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MicroRNA-124-3p alleviates repetitive bleomycin-induced idiopathic pulmonary fibrosis in mouse by repressing Wnt/β-catenin signaling component AXIN1
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Abstract

Background: MicroRNA (miR)-124-3p is a crucial player in the transforming growth factor β1-induced in vitro fibrogenic differentiation of mesenchymal stem cells. In the current study, we aimed to further verify the in vivo role of miR-124-3p in a mouse model of idiopathic pulmonary fibrosis (IPF).

Methods: Mouse IPF model was established using repetitive intratracheal bleomycin (BLM) dosing, followed by in vivo delivery of miR-124-3p. Masson’s trichrome staining, hematoxylin-eosin (H&E), and modified Ashcroft score were performed on lung tissues to assess extent of pulmonary fibrosis. Collagen deposition was examined using hydroxyproline assay. Inflammatory cell counts were evaluated in the bronchoalveolar lavage (BAL) fluid. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed to assess apoptosis in lung tissues.

Results: Repetitive BLM injection induced elevated fibrosis score and collagen deposition, elevated numbers of inflammatory cells in the BAL fluid, and promoted in lung tissues of mice. MiR-124-3p, to a considerable extent, reversed the BLM-induced IPF symptoms in terms of fibrosis score and collagen deposition in the lung tissues, reduced the BLM-elevated inflammatory cells in the BAL fluid and the percentage of BLM-induced apoptotic cells in lung tissues. AXIN1, a pivotal component in Wnt signaling, was also significantly inhibited by miR-124-3p in the experimental mice.

Conclusion: MiR-124-3p serves as a therapeutic target in the mouse model of IPF by repressing Wnt/β-catenin signaling component AXIN1 and holds great clinical potential in molecular therapies to treat human IPF patients.
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Idiopathic pulmonary fibrosis (IPF) is a serious progressive and chronic condition affecting the lung, and in turn respiratory functions, without clear etiology. Five-year survival of IPF patients is less than 50% (1), primarily due to the lack of understanding regarding IPF pathogenesis, inadequate treatment options, late diagnosis, and poor prognosis (2). A number of novel therapeutic targets have been identified over the years, a few of which currently are in the process of clinical trials. Nonetheless, there still lacks effective approved treatments. Hence, it is of great importance to gather better insights into the mechanisms underlying IPF in order to explore new therapeutic possibilities.

Both genetic and non-genetic risk factors, such as infection, aging, and smoking, are believed to contribute to the pathogenesis of IPF. Combined, these factors may lead to damaged alveolar epithelial cells and fibroblasts, deposition of extracellular matrix, abnormal wound healing, and formation of fibroblastic/myofibroblastic foci (3–5), eventually giving rise to impaired respiratory functions and gas exchange, as well as dyspnea. During such process, mesenchymal stem cells (MSCs) are critically involved (6). MSCs, a type of pluripotent stem cells, reside in the bone marrow as well as a variety of organs such as the liver, brain, and lung. Such tissue-resident MSCs are capable of differentiating into progenitor cells that are organ-specific. Accumulating data suggest that lung-resident MSCs (LR-MSCs) are involved in the microvascular remodeling in the lung acting as multipotent vascular precursors (7). Further, LR-MSCs could reportedly differentiate into alveolar epithelial type II cells (8) and are engaged in the wound healing of the lung (9), which may also result in pulmonary disorders under certain circumstances (6).

The importance of Wnt/β-catenin signaling has been frequently implicated in lung diseases. Abnormal activation of this signaling pathway may result in lung cancer and pulmonary fibrosis (10, 11). Recent investigations consistently indicate that MSC differentiation and self-renewal are under the control of Wnt/β-catenin signaling. Thus it is plausible that Wnt signaling could be involved in pulmonary diseases through regulation of MSCs. Recently, we have also reported that microRNA (miRNA, miR)-124-3p could regulate transforming growth factor (TGF)-β1-elicited LR-MSC differentiation to myofibroblast through inhibition of Wnt/β-catenin (12).

Materials and methods

Mouse IPF model

Mouse IPF model in the current study was adapted from a repetitive intratracheal bleomycin (BLM) dosing method as previously described (13). Male 8-week-old C57BL/6J mice were purchased from Shanghai Laboratory Animal Center (Shanghai, China). BLM solution was obtained by dissolving sterile BLM sulfate powder (Teva Parenteral Medicines, Irvine, CA) in sterile standard saline. Intratracheal injection of BLM was conducted at the dosage of 0.04 units in 100 μL sterile saline on a biweekly basis for a period of 16 weeks. For the intubation procedure, animals were deeply sedated through inhaled isoflurane and then suspended by the front teeth on an angled fiberglass stand. In order to obtain a clear view of the trachea, the tongue was gently lifted using forceps and the palate was lifted using a small scoop, similar to a Miller blade on a laryngoscope. A 26-French angiocatheter was inserted into the trachea, followed by the administration of 100 μL of BLM solution. Animals were continually monitored after the procedure to ensure proper recovery. Mice in the sham group received identical procedure with 100 μL of sterile saline without BLM.

In vivo delivery of miR-124-3p

MiR-124-3p and negative control (miR-NC) were formulated with MaxSuppressor In Vivo RNA-LANCEr II (Bioo Scientific) according to the manufacturer’s instructions. At week 16 into the repetitive BLM injection, the mice were also injected i.p. at 2 μg/g body weight of either miR-124-3p or miR-NC. Seven days later, all mice were euthanized and lungs were harvested.

Hematoxylin-eosin staining and Masson’s trichrome staining

Harvested left lung samples fixed using 4% paraformaldehyde were paraffin-embedded for preparation of sections at 2 μm thickness, which were then stained using hematoxylin and eosin. In order to evaluate lung fibrosis, Masson’s trichrome staining was conducted. On each section, five non-overlapping microscopic fields that contained most severe injuries of lung parenchyma were examined. Histological examination of lung fibrosis was quantified with the use of the modified Ashcroft score (14). The fibrosis severity in each field of a lung specimen was recorded as a score of 0–8 by a pathologist blind to group assignment, and the overall severity of any given lung section was calculated as the mean score of the five fields.

Hydroxyproline assay

Homogenates of right lung tissues were generated and examined for hydroxyproline content in accordance to the provided guides (Wuhan EIAab Science Co., Ltd., China). In brief, homogenized samples were stored at –20°C overnight. After two cycles of ‘freeze and thaw’, the homogenates were centrifuged at 5000 g for 5 min. The supernatants were then collected and the absorbance at 450 nm was measured to determine the abundance of hydroxyproline content (ng hydroxyproline/mg protein).

Bronchoalveolar lavage fluid analysis

Bronchoalveolar lavage (BAL) was collected through a 20-gauge needle inserted into the trachea. Sterile phosphate buffered saline (PBS, 0.6 mL each time, three times) was slowly delivered into the lung through the trachea, then BAL fluid was harvested, and subjected to centrifugation at 400 g for 10 min. For each sample, around 30,000 cells were loaded onto a glass slide for cell counting under light microscopy using Giemsa stain.

Terminal deoxynucleotidyl transferase dUTP nick end labeling assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was conducted with the usage of a commercially available kit according to the provided protocol (In Situ Apoptosis Detection Kit, Millipore, MA, USA). In brief, lung samples fixed using 10% neutral buffered formaldehyde were paraffin-embedded and sectioned at 4–5 μm thickness. Counterstain was carried out using Mayer’s hematoxylin. For each specimen, TUNEL-positive cells on 10 consecutive, non-overlapping high-magnification fields were counted. The mean number of cells with TUNEL-positive nuclei from these fields was regarded as the apoptotic score for each specimen.

Quantitative real-time polymerase chain reaction

Total RNA was extracted with the use of TRIzol reagent (Invitrogen, Carlsbad, CA). Then, 2 μg of total RNA was reverse transcribed into cDNA using a specific stem-loop primer (Guangzhou RiboBio Co., Ltd.). Quantitative polymerase chain reaction (PCR) was performed on the ABI7000 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) using SYBR Green master mix. Primers used in this study were miR-124-3p forward 5’-AGG CAC GCG GTG A-3’, reverse 5’-TCC AGT TTT TTT TTT TTT TTG GCA-3’; AXIN1 forward 5’-ACG GTA CAA CGA AG CAG AGA GCT-3’, reverse 5’-CGG ATC TCC TTT GGC ATT CGG TAA-3’; GAPDH forward 5’-AAC TTT GGC ATT GTG GAA GG-3’, reverse 5’-ACA CAT TGG GGG TAG GAA CA-3’.

Western Blotting

The total protein was extracted from samples of lung tissues using standard RIPA buffer (Cell Signaling Technology Inc., Danvers, MA). Proteins of equal amount were subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene difluoride membranes (Bio-Rad) followed by blocking using 5% non-fat milk. All primary antibodies, namely AXIN1 and GAPDH as the loading control, were obtained from Abcam (Cambridge, MA,) and used at 1:1000 dilution. Membranes were then incubated with horseradish peroxidase-conjugated goat anti-rabbit/mouse IgG (Boster, Wuhan, China). The resulted immunoreactivity was determined on an Odyssey Scanning System (LI-COR, Inc., Lincoln, NE).

Statistical analysis

All data were presented as mean ± standard deviation (SD). SPSS version 19.0 (IBM SPSS, Amronk, NY, USA) was used for statistical analysis. Statistical differences were determined using one-way analysis of variance (ANOVA) analysis or the Student’s t-test. Values of P < 0.05 were regarded to indicate statistical significance.

Results

Repetitive BLM induces IPF symptoms in model mice

To establish a repetitive BLM injury model, we employed direct laryngeal intubation to administer BLM on a biweekly basis for eight doses (see Materials and Methods). One week after the last dose of BLM or vehicle control, BLM and sham mice were euthanized and lungs were harvested.

Histological examination of lung tissues from mice receiving repetitive BLM administrations using trichrome blue collagen staining revealed extensive extracellular matrix deposition and fibrosis (Fig. 1a). On the basis of such prominent histological alterations, we compared the extent of lung fibrosis between the sham and BLM groups of mice, using quantitative evaluations. Trichrome-stained lung specimens were assessed on seriousness of fibrosis in a blinded manner using modified Ashcroft score with a 0–8 scale (14). It turned out that fibrosis score of BLM group was significantly higher than that of the sham mice (Fig. 1b). In addition, a remarkably higher percentage of lung samples exhibited fibrotic alterations in the mice receiving repetitive BLM injection than mice receiving sham injection (Fig. 1c). Next, collagen deposition was evaluated through measurement of hydroxyproline content in lung tissues (ng hydroxyproline/mg protein), which was also found to be much higher in the BLM group than sham group (Fig. 1d).

Fig. 1.Repetitive bleomycin (BLM) treatment induces severe idiopathic pulmonary fibrosis (IPF). (a) Representative lung sections stained with hematoxylin-eosin (H&E) (upper row) and Masson’s trichrome staining (lower row) in sham and BLM group mice. Scale bar, 100 μm. (b) Fibrosis scoring using the modified Ashcroft score in sham and BLM group mice. (c) Morphometry measurements of lung sections showing percentage of lung tissue affected by fibrosis in sham and BLM group mice. (d) Collagen deposition was assessed by hydroxyproline measurement in sham and BLM group mice. Data are presented as median (min, max, N = 8 each group), **P < 0.01, **** P < 0.0001, sham versus BLM.
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Moreover, as an indication of inflammatory response in the lung, we assessed number of inflammatory cells in the BAL fluid in both groups of mice. Repetitive exposure to BLM increased inflammatory cells of all types (Fig. 2a), including macrophages (Fig. 2b), neutrophils (Fig. 2c), and lymphocytes (Fig. 2d), with macrophage being the most common type.

Fig. 2.Repetitive bleomycin (BLM) treatment elevates number of inflammatory cells in bronchoalveolar lavage (BAL) fluid. (a) The total cell count, (b) macrophage count, (c) neutrophil count, and (d) lymphocyte count in BAL fluid in sham and BLM group mice. Data are presented as median (min, max, N = 8 each group), *P < 0.05, **P < 0.01, ***P < 0.001, sham versus BLM.
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We also evaluated in situ apoptosis by TUNEL staining and found that the number of apoptotic cells was markedly increased in the BLM group compared to the sham group (Fig. 3a and b).

Fig. 3.Repetitive bleomycin (BLM) treatment increases apoptotic cells in lung tissues. (a) Representative images of TUNEL staining from lung sections in sham and BLM group mice. Scale bar, 50 μm. (b) Quantitative analysis of TUNEL-positive epithelial cells in the lung tissue of sham and BLM group mice. Data are presented as mean ± SD (N = 8 each group), *P < 0.05, sham versus BLM.
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In vivo delivery of miR-124-3p reverses IPF symptoms in repetitive BLM model mice

In the current study, we utilized an miRNA in vivo delivery system, which efficiently increased the expression of miR-124-3p (Fig. 4a) but inhibited the expression of both AXIN1 mRNA (Fig. 4b) and protein (Fig. 4c), which is shown to be a specific target of miR-124-3p (12).

Fig. 4.Effect of in vivo delivery of miR-124-3p suppresses endogenous AXIN1 expression. Levels of (a) miR-124-3p, (b) AXIN1 mRNA, and (c) AXIN1 protein were analyzed in lung tissues of mice receiving in vivo delivery of either miR-negative control (miR-NC) or miR-124-3p mimic (miR-124). Data are presented as mean ± SD (N = 6 each group), *P < 0.05, **P < 0.01, miR-NC versus miR-124.
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With the successful in vivo miR-124-3p expression, we continued to examined the in vivo effect of miR-124-3p on repetitive BLM-induced IPF mouse model. The extensive fibrosis and extracellular matrix deposition earlier observed in BLM mice were greatly alleviated following miR-124-3p in vivo expression (Fig. 5a). Quantitative fibrosis score was consistent with the histological evaluations, showing that miR-124-3p in BLM mice could, although incompletely, reduce the score by a great extent (Fig. 5b). Percentage of lung with fibrosis and collagen deposition followed the same trend as fibrosis score in the three experimental groups as well (Fig. 5c and d). These results strongly demonstrated the alleviating effect of miR-124-3p in vivo against repetitive BLM-induced lung fibrosis in mice.

Fig. 5.MiR-124-3p reverses bleomycin (BLM)-induced idiopathic pulmonary fibrosis (IPF). (a) Representative lung sections stained with hematoxylin-eosin (H&E) (upper row) and Masson’s trichrome staining (lower row) in sham+miR-NC, BLM+miR-NC and BLM+miR-124-3p mimic (miR-124) group mice. Scale bar, 100 μm. (b) Fibrosis scoring using the modified Ashcroft score in sham+miR-NC, BLM+miR-NC, and BLM+miR-124 group mice. (c) Morphometry measurements of lung sections showing percentage of lung tissue affected by fibrosis in sham+miR-NC, BLM+miR-NC, and BLM+miR-124 group mice. (d) Collagen deposition was assessed by hydroxyproline measurement in sham+miR-NC, BLM+miR-NC, and BLM+miR-124 group mice. Data are presented as median (min, max, N = 8 each group), ***P < 0.001, ****P < 0.0001, BLM+miR-NC versus both sham+miR-NC and BLM+miR-124.
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Similarly, inflammatory cell counting was performed in all three groups of experimental mice. As expected, introducing miR-124-3p expression in the BLM-inflicted mice could significantly reduce the numbers of all major types of inflammatory cells in the BAL fluid (Fig. 6a–d), further supporting the benefit of miR-124-3p against inflammatory response in IPF model mice. Last but not least, as indicated by TUNEL staining assay in lung tissues from all groups, the number of apoptotic cells was also significantly repressed in the BLM group receiving miR-124-3p delivery (Fig. 7a and b).

Fig. 6.MiR-124-3p reverses bleomycin (BLM)-elevated inflammatory cells in bronchoalveolar lavage (BAL) fluid. (a) The total cell count, (b) macrophage count, (c) neutrophil count, and (d) lymphocyte count in BAL fluid in sham+miR-NC, BLM+miR-NC, and BLM+miR-124-3p mimic (miR-124) group mice. Data are presented as median (min, max, N = 8 each group), ***P < 0.001, ****P < 0.0001, BLM+miR-NC versus both sham+miR-NC and BLM+miR-124.
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Fig. 7.MiR-124-3p reverses bleomycin (BLM)-induced apoptotic cells in lung tissues. (a) Representative images of TUNEL staining from lung sections in sham+miR-NC, BLM+miR-NC, and BLM+miR-124-3p mimic (miR-124) group mice. Scale bar, 50 μm. (b) Quantitative analysis of TUNEL-positive epithelial cells in the lung tissue of sham+miR-NC, BLM+miR-NC, and BLM+miR-124 group mice. Data are presented as mean ± SD (N = 8 each group), **P < 0.01, BLM+miR-NC versus both sham+miR-NC and BLM+miR-124.
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Discussion

Establishing appropriate animal models of human diseases is the prerequisite of any preclinical investigations. In this context, the C57BL/6J mice have been used as the primary model animal for IPF for their high susceptibility to lung injuries following intratracheal BLM administrations (15, 16). On the other hand, the SV129 or BALB/c strains exhibit resistance to BLM-elicited pulmonary fibrosis, likely as a result of altered TGF-β expression (16). This phenomenon echoes the genetic susceptibility and other potential risk factors for inducing fibrosis in end organs after BLM exposures observed in humans. Investigations on BLM-elicited pulmonary fibrosis have mainly used young male mice between 8 and 12 weeks (17–19).

Another important aspect in terms of our current C57BL/6J mouse IPF model was a repetitive dosing of BLM rather than a single dose. Most reports assessing therapeutic interventions did not use repetitive administrations; rather, a single dose of intratracheal BLM is often used and immediately followed by the application of the agent under investigation (20–23). To our knowledge, only two investigations so far have examined injuries caused by repetitive BLM exposures (13, 24, 25). Lee et al. employed biweekly intratracheal administrations of 0.04 U BLM for a total period of 4 months in young mice (24). In mice with repeated administrations, infiltration of the perialveolar ducts by inflammatory cells, hyperplasia of cuboidal alveolar epithelial cells and club cells (Clara cells), enlarged alveoli, septal thickening, and extensive fibrosis were observed (24). In addition, potential therapeutic agents are often applied within 1–7 days post exposure to BLM, giving rise to the belief that the therapy may exert beneficial effects predominantly by preventing inflammatory events instead of reversing fibrosis, hence greatly hindering the translation to human IPF (26). Latest reports have started to investigate drugs administered after the initial week (27, 28).

Therefore based on the earlier studies, in our current experimental design, we employed 8-week-old male C57BL/6J mice and administered them with repetitive BLM dosing, followed by in vivo delivery of miR-124 after 7 days. These mice almost precisely recapitulated symptoms of human IPF. First of all, repetitive BLM injection induced severe IPF, evidenced by elevated fibrosis score and collagen deposition. In addition, numbers of inflammatory cells in the BAL fluid, including macrophages, neutrophils, and lymphocytes, have been greatly increased by repetitive BLM injection. Moreover, elevated apoptosis was also observed in lung tissues of mice receiving repetitive BLM injection.

MiRNAs are a class of small noncoding RNAs that bind to the 3’ (untranslated region) UTR of target mRNAs, leading to repressed protein expression primarily through destabilization of the target mRNAs and/or inhibition of translation. MiRNAs exert critical functions in numerous biological processes including IPF (29) and have recently been particularly implicated in TGF-β signaling pathway-mediated IPF (30). In our current study, we sorted to verify the in vitro observed role of miR-124-3p in the established mouse IPF model in vivo. We first utilized an miRNA in vivo delivery system, which efficiently increased the expression of miR-124-3p whereas inhibited expression of AXIN1, which is shown to be a specific target of miR-124-3p (12) in the experimental mice. Next, miR-124-3p was delivered in the IPF model mice, followed by examination of IPF symptoms. Surprisingly, we found that miR-124-3p reversed, to a considerable extent, the BLM-induced IPF symptoms in terms of fibrosis score and collagen deposition in the lung tissues. Besides, the elevated inflammatory cells in the BAL fluid following repetitive BLM injection were also largely reduced by miR-124-3p. Lastly, miR-124-3p also reduced the percentage of BLM-induced apoptotic cells in lung tissues. Importantly, AXIN1, a critical component in Wnt signaling, was also significantly repressed by miR-124-3p in the experimental mice. Wnt/β-catenin signaling plays key roles in various processes within the context of IPF. In IPF tissues, β-catenin was enriched in the nucleus, indicating that Wnt signaling is activated (31). Sustained Wnt activation was believed to be involved in the proliferative myofibroblast lesions and to be engaged in the lung fibrosis (32). Further, Wnt signaling reportedly regulates LR-MSCs differentiation (7, 33).

Conclusion

To conclude, our current study is the first instance to date, to present in vivo evidences supporting the crucial role of miR-124-3p as a therapeutic target in the mouse model of IPF by repressing Wnt/β-catenin signaling component AXIN1, and holds great clinical potential in molecular therapies to treat human IPF patients.
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