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GLCCI1 Deficiency Induces Glucocorticoid Resistance via the Competitive Binding of IRF1:GRIP1 and IRF3:GRIP1 in Asthma
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GLCCI1 plays a significant role in modulating glucocorticoid (GC) sensitivity in asthma. This project determines the underlying mechanism that GLCCI1 deficiency attenuates GC sensitivity in dexamethasone (Dex)-treated Ovalbumin (OVA)-induced asthma mice and epithelial cells through upregulating binding of IRF1:GRIP1 and IRF3:GRIP1. Dexamethasone treatment led to less reduced inflammation, airway hyperresponsiveness, and activation of the components responsible for GC activity, as determined by decreased GR and glucocorticoid receptor interacting protein 1 (GRIP1) expression but augmented IRF1 and IRF3 expression in GLCCI1−/− asthmatic mice compared with wild type asthmatic mice. Moreover, the recruitment of GRIP1 to GR was downregulated, while the individual recruitment of GRIP1 to IRF1 and IRF3 was upregulated in GLCCI1−/− Dex-treated asthmatic mice compared to wild type Dex-treated asthmatic mice. We also found that GLCCI1 knockdown reduced GR and GRIP1 expression but increased IRF1 and IRF3 expression in Beas2B and A549 cells. Additionally, GLCCI1 silencing increased the interactions between GRIP1 with IRF1 and GRIP1 with IRF3, but decreased the recruitment of GRIP1 to GR. These studies support a critical but previously unrecognized effect of GLCCI1 expression on epithelial cells in asthma GC responses by which GLCCI1 deficiency reduces the GR and GRIP1 interaction but competitively enhances the recruitment of GRIP1 to IRF1 and IRF3.
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INTRODUCTION

Approximately 10% of asthma patients have a poor response to glucocorticoid (GC) therapy (1–4). Even through distinct phenotype identification (5), no specific biomarkers are capable of predicting the clinical response to inhaled corticosteroid (ICS) in asthmatic patients have been discovered.

Tantisira et al. reported that a functional polymorphism in the GC-induced transcript 1 (GLCCI1) gene, rs37973, is closely related to the response to ICS in non-Hispanic white subjects with asthma (6). Moreover, other research has proposed that GLCCI1 is a pharmacogenetic determinant of the response to long-term ICS treatment in asthmatic patients that mainly accelerates pulmonary function decline in ICS treatment (7). Our own previous data showed that GLCCI1 variations are associated with asthma susceptibility and the ICS response in the adult Chinese Han population and that GLCCI1 expression might be affected by variations in GLCCI1 during the ICS response period (8). Additionally, GLCCI1 was positively localized on bronchial epithelial cells, and its variants could influence GC sensitivity (9). Therefore, GLCCI1 expressed on epithelial cells plays a crucial and important role in mediating the GC response in asthma, which might be beneficial for bio-identification, but the potential mechanism is not very clear.

During the GC response period, GR, a ligand-dependent transcription factor of the nuclear receptor superfamily, binds GC in the cytoplasm, dimerizes, and translocates to the nucleus, where it acts as a transcription factor (10). Glucocorticoid signaling via the GR, upon hormone binding, is recruited to genomic GC response elements (GREs) that regulate GC responses in therapeutic pathways (11). In terms of GC signaling, glucocorticoid receptor interacting protein 1 (GRIP1) has emerged as a unique family member, but unlike other p160s, it serves as a coactivator for all nuclear receptors, including GR, at “tethering” sites and facilitates GC-mediated repression of AP-1- and NF-κB-driven targets (12–15). Moreover, research has indicated that GRIP1, which is also a GR corepressor, can facilitate the anti-inflammatory effects of GCs in vivo by modulating the cytokines TNF α, IL-1β, and IFN γ (16). Notably, our own previous study reported that GLCCI1 deficiency in asthmatic mice led to GC resistance through reduced GR expression, but the detailed mechanism is not well known (17). Based on the role of the GR-GRIP1 pathway in GC responses and the observed decrease in GR expression induced by GLCCI1 deficiency in asthmatic mice under GC treatment, it is speculated that GLCCI1 regulates GC sensitivity through the GR-GRIP1 pathway.

Although originally identified as a nuclear receptor cofactor, GRIP1 was later shown to engage in physical and functional interactions with interferon regulatory factor (IRF) family members (IRF1 and IRF3) and function as an IRF3 coactivator in macrophages and an IRF1 coactivator in human airway smooth muscle cells (ASM) (18, 19). Recently, changes in IRF1 gene expression were found to act as a GC response marker in the airway and were even more predictive than NF-κB (20). Hence, we hypothesized that the interaction of IRF1 and IRF3 with GRIP1 participates in the mechanism by which GLCCI1 mediates the GR-GRIP1 pathway in the GC response.

The aim of this study was to explore the function of GLCCI1 expressed on epithelial cells in regulating GC responses via the GR-GRIP1 pathway in an Ovalbumin (OVA)-induced asthma model. Then, the latent function of IRF1 and IRF3 in competition with GR for GRIP1 binding under GLCCI1-deficient conditions was further investigated.



MATERIALS AND METHODS


Animals and Development of an Asthma Model

All procedures performed on the animals were in compliance with the Chinese Council of Animal Care Guidelines, approved by the Central South University Animal Care Committee (No.201803478).

Female wild type (WT) and GLCCI1-knockout (GLCCI1−/−) C57BL/6 mice (6–8 weeks) were bred under SPF conditions in the Experimental Animal Center of Central South University, Changsha, Hunan, China. The homozygous GLCCI1−/− mice were constructed as previously described (17).

Both WT and GLCCI1−/− mice were randomly divided into the three following groups (n = 6): the control group (PBS), the mice in which were treated with PBS; the OVA-induced asthmatic group (OVA); and the Dex-treated OVA-induced asthmatic group (Dex+OVA). Ovalbumin-induced asthmatic mice and Dex-treated asthmatic mice were treated as previously described (17). Briefly, mice were sensitized with OVA (50 μg, Sigma, USA) plus aluminum hydroxide (2 mg, Sigma) in 0.2 ml of sterile saline on days 0, 7 and 14 by intraperitoneal (i.p.) injection. Moreover, all sensitized mice were exposed to aerosolized 5% OVA (wt/vol) for 30 mins every day from day 21 to 27. All mice in the control group received sterile PBS for sham sensitization and challenge. Mice in the Dex+OVA group were pre-treated with Dex (1 mg/kg) through i.p. injection every day 1 h before exposure to OVA aerosol. Furthermore, mice were sacrificed on day 28, and samples were collected for further detection.



Cell Culture

Beas2B cells and A549 cells were obtained from Zhong Qiao Xin Zhou Biotechnology. Beas2B cells were cultured in complete bronchial epithelial cell medium (Zhong Qiao Xin Zhou Biotechnology, China), while A549 cells were cultured in RPMI 1640 with 10% FBS and 1% penstreptomycin in a 37°C incubator under 5% CO2.

Beas2B and A549 cells were separately seeded in six-well plates at a density of 3 × 105 cells/well and then transfected for 24 h with 50 nM GLCCI1 siRNA (si-h-GLCCI1_001: GCTCTATGATCGTGATAAA) and with 50 nM negative control (NC) siRNA (Ribobio Co., Ltd., China) with ribo FECTTMCP transfection reagent (Ribobio Co., Ltd., Chia) according to the manufacturer's instructions.



Measurement of Bronchial Responsiveness

Mouse airway responsiveness to methacholine was measured within 24 h after the last challenge using whole-body plethysmography (Buxco Electronics, Inc., USA). The mice were challenged for 2 min with aerosolized solutions of methacholine (0, 10, 20 and 30 mg/ml in normal saline), after which airway resistance (RL) was measured (21, 22). The results for each methacholine concentration are expressed as the percentage relative to baseline RL values after saline exposure.



Lung Histopathology

The left lung was fixed in 4% paraformaldehyde for 48 h before being embedded in paraffin and then routinely processed. Serial 3 μm tissue sections were stained with hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) reagent. Morphological changes in the lung were observed under a light microscope.



Immunoblotting

Mouse lung tissues were first ground with an electronic tissue grinder (Tiangen, China) and then incubated in RIPA lysis buffer (Beyotime, China) containing 1 mmol/L phenylmethanesulfonyl fluoride (PMSF) (MilliporeSigma) and protease inhibitor cocktail (Servicebio, China) for 30 min. The homogenates were centrifuged at 15,000 × g for 15 min at 4°C. The concentration of proteins in the supernatant fractions was determined with a BCA protein assay kit (Beyotime, China). Selected samples containing equal amounts of protein (50 μg) were subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Separated proteins were transferred to polyvinylidene fluoride (PVDF) membranes after electrophoresis. The membranes were blocked with 5% non-fat dry milk or 5% bull serum albumin (for phosphorylated proteins) dissolved in Tris-buffered saline with Tween-20 buffer for 1 h and then incubated at 4°C overnight with primary antibodies against GLCCI1 (1:500, Hangzhou Goodhere Biotechnology), GR (1:1,000, Cell Signaling Technology), GRIP1 (1:500, Santa Cruz), IRF1 (1:1000, Cell Signaling Technology), IRF3 (1:1000, Cell Signaling Technology), and MKP-1 (1:1000, Merck-Millipore), followed by incubation with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. The results are expressed as the ratio of the mean band density for the experimental groups to that for the control group after normalization to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. The blots were visualized using an enhanced chemiluminescence detection system (Advansta, Menlo Park, USA).



Coimmunoprecipitation

Coimmunoprecipitation (co-IP) using antibodies against IRF1, IRF3, GRIP-1, and GR was performed as described above. Proteins were collected from lung tissues, Beas2B cells and A549 cells with Cell lysis buffer for Western and IP (Beyotime, China) and a protease inhibitor cocktail (Thermo Fisher, USA). Samples from each group containing the same amount of protein were immunoprecipitated with anti-GRIP1 monoclonal antibody (mAb) overnight. Immunoprecipitates were transferred into PVDF membranes as described above and immunoblotted with anti-GR, anti-IRF1, and anti-IRF3 antibody, followed by incubation with HRP-conjugated anti-rabbit IgG Ab. All proteins were detected by using enhanced chemiluminescence detection.



RNA Preparation and Real-Time Reverse Transcription-Polymerase Chain Reaction

Relative mRNA levels were detected using an ABI ViiA 7 real-time reverse transcription-polymerase chain reaction (RT-PCR) system (ABI, USA). Total RNA was extracted from the lung tissue of different mice, Beas2B and A549 cells with TRIzol reagent (Takara). After testing the concentration and integrity of RNA by detecting optical density, RNA was reverse transcribed to cDNA according to the manufacturer's instructions (Takara). Primers specific for GAPDH, GLCCI1, GR, GRIP1, IRF1, IRF3, CD38, GILZ, FKBP5, MKP-1, CCL2, CCL3, CCL4, and CCL7 used in RT-PCR were designed with Primer Premier 5.0 (Premier, Canada) and produced by Sangon Biotech (Shanghai, China), and their sequences are listed in Table 1. The RT-PCR mixtures contained cDNA, primers and SYBR mix in RNase-free double-distilled water. The RT-PCR conditions were as described in the instruction manual. The results are expressed as the ratio of the mean threshold cycle (Ct) value for experimental groups to that for the control group after normalization to GAPDH.


Table 1. Sequences of target genes for real-time PCR.
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Statistical Analysis

Data are shown as the mean ± SEM. The significant difference between two independent groups were evaluated by Student's t-test. Multigroup comparisons were carried out with one-way analysis of variance (ANOVA) followed by least significant difference (LSD)-test (GraphPad Prism software, GraphPad). The level of statistical significance was set at p < 0.05.




RESULTS


Result 1 GLCCI1 Deficiency Leads to GC Insensitivity in OVA-Induced Asthmatic Mice

We previously demonstrated the tendency for a decreased hydroprednisone response in GLCCI1−/− mice with OVA-induced asthma when compared with WT mice with OVA-induced asthma (17). To further clarify and explore the potential function of GLCCI1 in the response to dexamethasone (Dex), asthmatic model mice were constructed in WT and GLCCI1−/− mice treated with or without Dex. We first assessed lung inflammation in different mouse using H&E (Figure 1A), PAS staining (Figure 1B), and counting total cells in Bronchoalveolar lavage fluid (BALF) (Figure 1C). As shown in Figures 1A,B, H&E and PAS staining supported that obvious recruitment of inflammatory cells to the lungs, dense peribronchial infiltration, goblet hyperplasia was observed in WT and GLCCI1−/− asthmatic mice. Moreover, total BALF cell numbers (Figure 1C) and airway resistance (Figure 1D) were also detected in WT and GLCCI1−/− asthmatic mice. Dex treatment reduced lung damage, BALF total cells, airway resistance in WT asthmatic mice, however, Dex response in GLCCI1−/− asthmatic mice is weak compared to WT asthmatic mice.


[image: Figure 1]
FIGURE 1. GLCCI1 deficiency leads to glucocorticoid insensitivity in OVA-induced asthmatic mice. (A) Representative H&E staining images (100 ×). (B) Representative PAS staining images (200 ×). (C) Whole BALF cell numbers in different groups. (D) Airway resistance detection. Result expressed as the airway resistance (percentage above baseline) indicating ratio with saline exposure. (E–G) RT-PCR analysis of CD38 (E), GILZ (F), and FKBP5 (G) mRNA expression in lung tissues. Results are presented as the mean ± SEM, n = 6 mice per group. *P < 0.05, #P < 0.05. Intergroup differences as determined one-way ANOVA followed by LSD test.


In addition, pro-inflammatory CD38 (Figure 1E) and GC-related genes such as GILZ and FKBP5 (Figures 1F,G) mRNA levels in lung tissues were detected by RT-PCR to further verify the role of GLCCI1 in the response to Dex. Interestingly, CD38 expression was remarkably increased in GLCCI1−/− OVA-induced asthmatic mice and Dex-treated asthmatic mice compared with WT mice (Figure 1E). Furthermore, we observed increased expression of GILZ and FKBP5 in WT asthmatic mice treated with Dex compared to untreated WT asthmatic mice; however, there is no significant increase of GILZ and FKBP5 mRNA expression in GLCCI1−/− asthmatic mice treated with Dex in comparison to untreated one (Figures 1F,G). All of the above evidence suggested that GLCCI1 deficiency led to Dex resistance in the OVA-induced asthma model (Figure 1).



Result 2 GLCCI1 Silencing Results in GC Insensitivity in Human Epithelial Cells

Chiba et al. reported that GLCCI1 was shown to be positively localized on bronchial epithelial cells and exhibit lower expression in asthma but higher expression with fluticasone stimulation (9). Therefore, Beas2B and A549 cells were used in this study to investigate the effect of GLCCI1 in epithelial cells. OVA and Dex were used to stimulate Beas2B (Figures 2A,B) and A549 cells (Figures 2C,D) in the presence or absence of GLCCI1 siRNA. Firstly, GLCCI1 siRNA showed good GLCCI1-silencing efficiency both in Beas2B (Figures 2A,B) and A549 cells (Figures 2C,D) assessed by RT-PCR and WB. Compared with that in the NC siRNA-treated group, increased CD38 mRNA and protein level, decreased MKP-1 at both mRNA and protein level and downregulated GILZ and FKBP5 expression was existed in GLCCI1 siRNA silenced Beas2B (Figures 2A,B) and A549 cells (Figures 2C,D). Taken together, GLCCI1 knocked down can lead to GC insensitivity in human epithelial cells.
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FIGURE 2. GLCCI1 deficiency results in glucocorticoid insensitivity in Beas2B and A549 cells. OVA and Dex were used to stimulate Beas2B and A549 cells in the presence or absence of GLCCI1 siRNA. (A) RT-PCR analysis of GLCCI1, MKP-1, and CD38, GILZ and FKBP5 mRNA expression in Beas2B cells. (B) Representative images and relative protein levels of GLCCI1, MKP-1, and CD38 assessed by WB in Beas2B cells. (C) RT-PCR analysis of GLCCI1, MKP-1, and CD38, GILZ and FKBP5 mRNA expression in A549 cells. (D) Representative images and relative protein levels of GLCCI1, MKP-1, and CD38 assessed by WB in A549 cells (D). Data are presented as means ± SEM of more than three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. Intergroup differences as determined by Student's t-test.




Results 3 GLCCI1 Deficiency Reduces GR-GRIP1 Binding Through Upregulating the Recruitment of GRIP1 to IRF1 and IRF3 in OVA-Induced Asthmatic Mice

We previously verified that hydroprednisone increased GLCCI1 expression, while GLCCI1 knockout reduced GR expression in hydroprednisone-treated asthmatic mice (17). To further explore the underlying mechanisms by which GLCCI1 influences the components responsible for GC activity, we detected GLCCI1, GR, and GRIP1 using RT-PCR (Figure 3A) and WB (Figures 3B,C). We observed higher GLCCI1, GR, and GRIP1 expression both at mRNA and protein level in Dex-treated WT asthmatic mice compared to untreated WT asthmatic mice. Most interestingly, as shown in Figures 3A–C, both GR and GRIP1 mRNA and protein expression was reduced in the lung tissues of GLCCI1−/− Dex-treated asthmatic mice compared to WT Dex-treated asthmatic mice, which further supported our hypothesis that GLCCI1 can regulate the GR-GRIP1 pathway. Additionally, to observe the interaction between GR and GRIP1, anti-GRIP1 mAb was used to capture GR for assessment by co-IP with anti-GR. According to the results, the binding between GR and GRIP1 was downregulated in GLCCI1−/− Dex-treated asthmatic mice compared to WT Dex-treated asthmatic mice (Figure 3D).


[image: Figure 3]
FIGURE 3. GLCCI1 deficiency suppresses GR-GRIP1 binding through increasing the recruitment of GRIP1 to IRF1 and IRF3 in OVA-induced asthmatic mice. (A) RT-PCR analysis of GLCCI1, GR, GRIP1, IRF1, and IRF3 mRNA expression in the lungs of mice from different groups. Representative images of protein expression detected by WB (B) and relative protein levels (C) of GLCCI1, GR, GRIP1, IRF1, and IRF3 in the lungs of mice in different groups. (D) Anti-GRIP1 mAb was used to capture GR, IRF1, and IRF3 in lung tissues from WT and GLCCI1−/− Dex-treated mice to detect the individual binding of GRIP1 with GR, IRF1, and IRF3. Data are presented as the mean ± SEM, n = 6 mice per group. Independent groups were evaluated by Student's t-test, and intergroup differences as determined one-way ANOVA followed by LSD test.


To further explore whether GLCCI1 reduces the interaction of GRIP1 with GR through the IRF family, we first assessed IRF1 and IRF3 expression in lung tissues from WT and GLCCI1−/− asthmatic and Dex-treated asthmatic mice. IRF1 and IRF3 mRNA and protein expression was increased in GLCCI1−/− Dex-treated asthmatic mice compared to WT Dex-treated asthmatic mice (Figures 3A–C). Furthermore, co-IP was used to examine GRIP1 recruitment to IRF1 and IRF3. As displayed in Figure 3D, the interactions between IRF1 with GRIP1 and IRF3 with GRIP1 were increased in Dex-treated GLCCI1−/− asthmatic mice compared with WT Dex-treated asthmatic mice.



Result 4 GLCCI1 Silencing in Epithelial Cells Enhances the Binding of IRF1 and IRF3 With GRIP1 While Reducing GR and GRIP1 Binding

We also analyzed the role of GLCCI1 in OVA- and Dex-treated Beas2B (Figure 4) and A549 (Figure 5) cells. Beas2B cells and A549 cells that had been transfected with NC siRNA or GLCCI1 siRNA were treated with OVA and/or Dex. Similar to the results of in vivo experiments, GLCCI1 siRNA reduced GR and GRIP1 expression while increasing IRF1 and IRF3 expression at both mRNA and protein level in Beas2B cells (Figures 4A–C) and A549 cells (Figures 5A–C) under OVA and Dex stimulation compared to that in NC siRNA-transfected cells under OVA and Dex stimulation.


[image: Figure 4]
FIGURE 4. GLCCI1 enhances the binding of IRF1 and IRF3 with GRIP1 and reduces GR and GRIP1 binding in Beas2B cells. Beas2B cells were treated with OVA and Dex in the presence and absence of GLCCI1 siRNA. (A) RT-PCR anylysis of GR, GRIP1, IRF1, and IRF3 mRNA expression. Representative images of protein expression (B) and relative protein levels (C) of GR, GRIP1, IRF1, and IRF3. (D) Anti-GRIP1 antibody was used to capture GR, IRF1, and IRF3 to detect the individual binding of GRIP1 with GR, IRF1, and IRF3. Data are presented as means ± SEM of more than three independent experiments. Intergroup differences as determined by Student's t-test.



[image: Figure 5]
FIGURE 5. GLCCI1 heightens the binding of IRF1 and IRF3 with GRIP1 and reduces GR and GRIP1 binding in A549 cells. A549 cells were treated with OVA and Dex in the presence and absence of GLCCI1 siRNA. (A) RT-PCR analysis of GR, GRIP1, IRF1, and IRF3 mRNA expression. Representative images of protein expression (B) and relative protein levels (C) of GR, GRIP1, IRF1, and IRF3. (D) Anti-GRIP1 antibody was used to capture GR, IRF1, and IRF3 to detect the individual binding of GRIP1 with GR, IRF1, and IRF3. Data are presented as means ± SEM of more than three independent experiments. Intergroup differences as determined by Student's t-test.


Additionally, the recruitment of GRIP1 to IRF1 and IRF3 was augmented, while the binding of GRIP1 and GR was reduced in Beas2B (Figure 4D) and A549 cells (Figure 5D) in the presence of GLCCI1 siRNA under OVA and Dex stimulation. Together with data on the role of GLCCI1 in the response to Dex from above in vivo and in vitro experiments, these results indicated that GLCCI1 deficiency can upregulate IRF1 and IRF3 thus favoring their competitive interaction with GRIP1, inhibiting the effect of GRIP1 recruitment to GR in Dex-treated asthmatic mice and Dex-treated bronchial epithelial cells, which leads to GC resistance.



Result 5 GLCCI1 Deficiency Disturbs Chemokine Dysfunction in OVA-Induced Asthmatic Mice

To ascertain the mechanisms underlying GLCCI1-mediated regulation of the effects of GCs on chemokines, we began by assessing asthma-related pro-inflammatory chemokines (CCL2, CCL3, CCL4, and CCL7) in lung tissues by RT-PCR (Figures 6A–D). As shown in Figure 6, OVA induced CCL2, CCL3, CCL4, and CCL7 expression in both WT and GLCCI1−/− asthmatic mice, but CCL3, CCL4, and CCL7 expression was even higher in GLCCI1−/− asthmatic mice than in WT asthmatic mice, which indicated that GLCCI1 deficiency led to severe OVA-induced lung inflammation through regulating chemokine dysfunction. Additionally, Dex treatment of WT asthmatic mice reduced the expression of the above chemokines. Notably, Dex treatment of GLCCI1−/− asthmatic mice also downregulated CCL2 and CCL3 expression but had no influence on CCL4 and CCL7 expression, which suggested that CCL4 and CCL7 may have a potential role in GLCCI1 deficiency-induced GC insensitivity.


[image: Figure 6]
FIGURE 6. GLCCI1 mediates chemokine dysfunction in OVA-induced asthmatic mice. RT-PCR analysis of CCL2 (A), CCL3 (B), CCL4 (C), CCL7 (D) mRNA levels in lung tissues from mice in different groups. Data are presented as the mean ± SEM, n = 6 mice per group. Intergroup differences as determined one-way ANOVA followed by LSD test.





DISCUSSION

Our previous research indicated that GLCCI1 deficiency can result in GC insensitivity in asthmatic patients and mice, but the potential mechanism is not very clear (8, 17, 23). The present project confirms that the loss of GLCCI1 expression leads to GC insensitivity through downregulating the GR-GRIP1 pathway, which is associated with the increased interaction between IRF1 and GRIP1 and between IRF3 and GRIP1 in asthma (Figure 7). These results support previous findings that GLCCI1 deficiency leads to GC resistance and further reveal a more detailed mechanism, which might be of potential value to explain, at least in part, the loss of corticosteroid efficacy in uncontrolled severe asthma.


[image: Figure 7]
FIGURE 7. Schematic summary of the role of GLCCI1 in GC-treated OVA-induced asthma. GLCCI1 expression on epithelial cells in GC responses in asthma by which GLCCI1 deficiency reduces the GR and GRIP1 interaction but competitively enhances the recruitment of GRIP1 to IRF1 and IRF3.


Consistent with research by Tantisira (6), our own previous studies identified GLCCI1 as a novel pharmacogenetic determinant of the response of asthmatic patients and asthmatic mice to ICS (8, 17). As expected, both WT and GLCCI1−/− asthmatic mouse models exhibited lung damage and inflammatory cell infiltration, airway resistance. Notably, Dex-treated WT asthmatic mice exhibited distinctly reduced airway resistance and decreased airway and lung inflammation, while the effect of Dex in GLCCI1−/− asthmatic mice was lacking, with a smaller reduction in airway resistance and lung damage observed. Additionally, decreased CD38 expression in WT Dex-treated asthmatic mice compared to GLCCI1−/− Dex-treated asthmatic mice indicated that the Dex response was reduced in GLCCI1-deficient mice. Additionally, an obvious increase in the expression of GILZ and FKBP5, which are closely related to the GC response in WT Dex-treated asthmatic mice, was not observed in GLCCI1−/− Dex-treated asthmatic mice. Taken together, these results indicated that the anti-inflammatory effects of Dex were less efficacious in GLCCI1−/− asthmatic mice. Consistent with the above phenomenon, our previous study reported that GLCCI1 deficiency could suppress GR and MKP-1 activation, with increased phosphorylation of p38 MAPK and GC insensitivity (17). However, whether GLCCI1 mediates GC responses through regulating GC-GR complex formation and, if so, the exact mechanism remains unclear.

GR, which belongs to the steroid hormone receptor subfamily of the nuclear receptor superfamily, can regulate GC function, and the most specific mechanism of this function dictates that GR might elicit transcriptional changes by recruiting multiple cofactors from the p160 family. Moreover, GRIP1, a cofactor of the p160 family, was originally described as a coactivator and can also act as a GR ligand-dependent corepressor of GR-NF-κB complexes (13, 16, 24). In addition, Rebecca et al. further reported that GR-GRIP1 uses distinct mechanisms to repress inflammatory genes at different stages of the transcription cycle (25). Taken together, these data present that it is worth investigating whether the GR-GRIP1 complex plays a vital role in GLCCI1-associated GC function.

To further investigate whether GLCCI1 deficiency regulates the GR-GRIP1 complex, we detected GR, GRIP1 and GR-GRIP1 binding in lung tissues of WT and GLCCI1−/− Dex-treated asthmatic mice. As shown by the results, GLCCI1 deficiency led to the decreased expression of GR and GRIP1 in lung tissues, as detected by RT-PCR and WB. Additionally, our data illustrated decreased binding of GRIP1 to GR in GLCCI1−/− Dex-treated asthmatic mice than in WT Dex-treated asthmatic mice. In short, global GLCCI1 knockout in Dex-treated asthmatic mice could reduce GR and GRIP1 expression, decreasing the less binding of GRIP1 to GR, which finally reduced Dex anti-inflammatory responses and led to GC insensitivity in asthma.

GRIP1 has previously been shown to interact with IRF3 and act as a corepressor for GR in macrophages, and increased competition between GR and IRF3 for GRIP1 antagonizes the IRF3-mediated transcription of inflammatory genes (14, 18). Additionally, Reena et al. reported that abnormally increased IRF-1 levels led to not only increased IRF1-dependent inflammatory proteins but also increased competition of GR for GRIP1 in ASM cells and decreased GC function (19). Combined with William's research on the evaluation of Gene Expression Omnibus data sets from ASM cells, IRF1 was verified to promote GC resistance in airway structure cells in both normal human bronchial epithelial cells and peripheral blood mononuclear cells (PBMCs) (20). In summary, it is speculated that the IRF family (IRF1 and IRF3) and GR and GRIP1 have opposite functions in the GC mechanism.

To further clarify our hypothesis, IRF1 and IRF3 expression in lung tissues was examined. As the results showed, IRF1 and IRF3 expression, assessed by RT-PCR and WB, was reduced in WT and GLCCI1−/− Dex-treated asthmatic mice; however, IRF1 and IRF3 levels were higher in GLCCI1−/− Dex-treated asthmatic mice than in WT Dex-treated asthmatic mice. Increased IRF1 and IRF3 expression might take part in GLCCI1 deficiency-induced GC insensitivity in asthma. To further verify the above hypothesis, anti-GRIP1 mAb was used to individually capture IRF1 and IRF3 in lung tissues from the Dex-treated group for assessment by co-IP. Our results indicated that binding between the IRF1-GRIP1 complex and IRF3-GRIP1 complex was increased in GLCCI1−/− Dex-treated asthmatic mice compared with WT Dex-treated asthmatic mice. The co-IP data further support our hypothesis that GLCCI1 deficiency leads to GC insensitivity by increasing IRF1-GRIP1 complex and IRF3-GRIP1 complex binding while decreasing GR-GRIP1 binding.

Recent research reported that GLCCI1 is highly expressed in the airways, especially in epithelial cells, after ICS treatment and that GLCCI1 is expressed in cultured epithelial cells harboring GLCCI1 variants, resulting in worse pulmonary function (9). Additionally, the ability of Dex to modulate GR transcription in airway epithelial cells was found to coincide with its potency to resolve allergic airway inflammation (26). According to new insight into the significance of epithelial cells in GC sensitivity in asthma and the high level of GLCCI1 expression in epithelial cells, we chose to continue exploring the detailed mechanism of GLCCI1 in GC function in epithelial cells. Therefore, to determine whether GLCCI1 deficiency mediates GC function in asthmatic conditions through epithelial cells, Beas2B and A549 cells with or without GLCCI1 siRNA stimulation were used. In this study, GLCCI1 siRNA stimulation decreased GC-induced MKP-1, GILZ, and FKBP5 gene expression and increased CD38 gene expression in Beas2B and A549 cells under OVA and Dex treatment, which suggested that GLCCI1 indeed regulates GC function in epithelial cells. Moreover, GR and GRIP1 expression was downregulated, while IRF1 and IRF3 expression was increased in Beas2B and A549 cells stimulated with GLCCI1 siRNA compared to those stimulated with NC siRNA. Moreover, GLCCI1 downregulation also decreased GR-GRIP1 complex binding but increased IRF1-GRIP1 and IRF3-GRIP1 complex binding. All of the above data at the cellular level support the notion that GLCCI1 deficiency can mediate GC function in epithelial cells through decreasing the GR-GRIP1 pathway and increasing the recruitment of IRF1 and IRF3 by GRIP1.

Additionally, we observed obviously increased CCL3 and CCL4 expression in GLCCI1−/− asthmatic mice compared to WT asthmatic mice, which may indicate that GLCCI1 deficiency can lead to severe lung inflammation. More interestingly, CCL2, CCL3, CCL4, and CCL7 were reduced in WT asthmatic mice treated with Dex, but CCL4 and CCL7 expression did not seem to change in GLCCI1−/− Dex-treated asthmatic mice. Therefore, GC resistance led by GLCCI1 deficiency may be closely associated with CCL4 and CCL7. Combined, these results suggest that GLCCI1 deficiency-induced chemokine production can be attributed to the GRIP1 pathway, and this finding represents a future direction.

In summary, we have carried out an extremely potent investigation of the GLCCI1 gene, which, to the best of our knowledge, is a GC-regulated gene. Analysis of the mechanisms to explain the loss of GCs efficacy indicated that GCs partially regulate their anti-inflammatory effects through GLCCI1/GR-GRIP1 signaling. This study reveals a potential mechanism for mutual antagonism between IRF-1 and GR and IRF3 and GR in their interaction with GRIP1 with or without GLCCI1 expression in asthmatic mice treated with Dex, Beas2B cells and A549 cells. GLCCI1 deficiency in Dex-treated asthmatic mice, Beas2B cells and A549 cells might have limited the interaction of GRIP1 with GR but increased IRF1-GRIP1 and IRF3-GRIP1 complex binding, which dramatically reduced GC function. Our study also shows that GLCCI1 deficiency not only regulated the GC-GR pathway and IRF-GRIP1 pathway but also upregulated the chemokines CCL4 and CCL7 with decreased steroid responsiveness.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Central South University Animal Care Committee.



AUTHOR CONTRIBUTIONS

JF and XL conceived and designed the study and finalized the manuscript. XH conducted the experiments, analyzed data, and edited the manuscript. SD, LL, and FY conducted part of in vitro experiments. YJ, HG, YZ, and DZ performed in vivo experiments and analyzed data. All authors read and approved the final version of the manuscript.



FUNDING

This research was supported by the National Natural Science Foundation of China (81873407 and 81670027) and Natural Science Foundation of Hunan Province (2018JJ2633).



ACKNOWLEDGMENTS

We thank the editor for careful review.



REFERENCES

 1. Fajt ML, Wenzel SE. Development of new therapies for severe asthma. Allergy Asthma Immunol Res. (2017) 9:3–14. doi: 10.4168/aair.2017.9.1.3

 2. Peters SP, Jones CA, Haselkorn T, Mink DR, Valacer DJ, Weiss ST. Real-world evaluation of asthma control and treatment (REACT): findings from a national web-based survey. J Allergy Clin Immunol. (2007) 119:1454–61. doi: 10.1016/j.jaci.2007.03.022

 3. Shaw DE, Sousa AR, Fowler SJ, Fleming LJ, Roberts G, Corfield J, et al. Clinical and inflammatory characteristics of the European U-BIOPRED adult severe asthma cohort. Eur Respir J. (2015) 46:1308–21. doi: 10.1183/13993003.00779-2015

 4. Bousquet J, Khaltaev N, Cruz A, Yorgancioglu A, Chuchalin A. International European Respiratory Society/American Thoracic Society guidelines on severe asthma. Eur Respir J. (2014) 44:1378–9. doi: 10.1183/09031936.00102714

 5. Gibeon D, Chung KF. The investigation of severe asthma to define phenotypes. Clin Exp Allergy. (2012) 42:678–92. doi: 10.1111/j.1365-2222.2012.03959.x

 6. Tantisira KG, Lasky-Su J, Harada M, Murphy A, Litonjua AA, Himes BE, et al. Genomewide association between GLCCI1 and response to glucocorticoid therapy in asthma. N Engl J Med. (2011) 365:1173–83. doi: 10.1056/NEJMoa0911353

 7. Izuhara Y, Matsumoto H, Kanemitsu Y, Izuhara K, Tohda Y, Horiguchi T, et al. GLCCI1 variant accelerates pulmonary function decline in patients with asthma receiving inhaled corticosteroids. Allergy. (2014) 69:668–73. doi: 10.1111/all.12400

 8. Hu CP, Xun QF, Li XZ, He RX, Lu RL, Zhang SC, et al. GLCCI1 variation is associated with asthma susceptibility and inhaled corticosteroid response in a Chinese Han population. Arch Med Res. (2016) 47:118–25. doi: 10.1016/j.arcmed.2016.04.005

 9. Chiba S, Nakamura Y, Mizuno T, Abe K, Horii Y, Nagashima H, et al. Impact of the genetic variants of GLCCI1 on clinical features of asthmatic patients. Clin Respir J. (2018) 12:1166–73. doi: 10.1111/crj.12647

 10. Muller M, Renkawitz R. The glucocorticoid receptor. Biochim Biophys Acta. (1991) 1088:171–82. doi: 10.1016/0167-4781(91)90052-n

 11. Weikum ER, Knuesel MT, Ortlund EA, Yamamoto KR. Glucocorticoid receptor control of transcription: precision and plasticity via allostery. Nat Rev Mol Cell Biol. (2017) 18:159–74. doi: 10.1038/nrm.2016.152

 12. Hong H, Kohli K, Trivedi A, Johnson DL, Stallcup MR. GRIP1, a novel mouse protein that serves as a transcriptional coactivator in yeast for the hormone binding domains of steroid receptors. Proc Natl Acad Sci USA. (1996) 93:4948–52. doi: 10.1073/pnas.93.10.4948

 13. Voegel JJ, Heine MJ, Zechel C, Chambon P, Gronemeyer H. TIF2, a 160 kDa transcriptional mediator for the ligand-dependent activation function AF-2 of nuclear receptors. EMBO J. (1996) 15:3667–75.

 14. Rogatsky I, Luecke HF, Leitman DC, Yamamoto KR. Alternate surfaces of transcriptional coregulator GRIP1 function in different glucocorticoid receptor activation and repression contexts. Proc Natl Acad Sci USA. (2002) 99:16701–6. doi: 10.1073/pnas.262671599

 15. Rogatsky I, Zarember KA, Yamamoto KR. Factor recruitment and TIF2/GRIP1 corepressor activity at a collagenase-3 response element that mediates regulation by phorbol esters and hormones. EMBO J. (2001) 20:6071–83. doi: 10.1016/j.waojou.2019.100017

 16. Chinenov Y, Gupte R, Dobrovolna J, Flammer JR, Liu B, Michelassiet FE, et al. Role of transcriptional coregulator GRIP1 in the anti-inflammatory actions of glucocorticoids. Proc Natl Acad Sci USA. (2012) 109:11776–81. doi: 10.1073/pnas.1206059109

 17. Hu CP, Xun QF, Li XZ, Hu XY, Qin L, He RX, et al. Effects of glucocorticoid-induced transcript 1 gene deficiency on glucocorticoid activation in asthmatic mice. Chin Med J (Engl). (2018). 131:2817–26. doi: 10.4103/0366-6999.246061

 18. Reily MM, Pantoja C, Hu X, Chinenov Y, Rogatsky I. The GRIP1:IRF3 interaction as a target for glucocorticoid receptor-mediated immunosuppression. EMBO J. (2006) 25:108–17. doi: 10.1038/sj.emboj.7600919

 19. Bhandare R, Damera G, Banerjee A, Flammer JR, Keslacy S, Rogatskyet I, et al. Glucocorticoid receptor interacting protein-1 restores glucocorticoid responsiveness in steroid-resistant airway structural cells. Am J Respir Cell Mol Biol. (2010) 42:9–15. doi: 10.1165/rcmb.2009-0239RC

 20. Chapin WJ, Lenkala D, Mai YF, Mao YS, White SR, Huang RS. Peripheral blood IRF1 expression as a marker for glucocorticoid sensitivity. Pharmacogenet Genomics. (2015) 25:126–33. doi: 10.1097/FPC.0000000000000116

 21. Maecker HT, Hansen G, Walter DM, DeKruyff RH, Levy S, Umetsu DT. Vaccination with allergen-IL-18 fusion DNA protects against, and reverses established, airway hyperreactivity in a murine asthma model. J Immunol. (2001) 166:959-65. doi: 10.4049/jimmunol.166.2.959

 22. Lu XX, McCoy KS, Hu WK, Xu JL, Wang HQ, Chen P, et al. Dexamethasone reduces IL-17 and tim-3 expression in BALF of asthmatic mice. J Huazhong Univ Sci Technolog Med Sci. (2013). 33:479–84. doi: 10.1007/s11596-013-1145-4

 23. Xun QF, Hu CP, Li XZ, Hu XY, Qin L, He RX, et al. GLCCI1 rs37973 is associated with the response of adrenal hormone to inhaled corticosteroids in asthma. World Allergy Organ J. (2019). 12:100017. 

 24. Hong H, Kohli K, Garabedian MJ, Stallcup MR. GRIP1, a transcriptional coactivator for the AF-2 transactivation domain of steroid, thyroid, retinoid, and vitamin D receptors. Mol Cell Biol. (1997) 17:2735–44. doi: 10.1128/mcb.17.5.2735

 25. Gupte R, Muse GW, Chinenov Y, Adelman K, Rogatsky I. Glucocorticoid receptor represses proinflammatory genes at distinct steps of the transcription cycle. Proc Natl Acad Sci USA. (2013). 110:14616–21. doi: 10.1073/pnas.1309898110

 26. Klaßen C, Karabinskaya A, Dejager L, Vettorazzi S, Moorleghem JV, Lühder F, et al. (2017). Airway epithelial cells are crucial targets of glucocorticoids in a mouse model of allergic asthma. J Immunol. 199:48–61. doi: 10.4049/jimmunol.1601691

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Hu, Deng, Luo, Jiang, Ge, Yin, Zhang, Zhang, Li and Feng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fmed-08-686493-g005.gif





OPS/images/fmed-08-686493-g006.gif
o

% mi

— 1 I
Ster> oo v €13 o oo v 15

.A =, &ﬂ,

A,LIW w_M_T.Lr N

=g g

= o






OPS/images/fmed-08-686493-g003.gif
Ay - =

15 { .

f s
i H

& 7 ¢ r‘/’ ¢ 4‘/
e acon

—— —

o om0

GLOCH —

T RRR . v
G —— - 0

s ————————
AP — - —— - -
o)

4//,;,'/ ///w‘;/ K e'f‘ff"f






OPS/images/fmed-08-686493-g004.gif
< agen

-
P —— :
. B
S ——

B






OPS/images/fmed-08-686493-g007.gif
TIRE binding stcs

EoTED

| T sy

GCrsance
1 oy prsins
(G, CD3, CCLA wd CCLT)





OPS/images/fmed-08-686493-t001.jpg
Gene

GAPDH (mouse)
GLCCH (mouse)
GR (mouse)
GRIP1 (mouse)
CD38 (mouse)
GILZ (mouse)
FKBP5 (mouse)
IRF1 (mouse)
IRF3 (mouse)
coL2 (mouse)
COL3 (mouse)
CCL4 (mouse)
CCL7 (mouse)
GAPDH (human)
GLCCH (humar)
GR (human)
GRIP (human)
CD38 (human)
IRF1 (human)
IRF3 (human)
MKP1 (human)

Forward primer (5'-3)

GGTTGTCTCCTGCGACTTCA
AGGCGAACCTCTTCTCTGGA
GTGAGTTCTCCTCCGTCCAG
CTTGGCCTGACGGTATCGG
TCTCTAGGAAAGCCCAGATCG
AACACCGAAATGTATCAGACCC
GATGAGGGCACCAGTAACAATG
ATGCCAATCACTCGAATGCG
GAGAGCCGAACGAGGTTCAG
AGGTCCCTGTCATGCTTCTGGG
CCTCGATGTGGCTACTTGGCAGC
GTGCTCCAGGGTTCTCAGCACCAATG
CCACATGCTGCTATGTCAAGA
GGTGAAGGTCGGAGTCAACG
CGGACCTCTAGTACAATAAGGCG
ACAGCATCCCTTTCTCAACAG
TGAGAGTCCCTACACTAAATCCG
CAACTCTGTCTTGGCGTCAGT
CTGTGCGAGTGTACCGGATG
AGAGGCTCGTGATGGTCAAG
ACCACCACCGTGTTCAACTTC

Reverse primer (5'-3)

TGGTCCAGGGTTTCTTACTCC
GTGAACATGAGGGTCCCGTG
TACAGCTTCCACACGTCAGC
CCGCCTTGATGTAGTCGCC
AGAAAAGTGCTTCGTGGTAGG
GTTTAACGGAAACCAAATCCCCT
CAACATCCCTTTGTAGTGGACAT
CCTGCTTTGTATCGGCCTGT
CTTCCAGGTTGACACGTCCG
CCTCATTGGGATCATCTTGCTGGTG
CCTGAGAGTCTTGGAGGCAGCGA
GGTCAGGAATACCACAGCTGGCTTGG
ACACCGACTACTGGTGATCCT
CAAAGTTGTCATGGATGACC
AGGTGTCTGAGTAGCTTTGTCT
AGATCCTTGGCACCTATTCCAAT
ATTCCTCCCGATACCGTCAGA
'CCCATACACTTTGGCAGTCTACA
ATCCCCACATGACTTCCTCTT
AGGTCCACAGTATTCTCCAGG
TGGGAGAGGTCGTAATGGGG





OPS/xhtml/Nav.xhtml




Contents





		Cover



		GLCCI1 Deficiency Induces Glucocorticoid Resistance via the Competitive Binding of IRF1:GRIP1 and IRF3:GRIP1 in Asthma



		Introduction



		Materials and Methods



		Animals and Development of an Asthma Model



		Cell Culture



		Measurement of Bronchial Responsiveness



		Lung Histopathology



		Immunoblotting



		Coimmunoprecipitation



		RNA Preparation and Real-Time Reverse Transcription-Polymerase Chain Reaction



		Statistical Analysis







		Results



		Result 1 GLCCI1 Deficiency Leads to GC Insensitivity in OVA-Induced Asthmatic Mice



		Result 2 GLCCI1 Silencing Results in GC Insensitivity in Human Epithelial Cells



		Results 3 GLCCI1 Deficiency Reduces GR-GRIP1 Binding Through Upregulating the Recruitment of GRIP1 to IRF1 and IRF3 in OVA-Induced Asthmatic Mice



		Result 4 GLCCI1 Silencing in Epithelial Cells Enhances the Binding of IRF1 and IRF3 With GRIP1 While Reducing GR and GRIP1 Binding



		Result 5 GLCCI1 Deficiency Disturbs Chemokine Dysfunction in OVA-Induced Asthmatic Mice







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

GLCCI1 Deficiency Induces
Glucocorticoid Resistance via the
Competitive Binding of IRF1:GRIP1
and IRF3:GRIP1 in Asthma





OPS/images/fmed-08-686493-g001.gif





OPS/images/fmed-08-686493-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





