figure 6(a). One leads to AP1-dependent IL-6 induction via direct phosphorylation of IKKα-Thr23 by AKT; the other connects AKT and IKKα-Thr23 to the NFκB activation pathway downstream from the TAK1 node, which canonically activates MAPK/AP1, NFκB, and IL-6 [23–26, 47–49]. The bold blue arrows in Figure 6(b) illustrate how sustained AKT activity would promote high AP1/NFκB activities bypassing the TAK1 node. The TAK1 node is shared by distinct cytokine receptors, like TNF-R (Figure 6). Notably, TNFα injections did downregulate the level of GR protein in vivo [4, 6–10, 12, 14, 16, 19–21, 33, 49–57], as shown here for IL-1β in vitro. GR level has been proposed to determine the potency of subsequent anti-inflammatory GR-driven responses, as shown in gene-dosage studies [33, 47, 63]. GILZ and DUSP1 expression is essential for mice to survive MAPK-driven apoptosis and hence TNFα or IL-1β-induced shock [2, 9, 33, 47–56, 69]. Here, their expression is notably unchanged under sustained IL-1β conditions (Figure 6(b)). Lethal TNFα doses, however, knock down GILZ expression [33], leading Libert and coworkers to propose that GR reductions generally compromise GC transactivation potential and that TNFα amplifies its own proinflammatory potential by inducing a “global” GCR that blocks the GILZ, DUSP1, and TTP endogenous GR-mediated brakes on inflammation [33]. Our results, obtained under sustained IL-1β conditions, lead us to propose a not-mutually-exclusive split GCR model, operating under different cytokine conditions. These might combine cell survival (driven by FKBP51, IRF8, and IGFBP1 clustered changes) and inflammation (as the TTP knockdown amplifies the proinflammatory potential of the IL-1β-induced paracrine secretome [23–26, 48, 49]).
Concern about the involvement of IL-1β in the pathogenesis of prevalent diseases is rapidly growing, especially in view of its role in lethal diseases and in the paracrine propagation of SASP-associated cancer and chronic degenerative syndromes, which frequently associate with chemotherapy- and/or GC-resistance [4, 6–10, 12, 14, 16, 19–21, 49–57]. The finding of a split GCR reversal by IL-1ra in the in vitro model will merit further investigation in preclinical and clinical assay conditions to assess whether the amplification of the IL-1β proinflammatory cascade potential can be disrupted in these conditions.
4. Conclusions
Exposure of cells to sustained IL-1β conditions has a profound impact on subsequent response to GC: cytoplasmic GR level,  and  phosphorylation, and GR nuclear translocation are all reduced. Although current GCR models propose that sustained cytokine exposure generally compromises GC transactivation, we show here that sustained IL-1β exposure promotes a “split GCR” model (reduced GC-induced FKBP51, TTP, and IRF8 mRNAs are accompanied by an increased expression of GC-induced IGFBP1, and no changes in GC-induced DUSP1 and GILZ). Thus, sustained IL-1β conditions can lead to a selective modulation of GC-induced gene transcription, known to cause resistance to apoptosis and chemotherapy in addition to GCR, rather than causing a general GC-induced gene shutdown. Notably, the integrated gain and loss of gene functions reported here in the “split GCR” model are reverted by IL-1R1 antagonist. Together, it provides an alternative explanation for the chemo- and GC-resistance associated to prevalent diseases with elevated IL-1β and provides rational design novel therapeutical strategies.
Conflict of Interests
The authors have no competing interests to declare.
Authors’ Contribution
Eva Sanz and Antonio de-la-Hera contributed equally to this work.
Acknowledgments
The authors’ laboratories were supported by grants from the Spanish Ministry of Economy & Innovation (SAF-2011-29405) and the Madrid Autonomous Community (MITIC S2010/BMD2502 Program). Pedro Escoll, Ismael Ranz, Norman Muñoz-Antón, and Ana van-den-Rym were research associates at the UAH supported by a UAH-148/2010 contract to Eva Sanz, Melchor Alvarez-Mon, and Antonio de-la-Hera. Melchor Alvarez-Mon and Eva Sanz are UAH Professors. Carlos Martínez-Alonso and Antonio de-la-Hera are CSIC Staff Researchers. The views expressed are those of the authors and not necessarily those of the UAH, the CSIC, the Madrid Autonomous Community or the Ministry of Economy and Innovation. The authors gratefully acknowledge Dr. Ana Muñoz for her wise critical comments and long-standing support, Dr. Eduardo López-Collazo for critically reading of the paper, and Dr. Patricia Gongal and Dr. Katherine Siddle for English language editing.
References
	P. J. Barnes and I. M. Adcock, “Glucocorticoid resistance in inflammatory diseases,” The Lancet, vol. 373, no. 9678, pp. 1905–1917, 2009.
	L. Dejager, S. Vandevyver, I. Petta, and C. Libert, “Dominance of the strongest: inflammatory cytokines versus glucocorticoids,” Cytokine & Growth Factor Reviews, vol. 25, no. 1, pp. 21–33, 2014.
	J. M. Busillo and J. A. Cidlowski, “The five Rs of glucocorticoid action during inflammation: ready, reinforce, repress, resolve, and restore,” Trends in Endocrinology & Metabolism, vol. 24, no. 3, pp. 109–119, 2013.
	E. Voronov, D. S. Shouval, Y. Krelin et al., “IL-1 is required for tumor invasiveness and angiogenesis,” Proceedings of the National Academy of Sciences of the United States of America, vol. 100, no. 5, pp. 2645–2650, 2003.
	G. Schlossmacher, A. Stevens, and A. White, “Glucocorticoid receptor-mediated apoptosis: mechanisms of resistance in cancer cells,” Journal of Endocrinology, vol. 211, no. 1, pp. 17–25, 2011.
	T. Tchkonia, Y. Zhu, J. van Deursen, J. Campisi, and J. L. Kirkland, “Cellular senescence and the senescent secretory phenotype: therapeutic opportunities,” The Journal of Clinical Investigation, vol. 123, no. 3, pp. 966–972, 2013.
	N. Tasdemir and S. W. Lowe, “Senescent cells spread the word: non-cell autonomous propagation of cellular senescence,” The EMBO Journal, vol. 32, no. 14, pp. 1975–1976, 2013.
	J. C. Acosta, A. Banito, T. Wuestefeld et al., “A complex secretory program orchestrated by the inflammasome controls paracrine senescence,” Nature Cell Biology, vol. 15, no. 8, pp. 978–990, 2013.
	A. Kleiman, S. Hübner, J. M. R. Parkitna et al., “Glucocorticoid receptor dimerization is required for survival in septic shock via suppression of interleukin-1 in macrophages,” The FASEB Journal, vol. 26, no. 2, pp. 722–729, 2012.
	C. A. Dinarello, “Interleukin-1 in the pathogenesis and treatment of inflammatory diseases,” Blood, vol. 117, no. 14, pp. 3720–3732, 2011.
	A. Del Rey, H. Besedovsky, E. Sorkin, and C. A. Dinarello, “Interleukin-1 and glucocorticoid hormones integrate an immunoregulatory feedback circuit,” Annals of the New York Academy of Sciences, vol. 496, pp. 85–90, 1987.
	R. B. Goodman, R. M. Strieter, D. P. Martin et al., “Inflammatory cytokines in patients with persistence of the acute respiratory distress syndrome,” American Journal of Respiratory and Critical Care Medicine, vol. 154, no. 3, pp. 602–611, 1996.
	D. S. Snyder and E. R. Unanue, “Corticosteroids inhibit murine macrophage Ia expression and interleukin 1 production,” The Journal of Immunology, vol. 129, no. 5, pp. 1803–1805, 1982.
	K. F. Chung, “Cytokines in chronic obstructive pulmonary disease,” The European Respiratory Journal. Supplement, vol. 34, pp. 50s–59s, 2001.
	M. J. Staruch and D. D. Wood, “Reduction of serum interleukin-1-like activity after treatment with dexamethasone,” Journal of Leukocyte Biology, vol. 37, no. 2, pp. 193–207, 1985.
	J. A. Frank, J. F. Pittet, C. Wray, and M. A. Matthay, “Protection from experimental ventilator-induced acute lung injury by IL-1 receptor blockade,” Thorax, vol. 63, no. 2, pp. 147–153, 2008.
	S. W. Lee, A.-P. Tsou, H. Chan et al., “Glucocorticoids selectively inhibit the transcription of the interleukin 1β gene and decrease the stability of interleukin 1β mRNA,” Proceedings of the National Academy of Sciences of the United States of America, vol. 85, no. 4, pp. 1204–1208, 1988.
	H. Hakonarson, E. Halapi, R. Whelan, J. Gulcher, K. Stefansson, and M. M. Grunstein, “Association between IL-1beta/TNF-alpha-induced glucocorticoid-sensitive changes in multiple gene expression and altered responsiveness in airway smooth muscle,” The American Journal of Respiratory Cell and Molecular Biology, vol. 25, no. 6, pp. 761–771, 2001.
	G. B. Pier, “The challenges and promises of new therapies for cystic fibrosis,” The Journal of Experimental Medicine, vol. 209, no. 7, pp. 1235–1239, 2012.
	J. Petrasek, S. Bala, T. Csak et al., “IL-1 receptor antagonist ameliorates inflammasome-dependent alcoholic steatohepatitis in mice,” Journal of Clinical Investigation, vol. 122, no. 10, pp. 3476–3489, 2012.
	M. Coccia, O. J. Harrison, C. Schiering et al., “IL-1β mediates chronic intestinal inflammation by promoting the accumulation of IL-17A secreting innate lymphoid cells and CD4+ Th17 cells,” The Journal of Experimental Medicine, vol. 209, no. 9, pp. 1595–1609, 2012.
	H. Chi, S. P. Barry, R. J. Roth et al., “Dynamic regulation of pro- and anti-inflammatory cytokines by MAPK phosphatase 1 (MKP-1) in innate immune responses,” Proceedings of the National Academy of Sciences of the United States of America, vol. 103, no. 7, pp. 2274–2279, 2006.
	A. Gaba, S. I. Grivennikov, M. V. Do, D. J. Stumpo, P. J. Blackshear, and M. Karin, “Cutting edge: IL-10-mediated tristetraprolin induction is part of a feedback loop that controls macrophage STAT3 activation and cytokine production,” The Journal of Immunology, vol. 189, no. 5, pp. 2089–2093, 2012.
	I. Sauer, B. Schaljo, C. Vogl et al., “Interferons limit inflammatory responses by induction of tristetraprolin,” Blood, vol. 107, no. 12, pp. 4790–4797, 2006.
	X. Qian, H. Ning, J. Zhang et al., “Posttranscriptional regulation of IL-23 expression by IFN-γ through tristetraprolin,” The Journal of Immunology, vol. 186, no. 11, pp. 6454–6464, 2011.
	C. Molle, T. Zhang, L. Y. de Lendonck et al., “Tristetraprolin regulation of interleukin 23 mRNA stability prevents a spontaneous inflammatory disease,” Journal of Experimental Medicine, vol. 210, no. 9, pp. 1675–1684, 2013.
	D. Berrebi, S. Bruscoli, N. Cohen et al., “Synthesis of glucocorticoid-induced leucine zipper (GILZ) by macrophages: an anti-inflammatory and immunosuppressive mechanism shared by glucocorticoids and IL-10,” Blood, vol. 101, no. 2, pp. 729–738, 2003.
	D. Yang, M. Thangaraju, D. D. Browning et al., “IFN regulatory factor 8 mediates apoptosis in nonhemopoietic tumor cells via regulation of Fas expression,” The Journal of Immunology, vol. 179, no. 7, pp. 4775–4782, 2007.
	F. T. Ishmael, X. Fang, M. R. Galdiero et al., “Role of the RNA-binding protein tristetraprolin in glucocorticoid-mediated gene regulation,” Journal of Immunology, vol. 180, no. 12, pp. 8342–8353, 2008.
	M. Lasa, S. M. Abraham, C. Boucheron, J. Saklatvala, and A. R. Clark, “Dexamethasone causes sustained expression of mitogen-activated protein kinase (MAPK) phosphatase 1 and phosphatase-mediated inhibition of MAPK p38,” Molecular and Cellular Biology, vol. 22, no. 22, pp. 7802–7811, 2002.
	E. Ayroldi and C. Riccardi, “Glucocorticoid-induced leucine zipper (GILZ): a new important mediator of glucocorticoid action,” The FASEB Journal, vol. 23, no. 11, pp. 3649–3658, 2009.
	W. Chen, I. Rogatsky, and M. J. Garabedian, “MED14 and MED1 differentially regulate target-specific gene activation by the glucocorticoid receptor,” Molecular Endocrinology, vol. 20, no. 3, pp. 560–572, 2006.
	T. van Bogaert, S. Vandevyver, L. Dejager et al., “Tumor necrosis factor inhibits glucocorticoid receptor function in mice: a strong signal toward lethal shock,” The Journal of Biological Chemistry, vol. 286, no. 30, pp. 26555–26567, 2011.
	D. Raddatz, S. Toth, H. Schwörer, and G. Ramadori, “Glucocorticoid receptor signaling in the intestinal epithelial cell lines IEC-6 and Caco-2: evidence of inhibition by interleukin-1beta,” International Journal of Colorectal Disease, vol. 16, no. 6, pp. 377–383, 2001.
	C. M. Pariante, B. D. Pearce, T. L. Pisell et al., “The proinflammatory cytokine, interleukin-1α, reduces glucocorticoid receptor translocation and function,” Endocrinology, vol. 140, no. 9, pp. 4359–4366, 1999.
	X. Wang, H. Wu, and A. H. Miller, “Lnterleukin 1alpha (IL-1alpha) induced activation of p38 mitogen-activated protein kinase inhibits glucocorticoid receptor function,” Molecular Psychiatry, vol. 9, no. 1, pp. 65–75, 2004.
	H. Vermeer, B. I. Hendriks-Stegeman, B. van der Burg, S. C. van Buul-Offers, and M. Jansen, “Glucocorticoid-induced increase in lymphocytic FKBP51 messenger ribonucleic acid expression: a potential marker for glucocorticoid sensitivity, potency, and bioavailability,” The Journal of Clinical Endocrinology & Metabolism, vol. 88, no. 1, pp. 277–284, 2003.
	Z. Wang, J. Frederick, and M. J. Garabedian, “Deciphering the phosphorylation ‘code’ of the glucocorticoid receptor in vivo,” Journal of Biological Chemistry, vol. 277, no. 29, pp. 26573–26580, 2002.
	I. Rogatsky, J. C. Wang, M. K. Derynck et al., “Target-specific utilization of transcriptional regulatory surfaces by the glucocorticoid receptor,” Proceedings of the National Academy of Sciences of the United States of America, vol. 100, no. 2, pp. 13845–13850, 2003.
	W. Chen, T. Dang, R. D. Blind et al., “Glucocorticoid receptor phosphorylation differentially affects target gene expression,” Molecular Endocrinology, vol. 22, no. 8, pp. 1754–1766, 2008.
	A. Y.-L. So, C. Chaivorapol, E. C. Bolton, H. Li, and K. R. Yamamoto, “Determinants of cell- and gene-specific transcriptional regulation by the glucocorticoid receptor,” PLoS Genetics, vol. 3, no. 6, p. e94, 2007.
	A. J. Galliher-Beckley, J. G. Williams, and J. A. Cidlowski, “Ligand-independent phosphorylation of the glucocorticoid receptor integrates cellular stress pathways with nuclear receptor signaling,” Molecular and Cellular Biology, vol. 31, no. 23, pp. 4663–4675, 2011.
	T. E. Reddy, F. Pauli, R. O. Sprouse et al., “Genomic determination of the glucocorticoid response reveals unexpected mechanisms of gene regulation,” Genome Research, vol. 19, no. 12, pp. 2163–2171, 2009.
	S. M. Morillo, P. Escoll, A. de la Hera, and J. M. Frade, “Somatic tetraploidy in specific chick retinal ganglion cells induced by nerve growth factor,” Proceedings of the National Academy of Sciences of the United States of America, vol. 107, no. 1, pp. 109–114, 2010.
	A. Galan, P. Dergham, P. Escoll, A. de-la-Hera et al., “Neuronal injury external to the retina rapidly activates retinal glia, followed by elevation of markers for cell cycle re-entry and death in retinal ganglion cells,” PLoS ONE, vol. 9, no. 7, Article ID e101349, 2014.
	M. Kawata, D. Koinuma, T. Ogami et al., “TGF-β-induced epithelial-mesenchymal transition of A549 lung adenocarcinoma cells is enhanced by pro-inflammatory cytokines derived from RAW 264.7 macrophage cells,” Journal of Biochemistry, vol. 151, no. 2, pp. 205–216, 2012.
	C. M. Cahill and J. T. Rogers, “Interleukin (IL) 1β induction of IL-6 is mediated by a novel phosphatidylinositol 3-kinase-dependent AKT/IκB kinase α pathway targeting activator protein-1,” The Journal of Biological Chemistry, vol. 283, no. 38, pp. 25900–25912, 2008.
	S. Vandevyver, L. Dejager, J. Tuckermann, and C. Libert, “New insights into the anti-inflammatory mechanisms of glucocorticoids: an emerging role for glucocorticoid-receptor-mediated transactivation,” Endocrinology, vol. 154, no. 3, pp. 993–1007, 2013.
	P. J. Murray and S. T. Smale, “Restraint of inflammatory signaling by interdependent strata of negative regulatory pathways,” Nature Immunology, vol. 13, no. 10, pp. 916–924, 2012.
	V. Picco and G. Pagès, “Linking JNK activity to the DNA damage response,” Genes and Cancer, vol. 4, no. 9-10, pp. 360–368, 2013.
	R.-M. Laberge, L. Zhou, M. R. Sarantos et al., “Glucocorticoids suppress selected components of the senescence-associated secretory phenotype,” Aging Cell, vol. 11, no. 4, pp. 569–578, 2012.
	H. Pei, L. Li, B. L. Fridley et al., “FKBP51 affects cancer cell response to chemotherapy by negatively regulating Akt,” Cancer Cell, vol. 16, no. 3, pp. 259–266, 2009.
	S. Romano, M. Mallardo, and M. F. Romano, “FKBP51 and the NF-κB regulatory pathway in cancer,” Current Opinion in Pharmacology, vol. 11, no. 4, pp. 288–293, 2011.
	C. R. Ross, S. E. Brennan-Laun, and G. M. Wilson, “Tristetraprolin: roles in cancer and senescence,” Ageing Research Reviews, vol. 11, no. 4, pp. 473–484, 2012.
	X. Hu, K. Bardhan, A. V. Paschall et al., “Deregulation of apoptotic factors Bcl-xL and Bax confers apoptotic resistance to myeloid-derived suppressor cells and contributes to their persistence in cancer,” The Journal of Biological Chemistry, vol. 288, no. 26, pp. 19103–19115, 2013.
	D. Banik, A. N. H. Khan, E. Walseng, B. H. Segal, and S. I. Abrams, “Interferon regulatory factor-8 is important for histone deacetylase inhibitor-mediated antitumor activity,” PLoS ONE, vol. 7, no. 9, Article ID e45422, 2012.
	E. Piovan, J. Yu, V. Tosello et al., “Direct reversal of glucocorticoid resistance by AKT inhibition in acute Lymphoblastic leukemia,” Cancer Cell, vol. 24, no. 6, pp. 766–776, 2013.
	M. E. Guicciardi and G. J. Gores, “Cell stress gives a red light to the mitochondrial cell death pathway,” Science Signaling, vol. 1, no. 7, article pe9, 2008.
	C. A. Gebeshuber, K. Zatloukal, and J. Martinez, “miR-29a suppresses tristetraprolin, which is a regulator of epithelial polarity and metastasis,” EMBO Reports, vol. 10, no. 4, pp. 400–405, 2009.
	S. H. Korn, E. F. M. Wouters, G. Wesseling, J.-W. Arends, and F. B. J. M. Thunnissen, “Interaction between glucocorticoids and β2-agonists: α and β glucocorticoid-receptor mrna expression in human bronchial epithelial cells,” Biochemical Pharmacology, vol. 56, no. 12, pp. 1561–1569, 1998.
	P. G. Woodruff, H. A. Boushey, G. M. Dolganov et al., “Genome-wide profiling identifies epithelial cell genes associated with asthma and with treatment response to corticosteroids,” Proceedings of the National Academy of Sciences of the United States of America, vol. 104, no. 40, pp. 15858–15863, 2007.
	A. Hu, M. B. Josephson, B. L. Diener et al., “Pro-asthmatic cytokines regulate unliganded and ligand-dependent glucocorticoid receptor signaling in airway smooth muscle,” PLoS ONE, vol. 8, no. 4, Article ID e60452, 2013.
	H. M. Reichardt, T. Umland, A. Bauer, O. Kretz, and G. Schütz, “Mice with an increased glucocorticoid receptor gene dosage show enhanced resistance to stress and endotoxic shock,” Molecular and Cellular Biology, vol. 20, no. 23, pp. 9009–9017, 2000.
	C. A. Nold-Petry, M. F. Nold, J. W. Nielsen et al., “Increased cytokine productionin interleukin-18 receptor α-deficient cells is associated with dysregulation of suppressors of cytokine signaling,” The Journal of Biological Chemistry, vol. 284, no. 38, pp. 25900–25911, 2009.
	V. Paakinaho, H. Makkonen, T. Jääskeläinen, and J. J. Palvimo, “Glucocorticoid receptor activates poised FKBP51 locus through long-distance interactions,” Molecular Endocrinology, vol. 24, no. 3, pp. 511–525, 2010.
	L. E. Shipp, J. V. Lee, C.-Y. Yu et al., “Transcriptional regulation of human dual specificity protein phosphatase 1 (DUSP1) gene by glucocorticoids,” PLoS ONE, vol. 5, no. 10, Article ID e13754, 2010.
	V. Lamarca and L. Scorrano, “When separation means death: killing through the mitochondria, but starting from the endoplasmic reticulum,” The EMBO Journal, vol. 28, no. 12, pp. 1681–1683, 2009.
	P. C. Logan, M. D. Mitchell, and P. E. Lobie, “DNA methyltransferases and TETs in the regulation of differentiation and invasiveness of extra-villous trophoblasts,” Frontiers in Genetics, vol. 4, article 265, 2013.
	S. Vandevyver, L. Dejager, T. van Bogaert et al., “Glucocorticoid receptor dimerization induces MKP1 to protect against TNF-induced inflammation,” The Journal of Clinical Investigation, vol. 122, no. 6, pp. 2130–2140, 2012.


EPUB/Navigation/nav.xhtml


		

			

		  1. Introduction

		  2. Materials and Methods

		  3. Results and Discussion

		  4. Conclusions

		  References 





EPUB/Content/page-template.xpgt
 

   


     
	 
    

     
	 
    


     
	 
    


     
         
             
             
             
        
    

  




