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ARTICLE INFO ABSTRACT
Keywords: Objectives: The study aims at exploring common hub genes and pathways in idiopathic pulmonary
Idiopathic pulmonary fibrosis fibrosis (IPF) and rheumatoid arthritis-associated usual interstitial pneumonia (RA-UIP) through

Rheumatoid arthritis-associated interstitial
lung disease
Rheumatoid arthritis-associated usual intersti-

integrated bioinformatics analyses.

Methods: The GSE199152 dataset containing lung tissue samples from IPF and RA-UIP patients
tial pneumonia was acquired from the Gene Expression Omnibus (GEO) database. The identification of over-
Pulmonary fibrosis lapping differentially expressed genes (DEGs) in IPF and RA-UIP was carried out through R
Hub genes language. Protein-protein interaction (PPI) network analysis and module analysis were applied to
Bioinformatics filter mutual hub genes in the two diseases. Enrichment analyses were also conducted to analyze
the possible biological functions and pathways of the overlapped DEGs and hub genes. The
diagnostic value of key genes was assessed with R language, and the expressions of these genes in
pulmonary cells of IPF and rheumatoid arthritis-associated interstitial lung disease (RA-ILD)
patients were analyzed with single cell RNA-sequencing (scRNA-seq) datasets. The expression
levels of hub genes were validated in blood samples from patients, specimens of human lung
fibroblasts, lung tissue samples from mice, as well as external GEO datasets.

Abbreviations: IPF, idiopathic pulmonary fibrosis; RA, rheumatoid arthritis; UIP, usual interstitial pneumonia; RA-UIP, rheumatoid arthritis-
associated usual interstitial pneumonia; ILD, interstitial lung disease; RA-ILD, rheumatoid arthritis-associated interstitial lung disease; GEO, gene
expression omnibus; DEGs, differentially expressed genes; PPI, protein-protein interaction; GO, gene ontology; KEGG, kyoto enrichment of genes
and genomes; GSEA, gene set enrichment analysis; qRT-PCR, quantitative real-time polymerase chain reaction; IHC, immunohistochemistry; EMT,
epithelial mesenchymal transition; STRING, search tool for the retrieval of interacting genes; TGF-B, transforming growth factor-beta; PDGF,
platelet-derived growth factor; VEGF, vascular endothelial growth factor; a-SMA, a-smooth muscle actin; COL1A1, collagen I; HLF, human lung
fibrosis; MCC, maximal clique centrality; MNC, maximal neighborhood component; EPC, edge percolated component; MF, molecular function; BP,
biological process; CC, cellular component; ROC, receiver operating characteristic; TBST, tris-buffered saline with tween; DAB, 3,3-dia-
minobenzidine; SEM, standard error of the mean; CI, confidence interval; PBMC, peripheral blood mononuclear cell; DMEM, dulbecco’s modified
eagle medium; H&E, hematoxylin and eosin; THBS2, thrombospondin 2; TIMP1, metallopeptidase inhibitor 1; POSTN, periostin; ECM, extracellular
matrix; MMPs, matrix metalloproteinases; scRNA-seq, single cell RNA-sequencing; PCA, principal component analysis.
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Results: Four common hub genes (THBS2, TIMP1, POSTN, and CD19) were screened. Enrichment
analyses showed that the abnormal expressions of DEGs and hub genes may be connected with the
onset of IPF and RA-UIP by regulating the progression of fibrosis. SCRNA-seq analyses illustrated
that for both IPF and RA-ILD patients, THBS2, TIMP1, and POSTN were mainly expressed in lung
fibroblasts, while CD19 was uniquely high-expressed in B cells. The qRT-PCR and immunohis-
tochemistry (IHC) results verified that the expression levels of hub genes were mostly in accor-
dance with the findings obtained from the bioinformatics analyses.

Conclusion: Though IPF and RA-UIP are distinct diseases, they may to some extent have mutual
pathogenesis in the development of fibrosis. THBS2, TIMP1, POSTN, and CD19 may be the po-
tential biomarkers of IPF and RA-UIP, and intervention on related pathways of these genes could
offer new strategies for the precision treatment of IPF and RA-UIP.

1. Introduction

IPF is a progressive and chronic disease featuring usual interstitial pneumonia (UIP) on imaging and histopathology, the etiology of
which remains unexplained [1]. Rheumatoid arthritis (RA) is an illness distinguished by the presence of erosive and inflammatory
synovitis. Interstitial lung disease (ILD) is a typical extra-articular manifestation of RA. Among all patterns of RA-ILD, UIP is the most
prevalent type [2]. Though IPF and RA-ILD are separate diseases, they share similar clinical manifestations, imaging characteristics,
and genetic features [3]. Recently, researchers have found that they have some associations in pathogenesis. For instance, the func-
tional MUC5B rs35705950 promoter variant, along with the mutation of some telomere maintenance genes, have been considered as
the common genetic risk factors for IPF and RA-ILD [4]. The development of the 2 diseases can also be regulated by several biological
pathways, such as JAK/STAT signaling pathway, 5-HT pathway, and citrullination pathway [5-7]. More importantly, both diseases
could develop into UIP [3].

UIP, a common pattern of pulmonary fibrosis in fibrotic ILDs, is histopathologically characterized by accumulation of extracellular
matrix (ECM), abnormality of alveolar re-epithelialization, proliferation of lung fibroblasts, and transdifferentiation from fibroblasts to
myofibroblasts [8,9]. In recent years, it’s been recognized that UIP is mainly caused by maladaptive repair of recurrently injured lung
epithelium and pathological dysfunction of pulmonary fibroblasts [8]. Under normal conditions, alveolar type 2 cells are able to repair
micro-injuries, and lung fibroblasts maintain the structure and function of lung tissue. However, due to factors like gene mutations and
aging, dysfunctional type 2 cells can develop aberrant behaviors, leading to the synthesis and secretion of cytokines such as TGF-f,
PDGF, and VEGF, which stimulate epithelial mesenchymal transition (EMT) and induce fibrotic processes [10]. Meanwhile, abnormal
fibroblasts actively respond to these fibrosis-related cytokines, thus accelerating differentiation into myofibroblasts and producing
excessive amounts of collagen and other ECM components [11]. Such pathological alterations are characteristic signs of pulmonary
fibrosis.

The onset and progression of UIP are regulated by a variety of factors. Among these, TGF-f is widely recognized as one of the most
crucial triggers. This cytokine promotes lung fibroblast-to-myofibroblast transition, resulting in the overexpression of a-smooth muscle
actin (a-SMA) and collagens. Therefore, TGF-p is frequently used to incubate human lung fibroblasts (HLFs) for constructing the in
vitro model of pulmonary fibrosis [12]. Furthermore, UIP can be induced by several types of medicine, and the most typical one is
bleomycin. This drug used for neoplasms has been proven to have lung toxicity, as it provokes pulmonary interstitial inflammation,
alveolar epithelium injuries, and epithelial-mesenchymal transition [13]. However, the severe side effects never limit its experimental
applications, for the mouse models induced by bleomycin are widely employed to simulate the histopathological states of UIP patients.
Researchers using mouse models of bleomycin-induced pulmonary fibrosis have discovered many mechanisms of IPF and other fibrotic
ILDs [14].

Nowadays, we still don’t fully understand the pathological mechanisms of IPF and RA-UIP. Exploring the common hub genes in IPF
and RA-UIP through bioinformatics analysis may contribute to further comprehending their mutual biological pathways. Our research
offers insights into the underlying genetic mechanisms and therapeutic targets of the 2 diseases.

2. Materials and methods
2.1. Data collection
The raw mRNA data of the fresh frozen lung tissue samples from 20 IPF patients, 3 RA-UIP patients, and 4 non-UIP controls was

acquired from the GSE199152 dataset available on the GEO database. The sequencing of these samples was performed utilizing the
GPL16791 platform.

2.2. Data extraction for DEGs

The identification of DEGs between IPF and non-UIP samples, as well as between RA-UIP and non-UIP samples, was conducted
using the "DESeq2" R package—a tool designed for the differential analysis of high-throughput sequencing data. “DESeq2” enhances
the stability and interpretability of estimates utilizing shrinkage estimation for dispersions and fold changes, though it has limitations
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such as sensitivity to small sample sizes, possibility of long computation times, and difficulties with zero counts and low-expressed
genes [15]. After inputting raw gene count data, normalizing data, estimating gene-wise dispersion, and performing statistical tests
for differential expression, the DEGs were determined by a standard of a p-value less than 0.05 and |logFC| greater than 1. For visual
representation, volcano plots and heatmaps were created to illustrate the DEGs. Subsequently, the Venn diagram was employed to
investigate the overlapping DEGs between IPF and RA-UIP.

2.3. PPI network establishment and module analysis

In order to build a PPI network, the overlapped DEGs were imported into the Search Tool for the Retrieval of Interacting Genes
(STRING, version: 11.5) and then visualized using Cytoscape software. Cytoscape is an open-source platform for visualizing and
analyzing complex networks [16]. It offers a wide range of analysis tools and algorithms for PPI network analysis, module identifi-
cation, and hub gene selection. CytoHubba, a plugin integrated into Cytoscape, was employed to filter hub genes, utilizing seven
different analytical methods: maximal clique centrality (MCC), maximal neighborhood component (MNC), edge percolated component
(EPCQ), degree, closeness, radiality, and bottleneck. The top 10 genes filtered by each method were selected, and those that overlapped
between these methods were identified as core genes. [17,18]. MCODE is another plugin within Cytoscape software for the purpose of
module analysis and hub gene identification [18]. Modules of interest were decided with specific criteria, including a degree cutoff of
2, a K-core value of 2, and a node score cutoff of 0.3.

2.4. Gene ontology (GO) and kyoto enrichment of genes and genomes (KEGG) analyses

GO and KEGG enrichment analyses were implemented to analyze the biological activities of the overlapping DEGs and hub genes in
IPF and RA-UIP through the “ClusterProfiler” R package. GO and KEGG analyses are bioinformatics tools to categorize genes and
proteins according to their functions and biological processes, and to map them onto predefined systemic pathways and networks,
enhancing our understanding of their roles in complex biological mechanisms [19,20]. GO analysis was conducted to discover the
biological processes (BP), cellular components (CC), and molecular functions (MF), while the application of KEGG analysis was used to
investigate signal pathways associated with mutual DEGs and key genes. The predetermined level of statistical significance was a
p-value below 0.05, and the top 8 enriched categories were visualized through barplots and dotplots.

2.5. Gene set enrichment analysis (GSEA) utilization

According to the median expression values of each hub gene, IPF and RA-UIP patients were respectively divided into high-
expression and low-expression groups. GSEA, a tool that uses functional categories to compute the enrichment score of gene sets
and explore diverse functional phenotypes [21], was employed to distinguish the biological pathways between the high-expression and
low-expression groups. With this approach using “ClusterProfiler” R package, hub genes and other related expressed genes would be
categorized into specific gene sets that may be relevant to the pathogenesis of IPF and RA-UIP. To investigate the mutual biological
processes in IPF and RA-UIP, the enriched gene sets of each hub gene that overlapped between the two diseases were regarded as the
common potential biological pathways. Significant enrichment was determined for p-values <0.05.

2.6. Diagnostic value of hub genes

Applying the "pROC" R package, a method for visualizing and analyzing the diagnostic performance through receiver operating
characteristic (ROC) curves [22], the ROC analysis was executed to assess the ability of core genes to differentiate IPF or RA-UIP
samples from normal samples. This analysis provides significant insights into the diagnostic power of hub genes and their potential
utility in clinical practice.

2.7. Analysis of single cell RNA-sequencing (scRNA-seq) data

To further comprehend the roles of hub genes in specific types of pulmonary cells in IPF and RA-UIP patients, we performed scRNA-seq
analyses on datasets GSE213017 and GSE180139 with the use of R package “Seurat” [23]. GSM6568651 in GSE213017 and GSM5454350
in GSE180139 were selected as analytical objects, for they respectively contained single cell RNA-sequencing data of pulmonary cells of an
IPF patient and a RA-ILD patient. It should be noted that the RA-ILD patient in GSM5454350 simultaneously suffered from lung cancer, but
it’s the one and only scRNA-seq data of RA-ILD patient we could obtain on GEO database by far. Quality control (200 <number of feature
RNA <2500, percentage of mitochondrial genes <15%) was conducted in the 2 objects, and the NormalizeData function in “Seurat”
package was employed to normalize the scRNA-seq data. Seurat Principal Component Analysis (PCA) instruction was subsequently run for
dimension reduction, and RunTSNE function in “Seurat” package was utilized for cell clustering. “FindAllMarkers” instruction within
“Seurat” package was then applied to compute gene markers for each cell cluster, which were distinguished by PanglaoDB [24] and
CellMarker database [25] and used for cell type annotation. The relative expressions of hub genes in each classified cell type were
visualized through dotplot, violinplot, and featureplot. In addition, the top 200 high expressed genes in lung fibroblasts of each sample
were differentiated by “FindAllMarkers” function, and the intersected top high-expressed genes in fibroblasts between the 2 samples were
acquired through a Venn diagram. Moreover, KEGG and GO analyses were implemented to predict the functions of these mutual top
high-expressed genes in lung fibroblasts. The p-values below 0.05 were deemed significant.
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2.8. Validation of hub genes through qRT-PCR

We collected peripheral blood from 18 patients that were divided into 3 groups: 6 IPF patients in the IPF group, 6 RA-UIP patients in
the RA-UIP group, and 6 healthy controls in the control group. All research subjects were recruited at the Guangdong Provincial
People’s Hospital from March 2023 to August 2023. The IPF patients were selected via diagnostic criteria of IPF established by ATS/
ERS/JRS/ALAT clinical guideline [26], while RA-UIP patients were diagnosed by the RA classification criteria provided by the
American College of Rheumatology/European League against Rheumatism [27] and met the radiological and histopathological fea-
tures of the definite UIP pattern based on ATS/ERS/JRS/ALAT guideline [26]. Table S1 displays the characteristics of the samples.
There were no statistical differences in gender or age among the 3 groups (Table 1). Ficoll-Paque PREMIUM (Amresco, USA) was
applied to separate peripheral blood mononuclear cells (PBMCs) from the donors’ blood. The total RNA of PBMC specimens was
isolated with Trizol reagent (Thermofisher, USA).

We obtained lung tissues from lung cancer patients who underwent lobectomies in the Department of Thoracic Surgery, Guangdong
Provincial People’s Hospital. The lung tissues were proved healthy through biopsy and were more than 5 cm away from the lesion sites.
These tissues were cut into 1 mm? pieces, evenly distributed in culture dishes, and then placed upside down in a 37 °C and 5% CO2
incubator. 4 h later, the pieces were attached to the bottom of the dishes, which were then turned over and added with high-glucose
Dulbecco’s Modified Eagle Medium (DMEM, Thermofisher, USA) including 20% fetal bovine serum (ZETA LIFE, USA) and 1%
penicillin-streptomycin cocktail. The primary human lung fibroblasts were extracted when they crawled out of the tissues and became
colonies. After being cultured for 4-6 passages, fibroblasts extracted from the patients were subcultured into two 60-mm culture dishes
and divided into 2 groups. One group served as control group and the other as in vitro model group. Both dishes were incubated with
DMEM containing 10% fetal bovine serum and 1% penicillin-streptomycin cocktail until the cell density reached 60%. The control
group dish was subsequently replaced with fresh medium, while the dish in model group was incubated with fresh medium and 10 ng/
ml TGF-$1 (PEPROTECH, USA) for 48 h. After that, total RNA of fibroblasts in each dish was extracted with Trizol reagent (Ther-
mofisher, USA). The experiment was run in triplicate to ensure that each group had 3 total RNA samples of fibroblasts from different
batches.

The RNA of PBMC specimens and fibroblast samples was separately synthesized into complementary DNA with the Evo M-MLV
Reverse Transcriptase Premix Kit (Agbio, China). And qRT-PCR was run on a qTOWER real-time qPCR system (Analytik Jena, Ger-
many) with the SYBR Green Premix Pro Taq HS qPCR kit (Agbio, China). GAPDH was used as an internal normalization standard. The
2-ALC method was utilized to calculate the mRNA expression levels of genes of interest. Sequences of the primers are detailed in
Table 2.

2.9. Validation of hub genes through immunohistochemistry

At the Laboratory Animal Research Center of South China University of Technology, we raised twelve 8-week-old male C57BL/6J
mice and randomly split them into a control group and a bleomycin model group, with 6 in each. The procedure began with anaes-
thetizing the mice through intraperitoneal injection of pentobarbital sodium solution (50 mg/kg), followed by securing their limbs and
tilting their heads upwards. Using forceps, their epiglottides were then exposed, and the model group mice were instilled with
bleomycin solution (3 mg/kg) into the trachea to induce pulmonary fibrosis, while the controls underwent intra-tracheal injection of
equivalent volume of saline. 14 days later, the mice were euthanized for lung tissue hematoxylin and eosin (H&E) staining and
immunohistochemical staining.

For H&E staining, mouse lung tissue samples were paraffin-embedded, sectioned at 4 pm, deparaffinized, stained with hematoxylin
and eosin, sealed, and then observed under a microscope(CX31, Olympus, Japan). For immunohistochemical staining, mouse lung
tissue specimens were embedded in paraffin, then sliced consistently and evenly into sections of 4 pm in thickness, followed by the
removal of paraffin transitioning the samples to an aqueous state. These sections were later soaked in 3% hydrogen peroxide for 20 min
and blocked in 10% normal goat serum for 20 min after antigen retrieval was completed. Antibody incubation was conducted
overnight at 4 °C using the primary antibodies listed in Table 3. Subsequent to 3 washes in tris-buffered saline with tween (TBST), each
slide was incubated with corresponding secondary antibodies as indicated in Table 3, maintained at 37 °C for a duration of 45 min.
Following this incubation period, the slices were again washed 3 times using TBST. The color was generated using 3, 3'-Dia-
minobenzidine (DAB), examined through a microscope (CX31, Olympus, Japan), and captured in photographs.

Images were next exported to ImageJ software for further analysis. The IHC Toolbox plugin (download at http://rsb.info.nih.gov/
ij/plugins/ihc-toolbox/index.html) in ImageJ software facilitated the detection and extraction of the brown DAB-stained regions,
which were regarded as positive immunostained areas [28]. The proportion of immunostained areas was utilized as a quantitative

Table 1
Clinicopathological variables of cases and controls.
Variables Groups P-value
IPF(n = 6) RA-UIP(n = 6) Control(n = 6)
Age (years) 65.50 + 3.757 63.67 + 3.712 56.50 + 6.722 0.4167
Gender (male/female) 5/1 3/3 4/2 0.818

Notes: The data are presented in the form of mean + standard error of the mean (SEM). P-values were calculated utilizing Analysis of Variance
(ANOVA) or Fisher’s exact test.
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Table 2
Primer information.
Target name Primer Species
GAPDH F GTCTCCTCTGACTTCAACAGCG Human
R ACCACCCTGTTGCTGTAGCCAA
THBS2 F CAGTCTGAGCAAGTGTGACACC Human
R TTGCAGAGACGGATGCGTGTGA
TIMP1 F GGAGAGTGTCTGCGGATACTTC Human
R GCAGGTAGTGATGTGCAAGAGTC
POSTN F CAGCAAACCACCTTCACGGATC Human
R TTAAGGAGGCGCTGAACCATGC
CD19 F CCCAAGGGGCCTAAGTCATTG Human
R AACAGACCCGTCTCCATTACC
a-SMA F CTATGCCTCTGGACGCACAACT Human
R CAGATCCAGACGCATGATGGCA
COL1A1 F GATTCCCTGGACCTAAAGGTGC Human
R AGCCTCTCCATCTTTGCCAGCA

Table 3

Antibody information.
Name Type Source Identifier Species Concentration
THBS2 Primary antibody Boster/China BA3616-2 Rabbit 1:100
TIMP1 Primary antibody Affinity/China AF7007 Rabbit 1:100
POSTN Primary antibody Proteintech/China 19899-1-AP Rabbit 1:800
CD19 Primary antibody Abcam/Britain ab245235 Rabbit 1:1000
a-SMA Primary antibody Abcam/Britain ab7817 Mouse 1:6000
COL1A1 Primary antibody Boster/China BA0325 Rabbit 1:500
Gout anti-Rabbit IgG Secondary antibody Abcam/Britain ab205718 - 1:2000
Gout anti-Mouse IgG Secondary antibody Abcam/Britain ab205719 - 1:2000

measure to assess and compare the expression levels of interested proteins between mice in the bleomycin group and the control group.
The result was analyzed and visualized with scatter plots using GraphPad PRISM 8 software, considering a p-value less than 0.05 as
indicative of statistical significance.

2.10. Validation of hub genes through external GEO datasets

We then validated the core genes with external GEO datasets GSE150910 and GSE89408. The mRNA sequencing data of lung
tissues from 103 IPF patients and 103 controls in GSE150910 dataset was selected for validation. In addition, as we couldn’t find any
other mRNA sequencing datasets involving RA-UIP patients, the GSE89408 dataset containing mRNA data of joint synovial tissues
from 152 RA patients and 28 controls was used to examine the expressions of hub genes in general RA patients. Expression data of hub
genes for each sample were normalized with log2-trasformation. Boxplots were drawn to compare the relative expression levels of hub
genes between patients and controls through GraphPad PRISM 8 software. A p-value less than 0.05 was regarded as statistically
significant.

2.11. Statistical analysis

T-test and Analysis of Variance (ANOVA) were used for measurement data (presented as mean + SEM), whereas Fisher’s exact test
was used for categorical data. Data were analyzed with R v4.3.1 software, SPSS Statistics 26.0 software, and GraphPad PRISM 8
software. Statistical significance was determined as p less than 0.05.
3. Results
3.1. Identification of mutual DEGs in IPF and RA-UIP

By defining the cut-off value as P less than 0.05 and [logFC| greater than 1, 2537 DEGs between IPF and non-UIP controls were
identified. Among these, 1463 genes were found upregulated, while 1074 genes were downregulated. As for RA-UIP, a total of 247

DEGs were detected, with 165 exhibiting upregulation and 82 displaying downregulation. Volcano plots for the DEGs were established
by “ggplot2” R package (Fig. 1A and B). The DEGs were also presented with “heatmap” R package (Fig. 1C-D). Venn analysis identified
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Fig. 1. Identification of DEGs. (A).Volcano plot of screening DEGs between IPF patients and non-UIP control individuals. (B).Volcano plot of
screening DEGs between RA-UIP patients and non-UIP control individuals. (C).Heatmap of DEGs between IPF patients and non-UIP control in-
dividuals. (D)Heatmap of DEGs between RA-UIP patients and non-UIP control individuals. The color red is indicative of a high level of expression,
whereas the color blue is indicative of a low level of expression. (E). Venn graph analysis intersected 143 upregulated and 56 downregulated
common DEGs in IPF group and RA-UIP group.

199 overlapped DEGs in the two diseases, including 143 upregulated and 56 downregulated genes (Fig. 1E and Table 4).
3.2. Establishment of PPI network and identification of hub gene

We constructed a PPI network with an online database STRING after setting homo sapien as a model organism, and the outcomes
were then imported into Cytoscape software (3.9.1) to further filter hub genes. The PPI network dataset comprised 129 nodes and 328
edges (Fig. 2A). Through the seven algorithms of cytoHubba plugin, the top 10 candidate hub genes of each method were calculated
(Table 5). After taking the intersection of genes computed by the seven methods, we obtained four common hub genes, including
THBS2, TIMP1, POSTN, and CD19, all of which were differentially highly expressed. Module analysis was subsequently conducted
using the MCODE plugin within the Cytoscape software. The four hub genes were all in Module 1, which had the highest MCODE score
(9.000) and consisted of 27 nodes and 117 edges (Fig. 2B).

3.3. GO and KEGG analyses of common DEGs and hub genes

Based on the filtering standard of adj.p < 0.05, functional characterization of common DEGs was executed through GO analysis,
with results visualized in Fig. 3A-D. Predominant BP pathways were pertinent to ECM organization, extracellular structure organi-
zation, external encapsulating structure organization, transmembrane receptor protein serine, collagen fibril organization, mesen-
chymal cell development and differentiation, and connective tissue development. Examination of CC revealed a remarkable
enrichment of collagen-containing ECM, external side of plasma membrane, collagen and related complexes, basement membrane, and
dense core granule. In terms of MF, activities related to the ECM structural constituent, activities correlated with metalloproteinases,
carboxypeptidase activity, platelet-derived growth factor binding, Wnt-protein binding, and protease binding, stood out as signifi-
cantly enriched. Complementary to this, KEGG analysis presented a notable enrichment of DEGs in pathways connected to ECM-
receptor interactions, protein digestion and absorption, as well as the PI3K-Akt signaling pathway.

GO and KEGG analyses were also carried out to characterize the functions of the 4 hub genes, and the results were presented in
Fig. 3E-H. Enriched BP pathways included those related to cellular response to ultraviolet, negative regulation of metallopeptidase ac-
tivity, trophoblast cell migration, integrin pathway regulation, inflammatory responses, and connective tissue replacement. CC analysis
suggested that the collagen-containing ECM, platelet granules, and basement membrane were the most enriched cell components. MF
analysis highlighted growth factor activity, heparin binding, ECM integrity, and inhibitory activities of metalloendopeptidase, peptidase
and endopeptidase as the most enriched molecular functions. As for KEGG pathway analysis, the hub genes were primarily enriched in
immunodeficiency, B cell receptor signaling pathway, hematopoietic cell lineage, and HIF-1 signaling pathway.

3.4. GSEA results of hub genes

To further discover the potential biological functions of the four hub genes, GSEA was executed (Date: March 15th, 2023) to
distinguish the differentially biological pathways between the high-expression and low-expression groups of each hub gene and to
identify the mutual signaling pathways in IPF and RA-UIP. The GSEA revealed that the hub genes exhibited involvement in common
related pathways between IPF and RA-UIP, as indicated in Table 6. Enrichment plots of each hub gene in both diseases are shown in
Fig. 4A-H.

Table 4
The common DEGs in IPF and RA-UIP
DEGs Gene symbol
Upregulated Common POSTN; PRG4; GJB2; EBF3; LUZP2; THY1; SULF1; FRZB; WT1; THBS2; TNFRSF9; VCAM1; CTHRC1; EPHA3; COL10A1; PLA2G2A;
DEGs CR2; UPK1B; IRF4; MEOX1; CPXM2; MMP11; FCRLA; TIMP1; BNCI; PLVAP; RUNDC3B; CIR; CBLN4; UBD; LOC100507421; PAMRI;

TNN; VATIL; CD28; CILP2; ALPK2; CPB1; GNG4; PCP4; ADAMTS18; LINC00473; NR5A2; DSC3; IL13RA2; COL15A1; SLAMF7;
ANKRD36BP2; PIM2; SDS; C18orf34; LINC00152; MS4A1; CST2; WT1-AS; CPXM1; CPNE5; LOXL1; ASPN; TLR10; SAMD11; MYRIP;
CD19; NRARP; LAX1; P2RY6; CXCL13; ANGPT2; NAV3; COMP; PYCRI1; DERL3; SMOC2; CD79A; GREM1; CILP; KIAA1644;
C19orf26; C70rf10; MSC; GZMK; TGFB3; WISP1; CADPS; CPA4; LOC375295; SCG2; DNAJC22; ADAMDEC1; KRT6A; CHRDL2;
ELFN1; C1S; COL3A1; PSATI; FLJ41200; AIM2; ROR2; PNOC; LOC100507254; IER5L; PRRX1; FCRL5; KIAA0125; IGFL2; OAF;
CLDN1; COL1A1; DIO2; HAPLN3; POU2AF1; CD180; COL1A2; LEF1; SLC1A4; XBP1; SERPINF1; SLAMF1; ABCB1; MZB1; TUBB3;
WNT10A; OLFM1; DUSP5; LAMP5; TACR1; TMEM156; IGLL5; NTS; TNFRSF17; FAM46C; SFRP4; BDKRB1; DARC; SERPINEZ2;
MIR650; UAP1; C130rf33; FHL2; PTGFRN; CCR7; FDCSP; FKBP11.

Downregulated Common NTM; SYN2; TNR; CITED2; CD300LG; LTK; ARRDC2; SEMA3G; NOSTRIN; TMEM100; FOS; MOGAT1; ADRBI1; PITPNM2; VIPR1;

DEGs DUSP1; PRSS21; HSPA12B; CYP1A2; HPCAL4; GPIHBP1; ITGA10; MIR4530; PRX; NXF3; LOC400550; SLC9A3R2; DSCR6;

PSORS1C3; NOTCH4; TMPRSS6; TAL1; ALPPL2; BTNLY; HIF3A; TMSB15A; SP6; GRIA1; FOXF1; CLDN5; ACE; CHRM1; RXRG;
C200rf160; FAM107A; HECW2; MAP4K2; KLRC3; MPP3; TKTL1; KIR2DL3; NIM1; C20rf91; GRM8; RMST; GNLY.
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Fig. 2. Visualization of networks. (A).PPI network constructed with the common DEGs. (B).Gene interaction network of the most significant module
in MCODE. Highlighted in yellow circles, THBS2, TIMP1, POSTN and CD19 were all in the network.

3.5. Diagnostic evaluation of hub genes

To investigate the diagnostic value of THBS2, TIMP1, POSTN, and CD19 for IPF and RA-UIP, ROC curves were drawn with the
expressions of the four core genes to evaluate the accuracy of their diagnostic features employing “pROC” R package (Fig. 5A-B). The
AUC values of the core genes greater than 0.7 were considered diagnostically significant. The AUC values of THBS2, TIMP1, POSTN,
and CD19 in predicting the diagnostic value of IPF were 0.921 (95% confidence interval (CI), 0.816-1.000), 0.836 (95% CI,
0.658-1.000), 0.929 (95% CI, 0.829-1.000), and 0.779 (95% CI, 0.504-1.000). Meanwhile, the AUC values of THBS2, TIMP1, POSTN,
and CD19 for predicting RA-UIP were 0.681 (95% CI, 0.481-0.880), 0.514 (95% CI, 0.310-0.718), 0.694 (95% CI, 0.497-0.892), and
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Table 5

Top 10 candidate hub genes in cytoHubba.
Rank Algorithms in cytoHubba.

MCC MNC Degree EPC BottleNeck Closeness Radiality

1 COL1A1 COL1A1 COL1A1 COL1A1 VCAM1 COL1A1 TIMP1
2 COL3A1 COL3A1 COL3A1 COL3A1 FOS TIMP1 VCAM1
3 COL1A2 CD19 CD19 COL1A2 CD19 COL3A1 FOS
4 POSTN COL1A2 COL1A2 POSTN TIMP1 CD19 THY1
5 TGFB3 POSTN TIMP1 TIMP1 THBS2 VCAM1 COL1A1
6 TIMP1 TIMP1 THBS2 THBS2 POSTN COL1A2 COL3A1
7 COMP THBS2 POSTN THY1 LEF1 FOS POSTN
8 THBS2 IRF4 IRF4 CD19 ANGPT2 POSTN TGFB3
9 CD19 VCAM1 FOoS VCAM1 CD28 THBS2 THBS2
10 CD79A CD79A CCR7 TGFB3 CLDN5 THY1 CD19

Note: The common hub genes were marked in bold.

0.569 (95% CI, 0.115-1.000). In general, the 4 hub genes may possess diagnostic utility in the identification of IPF, but may not be
effective diagnostic markers for RA-UIP.

3.6. scRNA-seq analysis

The results of scRNA-seq analysis indicated that for both IPF and RA-ILD patients, THBS2 was specially upregulated in lung fi-
broblasts, while CD19 was uniquely high-expressed in B cells. Notable upregulation of POSTN was also detected in fibroblast cluster,
even though its expression in endothelial cells was similarly significant. TIMP1 expressed in different types of pulmonary cells, but it
was observed remarkably high-expressed in fibroblasts (Fig. 6A-H). After intersecting the top 200 highly expressed genes in lung
fibroblasts of IPF and RA-ILD patients, a total of 110 overlapped genes were obtained (Fig. 6I and Table 7). GO and KEGG analyses
showed that these common top high-expressed genes in lung fibroblasts mainly function in the organization and assembly of extra-
cellular components, muscle function and development, and cellular responses (Fig. 6J-K).

3.7. Expression verification of Hub Genes

To examine the reliability of the hub genes in IPF and RA-UIP patients, the relative mRNA expression levels of core genes were next
identified by qRT-PCR in clinical samples. The research data illustrated that mRNA expression levels of THBS2, POSTN, and CD19 were
remarkably increased in PBMC specimens of IPF and RA-UIP patients compared with those of controls, whereas the mRNA expression
levels of TIMP1 demonstrated no statistical difference either between the IPF and control groups or between the RA-UIP and control
groups (Fig. 7A-H).

In terms of cellular experimentation, the in vitro cellular model of pulmonary fibrosis was successfully established, as evidenced by
the upregulation of mRNA levels of a-SMA and COL1A1 in the TGF-p1-stimulated group. This implies that TGF-p1 induces fibrogenic
responses in lung fibroblasts. Within this framework, the mRNA expression levels of THBS2, TIMP1, POSTN, and CD19 in the TGF-p1-
stimulated group exhibited a marked upregulation relative to the control group (Fig. 7I), thus reinforcing the dependability of these
hub genes as biomarkers of lung fibrosis.

H&E staining revealed that the lung tissue of the control group mice was normal and healthy, with no noticeable structural im-
pairments. Conversely, bleomycin-induced mice exhibited disordered lung structure, with thickening of alveolar walls, compromised
alveoli, inflammation in interstitium, and fibrous tissue accumulation (Fig. 7J). Immunohistochemistry analysis demonstrated a
statistically significant increase in the expressions of a-SMA and COL1A1 proteins in the lungs of bleomycin-induced mice (Fig. 7J),
confirming the formation of the pulmonary fibrosis animal model. Under the circumstances, proteins such as THBS2, TIMP1, POSTN,
and CD19 were significantly upregulated in the model mice (Fig. 7J-K), thus providing additional evidence for the significance of the
key genes in lung fibrosis from the perspective of protein expression.

We further validated the hub genes with the external GEO datasets GSE150910 and GSE89408. All of the key genes demonstrated
significantly high expressions in IPF patients and RA patients according to the verification datasets (Fig. 7L-M), which suggested that
THBS2, TIMP1, POSTN, and CD19 were not only upregulated in IPF and RA-UIP patients, but in patients with general RA.

4. Discussion

Because of the poor efficacy of treatment for the two diseases and their rising prevalence, IPF and RA-UIP have caused severe
damage to public health and are still well acknowledged as “incurable”. Therefore, the study on the pathogenesis and genetic
mechanisms of IPF and RA-UIP is of far-reaching importance. In this research, the common core genes and related pathways of IPF and
RA-UIP were explored through bioinformatics analyses. THBS2, TIMP1, POSTN, and CD19 were upregulated in both IPF and RA-UIP
patients and identified as hub genes.

THBS2 (Thrombospondin 2) is a gene that encodes an anti-angiogenic matricellular protein that is recognized as an ECM-modifying
enzyme. The THBS2 protein has a substantial role in facilitating the proliferation, migration, and invasion of tumor cells [29]. It has
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Fig. 3. Enrichment analyses of the mutual DEGs and hub genes. (A).Barplot of GO analysis of the mutual DEGs. (B).Dotplot of GO analysis of the
mutual DEGs. (C).Barplot of KEGG analysis of the mutual DEGs. (D).Dotplot of KEGG analysis of the mutual DEGs. (E). Barplot of GO analysis of the
4 hub genes. (F). Dotplot of GO analysis of the 4 hub genes. (G). Barplot of KEGG analysis of the 4 hub genes. (H). Dotplot of KEGG analysis of the 4
hub genes.
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Fig. 3. (continued).
Table 6
GSEA results of THBS2, TIMP1, POSTN and CD19.
Hub Common involved gene sets in IPF and RA-UIP through GSEA
gene
THBS2 Adherens junction; AGE-RAGE signaling pathway in diabetic complications; Arrhythmogenic right ventricular cardiomyopathy; Bacterial invasion of epithelial
cells; ECM-receptor interaction; Ferroptosis; Focal adhesion; Influenza A; Leukocyte transendothelial migration; Mineral absorption; Necroptosis; Yersinia
infection.
TIMP1 Adherens junction; Apoptosis; Arrhythmogenic right ventricular cardiomyopathy;Bacterial invasion of epithelial cells; Cell adhesion molecules; ECM-receptor

interaction; Ferroptosis; Focal adhesion; Influenza A; Leukocyte transendothelial migration; Mineral absorption; Natural killer cell mediated cytotoxicity;
Necroptosis; Phagosome; Ribosome; Small cell lung cancer; Viral myocarditis; Yersinia infection.

POSTN Antigen processing and presentation; Autoimmune thyroid disease, Natural killer cell mediated cytotoxicity; Phagosome; Ribosome.

CD19 Antigen processing and presentation; Asthma; Autoimmune thyroid disease; Oxidative phosphorylation; Ribosome; Staphylococcus aureus infection; Systemic
lupus erythematosus.

also been reported highly associated with organ fibrosis, such as cardiac, liver, and kidney fibrosis, for it participates in the formation
and repair of ECM [30-32]. Furthermore, THBS2 had previously been discovered upregulated in IPF patients, but it was rarely studied
in the pathogenesis of pulmonary fibrosis [33]. Recently, a research suggested that the suppression of THBS2 resulted in the down-
regulation of fibrosis-related proteins in the bleomycin-induced mice’s lungs, such as a-SMA, fibronectin, and collagen I. This finding is
remarkable as it highlights the potential of targeting THBS2 as a therapeutic approach for managing pulmonary fibrosis [34].

TIMP1 (metallopeptidase inhibitor 1) belongs to the TIMP gene family, encoding proteins that are natural inhibitors of matrix
metalloproteinases (MMPs). How TIMP1 functions in fibrosis progression is contradictory. Given that MMPs get involved in the
degradation of ECM in normal physiological processes, the overexpression of TIMP1 could cause ECM accumulation, which may
promote fibrosis progression [35]. However, some MMPs have profibrotic activities during fibrosis [36], so under this premise, the
inhibition of MMPs activities by TIMP1 is theoretically anti-fibrotic at some point, for a non-selective MMP inhibitor has been proven
to reduce the development of bleomycin-induced pulmonary fibrosis in mice [37]. In fact, it’s been observed that TIMP1 was
significantly elevated in bleomycin-induced mice’s lung, IPF patients’ blood, sputum, and bronchoalveolar lavage fluid [38-41]. That
may be because TIMP1 influences fibroblast activities such as proliferation and activation via signal transduction pathways besides
being known as a MMPs’ inhibitor [42]. On the whole, the role of TIMP1 in fibrosis progression is a subject of debate within the
academic community, as studies yield inconclusive findings and conflicting interpretations.

POSTN (periostin) encodes a secreted extracellular matrix protein that has the ability to interact with other proteins within the
extracellular matrix, so influencing the composition of the matrix in the lungs and other organs, which plays a tremendous part in
collagen assembly, ECM structure, and organization. POSTN overexpression is activated by the TGF-p1 signaling pathway and con-
nected with tumor progression and fibrosis development, for this reason, it is observed significantly upregulated in various cancers and
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Fig. 4. GSEA of hub genes. (A).Enrichment plot of THBS2 from GSEA in IPF group. (B).Enrichment plot of THBS2 from GSEA in RA-UIP group. (C).
Enrichment plot of TIMP1 from GSEA in IPF group. (D).Enrichment plot of TIMP1 from GSEA in RA-UIP group. (E).Enrichment plot of POSTN from
GSEA in IPF group. (F).Enrichment plot of POSTN from GSEA in RA-UIP group. (G). Enrichment plot of CD19 from GSEA in IPF group. (H).
Enrichment plot of CD19 from GSEA in RA-UIP group.
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Fig. 5. Diagnostic evaluation of four core genes. (A).ROC curve of the four hub genes in IPF. (B).ROC curve of the four hub genes in RA-UIP.

different types of fibrosis [43,44]. In recent years, it has been regarded as a useful predictor of clinical progression in IPF patients [45].
In our study, POSTN was also found highly expressed in RA-UIP patients, which indicates that POSTN may potentially exhibit similar

functional roles in RA-UIP patients.

The expression of the protein encoded by CD19 is restricted to B lymphocytes. It partakes in the processes of B cell activation, B cell
proliferation, B cell differentiation, and the regulation of B cell antigen receptor-induced signals [46]. Though CD19 itself hasn’t been
proved directly associated with pulmonary fibrosis, researchers have found that the overexpression of CD19 may indirectly contribute
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visualizing cell clustering of pulmonary cells of the IPF patient. (F). Featureplot of expressions of hub genes in specific pulmonary cells of the IPF
patient. (G).Dimplot visualizing cell clustering of pulmonary cells of the RA-ILD patient. (H). Featureplot of expressions of hub genes in specific
pulmonary cells of the RA-ILD patient. (I).Venn diagram intersecting 110 genes between the top 200 high-expressed genes in lung fibroblasts of IPF
and RA-ILD patients. (J). Dotplot of KEGG analysis of the 110 common top high-expressed genes in lung fibroblasts. (K). Dotplot of GO analysis of
the 110 common top high-expressed genes in lung fibroblasts.
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Fig. 6. (continued).

14



L. Chen et al. Heliyon 10 (2024) 28088

Table 7
The Mutual Top High Expressed Genes in Lung fibroblasts of IPF and RA-UIP Patients.

Gene symbol

Overlapped High-expressed Genes in AOC3; MYLY9; TBX2; MFAP4; CALD1; C11o0rf96; FHL1; NR2F2; C1R; AEBP1; DES; RASL12; TPM2; RARRES2; LTBP1;
Fibroblasts ADIRF; TAGLN; SOD3; COL6A1; COL6A2; SMOC2; PLACY; SERPING1; PPP1R14A; ANGPTI; DST; CAMK2N1; FRZB; BGN;

IGFBP7; COL14A1; MYLK; C1S; TIMP3; TGFB1I1; EGFL6; HSPB6; FXYD1; MGP; ADAMTS1; A2M; NFIX; ID4; GPX3;
COL1AZ2; SPARCL1; ACTA2; PLN; NBL1; CPE; LAMA4; TMEM47; PDE5A; EMILIN1; TINAGL1; PDGFRB; IGFBP5; ANTXR1;
CAV1; CFH; MFGE8; PCOLCE; MXRAS8; INMT; SPARC; DCN; COL5A2; NR2F1; COL4A2; CSRP2; COL18A1; COX7A1;
CXCL12; SLIT3; TPM1; CNN1; SCN7A; ITGA1; FSTL1; CRIM1; FBLN1; LUM; PRELP; HOXA5; NOTCH3; MYO1B; IGFBP4;
COL3A1; MYH11; LTBP4; COL1A1; KANK2; CCDC80; C7; MMP2; MCAM; CNN3; COL4A1; ELN; ITGAS; PDLIM3; SYNPO2;
COL6A3; EBF1; PBX1; ENAH; THY1; CRISPLD2;FHL2; MSRB3.

to the progression of pulmonary fibrosis through its regulation of B cell infiltration [47]. B lymphocytes, as part of the immune system,
may play a role in the pathological process of lung fibrosis, for studies indicate that B cells may function in the inflammatory response
and immune-mediated tissue damage processes during the course of pulmonary fibrosis [48,49]. For example, B cells are able to
secrete pro-inflammatory cytokines and autoantibodies, which may cause the imbalance of tissue damage and repair, ultimately
promoting the progression of pulmonary fibrosis [48]. In general, B cells may serve as a bridge for how CD19 affects the pathogenesis
of IPF and RA-UIP.

GO and KEGG analyses demonstrate that the common DEGs and hub genes in IPF and RA-UIP are mainly involved in the devel-
opment and organization of ECM and various collagenous structures, cellular processes and signal transduction mechanisms that
influence tissue development and repair, activities of proteinases including metalloproteinases, inflammatory and immune responses,
cell interactions and binding, as well as the activation of pathways related to tissue remodeling, most of which are considered to be
connected with fibrosis progression [11,50-57]. On one hand, this suggests that there are shared pathological mechanisms of pul-
monary fibrosis in both IPF and RA-UIP patients. On the other hand, it shows that modifying these DEGs-enriched pathways, or
intervening in the biological activities of hub genes, may offer clues for the treatment of IPF and RA-UIP. Besides, it’s worth mentioning
that the hub genes are also enriched in biological functions that haven’t been proven relevant to lung fibrosis, such as cellular response
to ultraviolet, indicating that the hub genes participate in a multitude of complex physiological processes.

GSEA analysis indicated that the core genes may serve multiple biological processes in IPF and RA-UIP, such as cell-ECM inter-
action, cell adhesion, programmed cell death, and immunoregulation. It’s also revealed in GSEA analysis that the hub genes are likely
to get involved in many diseases like small cell lung cancer, virus infection, bacterial infection, diabetes, asthma, and autoimmune
diseases, which may have associations with the occurrence and development of UIP, for some of these diseases have been reported
relevant to lung fibrosis [58-63]. It is remarkable that the activation of pathway ‘Ribosome’ is closely interacted with higher
expression of TIMP1 and CD19 in the IPF group (Fig. 4C and . G), but with lower expression of them in the RA-UIP group (Fig. 4D and .
H). It may prompt that the functions of TIMP1 and CD19 slightly differ between the two diseases. Nevertheless, due to the fact that the
results of GSEA analysis haven’t been proven by experiments, further studies are required.

scRNA-seq analysis provides detailed and targeted information on hub gene expression differences that may be critical to un-
derstanding the pathogenesis of pulmonary fibrosis in both IPF and RA-UIP patients. As the abnormal activation and excessive pro-
liferation of fibroblasts promote the progression of lung fibrosis, the high expression of THBS2, TIMP1, and POSTN in fibroblasts of IPF
and RA-ILD patients may suggest their roles in the fibrotic processes. Taking the enrichment analysis results of common top high-
expressed genes in lung fibroblasts as a reference (Fig. 6J-K), and in conjunction with the biological functions of THBS2, TIMP1,
and POSTN previously mentioned, we hypothesize that these 3 key genes may also be involved in fibroblast-associated pathways such
as muscle tissue development, cell adhesion, and ECM organization. Consequently, the dysfunction of these genes and other highly
expressed genes in fibroblasts could potentially contribute to the development of pulmonary fibrosis in IPF and RA-UIP patients.
Among these, the specific upregulation of THBS2 in lung fibroblasts may point to a potential target for therapeutic intervention.
Additionally, the exclusively high expression of CD19 in B cells suggests possible immunological factors for these diseases, particularly
since B cells are involved in the autoimmune response and CD19 is a marker for B cell activation [47]. As a result, CD19 has been under
study as a promising B cell target for fibrotic pulmonary diseases. Studies have found that treatments targeting CD19 can reduce the
release of inflammatory mediators and inhibit the activities of B cells, thereby alleviating lung interstitial fibrotic lesions, improving
lung function, and relieving symptoms [47,64,65]. However, the specific treatment effects and efficacy still require further research
and clinical trials for verification.

According to bioinformatics analysis results, the expression levels of the four core genes were subsequently verified by qRT-PCR
using clinical and cellular specimens, as well as by IHC using experimental animal samples. The qRT-PCR and IHC results verified
that the expression levels of the core genes were mostly in accordance with the outcomes of the bioinformatics analyses. Yet, out of
anticipation, the mRNA expression levels of TIMP1 demonstrated no significant difference either between the IPF patients and controls
or between the RA-UIP patients and controls. This result may be restricted by the number of samples and the type of samples. What’s
more, the mRNA levels of one gene are affected by many factors, such as states, individuals, and measurement techniques, and don’t
always predict its protein levels [66]. Hence, mRNA levels should not be interpreted as the final output of gene expression.

The reliability of the key genes was also validated through external datasets. Interestingly, THBS2, TIMP1, POSTN, and CD19 were
observed to be upregulated in the cohort of general RA patients, which prompts that the 4 hub genes may get involved in mechanisms
of RA, not limited to the RA-UIP subtype. In fact, some of the key genes have been under study as diagnostic biomarkers and thera-
peutic targets for RA patients [67-69].
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Fig. 7. Verification of Hub Genes (A).Barplot of mRNA expression levels of THBS2 between IPF and control group. (B).Barplot of mRNA expression
levels of THBS2 between RA-UIP and control group. (C).Barplot of mRNA expression levels of TIMP1 between IPF and control group. (D).Barplot of
mRNA expression levels of TIMP1 between RA-UIP and control group. (E).Barplot of mRNA expression levels of POSTN between IPF and control
group. (F).Barplot of mRNA expression levels of POSTN between RA-UIP and control group. (G).Barplot of mRNA expression levels of CD19 between
the IPF and control group. (H).Barplot of mRNA expression levels of CD19 between RA-UIP and control group. (I).Barplot of mRNA expression levels
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of a-SMA, COL1A1, and hub genes between TGF-f1-stimulated fibroblast group and control group. (J).Images of H&E staining (H&Ex200) and
immunohistochemical staining (DABx200) of bleomycin-induced mouse group and control group. (K).Scatter plots of positive immunostained area
proportions of a-SMA, COL1A1, and hub genes between bleomycin-induced mouse group and control group. (L).Boxplot of mRNA expression levels
of hub genes between IPF and control group on dataset GSE150910. (M).Boxplot of mRNA expression levels of hub genes between RA and control
group on dataset GSE89408.

Notes:*p less than 0.05, **p less than 0.01, ***p less than 0.001, ****p less than 0.0001, and ns, no significance.

There are some flaws in this study. Firstly, the bioinformatics findings were derived from the lung tissues of patients and controls,
but we conducted experimental validation on the blood samples of the participants. Secondly, the number of clinical and experimental
animal samples is restricted, and larger subsets are required to confirm our conclusions. Moreover, the in vitro and animal models may
not be able to precisely simulate the pathological state of patients with RA-UIP. However, there are currently no widely-acknowledged
models for RA-UIP in the academic community [70]. Last but not least, it’s a pity that we didn’t perform experiments to investigate the
protein expression levels of the core genes in patient samples because of the limitations of our experimental designs and expenses.
Generally speaking, more experiments are supposed to be performed for further verification in the future.

5. Conclusions

The research identifies THBS2, TIMP1, POSTN, and CD19 as mutual key biomarkers in IPF and RA-UIP with integrated bioin-
formatics methods. The validation of qRT-PCR, IHC, and external datasets demonstrates that the relative expression levels of the hub
genes are generally consistent with the findings obtained from the bioinformatics methods. Enrichment analyses show that the selected
genes may be associated with the onset of IPF and RA-UIP by regulating pulmonary fibrosis progression. As common biomarkers,
THBS2, TIMP1, POSTN, and CD19 may exert essential functions in the development of IPF and RA-UIP and be underlying targets for
the treatment. Future research directions could focus on the interventions targeting these hub genes and related pathways.
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