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Introduction

Idiopathic pulmonary fibrosis (IPF) severely affects the lung leading to aberrant deposition of extracellular matrix and parenchymal stiffness with progressive functional derangement. The limited availability of fresh tissues represents one of the major limitations to study the molecular profiling of IPF lung tissue. The primary aim of this study was to explore the proteomic profiling yield of archived formalin-fixed paraffin-embedded (FFPE) specimens of IPF lung tissues.





Methods

We further determined the protein expression according to respiratory functional decline at the time of biopsy. The total proteins isolated from 11 FFPE samples of IPF patients compared to 3 FFPE samples from a non-fibrotic lung defined as controls, were subjected to label-free quantitative proteomic analysis by liquid chromatography-mass spectrometry (LC-MS/MS) and resulted in the detection of about 400 proteins.





Results

After the pairwise comparison between controls and IPF, functional enrichment analysis identified differentially expressed proteins that were involved in extracellular matrix signaling pathways, focal adhesion and transforming growth factor β (TGF-β) signaling pathways strongly associated with IPF onset and progression. Five proteins were significantly over- expressed in the lung of IPF patients with either advanced disease stage (Stage II) or impaired pulmonary function (FVC<75, DLCO<55) compared to controls; these were lymphocyte cytosolic protein 1 (LCP1), peroxiredoxin-2 (PRDX2), transgelin 2 (TAGLN2), lumican (LUM) and mimecan (OGN) that might play a key role in the fibrogenic processes.





Discussion

Our work showed that the analysis of FFPE samples was able to identify key proteins that might be crucial for the IPF pathogenesis. These proteins are correlated with lung carcinogenesis or involved in the immune landscape of lung cancer, thus making possible common mechanisms between lung carcinogenesis and fibrosis progression, two pathological conditions at risk for each other in the real life.
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1 Introduction

Idiopathic pulmonary fibrosis (IPF) is a rare, chronic, progressive, fibrosing interstitial lung disease (ILD) of still unknown etiology, with a median survival of 3 years from the time of diagnosis (1–3). Besides the promising results of two antifibrotic drugs (Pirfenidone and Nintedanib) in slowing down the respiratory functional decline of IPF patients, an improvement in mortality rate has not yet been achieved (4–6). Since the histological pattern is not exclusively associated with IPF but with other ILDs, a proven diagnosis of IPF may represent a challenge for physicians (3, 7). Many evidences suggest that IPF is a consequence of multiple interacting genetic, and environmental risk factors such as cigarettes smoking, metal, and silica dust or microbial agents (8–11), leading to repetitive local micro-injuries to aging alveolar epithelium, aberrant epithelial–fibroblast functional activity, induction of matrix-producing myofibroblasts, exaggerate extracellular matrix deposition, and distortion of lung architecture (12, 13). In addition, some genetic variants have also been associated with IPF onset and progression such as the mucin 5B (MUC5B) gene, involved in the maintenance of bronchoalveolar epithelial function (14–16), or TERT and TERC genes involved in the telomere length and maintenance (17–20). Notwithstanding, IPF remains a fatal disease, thus the identification of new biomarkers indicative of disease progression represents an unmet clinical need that has to be addressed (21, 22).

Over the past ten years, proteomic analysis through mass spectrometry (MS) has become an extremely sensitive tool for characterizing key proteins involved in the progression of IPF as a chronic disease, elucidating the molecular mechanisms and profile of patients (23–26). Therefore, the performance of MS proteomics has been maximized with spatially resolved proteomic to precisely delineate the molecular profile characterized by distinct protein compositions in the histologically defined regions of tissue in comparison to whole lung proteome (27–29). However, given the limitation of fresh tissues from patients with rare and chronic condition, the MS of archived tissues stored as formalin-fixed paraffin-embedded (FFPE) blocks have been widely and more easily used in research (30, 31). However, the MS analysis on FFPE blocks can be challenging due to the covalent crosslinking and low solubility of extracellular matrix (ECM) proteins that are aberrantly enriched in the lung tissue of patients (32).

Herein, we described for the first time the applicability and the performance of a protocol implying the liquid chromatography-mass spectrometry (LC-MS/MS) that allowed the isolation of total proteins from FFPE blocks of IPF patients, different from the recent application of Laser capture microdissection coupled mass spectrometry (LCM-MS) for spatially resolved analysis of FFPE from the same patients (33). Moreover, our study enabled the identification of differentially expressed proteins in IPF patients with severely impaired lung function, compared to non-fibrotic individuals, to possibly implement the knowledge on the disease progression.




2 Materials and methods



2.1 Ethics statement

Mass Spectrometry analyses on archived IPF samples were conducted after authorization by the ethics committee of the University of Modena and Reggio Emilia (557/2019/SPER/AOUMO).




2.2 Case identification and selection

Twenty patients with histologically confirmed idiopathic pulmonary fibrosis with UIP pattern, who underwent surgical lung biopsy between 2011 and 2020, in the process of being diagnosed towards a multidisciplinary team and according the most recent ATS/ERS/JRS/ALAT guidelines (1, 34), were considered eligible for our retrospective cohort study and therefore referred to as IPF patients from now on. We collected the clinicopathological data from electronic medical records present in the database of the Respiratory Disease Unit of University Hospital of Modena, where both deceased and living patients were included in the study. Of twenty patients, nineteen were eligible for the study with confirmed diagnosis of IPF being characterized by the histological and morphological pattern of Usual Interstitial Pneumonia (UIP). One patient was later diagnosed with pulmonary fibrosis secondary to systemic sclerosis and excluded from the study. Then, of nineteen patients, eleven were included in the mass spectrometry analysis because they meet the statistical criteria to be included in the study such as the LFQ value different from zero (LFQ≠0). The IPF patients were then stratified according to the GAP index, a score developed by Ley et al. in 2012 (35) which considers the gender, the age and the physiological lung parameters such as “Diffusion Lung Carbon Monoxide” (DLCO) and Forced Vital Capacity (FVC). The total score obtained from the individual variables allows to classify the patients into 3 stages (Stage I, Stage II and Stage III) which have increasing one-year mortality (Supplementary Table S1). The nineteen patients analyzed were either Stage I or Stage II disease with a gap score ranging either from 0-3 or 4-5, while no patients with IPF were diagnosed in Stage III for the impossibility of biopsy diagnosis in patients with very severe pathology and extremely impaired lung function. For the final analysis we selected, according to these characteristics, 3 CTRL patients and 11 IPF patients.

Patients not diagnosed with fibrosing disease, with histologically confirmed non-small cell lung cancer who underwent surgery, were considered as the control population (CTRL patients), since the normal lung parenchyma distal from the peri-tumoral and tumoral area was considered. Then, five Formalin-fixed and paraffin-embedded (FFPE) IPF samples were retrieved from the archive of the Institute of Pathology of the University Hospital of Modena, of which two were excluded from the mass spectrometry analysis for the LFQ value =0 among the technical replicate (Supplementary Figure 1).




2.3 Deparaffinization and protein extraction for Western blot analysis and preparation of protein samples for mass spectrometry

Replicates of four serial FFPE tissue sections, 10 μm thick, were placed in low-binding Eppendorf tubes and deparaffinized by incubation at room temperature in 1 ml xylene (cod.131769.1611, PanReac-AppliChem, USA) for 10 min. After each incubation, tissue was pelleted at 14.800 rpm for 2 min, and incubation/centrifugation steps were repeated two times. The deparaffinized tissue pellets were then rehydrated by incubation at room temperature in three graded series of 1 ml ethanol (100%, 96%, and 70%, cod.414601, CARLO ERBA, USA) for 10 min. After each incubation, tissue was pelleted at 14.800 rpm for 2 min, and incubation/centrifugation steps were repeated two times. The rehydrated lung tissue sections were resuspended in 0.1 ml extraction buffer made up of 250 mM Tris HCl, pH 9.0, 2%(w/v) SDS, protease inhibitor cocktail (cod. P8340, 1:100, SIGMA, USA) and phosphatase inhibitors (HALT ™ phosphatase Inhibitor Cocktail cod. 78420, 1:100, ThermoScientific, USA). The samples were first incubated on ice for 5 min, mixed by vortexing, then incubated on a heating block at 100°C for 20 min followed by an incubation at 80°C in a Thermomixer for 2 hours with agitation at 750 rpm. After incubation, samples were placed for 1 min at 4°C and then centrifuged for 15 minutes at 14.000 rpm at 4°C. Then, the supernatants containing the extracted proteins were quantified with BCA protein assay kit (cod. 23227, Pierce™ BCA Protein Assay Kit, Thermo Scientific, USA) which was a detergent-compatible formulation (after the dilution 1:10 of samples) and the protein standards were prepared using the same lysis buffer as the samples. Then, 35 µg of total protein lysate for each sample was used for Western Blot. For mass spectrometry analysis, we added 0.4 ml methanol (cod.414816, CARLO ERBA, USA) to 0.1 ml of total protein extraction, previously obtained, 0.1 ml chloroform (cod.415154, CARLO ERBA, USA) and 0.3 ml RNA-ase, DNA-ase, protease free water and centrifuged at 9.000 rpm. After washing the pellet with 1 ml ethanol, the pellet after centrifugation was dissolved in 10 µl of 1% (w/v) Rapigest SF in 25mM NH4HCO3 (cod. 186001861, Waters, Milford, MA) and 10 µl 50 mM DTT in 25 mM NH4HCO3. After 1h incubation at 37°C with agitation at 950 rpm, samples were treated with 10 µl of 100 mM iodoacetamide (BioUltra. cod. 144-48-9, Sigma Aldrich, USA) in 25 mM NH4HCO3, incubated at 37°C for 1 h with agitation at 950 rpm and treated with 90 µl of 25 mM NH4HCO3. Then, 20 µl of Trypsin-grade (cod. V5111, Promega, WI, USA) was added (0.25 µg/µl) in 25 mM NH4HCO3 and incubated overnight at 37°C. After about 16 hours, the digestion was stopped by adding 20 µl of 5% (v/v) TFA (Trifluoroacetic Acid cod.102253211, Sigma Aldrich, USA) and incubated at 37°C for 1h with agitation at 950 rpm. The samples were centrifuged at 13.000 rpm for 30 minutes at room temperature and the supernatant containing the tryptic peptide were dried under vacuum using Speedvac evaporators.




2.4 LC-MS/MS experimental conditions and data analysis

LC-MS/MS analysis was performed using Q Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Fisher Scientific, USA) coupled to a Thermo Ultimate 3000 UHPLC. 11 samples from IPF patients and 3 samples for CTRL patients were analyzed in triplicates by using 50 µg per injection. Chromatographic separation was performed on a Hypersil Gold 2.1x100 mm C18 column (Thermo Scientific, USA). Briefly, an amount of peptide solution to have 50 µg on the column was injected into a Thermo Scientific Dionex Ultimate 3000 UHPLC coupled to a Thermo Ultrahigh-resolution Q Exactive mass spectrometer (Thermo Scientific, Bremen, Germany) and detailed information is provided as Supplementary Material S1. Raw MS files were analyzed with the MaxQuant software version (v1.6.2.6) (Max Planck Institute, Martinsried, Germany) (36) against the Human Uniprot database (NCBI: txid9606, 2023_01, 245,871,724 sequence entries), including both the protein modifications such as carbamidomethylation (C) (fixed), oxidation (M) (variable) and N-terminal acetylation (variable) and the enzyme specificity set to trypsin; the maximum missed cleavages were set to 2 and the parent peptide masses searched with a maximal initial mass deviation of 10 p.p.m. The false discovery rate (FDR) filtration on the peptide spectrum was set to 0.01. Proteins were quantified using LFQ (Label-Free Quantification) intensity. Thus, proteins with LFQ ≠ 0 in all three replicates for each sample were subjected to bioinformatics analysis using the freely available software Perseus v1.6.15.0 (Max Planck Institute, Martinsried, Germany, www.perseus-framework.org) (37). Here, LFQ intensities were log2 transformed and there were retained only samples with normal data distribution. Results were then filtered to remove contaminants, reverse matches, proteins only identified by site and a MS/MS spectral count ≥2. Subsequently, data were row filtered according to valid values (minimum valid percentage, 75%) and then normalized by median subtraction. Then, a downward shift of 1.8, and a width of 0.3 standard deviations was set in the normal distribution for missing values. For the pairwise comparisons performed with the Volcano plot, the X-axis showed the fold change calculated by the difference between the average of log2 values (Δlog2 (LFQ intensity)) of proteins detected in CTRL patients vs. proteins detected in stratified IPF patients. The related statistical analysis was performed with Student’s t-test for two-tailed unpaired data where the p-values were adjusted using the FDR-based permutation method (FDR: 0.01). Thus, the fold change FC ≥ 0.5 and ≤0.5 with a consistent p-value of 0.05 represented a cutoff for proteins differentially expressed.




2.5 Bioinformatics analysis and enrichment pathways

A 3-way Venn diagram was built to show the number of unique and shared detected proteins in CTRL patients, Stage I and Stage II patients by using the interactiVenn Web application (http://www.interactivenn.net/) (38). Functional enrichment analysis was performed with FunRich software which is an open-access, standalone functional enrichment and network analysis tool (www.funrich.org) (39). Then, biological process, biological pathway, molecular function, and cellular component represented as donuts charts, showed the functional enrichment as a percentage differentially expressed between CTRL and IPF patients, (significant when p-values were <0.05). Then, to identify the molecular interactors of each differentially expressed protein, the search tool for retrieval interacting genes/proteins v11.5 (STRING) was used (https://string-db.org/) (40). Finally, Network Analyst (41) was used to identify the potential interaction among the differentially expressed proteins allowing the construction, visualization and the analysis of complex networks through the KEGG pathway. Here, the protein lists with differentially expressed proteins were uploaded to perform protein-protein interaction analysis either based on STRING analysis or comprehensive literature and built a second- order network.




2.6 Western blot and immunohistochemical analysis

Western blot (WB) analysis was performed according to standard protocols. Briefly, 35 µg of total proteins isolated from FFPE tissue blocks, as previously described, were separated by SDS-PAGE gel electrophoresis. Then, proteins were transferred to a nitrocellolose membrane, and primary antibodies Anti-COL1A1 (E6A8E) (1:1000, cod. 39952, Cell Signaling; MA, USA), Anti-pSmad2/3 (D7G7) (1:1000, cod. 8685, Cell Signaling; MA, USA) Anti-β-Actin-Peroxidase antibody (1:30.000, cod. A3854, Sigma-Aldrich, USA), Anti-LCP1 (LCP1, 1:1000, cod. Ab236104, abcam, Cambridge, UK) Anti-Peroxiredoxin 2/PRP (PRDX2, 1:1000, cod. Ab109367, abcam, Cambridge, UK), Anti-Lumican (LUM, 1:1000, cod. Ab168348, abcam, Cambridge, UK), Anti-mimecan (OGN, 1:1000, cod. PA5112635, ThermoScientific, USA) and Anti-TAGLN2 (1:1000, cod. PA551664, ThermoScientific, USA) were incubated overnight at 4°C. After the incubation of the membranes for 1h at room temperature with horseradish peroxidase-conjugated anti-rabbit secondary antibodies (1:30.000; cod. A120-101P, Bethyl, MA, USA) followed by the incubation with the ECL (Pierce ECL, cod.32209, Thermo Scientific, USA), specific proteins bands were revealed. The corresponding IPF samples and CTRLs were then cut to obtain 5 μm sections and used to perform IHC analysis where the antibodies mentioned above were employed according to the working dilution for IHC (LCP1, 1:400, LUM, 1:100, OGN, 1:100, PRDX2, 1:500, TAGLN2, 1:300). The IHC reaction was performed using the DAB Ultraview Universal Detection Kit and the BenchMark XT fully automated IHC slide staining instrument (Roche, Basel, CH).




2.7 Statistical Analysis for western blot quantification

Ordinary One-Way ANOVA was used to determine the statistical significance of the intensity band of Western Blot from the quantification, both for single patients and for all patients stratified in three groups (CTRL, Stage I, and Stage II IPF patients).





3 Results



3.1 Total protein isolation from FFPE lung tissue and mass spectrometry analysis in stratified patients

The experimental workflow followed for the molecular profiling based on the proteomic analysis of both IPF and control lung tissues is shown in Figure 1A (Figure 1A) and discussed in detail in Materials and Methods section. Briefly, a total of 11 archival FFPE from surgical lung biopsy (SLB) of patients with a proven diagnosis of IPF (Ps IPF) and 3 archival FFPE of patients that underwent SLB for lung cancer disease referred to CTRL patient’s population (Ps CTRL) were obtained from Pathology Department (Table S2, Supplementary Figure 1). To maximize the protein yield from FFPE tissue blocks for LC-MS/MS analysis, we firstly established an experimental approach to isolate the total proteins based on a previously described protocol (42). Then, isolated proteins were subjected to tryptic digestion and peptides were then measured on Q Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer followed by data analysis in MaxQuant (36). On average, our protocol yielded >400 hundred total proteins in each sample that were technically above the total proteins identified from fresh-frozen tissues (43), probably due to the effect of formalin fixation that might cause formalin-induced crosslinking (44) (45)and paraffin embedding in terms of peptide extraction efficiency (see Study Limitations). Then, we used the LFQ intensity to determine the relative abundance of total proteins in each sample and selected only the samples whose technical replicates had adequate correlation coefficients through Perseus Software(37) (96%<R2<98%) (Supplementary Figure 1). Then, the LC-MS/MS spectral counts that were considered consistent when LFQ intensity was different from zero in all technical replicates, gave us a total of 254 proteins for CTRL patients, 271 proteins for Stage I patients, and 265 proteins for Stage II patients as shown in Venn diagrams performed for three sets analysis. Of these, 170 proteins were common in all three groups, while CTRL and Stage I patients shared 22 proteins, CTRL and Stage II patients shared 10 proteins and Stage I and Stage II patients shared 42 proteins (Figure 1B). Subsequently, the 170 common proteins in the three patient groups were filtered for valid values (minimum percentage value 70) and the resulting 87 differentially expressed common proteins were used to perform the multi-scatter plot representing the non-linear correlation of averaged profiles among the CTRL, Stage I and Stage II patients. Here, the analysis of the three groups of patients, clearly revealed high similarity between subsequent stages, where CTRL patients were more similar to Stage I patients compared to Stage II (II (Spearman correlation coefficient: 0.759 vs 0.624) representing the disease progression, while Stage I and Stage II patients showed the highest similarity (Spearman correlation coefficient=0.882) (Figure 1C). In addition, the principal component analysis (PCA) revealed a good separation of two CTRL patients out of three (CTRL1, CTRL3 green dots) with respect to IPF patients (Stage I and Stage II, orange and red dots respectively), while Stage I and Stage II patients subtype clustered almost together, also revealing that Stage I and Stage II patients (Component 3, 11.8%) share similar proteomic profile distribution (Figure 1D).




Figure 1 | Isolation of total protein and mass spectrometry analysis of FFPE IPF lung tissue (A) The experimental workflow followed in our study started with FFPE samples from IPF lung biopsy cutting in 10 µm tick sections. Samples were then subjected to tryptic digestion, processed with Q Exactive™ Mass Spectrometer coupled to a UHPLC and analyzed with MaxQuant software followed by Perseus Analysis. (B) To identify those proteins specific for IPF patients, the Venn diagram was performed submitting the proteome lists of CTRL, STAGEI, STAGEII patients, which account for 254, 271 and 265 proteins, respectively. As the Venn diagram shows, 37 proteins (13.65%) were exclusive to STAGEI patients while 43 proteins (16.22%) were exclusively to STAGEII patients. Common proteins among three groups were 170, while common proteins exclusively shared between CTRL and STAGEI were 22, while common proteins exclusively shared between CTRL and STAGEII were 10, showing a more similar protein profile between CTRL and STAGEI rather than STAGEII. (C) Multi-scatter plot of averaged profiles among the three groups represents the disease progression giving the strong similarities in the subsequent stages of IPF, where CTRL lung tissue samples are more similar to STAGEI patients than to STAGEII (Spearman rank correlation coefficient 0.759 vs 0.624, p-value<0.05), while STAGEI lung tissue are more similar to STAGEII (Spearman rank correlation coefficient = 0.882, p-value<0.05). (D) Principal component analysis (PCA) shows difference between two CTRL patients (CTRL1, CTRL3, green dots) and the majority of IPF patients at Stage I and Stage II (orange and red dots, respectively) with the exception for patient 1 and patient 2 at Stage I (Component 1, 43.4%), while STAGEI and STAGEII have a very similar proteomic profile.






3.2 Pathway enrichment analysis of differentially expressed proteins

To detect distinct protein-based subtypes of disease state, we performed hierarchical clustering based on the data matrix to generate an output matrix or heatmap resulted in high and low expression of proteins shown in red and green, respectively, for both the CTRL patients and Stage I and Stage II patients (Figure 2A). Then, the functional analysis together with the corresponding enrichment factor and p-value enabled the delineation of multiple categories of differentially expressed proteins enriched in the three groups of patients that were: the ECM receptor interaction, protein-DNA complex, nucleosome, the hemoglobin complex, the focal adhesion and protein digestion and absorption (Supplementary Table S3). To put a special emphasis on differentially expressed proteins between CTRL and IPF patients, we implemented the functional enrichment analysis with FunRich software tool (39) (46) (47), showing the cellular component (Figure 2B), the molecular function (Figure 2C), the biological process (Figure 2D) and the biological pathway (Figure 2E), to which the differentially expressed proteins belong. In particular, the enrichment analysis revealed that the cellular component associated with IPF were mainly represented by the exosomes (76.7% IPF patients vs 68.5% CTRL), the extracellular components (40.5% IPF patients vs 35.6% CTRL), and lysosome (50.9% IPF patients vs 41. 5% CTRL) (Figure 2B), reflecting in part the molecular function (Figure 2C) with the extracellular matrix structural constituent most represented in IPF patients (9% IPF patients vs 5.9% CTRL) as well as the cytoskeletal protein binding (5.6% IPF patients vs 3% CTRL). In addition, the biological process (Figure 2D) of differentially expressed proteins revealed that only the cell growth and maintenance (25.8% IPF patients vs 20.45% CTRL) showed a statistical significance, while the signal transduction (15.5% IPF patients vs 10.7% CTRL, ns), and the cell communication (15% IPF patients vs 10.04% CTRL, ns), were slightly enriched in IPF patients compared to CTRL. Finally, we did not observe statistical significance of gene enrichment in the biological pathways of IPF disease involving the TGF-β receptor signaling, the regulation of cytoplasmic and nuclear SMAD2/3 signaling, and β1 integrin cell surface interactions (Figure 2E). Finally, given the limitation of the total proteins detection, the functional enrichment analysis partially recapitulate the cellular and molecular changes in fibrotic tissue as the aberrant deposition of extracellular matrix and the cytoskeletal distortion involved in IPF development (48, 49).




Figure 2 | Pathway enrichment analysis of differentially expressed proteins between CTRL and IPF patients (A) Hierarchical clustering of protein intensities was log2 transformed, Z-scored and normalized between groups with Hierarchical Clustering of Perseus Software resulting in the heat map showing the protein names of differentially expressed proteins in the left column. High and low expression are shown in the heat map in red and green, respectively. Different clusters of protein groups are shown in the dendrogram. KEGG Pathway enrichment analysis of differentially expressed proteins between CTRL and IPF patients (StageI and StageII) shows (B) the cellular component (C) the molecular function, (D) the biological process and (E) the biological pathway represented as bar charts where percentage of represented pathways of CTRL and IPF patients were shown. (p value <0.05, p value <0.001).






3.3 Identification of differentially expressed proteins between CTRL and IPF stratified patients

Given the differences between CTRL and IPF patients shown in the pathway enrichment analysis and functional ontology classification, we first aimed to detect differentially expressed proteins between CTRL patients and Stage I/Stage II IPF patients. Thus, the Volcano Plots, showing the log2 values of protein Fold Change in terms of LFQ intensity values (log2 fold changes), revealed two up-regulated proteins that characterized Stage I patients compared to CTRL patients that were transgelin 2 (TAGLN2) and SH3 Domain-Binding Glutamic Acid-Rich-Like Protein 1 (SH3BGLR3) (Figure 3A). Additionally, the up-regulated proteins for Stage II patients compared to CTRL patients were lumican (LUM), mimecan (OGN), and lymphocytes cytosolic protein1 (LCP1) (Figure 3B). We subsequently confirmed our observation on the high similarity of proteomic profile of Stage I and Stage II patients in The Volcano Plot showing there are no significant differentially expressed proteins that meet the criteria in terms of score and sequence coverage between stages, to be considered for further analysis (Supplementary Figure 3). Then, we thought to compare CTRL patients with IPF patients who had a decline in respiratory function to identify proteins predictive of lung impairment. Specifically, we compared CTRL patients with IPF patients having FVC <75 (cut-off from Stage I to Stage II disease) (Figure 3C) and CTRL patients with IPF patients having DLCO<55 (cut-off from Stage I to Stage II disease) (Figure 3D). As shown in the specific Volcano Plots, these two further comparisons confirmed some proteins up-regulated in Stage II patients compared to CTRL such as LCP1 and OGN up-regulated in IPF patients having DLCO<55 (Figure 3D). In addition, PRDX2 was uniquely significantly up-regulated in IPF patients having DLCO<55, while TAGLN2 was up-regulated in patients characterized by both FVC<75 and DLCO<55. To assess the presence of proteins that could be indicative of the lung function decline and therefore of the disease severity, we thought to focus on the up-regulated proteins in patients with IPF Stage II or with compromised lung function (e.g FVC<75, DLCO<55), not further investigated, in the present study, the differentially and uniquely expressed proteins in Stage I patients (e.g SH3BGRL3, Figure 3A) as well as patients having FVC>75 and DLCO >55 (data not shown). Then, we performed western blot analysis both on FFPE samples from five IPF and three CTRL patients used for MS (Figure 4A) and other new FFPE samples from CTRL patients compared with other FFPE samples from new patients with IPF (Figure 4B),with specific antibodies for the selected up-regulated proteins: LCP1, LUM, OGN, PRDX2, and TAGLN2. The western blots shown in Figures 4A, B with the relative quantification of signal intensity for each protein normalized on β-actin, confirmed an up-regulation trend of both LCP1 for Stage II patients (Figures 4A, C), and to a lesser extent PRDX2 (Figures 4A, E) for Stage II patients having DLCO<55 compared to CTRLs, while the TAGLN2 up-regulation was confirmed for a single patient (p8 Stage II) having the FVC<75 and Stage I patients compared to CTRL patients (Figures 4A, B, D). Then, the low undefined signal intensity detected from western blot analysis for OGN and LUM (Figure 4A), did not give us the possibility to confirm the up-regulation of these protein from mass spectrometry in IPF patients Stage II, through western blot quantification. Finally, we performed further experimental validations based on immunohistochemical (IHC) analysis (Supplementary Figure 4). The IHC images showed that the signal intensity associated to TAGLN2, to a lesser extent to PRDX2, LCP-1, LUM and OGN proteins was higher in the lung tissue of both patients (Patient 1 and Patient 11) compared to CTRLs (Supplementary Figures 4A–E). In particular, LCP-1 (Supplementary Figure 4C) and OGN (Supplementary Figure 4E) were highly expressed in Stage II patient compared to Stage I patient retracing the results of Mass Spectrometry analysis considering the patients stratification.




Figure 3 | Differentially expressed proteins among stratified IPF patients. (A–C) Volcano plot showed both up-regulated (left) and down-regulated (right) proteins in all pairwise comparisons. Volcano plots show log 2 FC (x-axis) and −log10 value of p-value (y-axis). The thresholds are set for a base log 2 > 0.5 and FDR p value > 0.05. (A) represents the pairwise comparison between CTRL and StageI patients, (B) represents the pairwise comparison between CTRL and StageII patients, (C) represents the pairwise comparison between CTRL and patients having FVC<75, (D) represents the pairwise comparison between CTRL and patients having DLCo<55. The quality of mass spectrometry analysis (fill diamond proteins) was assessed for proteins showing sequence coverage >30 and score value >80.






Figure 4 | Validation of differentially expressed proteins through Western Blot Analysis (A) Western blot of the five differentially expressed proteins: LUM, OGN, LCP1, PRDX2 and TAGLN2 in three CTRL patients (CTRL 2, 1,3), three Stage I patients (p1, p4, p9) and two Stage II patients (p8, p11). COL1A1 and pSMAD2/3 were used to demonstrate their up-regulation in the IPF patients compared to CTRL patients as shown in p1, p4, p9 and to a lesser extent in patient 8. (B) Western blot of the five differentially expressed proteins: LUM, OGN, LCP1, PRDX2 and TAGLN2 in four CTRL patients (CTRL4, 5, 6, 7) and four Stage I patients (p12, p13, p14, p15).The bar charts representing the densitometric analysis of western blot show: (C) LCP1 intensity value normalized against b-actin both for the three main groups of patients represented by CTRL, STAGEI and STAGEII, (D) TAGLN2 intensity value normalized against b-actin for the three groups of patients represented by CTRL, patients having DLCO>55 and patients having DLCO<55 and (E) PRDX2 intensity value normalized against b-actin both for the three groups of patients represented by CTRL, patients having FVC>75 and patients having FVC<75. Data are mean ± s.d. deriving from three different western blots, ordinary, one-way Anova, not significant.






3.4 Molecular interactors and functional network of significantly up-regulated proteins in patients with severe IPF

To gain insight into the role of the five statistically up-regulated proteins (LCP1, PRDX2, TAGLN2, LUM, OGN), in IPF patients at Stage II and/or with impaired lung function, we explored their known and predicted molecular interactors using the bioinformatic software STRING v11.5 (40). Specifically, LCP1 (Figure 5A), which is an actin-binding protein showed the highest score with Transcription factor PU.1 (SPI1, score: 0.916), Signal transducer and activator of transcription 4 (STAT4, score: 0.904) and Grancalcin (GCA, score: 0.855). For PRDX2 (Figure 5B), implicated in the reduction of hydrogen peroxide, the three highest score predicted functional partners, were Thioredoxin (TXN, score: 0.997), Peroxiredoxin 5 (PRDX5: 0.983), Signal transducer and activator of transcription 3 (STAT3, score: 0.974), while for TAGLN2 (Figure 5C) which is involved in the regulation of cell morphology, the three highest score can be attributed to Filamin-A (FLNA, score: 0.948), WD repeat-containing protein 1 (WDR1, score: 0.931) and Vinculin (VCL, score: 0.930). LUM (Figure 5D) which may regulate collagen fibril organization and the epithelial cell migration, showed the highest score predicted functional partners Collagen alpha-2(I) chain (COL1A2, score: 0.996), Aggrecan core protein (ACAN, score: 0.983) and Collagen alpha-1(III) chain (COL3A1, score: 0.982). Finally, OGN (Figure 5E) which is involved in ectopic bone formation, and regulating the osteoblast differentiation, presented as the three highest score functional partners Osteomodulin (OMD, score: 0.964), LUM (score: 0.943) and ACAN (score: 0.940). Thus, we found that LCP1 and PRDX2 are brought together by the molecular interaction with two STAT family members (STAT4 and STAT3, respectively), while the TAGLN2 shared with PRDX2 the Superoxide Dismutase 1 protein (SOD1), despite not being part of the first-ranked molecular interactors. Moreover, LUM and OGN which remained “unassociated” from the previous proteins were predicted molecular partners whose interaction was experimentally determined. Finally, we might speculate the presence of two networks: the first one made up of LCP1, PRDX2 and TAGLN2 and the second one made up of LUM and OGN that might reveal key molecular connected interactions that might impact the IPF progression. Furthermore, we implemented the bioinformatic analysis with the Gene Analyst software (41) in the context of protein-protein interaction (PPI) networks, where nodes represent functions and edges are determined by the overlap ratio between genes associated with the two functions. Thus, we built an interaction network based on the STRING interactome database by using the five differentially expressed proteins that resulted in 2 interaction sub-networks. The first subnetwork (Figure 6A) containing 16 nodes and 19 edges showed the interaction between LUM and OGN as well as a mild increase in multiple components of the protein digestion and absorption (COL5A1, COL5A2, COL11A2, COL1A2, COL1A1, COL5A3, COL3A1), the ECM-receptor interaction and focal adhesion (COL1A2, COL1A1) and glycosphingolipid biosynthesis (B3GNT4, 3, 2). The second subnetwork (Figure 6B) containing 13 nodes and 12 edges showed the interaction between PRDX2 and TAGLN2 as well as a mild increase in multiple components of the peroxisome (SOD1, CAT, PRDX5, PRDX1) and proteoglycans in cancer (FLNA, STAT3). We subsequently expanded the network by adding in the analysis 20 other proteins that were not statistically significant but differentially expressed between CTRL and Stage II patients, to better contextualize the role of LUM, OGN, PRDX2, TAGLN2, and LCP1 in the disease progression. To do this, we performed a second-order network based on the literature-curated comprehensive data that showed one complex sub-network of about 643 nodes and 870 edges (Figure 6C). Here, LCP1, PRDX2, OGN and, TAGLN2 together with other molecular interactors, linked with highest hits, according to KEGG database, to pathways in cancer, PI3K-AKT and MAPK signaling pathways (Supplementary Figure 5). The other sub-network showed the unassociated LUM protein (Supplementary Figure 6). Thus, our results based on functional network analysis and thus a predictive bioinformatic model could indicate that PRDX2, LCP1, OGN and TAGLN2 might impact the IPF progression through mechanisms common to cancer.




Figure 5 | Protein–protein interaction of differentially expressed proteins. (A) Differentially expressed proteins were used to build a molecular network using STRING software to analyze the molecular partners for each selected protein (A–E). The molecular interactors source, is based on Text Extraction, Experiments, Database, Coexpression, Neighborhood, Gene Fusion, and Co-occurrence.






Figure 6 | Protein-protein interaction analysis though GeneNetwork Analyst. Protein-protein interaction (PPI) networks was built with GeneNetwork Analyst software. The interaction network based on STRING interactome database by using the five differentially expressed proteins resulted in one interaction sub-networks (A) containing 16 nodes and 19 edges showing the interaction between LUM and OGN. The second subnetwork (B) made up of 13 nodes and 12 edges showed the interaction between PRDX2 and TAGLN2. (C) By adding in the analysis 20 other proteins that were not statistically significant but differentially expressed between CTRL and Stage II patients a second order network was performed based on the literature curated comprehensive data that showed one complex sub-network of about 643 nodes and 870 edges were LCP1, PRDX2, OGN and TAGLN2 linked together with other molecular interactors.







4 Discussion

Previous study have tested the applicability of different experimental approaches on FFPE samples that represent a valuable resource to study the molecular signature of IPF patients when there is no availability of fresh-frozen material (33, 50). We decided to use quantitative proteomics through LC-MS/MS to retrospectively examine the presence of differentially expressed proteins in the lung tissue of IPF patients compared to controls. Human CTRL tissues were represented by SLB of lung cancer patients whose normal parenchyma was distal to non-small-cell lung cancer (NSCLC) (50). The analysis of LC-MS/MS of both IPF and CTRL FFPE samples resulted in the detection of 400 proteins on average, with sufficient sequence coverage, comparable to those obtained from mass spectrometry analysis performed on FFPE samples in other diseases (51, 52).

First, our study demonstrates that the proteomic profiling of FFPE samples from lung biopsies by quantitative proteomic is feasible although not optimal if the conditions of formalin fixation and tissue storage are not appropriate; second, and importantly, label-free quantitative proteomics allowed us to identify differentially expressed proteins between the control patients and the various patients’ groups (FDR-adjusted p < 0.05) based on both the stages of IPF (Stage I and Stage II) and lung pathophysiological parameters (DLCO<55, FVC<75), where 55 for DLCO and 75 for FVC were considered cut-off values that mark the stage transition of IPF. Five total proteins were differentially expressed among different pairwise comparisons such as CTRL vs. Stage I, CTRL vs. Stage II, CTRL vs. FVC<75 and CTRL vs. DLCO<55. In particular, LUM was exclusively expressed in IPF patients at Stage II, while LCP1 and OGN were expressed in Stage II patients and patients having DLCO<55. Moreover, TAGLN2 was exclusively associated with patients having FVC<75, while PRDX2 was exclusively associated to patients having DLCO<55.

Lumican (LUM) and mimecan (OGN), which were exclusively related to Stage II IPF patients, are small leucine-rich proteoglycan (SLRP) families of proteins that represent key components of the ECM. In particular, Lumican, is expressed in the ECM of many tissues such as skin, kidney, breast, colon, pancreas, and cartilage (53). Furthermore, it has been found that LUM is upregulated in acute lung injury related to mechanical ventilation because of high tidal volume that induces epithelial-mesenchymal transition (EMT) through the activation of the extracellular signal-regulated kinase 1/2 (ERK 1/2) pathway (54). Concerning pulmonary fibrosis, it has been shown an upregulation of LUM in the fibrotic lesions of patients with advanced disease, that promotes human monocyte differentiation into fibrocytes (55). Recently, it has been demonstrated that lumican expression levels were increased in early human and experimental ARDS and linked to disease severity. Here, Lumican induces both the transdifferentiation of lung fibroblasts into myofibroblasts and the epithelial-mesenchymal transition through the ERK pathway (56). Moreover, LUM upregulation has been demonstrated in some cancers such as breast carcinoma, related to increased levels of metastasis, melanoma (53, 57) and in cancer associated fibroblasts (CAFs) of esophageal squamous cell carcinoma (ESCC) (58). OGN has been recently related to interstitial lung disease where it has been demonstrated that the ectopic expression of miR-140 and the subsequent down-regulation of OGN in bleomycin-treated mice lung fibroblasts, resulted in increased lung fibroblast apoptosis and Wnt3a expression, together with reduced proliferation and pulmonary fibrosis (59). Moreover, several studies describe the impact of OGN on fibrosis in other organs. Recently, a study based on proteomic analysis, demonstrated an increased expression of OGN in atherosclerotic plaques at the stage of fibrosis and calcification (60). In fibrotic renal disease, OGN may increase and accumulate in areas of tubulointerstitial fibrosis (61). Increased OGN levels have been shown in progressive myelofibrosis which plays a key role in Duchenne muscular dystrophy (62). Moreover, it has been shown that OGN can either exhibit protumorigenic or antitumorigenic functions. In some cancers OGN is down-regulated compared with normal tissues, as described in squamous cervical (63) cancer gastric cancer (64) colorectal cancer (65), vaginal cancer (63), invasive ductal breast carcinoma (66), laryngeal carcinoma (26), and thyroid tumors, while Zheng and colleagues demonstrated different expression of OGN as a marker for differential diagnosis between non-small-cell lung cancers (positive for OGN) and small-cell lung cancers (negative for OGN) (67). LCP1 or l-plastin is an actin binding that was up-regulated in Stage II IPF patients and in patients having DLCo<55. LCP-1 has never been investigated in interstitial diseases, but it is up-regulated in the serum of patients with Nonalcoholic fatty liver disease (NAFLD) that may lead to the development of liver cirrhosis and fibrosis. (68). Indeed, LCP-1 has been identified as a biomarker of progression in several malignant tumors such as oral squamous cell carcinomas (OSCCs) (69), colon cancer (70), (71), correlating positively with advanced tumoral stages. TAGLN2 which is an actin-binding protein that modulates the actin cytoskeleton dynamics was statistically up-regulated in patients with lung impairment having FVC<75 compared to CTRL patients. TAGLN2 was identified as a biomarker in the development of pulmonary fibrosis since it triggered the activation of the TGF-beta/Smad3-pathway (72). Moreover, several studies stated that TAGLN2 can modulate multiple cancer-related processes, including cell migration, proliferation, differentiation, and apoptosis in glioma and gastric cancer (73), (74). Finally, PRDX2 which encodes a member of the peroxiredoxin family of antioxidant enzymes, was found up-regulated among 30 proteins in fibrotic kidney fibroblasts (TK188) compared to normal kidney fibroblast (TK173), suggesting a role in the progression of renal fibrosis (75). Moreover, PRDX2 promotes both the proliferation of colorectal cancer increasing the ubiquitinated degradation of p53 (76) and the proliferation and metastasis of Non-Small cell lung cancer (77). Thus, it is important to point out that the up-regulated proteins that we identified have been already detected in multi-organ fibrosis and they have been already characterized as biomarkers of cancer progression highlighting the similarity between fibrogenesis and carcinogenesis where the myofibroblasts and the Cancer Associated Fibroblast (CAFs) respectively, play a pivotal role.




5 Study limitations

The most significant limitation of our study was the low yield from our FFPE samples, in terms of the total isolated proteins. This was the result of the suboptimal quality of our archived analyzed samples that were the best available, considering the paucity of patients with this rare condition, without other concomitant diseases and, a triggering cause (e.g., secondary pulmonary fibrosis). Despite these trouble shootings, we conducted the mass spectrometry analyses trying to be as stringent as possible with statistics (see Material and Method) considering only the samples with the best protein distribution (Max Quant) and the highest Pearson’s correlation coefficient among the technical triplicate for each patient (Perseus). Finally, we were not able to analyze, for each patient, a specific fibrotic region histologically characterized by fibroblastic foci, that might be more representative of the proteins involved in IPF progression. In the future, we wish to overcome the limitations of MS analysis of FFPE samples using fresh/frozen tissues and the Nano-UHPLC for a better detection sensitivity.




6 Conclusions

With our study we have demonstrated the feasibility of LFQ analysis from FFPE IPF lung samples, although their suboptimal quality that is responsible for the low protein detection in MS compared to a fresh-frozen tissue. Despite the low protein counts might lead, as in our case, to having an incomplete molecular profile of idiopathic pulmonary fibrosis patients, not withstanding, our findings will favor the use of FFPE samples for new studies using the described protocol or an implementation of it. The five differentially expressed proteins in advanced IPF patients, similar to those already found for potential cancer proliferation, might identify new potential biomarkers of disease progression, supporting the existence of common molecular mechanisms to both pathologies which need to be further studied.





Data availability statement

The datasets presented in this study can be found in online repositories. The name of the repository/repositories and accession number(s) can be found in the article/supplementary material (https://figshare.com/articles/dataset/Raw_mass_spectrometry_data_Samarelli_and_Tonelli/23995500).





Ethics statement

The studies involving humans were approved by University of Modena and Reggio Emilia (557/2019/SPER/AOUMO). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by University of Modena and Reggio Emilia (557/2019/SPER/AOUMO). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

AVS: Conceptualization, Data curation, Investigation, Methodology, Resources, Supervision, Validation, Writing – original draft. RT: Conceptualization, Data curation, Writing – original draft. GR: Writing – original draft, Data curation, Investigation, Methodology, Validation. GB: Conceptualization, Writing – original draft. DA: Conceptualization, Data curation, Writing – original draft. FGo: Conceptualization, Data curation, Writing – original draft. AM: Conceptualization, Data curation, Writing – original draft. MC: Writing – original draft, Data curation, Investigation, Validation. LF: Writing – original draft, Investigation, Methodology. FGe: Writing – original draft, Data curation, Investigation, Methodology. DP: Investigation, Methodology, Writing – original draft. LM: Investigation, Writing – original draft. IC: Investigation, Writing – original draft. VM: Data curation, Methodology, Writing – original draft. BA: Data curation, Investigation, Writing – original draft. LT: Data curation, Investigation, Writing – review & editing. SR: Writing – original draft, Data curation, Investigation. SB: Writing – original draft, Data curation, Investigation, Methodology. SM: Writing – original draft, Data curation, Investigation, Methodology. MD: Investigation, Supervision, Writing – review & editing, Conceptualization. EC: Conceptualization, Data curation, Funding acquisition, Investigation, Project administration, Supervision, Writing – review & editing. SC: Conceptualization, Data curation, Project administration, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The realization of this project produced as part of the research program at Experimental Pneumology, University of Modena and Reggio Emilia (www.experimentalpneumology.unimore.it) was made possible thanks to the valuable contribution of “Federazione Italiana Malattie dell’Apparato Respiratorio (FIMARP), Modena Golf Country Club, AMMI (Associazione Mogli di Medici Italiani and B-PER Banca; it was carried out within the framework of the HEAL Italia project funded by the PNRR. The research leading to these results has received funding from the European Union-NextGenerationEU through the Italian Ministry of University and Research under PNRR-M4C2-l1.3 Project PE_00000019“HEAL ITALIA” to prof. Enrico Clini, CUP E93C22001860006. The views and opinions expressed are those of the authors only and do not necessarily felect those of the European Union or the European Commission. Neither the European Union nor the European Commission can be held responsible for them.




Acknowledgments

We thank Massimo Borri for the support in the realization of the figures. We thank Centro Interdipertimentale Grandi Strumenti (CIGS) of the University of Modena and Reggio Emilia and the technical staff for their support to our mass spectrometry experiments.





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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1275346/full#supplementary-material

Table S1 | GAP index and disease staging for IPF patients.

Table S2 | Clinical characteristics of IPF patients.

Table S3 | 2Multiple Categorical analysis with multiple hypothesis through Benjamini-Hochberg.

Supplementary File 1 | Total proteins from Mass Spectrometry Analysis with LFQ ≠0 in at least one of the replicates.

Supplementary File 2 | Total proteins from Mass Spectrometry Analysis with LFQ ≠0 in all the replicates after filtering for valid values.

Supplementary File 3 | Total proteins from Mass Spectrometry after filtering for the protein distribution and PCA analysis.

Supplementary File 4 | Total proteins from Mass Spectrometry grouping in CTRL, Stage I and Stage II.

Supplementary File 5 | Total proteins from Mass Spectrometry after Z-score normalization and Volcano Plot building between CTRL and Stage I patient with T-Test, FDR: 0.05 and -0.5 <Fc< 0.5.

Supplementary File 6 | Total proteins from Mass Spectrometry after Z-score normalization and Volcano Plot building between CTRL and Stage II patient with T-Test, FDR: 0.05 and -0.5 <Fc< 0.5.

Supplementary File 7 | Total proteins from Mass Spectrometry after Z-score normalization and Volcano Plot building between CTRL and FVC<75 patient with T-Test, FDR: 0.05 and -0.5 <Fc< 0.5.

Supplementary File 8 | Total proteins from Mass Spectrometry after Z-score normalization and Volcano Plot building between CTRL and DLco<55 patient with T-Test, FDR: 0.05 and -0.5 <Fc< 0.5.

Supplementary File 9 | Multiple category Analysis with KRGG for the HeatMap showing differentially expressed proteins between CTRL, Stage I, Stage II.

Supplementary File 10 | Network Analyst enriched Pathway on the biggest network through KEGG pathway.




References

1. Raghu, G, Remy-Jardin, M, Richeldi, L, Thomson, CC, Inoue, Y, Johkoh, T, et al. Idiopathic pulmonary fibrosis (an update) and progressive pulmonary fibrosis in adults: an official ATS/ERS/JRS/ALAT clinical practice guideline. Am J Respir Crit Care Med (2022) 205(9):e18–47. doi: 10.1164/rccm.202202-0399ST

2. Raghu, G, Remy-Jardin, M, Myers, JL, Richeldi, L, Ryerson, CJ, Lederer, DJ, et al. Diagnosis of idiopathic pulmonary fibrosis. An official ATS/ERS/JRS/ALAT clinical practice guideline. Am J Respir Crit Care Med (2018) 198(5):e44–68. doi: 10.1164/rccm.201807-1255ST

3. Podolanczuk, AJ, Thomson, CC, Remy-Jardin, M, Richeldi, L, Martinez, FJ, Kolb, M, et al. Idiopathic pulmonary fibrosis: state of the art for 2023. Eur Respir J (2023) 61(4):22009575. doi: 10.1183/13993003.00957-2022

4. Cerri, S, Monari, M, Guerrieri, A, Donatelli, P, Bassi, I, Garuti, M, et al. Real-life comparison of pirfenidone and nintedanib in patients with idiopathic pulmonary fibrosis: A 24-month assessment. Respir Med (2019) 159:105803. doi: 10.1016/j.rmed.2019.105803

5. Finnerty, JP, Ponnuswamy, A, Dutta, P, Abdelaziz, A, and Kamil, eH. Efficacy of antifibrotic drugs, nintedanib and pirfenidone, in treatment of progressive pulmonary fibrosis in both idiopathic pulmonary fibrosis (IPF) and non-IPF: A systematic review and meta-analysis. BMC Pulmonary Med (2021) 21(1):411. doi: 10.1186/s12890-021-01783-1

6. Honda, K, Saraya, T, and Ishii, H. A real-world prognosis in idiopathic pulmonary fibrosis: A special reference to the role of antifibrotic agents for the elderly. J Clin Med (2023) 12(10):35645. doi: 10.3390/jcm12103564

7. Pugashetti, JVu, Adegunsoye, A, Wu, Z, Lee, CT, Srikrishnan, A, Ghodrati, S, et al. Validation of proposed criteria for progressive pulmonary fibrosis. Am J Respir Crit Care Med (2023) 207(1):69–76. doi: 10.1164/rccm.202201-0124OC

8. Cui, F, Sun, Yu, Xie, J, Li, D, Wu, M, Song, L, et al. Air pollutants, genetic susceptibility and risk of incident idiopathic pulmonary fibrosis. Eur Respir J (2023) 61(2):22007775. doi: 10.1183/13993003.00777-2022

9. Samarelli, AV, Masciale, V, Aramini, B, Coló, GP, Tonelli, R, Marchioni, A, et al. Molecular mechanisms and cellular contribution from lung fibrosis to lung cancer development. Int J Mol Sci (2021) 22(22):12179. doi: 10.3390/ijms222212179

10. Park, Y, Ahn, C, and Kim, T-H. Occupational and environmental risk factors of idiopathic pulmonary fibrosis: A systematic review and meta-analyses. Sci Rep (2021) 11(1):43185. doi: 10.1038/s41598-021-81591-z

11. Pardo, A, and Selman, Moisés. The interplay of the genetic architecture, aging, and environmental factors in the pathogenesis of idiopathic pulmonary fibrosis. Am J Respir Cell Mol Biol (2021) 64(2):163–725. doi: 10.1165/rcmb.2020-0373PS

12. Moss, BJ, Ryter, SW, and Rosas, IO. Pathogenic mechanisms underlying idiopathic pulmonary fibrosis. Annu Rev Pathology: Mech Dis (2022) 17(1):515–465. doi: 10.1146/annurev-pathol-042320-030240

13. Chanda, D, Otoupalova, E, Smith, SR, Volckaert, T, Langhe, SPDe, and Thannickal, VJ. Developmental pathways in the pathogenesis of lung fibrosis. Mol Aspects Med (2019) 65:56–69. doi: 10.1016/j.mam.2018.08.004

14. Allen, RJ, Porte, J, Braybrooke, R, Flores, C, Fingerlin, TE, Oldham, JM, et al. «Genetic variants associated with susceptibility to idiopathic pulmonary fibrosis in people of european ancestry: A genome-wide association study». Lancet Respir Med (2017) 5(11):869–80. doi: 10.1016/S2213-2600(17)30387-9

15. Jiang, H, Hu, Y, Shang, Li, Li, Y, Yang, L, and Chen, Y. Association between MUC5B polymorphism and susceptibility and severity of idiopathic pulmonary fibrosis. Int J Clin Exp Pathol (2015) 8(11):14953–585.

16. Roy, MG, Livraghi-Butrico, A, Fletcher, AA, McElwee, MM, Evans, SE, Boerner, RM, et al. Muc5b is required for airway defence. Nature (2014) 505(7483):412–16. doi: 10.1038/nature12807

17. Diaz de Leon, A, Cronkhite, JT, Katzenstein, A-LA, Godwin, JD, Raghu, G, Glazer, CS, et al. Telomere lengths, pulmonary fibrosis and telomerase (TERT) mutations. PloS One (2010) 5(5):e10680. doi: 10.1371/journal.pone.0010680

18. Duckworth, A, Gibbons, MA, Allen, RJ, Almond, H, Beaumont, RN, Wood, AR, et al. Telomere length and risk of idiopathic pulmonary fibrosis and chronic obstructive pulmonary disease: A mendelian randomisation study. Lancet Respir Med (2021) 9(3):285–94. doi: 10.1016/S2213-2600(20)30364-7

19. Snetselaar, R, Coline H. M., vM, Kazemier, KM, van der Vis, JJ, Zanen, P, van Oosterhout, MFM, et al. Telomere length in interstitial lung diseases. Chest (2015) 148(4):1011–185. doi: 10.1378/chest.14-3078

20. Alder, JK, Chen, JJ-L, Lancaster, L, Danoff, S, Su, S-c, Cogan, JD, et al. Short telomeres are a risk factor for idiopathic pulmonary fibrosis. Proc Natl Acad Sci United States America (2008) 105(35):13051–56. doi: 10.1073/pnas.0804280105

21. Stainer, A, Faverio, P, Busnelli, S, Catalano, M, Zoppa, MD, Marruchella, A, et al. Molecular biomarkers in idiopathic pulmonary fibrosis: state of the art and future directions. Int J Mol Sci (2021) 22(12):62555. doi: 10.3390/ijms22126255

22. Clynick, B, Corte, TJ, Jo, HE, Stewart, I, Glaspole, IN, Grainge, C, et al. Biomarker signatures for progressive idiopathic pulmonary fibrosis. Eur Respir J (2022) 59(3):2101181. doi: 10.1183/13993003.01181-2021

23. Korfei, M, von der Beck, D, Henneke, I, Markart, P, Ruppert, C, Mahavadi, P, et al. Comparative proteome analysis of lung tissue from patients with idiopathic pulmonary fibrosis (IPF), non-specific interstitial pneumonia (NSIP) and organ donors. J Proteomics (2013) 85:109–28. doi: 10.1016/j.jprot.2013.04.033

24. Landi, C, Bargagli, E, Carleo, A, Bianchi, L, Gagliardi, A, Prasse, A, et al. A system biology study of BALF from patients affected by idiopathic pulmonary fibrosis (IPF) and healthy controls. Proteomics. Clin Appl (2014) 8(11–12):932–50. doi: 10.1002/prca.201400001

25. Kulkarni, YM, Dutta, S, Iyer, AKV, Venkatadri, R, Kaushik, V, Ramesh, V, et al. A proteomics approach to identifying key protein targets involved in VEGF inhibitor mediated attenuation of bleomycin-induced pulmonary fibrosis. Proteomics (2016) 16(1):33–465. doi: 10.1002/pmic.201500171

26. Foster, MW, Morrison, LD, Todd, JL, Snyder, LD, Thompson, JW, Soderblom, EJ, et al. Quantitative proteomics of bronchoalveolar lavage fluid in idiopathic pulmonary fibrosis. J Proteome Res (2015) 14(2):1238–49. doi: 10.1021/pr501149m

27. Griesser, E, Gesell, M, Veyel, D, Lamla, T, Geillinger-Kästle, K, and Rist, W. Whole lung proteome of an acute epithelial injury mouse model in comparison to spatially resolved proteomes. Proteomics (2023) 23(10):e21004145. doi: 10.1002/pmic.202100414

28. Herrera, JA, Dingle, L, Montero, MA, Venkateswaran, RV, Blaikley, JF, Lawless, C, et al. The UIP/IPF fibroblastic focus is a collagen biosynthesis factory embedded in a distinct extracellular matrix. JCI Insight (2022) 7(16):e1561155. doi: 10.1172/jci.insight.156115

29. Takeuchi, T, Tatsukawa, H, Shinoda, Y, Kuwata, K, Nishiga, M, Takahashi, H, et al. Spatially resolved identification of transglutaminase substrates by proteomics in pulmonary fibrosis. Am J Respir Cell Mol Biol (2021) 65(3):319–05. doi: 10.1165/rcmb.2021-0012OC

30. Dapic, I, Baljeu-Neuman, L, Uwugiaren, N, Kers, J, Goodlett, DR, and Corthals, GL. Proteome analysis of tissues by mass spectrometry. Mass Spectrometry Rev (2019) 38(4–5):403–41. doi: 10.1002/mas.21598

31. Maes, E, Broeckx, Valérie, Mertens, I, Sagaert, X, Prenen, H, Landuyt, B, et al. Analysis of the formalin-fixed paraffin-embedded tissue proteome: pitfalls, challenges, and future prospectives. Amino Acids (2013) 45(2):205–185. doi: 10.1007/s00726-013-1494-0

32. Byron, A, Humphries, JD, and Humphries, eMJ. Defining the extracellular matrix using proteomics. Int J Exp Pathol (2013) 94(2):75–925. doi: 10.1111/iep.12011

33. Herrera, JA, Mallikarjun, V, Rosini, S, Montero, MA, Lawless, C, Warwood, S, et al. Laser capture microdissection coupled mass spectrometry (LCM-MS) for spatially resolved analysis of formalin-fixed and stained human lung tissues. Clin Proteomics (2020) 17:24. doi: 10.1186/s12014-020-09287-6

34. Tzilas, V, Tzouvelekis, A, Ryu, JH, and Bouros, D. 2022 update on clinical practice guidelines for idiopathic pulmonary fibrosis and progressive pulmonary fibrosis. Lancet Respir Med (2022) 10(8):729–315. doi: 10.1016/S2213-2600(22)00223-5

35. Ley, B, Ryerson, CJ, Vittinghoff, E, Ryu, JH, Tomassetti, S, Lee, JS, et al. A multidimensional index and staging system for idiopathic pulmonary fibrosis. Ann Internal Med (2012) 156(10):684–91. doi: 10.7326/0003-4819-156-10-201205150-00004

36. Cox, Jürgen, and Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat Biotechnol (2008) 26(12):1367–725. doi: 10.1038/nbt.1511

37. Tyanova, S, Temu, T, Sinitcyn, P, Carlson, A, Hein, MY, Geiger, T, et al. The perseus computational platform for comprehensive analysis of (Prote)Omics data. Nat Methods (2016) 13(9):731–405. doi: 10.1038/nmeth.3901

38. Heberle, H, Meirelles, GV, Silva, FRda, Telles, GP, and Minghim, R. InteractiVenn: A web-based tool for the analysis of sets through venn diagrams. BMC Bioinf (2015) 16(1):1695. doi: 10.1186/s12859-015-0611-3

39. Pathan, M, Keerthikumar, S, Ang, C-S, Gangoda, L, Quek, CYJ, Williamson, NA, et al. FunRich: an open access standalone functional enrichment and interaction network analysis tool. Proteomics (2015) 15(15):2597–601. doi: 10.1002/pmic.201400515

40. Franceschini, A, Szklarczyk, D, Frankild, S, Kuhn, M, Simonovic, M, Roth, A, et al. STRING v9.1: protein-protein interaction networks, with increased coverage and integration. Nucleic Acids Res (2013) 41(D1):D808–15. doi: 10.1093/nar/gks1094

41. Zhou, G, Soufan, O, Ewald, J, Hancock, REW, Basu, N, and Xia, J. NetworkAnalyst 3.0: a visual analytics platform for comprehensive gene expression profiling and meta-analysis. Nucleic Acids Res (2019) 47(W1):W234–41. doi: 10.1093/nar/gkz240

42. Guo, H, Liu, W, Ju, Z, Tamboli, P, Jonasch, E, Mills, GB, et al. An efficient procedure for protein extraction from formalin-fixed, paraffin-embedded tissues for reverse phase protein arrays. Proteome Sci (2012) 10(1):565. doi: 10.1186/1477-5956-10-56

43. Davalieva, K, Kiprijanovska, S, Dimovski, A, Rosoklija, G, and Dwork, eAJ. Comparative evaluation of two methods for LC-MS/MS proteomic analysis of formalin fixed and paraffin embedded tissues. J Proteomics (2021) 235:104117. doi: 10.1016/j.jprot.2021.104117

44. Farragher, SM, Tanney, A, Kennedy, RD, and Harkin, DP. RNA expression analysis from formalin fixed paraffin embedded tissues. Histochem Cell Biol (2008) 130(3):435–55. doi: 10.1007/s00418-008-0479-7

45. Glenn, ST, Jones, CA, Liang, P, Kaushik, D, Gross, KW, and Kim, HL. Expression profiling of archival renal tumors by quantitative PCR to validate prognostic markers. BioTechniques (2007) 43(5):639–40,642–43,647. doi: 10.2144/000112562

46. Benito-Martin, A, and Peinado, eHéctor. FunRich proteomics software analysis, let the fun begin! Proteomics (2015) 15(15):2555–565. doi: 10.1002/pmic.201500260

47. Fonseka, P, Pathan, M, Chitti, SV, Kang, T, and Mathivanan, S. FunRich enables enrichment analysis of OMICs datasets. J Mol Biol (2021) 433(11):1667475. doi: 10.1016/j.jmb.2020.166747

48. Lagares, D, Busnadiego, O, García-Fernández, RA, Kapoor, M, Liu, S, Carter, DE, et al. «Inhibition of focal adhesion kinase prevents experimental lung fibrosis and myofibroblast formation». Arthritis Rheumatism (2012) 64(5):1653–64. doi: 10.1002/art.33482

49. Zhao, X-K, Cheng, Y, Cheng, ML, Yu, L, Mu, M, Li, H, et al. Focal adhesion kinase regulates fibroblast migration via integrin beta-1 and plays a central role in fibrosis. Sci Rep (2016) 6(1):19276. doi: 10.1038/srep19276

50. Vukmirovic, M, Herazo-Maya, JD, Blackmon, J, Skodric-Trifunovic, V, Jovanovic, D, Pavlovic, S, et al. «Identification and validation of differentially expressed transcripts by RNA-sequencing of formalin-fixed, paraffin-embedded (FFPE) lung tissue from patients with Idiopathic Pulmonary Fibrosis». BMC Pulmonary Med (2017) 17(1):15. doi: 10.1186/s12890-016-0356-4

51. Bell, LN, Saxena, R, Mattar, SG, You, J, Wang, Mu, and Chalasani, eN. Utility of formalin-fixed, paraffin-embedded liver biopsy specimens for global proteomic analysis in nonalcoholic steatohepatitis. ProteomicsClin Appl (2011) 5(7–8):397–404. doi: 10.1002/prca.201000144

52. Hammer, E, Ernst, FD, Thiele, A, Karanam, NK, Kujath, C, Evert, M, et al. Kidney protein profiling of wilms’ Tumor patients by analysis of formalin-fixed paraffin-embedded tissue samples. Clinica Chimica Acta; Int J Clin Chem (2014) 433:235–41. doi: 10.1016/j.cca.2014.03.020

53. Nikitovic, D, Katonis, P, Tsatsakis, A, Karamanos, NK, and Tzanakakis, GN. Lumican, a small leucine-rich proteoglycan. IUBMB Life (2008) 60(12):818–235. doi: 10.1002/iub.131

54. Li, L-F, Chu, P-H, Hung, C-Y, Kao, WW-Y, Lin, M-C, Liu, Y-Y, et al. Lumican regulates ventilation-induced epithelial-mesenchymal transition through extracelluar signal-regulated kinase pathway. Chest (2013) 143(5):1252–605. doi: 10.1378/chest.12-2058

55. Pilling, D, Vakil, V, Cox, N, and Gomer, RH. TNF-α-stimulated fibroblasts secrete lumican to promote fibrocyte differentiation. Proc Natl Acad Sci United States America (2015) 112(38):11929–345. doi: 10.1073/pnas.1507387112

56. Wang, Ke, Wang, Y, Cao, Y, Wang, H, Zhou, Y, Gao, L, et al. «Lumican is elevated in the lung in human and experimental acute respiratory distress syndrome and promotes early fibrotic responses to lung injury». J Trans Med (2022) 20(1):392. doi: 10.1186/s12967-022-03597-z

57. Leygue, E, Snell, L, Dotzlaw, H, Troup, S, Hiller-Hitchcock, T, Murphy, LC, et al. Lumican and decorin are differentially expressed in human breast carcinoma. J Pathol (2000) 192(3):313–205. doi: 10.1002/1096-9896(200011)192:3<313::AID-PATH694>3.0.CO;2-B

58. Yamauchi, N, Kanke, Y, Saito, K, Okayama, H, Yamada, S, Nakajima, S, et al. Stromal expression of cancer-associated fibroblast-related molecules, versican and lumican, is strongly associated with worse relapse-free and overall survival times in patients with esophageal squamous cell carcinoma. Oncol Lett (2021) 21(6):445. doi: 10.3892/ol.2021.12706

59. Shi, S, and Li, H. Overexpressed microRNA-140 inhibits pulmonary fibrosis in interstitial lung disease via the Wnt signaling pathway by downregulating osteoglycin. Am J Physiology-Cell Physiol (2020) 319(5):C895–905. doi: 10.1152/ajpcell.00479.2019

60. Stakhneva, EM, Meshcheryakova, IA, Demidov, EA, Starostin, KV, Sadovski, EV, Peltek, SE, et al. A proteomic study of atherosclerotic plaques in men with coronary atherosclerosis. Diagnostics (Basel Switzerland) (2019) 9(4):1775. doi: 10.3390/diagnostics9040177

61. Stokes, MB, Hudkins, KL, Zaharia, V, Taneda, S, and Alpers, CE. Up-regulation of extracellular matrix proteoglycans and collagen type I in human crescentic glomerulonephritis. Kidney Int (2001) 59(2):532–425. doi: 10.1046/j.1523-1755.2001.059002532.x

62. Ohlendieck, K, and Swandulla, D. Molecular pathogenesis of Duchenne muscular dystrophy-related fibrosis. Der Pathologe (2017) 38(1):21–295. doi: 10.1007/s00292-017-0265-1

63. Lomnytska, MI, Becker, S, Hellman, K, Hellström, A-C, Souchelnytskyi, S, Mints, M, et al. Diagnostic protein marker patterns in squamous cervical cancer. Proteomics – Clin Appl (2010) 4(1):17–315. doi: 10.1002/prca.200900086

64. Lee, J-Y, Eom, E-M, Kim, D-S, Ha-Lee, YM, and Lee, D-H. Analysis of gene expression profiles of gastric normal and cancer tissues by SAGE. Genomics (2003) 82(1):78–855. doi: 10.1016/S0888-7543(03)00098-3

65. Hu, X, Li, Y-Q, Li, Q-G, Ma, Y-L, Peng, J-J, and Cai, S-J. Osteoglycin-induced VEGF inhibition enhances T lymphocytes infiltrating in colorectal cancer. eBioMedicine (2018) 34:35–45. doi: 10.1016/j.ebiom.2018.07.021

66. Röwer, C, Ziems, Björn, Radtke, A, Schmitt, O, Reimer, T, Koy, C, et al. Toponostics of invasive ductal breast carcinoma: combination of spatial protein expression imaging and quantitative proteome signature analysis. Int J Clin Exp Pathol (2011) 4(5):454–675.

67. Zheng, C-X, Zhao, S-X, Wang, P, Yu, H-M, Wang, C-F, Han, B, et al. Different expression of mimecan as a marker for differential diagnosis between NSCLC and SCLC. Oncol Rep (2009) 22(5):1057–61. doi: 10.3892/or_00000536

68. Miller, MH, Walsh, SV, Atrih, A, Huang, JT-J, Ferguson, MAJ, and Dillon, JF. Serum proteome of nonalcoholic fatty liver disease: A multimodal approach to discovery of biomarkers of nonalcoholic steatohepatitis. J Gastroenterol Hepatol (2014) 29(10):1839–475. doi: 10.1111/jgh.12614

69. Koide, N, Kasamatsu, A, Endo-Sakamoto, Y, Ishida, S, Shimizu, T, Kimura, Y, et al. Evidence for critical role of lymphocyte cytosolic protein 1 in oral cancer. Sci Rep (2017) 7:43379. doi: 10.1038/srep43379

70. Foran, E, McWilliam, P, Kelleher, D, Croke, DT, and Long, A. The leukocyte protein L-plastin induces proliferation, invasion and loss of E-cadherin expression in colon cancer cells. Int J Cancer (2006) 118(8):2098–21045. doi: 10.1002/ijc.21593

71. Stevenson, RP, Veltman, D, and Machesky, LM. Actin-bundling proteins in cancer progression at a glance. J Cell Sci (2012) 125(5):1073–795. doi: 10.1242/jcs.093799

72. Yu, H, Königshoff, M, Jayachandran, A, Handley, D, Seeger, W, Kaminski, N, et al. Transgelin is a direct target of TGF-beta/smad3-dependent epithelial cell migration in lung fibrosis. FASEB Journal: Off Publ Fed Am Societies Exp Biol (2008) 22(6):1778–895. doi: 10.1096/fj.07-083857

73. Pan, T, Wang, S, and Wang, Z. An integrated analysis identified TAGLN2 as an oncogene indicator related to prognosis and immunity in pan-cancer. J Cancer (2023) 14(10):1809–365. doi: 10.7150/jca.84454

74. Han, M-Z, Xu, R, Xu, Y-Y, Zhang, X, Ni, S-L, Huang, B, et al. TAGLN2 is a candidate prognostic biomarker promoting tumorigenesis in human gliomas. J Exp Clin Cancer Res (2017) 36:155. doi: 10.1186/s13046-017-0619-9

75. Dihazi, H, Dihazi, GH, Mueller, C, Lahrichi, L, Asif, AR, Bibi, A, et al. Proteomics characterization of cell model with renal fibrosis phenotype: osmotic stress as fibrosis triggering factor. J Proteomics (2011) 74(3):304–185. doi: 10.1016/j.jprot.2010.11.007

76. Wang, W, Wei, J, Zhang, H, Zheng, X, Zhou, He, Luo, Y, et al. PRDX2 promotes the proliferation of colorectal cancer cells by increasing the ubiquitinated degradation of P53. Cell Death Dis (2021) 12(6):6055. doi: 10.1038/s41419-021-03888-1

77. Chen, Y, Yang, S, Zhou, H, and Su, D. PRDX2 promotes the proliferation and metastasis of non-small cell lung cancer in vitro and in vivo. BioMed Res Int (2020) 2020:8359860. doi: 10.1155/2020/8359860





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 © 2024 Samarelli, Tonelli, Raineri, Bruzzi, Andrisani, Gozzi, Marchioni, Costantini, Fabbiani, Genovese, Pinetti, Manicardi, Castaniere, Masciale, Aramini, Tabbì, Rizzato, Bettelli, Manfredini, Dominici, Clini and Cerri. 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.




Glossary


 




OEBPS/Images/fonc-13-1275346-g005.jpg
///,;
% \i\\\\ N CcAPZB






OEBPS/Images/fonc-13-1275346-g003.jpg
Cha Significantly up-regulated proteins p<0.05
2 Score>50

[ Seq. Coverage>30

ae Significantly up-regulated proteins p<0.05

Score<50
Seq. Coverage<30

-Log10(

4

2 B 4 T 2 3
log2 fold change (CTRL - STAGEI)

. Significantly up-regulated proteins p<0.05
Score>50
Seq. Coverage>30

Q. Significantly up-regulated proteins p<0.05

H Score<50

i Seq. Coverage<30

=

5

3w

SusB
HBD®  #TAGLN2
IPRDX3

log2 fold change (CTRL - FVC<75)

o

o]

o]
3, Significantly up-regulated proteins p<0.05
3™ @ Score>50
E Seq. Coverage>30 -
> ignificantly up-regulated proteins p<0.
221 O geren
S Seq. Coverage<30
2w
=}
=

<]

o]

“*HBD UM _ PRDX3

P ©ORCP1
=
B
log2 fold change (CTRL - STAGEIIl)
=

Significantly up-regulated proteins p<0.05

° ‘ Score>50

2 Seq. Coverage>30

3w Significantly up-regulated proteins p<0.05
& [ score<so

= Seq. Coverage<30

>

o

=

PRDX3
D
. 4CP1
" xR OWEDIN2

B 0 T 7 3
log2 fold change (CTRL - DLCO<55)





OEBPS/Images/fonc.2023.1275346_cover.jpg
, frontiers ‘ Frontiers in Oncology

Proteomic profiling of formalin-fixed
paraffine-embedded tissue reveals key
proteins related to lung dysfunction in
idiopathic pulmonary fibrosis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Proteomic profiling of formalin-fixed paraffine-embedded tissue reveals key proteins related to lung dysfunction in idiopathic pulmonary fibrosis

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Ethics statement

          



          		

            2.2 Case identification and selection

          



          		

            2.3 Deparaffinization and protein extraction for Western blot analysis and preparation of protein samples for mass spectrometry

          



          		

            2.4 LC-MS/MS experimental conditions and data analysis

          



          		

            2.5 Bioinformatics analysis and enrichment pathways

          



          		

            2.6 Western blot and immunohistochemical analysis

          



          		

            2.7 Statistical Analysis for western blot quantification

          



        



        



        		

          3 Results

        

          		

            3.1 Total protein isolation from FFPE lung tissue and mass spectrometry analysis in stratified patients

          



          		

            3.2 Pathway enrichment analysis of differentially expressed proteins

          



          		

            3.3 Identification of differentially expressed proteins between CTRL and IPF stratified patients

          



          		

            3.4 Molecular interactors and functional network of significantly up-regulated proteins in patients with severe IPF

          



        



        



        		

          4 Discussion

        



        		

          5 Study limitations

        



        		

          6 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



        		

          Glossary

        



      



      



    



  



OEBPS/Images/fonc-13-1275346-g001.jpg
Lung Biopsy Paraffin Paraffin Embedded

Embedded Tissue Tissue section
Tl Hs
L il g
I L
" MS/Ms
Q Exactive HF Eia
mass spectrometer data acquisition

pz_CTRL

pz_STAGEI
(254)

(271)

Tryptic Digestion

MaxQuant  Perseus

Data cleaning and
normalization

$210_STAGEI

pz_STAGEI
265)
S o 8
o 8
E B O @g
&) E & og @t 8 g
=] BD
o o
=]
] 14 1'5 1'5 20 2 24 2{5_
(45: STAGE!
o
e ]
= : z o
g o
}(7) o
T - T ——T al Py %
20 20 20 STAGEII
CTRL STAGEI  STAGEI
%22 STAGEI
g .
=W pz1_STAGEI! (]
g & pz5_STAGEIl
S pz8_STAGEIl
5 o . RIRL2 %
g . pz7_STAGH pz3_STAGEII
g CTRL1 ) .
5 R pz9_STAGEI pz6_STAGEI
o . pz11_STAGEII %24 _STAGEI
SHRES T T T T ' . ;
g 2 ) 1 2 3 4

0
Component 1 (43,4%)





OEBPS/Images/fonc-13-1275346-g006.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-13-1275346-g004.jpg
g
N
o
<
=
(2]
Q.

b-actin
LUM

LCP-1

SL<OAd
§6>0071a‘skd

S.Z<OAd
$$>001a'vid

STAGE |

S.<OAd
§5<001a‘€ld
SL<OAd
§6<0271a‘zid

3

L7¥1D
971D
STALD

o farTk)

o~ - (=] -
w uljoe-q/zxadd
%
%
& Yy
TR
ﬂU 4
N
L)
<

8.
%,

S2<OA4 <o
§5>001a‘tLd < ® N - o

SL>ONd unoe-
§5>09710 ‘ed 130e-q/ZNTOVL

[a]

S.<OAd

§6<0971a ‘6d

SL<OAd
§6<09271a ‘vd ]
§1<OAd =
§5<021a‘td
L7410 -
€141 ]
[t N Re} ]
1£6Z 1M . ~ w S 2
- L
_ unoe-q/Ldo

STAGE I

STAGE|

<

To o

=0 Lo NO 99 —-o TO Yo w
< N —®© ©o bn MWD D Moem -





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-13-1275346-g002.jpg
L0

139VLS
11I39v1s

ety

Cellular component for PZ_CTRL and PZ_IPF

40,52% p<0.001
yaot0mc 41.48% p<0.001
50.00% p=1

0 20 40 60 80

Percentage of genes

Biological process for PZ_CTRL and PZ_IPF

02% p=1
10.04% p=1

1545% p=
10.78% p=1

Signal transdu

Regulation of nucleobase, nuclcos e and
nucleic acid metabolism

687% p=1
13.01%

Metabolism 1330% p
Protein metabolism m

Cell growth and/or m:

Percentage of genes

c Molecular function for PZ_CTRL and PZ_IPF
q =P
cTRL

Calcium ion m,.ua..uﬁs.’?v; P
Structural constituent of cytoskeleton E oA p<omr
Extracellular matrix structural cnnslivnenrmmmn
et uncionunknow - —— L P |
Catalytic activity Em‘
pNA hlnding%

0 2 4 6 8 10 12

Percentage of genos

Biological pathway for PZ_CTRL and PZ_IPF

1

Alpha9 betal integrin signaling events. E
Sphingosine 1-phosphate (S1P) pathway E
TRAIL signaling pathway m

———

0 10 20 30 40

Integ

Percentage of genes





OEBPS/Images/utable1.jpg
LC-MS/MS liquid chromatography-mass spectrometry

TGER transforming growth factor

Ve forced vital capacity

Dico Diffusion Lung carbon monoxide

PRDX2 peroxiredoxin2

1CPL Iymphocyte cytosolic protein 1

TAGLN2 transgelin 2

UM lumican

OGN osteoglycin/mimecan

MUCsB mucin 5B

STRING search tool for retrieval interacting genes/protein
LFQ label-free quantification

SLB surgical lung biopsy

SH3BGLR3 SH3 Domain-Binding Glutamic Acid-Rich-Like Protein 1
PRDX3 peroxiredoxin 3

HBD. hemoglobin Subunit Delta

TUBBL tubulin beta-1 chain

PIMS parathymosin

STAT4 signal transducer and activator of transcription 4
Gea grancalcin

TXN thioredoxin

FINA filamin-A

coLia2 collagen alpha-2(1) chain

coLsal collagen alpha-I(Ill chain

ACAN aggrecan core protein

sop1 superoxide dismutase |

KEGG Kyoto encyclopedia of genes and genomes
NSCLC non-small cell lung cancer

CAF cancer associated fibroblast

PI3K phosphatidylinositol-3-Kinase

MAPK mitogen-activated protein kinase





