
Introduction
	 Pneumoconiosis refers to a group of lung diseases resulting from 
inhalation of particles of industrial substances, particularly inorganic 
dusts such as the dust of iron ore or coal, and permanent deposition 
of substantial amounts of such particles in the lungs [1]. It is one of  
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the major occupational diseases worldwide, which can cause progres-
sive proliferation of diffuse fibrous tissue in lung tissue [2]. In recent 
years, although many measures have been taken to protect workers 
from dust inhalation, pneumoconiosis has emerged not only in tradi-
tional industries (such as asbestosis, silicosis and miners’ lungs), but 
also in emerging modern industries related to the use of new materials 
(such as nano-silica, sandblasting and artificial stones) [3], which has 
led to a global increase in the incidence and mortality of pneumoco-
niosis, according to the Global Burden of Disease studies [4]. Due 
to the lack of prevention of workplace dust, the failure of diagnosis 
of the disease in the early stage and the limited effective treatment 
of the disease, pneumoconiosis is still a serious global public health 
problem [5].

	 The interstitial lung disease pulmonary fibrosis can be caused by 
pneumoconiosis, and inflammation plays a key role in pneumoco-
niosis thereby promoting the progress of fibrosis [6]. Considerable 
evidence has suggested that Alveolar Macrophages (AMs) and Pul-
monary Fibroblasts (PFBs) mediate pulmonary fibrosis, which re-
sults from chronic inflammation [7,8]. The pathogenesis of pulmo-
nary fibrosis involves activation of inflammatory cells in the lower 
respiratory tract, fibroblast proliferation and enhanced synthesis and/
or breakdown of extracellular matrix components [9], which seems 
to be driven by persistent inflammation, in which pro-inflammatory 
cytokines such as TNF, IL-1 and IL-6 play a central role [10]. For 
instance, the potential mechanism for development of silicosis, a kind 
of pneumoconiosis, is that AMs are activated and release inflamma-
tory mediators such as reactive oxygen species, reactive nitrogen, 
chemokines, cytokines and growth factors [11,12]. These factors can 
further activate Phosphatidylinositol 3-kinase (PI3K) [13], which 
plays a role in silica-induced inflammation [14]. However, activated 
AMs cannot remove silica, but are induced to apoptosis [15], in which 
PI3K may also participate [16]. In vitro experiment showed that the 
PI3K was involved in the autophagy change mediated by silica expo-
sure [17], while autophagy may play a protective role in the process 
of pulmonary fibrosis [18].

	 Therefore, further research is needed to study how PI3K partic-
ipates in AMs-mediated pulmonary fibrosis in pneumoconiosispa-
tients. In this study, the PI3K specific inhibitor wortmannin was added 
to the cells isolated from the lung lavage fluid of patients. To explore 
the molecular regulation mechanism of PI3K in the process of pulmo-
nary fibrosis caused by pneumoconiosis, the Differential Expression 
Genes (DEGs) and related cell functions between the inhibition group 
and the control group were compared by transcriptome technology, 
providing molecular targets and diagnostic biomarkers for the treat-
ment and early diagnosis of pneumoconiosis.

Methods
Whole Lung Lavage (WLL)

	 Patients diagnosed of pulmonary fibrosis (pneumoconiosis) re-
ceived WLL at certified clinical institutes as the recommended med-
ical treatment. During WLL, 0.9% normal saline solution was heat-
ed to 37℃, subjected to lung lavage 20 minutes after unilateral pure  
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Abstract
	 Pneumoconiosis refers to a series of lung diseases caused by in-
halation of mineral dust and the main pathological characteristics are 
chronic lung inflammation and progressive pulmonary fibrosis. This 
study aims to analyze the changes in gene expression and cytolog-
ical function of cells upon the inhibition of PI3K. Wortmannin was 
used to specifically inhibit PI3K. Transcriptomics methods were used 
to compare the Differentially Expressed Genes (DEGs) between the 
inhibitory group and the control group. The Protein-Protein Interac-
tion (PPI) network of DEGs was constructed and the PI3K pathway 
was demonstrated with the use of the Oncomine database. Inhibiting 
PI3K of lung lavage cells (e.g. alveolar macrophages) from pneumo-
coniosis patients can cause a spectrum of changes in cellular func-
tions and pathways, thus affecting the pulmonary fibrosis process 
within patients. This study provides patient cell-based understanding 
of the molecular mechanisms of pneumoconiosis and reveal poten-
tial molecular targets and diagnostic biomarkers for the treatment of 
pneumoconiosis.
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oxygen ventilation, and terminated when the drainage fluids turn from 
turbid to fully transparent. The total volume of lung lavage fluids, 
routinely discarded as medical wastes, was generally 4000-6000 ml, 
influenced by the patients’ lung volume and pneumoconiosis stages. 
Patients were informed of the proposed research and gave permis-
sion to authorize the usage of their lung lavage fluids for biomedical 
research purposes. Accordingly, after WLL, lung lavage fluids col-
lected into the aseptic containers were not discarded but immediately 
transferred to the laboratory for further biomedical experiments. The 
study design was reviewed and approved by the institution’s research 
ethics committee.

Cell isolation from lung lavage fluids

	 The lung lavage fluid was filtered through double-layer gauze to 
remove mucus and other clumped stuffs, aliquoted to 50 ml tubes, and 
then centrifuged at 1800 rpm for 5 min. Supernatants were discarded 
and the pellets were washed 2-3 times with PBS. The pellets were 
aggregated and resuspended in culture medium, made up of DMEM 
medium (Gibco) supplemented with 10% fetal bovine serum (FBS, 
Gibco) and 1X penicillin-streptomycin mixture (HyClone). Cells 
were imaged under a light microscope to evaluate quality, measured 
for density and cultured in 25 cm2 plastic flasks (Corning) in an incu-
bator (5% CO2, 37°C). For cryopreservation, cells were resuspended 
in culture medium supplemented with 10% dimethyl sulfoxide (Sig-
ma-Aldrich) and frozen in stock tubes at a -80°C freezer.

Inhibition treatment and design

	 Cells were incubated at 37℃ in a humidified 5% CO2 incubator 
and divided into a control group and a treatment group of PI3K inhi-
bition by wortmannin. Cells in the control group were grown in the 
culture medium and cells in the experiment group were grown in the 
culture medium supplemented with 10 nM wortmannin for 6h. Both 
control and experiment groups were repeated with independent tripli-
cates.

RNA-seq experiment and bioinformatic analysis

	 Total RNA was extracted from cells and mRNA was purified from 
total RNA using poly-T oligo-attached magnetic beads. Fragmenta-
tion of mRNA was carried out using divalent cations under elevated 
temperature, followed by cDNA synthesis using random hexamer 
primers. After adenylation of 3’-end DNA fragments, adaptors with 
hairpin loop structure were ligated to prepare for hybridization. The 
library fragments were purified with AMPure XP system (Beckman 
Coulter) to select cDNA fragments of about 400 bp in length. After 
PCR reactions, products were purified and the library quality was as-
sessed on a Bioanalyzer 2100 system (Agilent). The library prepara-
tions were finally sequenced on a Novaseq platform (Illumina) with 
the sequence generation of 150 bp paired-end reads. All RNA-seq 
experiments were repeated in independent triplicates.

	 Raw reads in FASTQ formats were preprocessed, aligned to the 
reference genome (GRCh38) using Hisat2 and converted into BAM 
files for followed-up RNA-seq analysis [19,20] in R. Differential 
expression was based on the DESeq2 analysis pipeline, and the 
thresholds of absolute log2 (fold change) over 1 and adjusted P value 
less than 0.05 were used to identify Differentially Expressed Genes 
(DEGs).

Construction of Protein-Protein Interaction (PPI) network

	 The Search Tool for the Retrieval of Interacting Genes (STRING) 
database (http://string-db.org/) [21], is an online tool designed to ex-
plore and analyze PPI information.In order to evaluate the interaction 
between DEGs after inhibition experiments, STRING is used to map 
DEGs, and the interaction with combination score > 0.7 is selected. 
The top 10 most connected genes in the network are defined as hub 
genes to identify key elements in Biological Processes (BP).

Verification of gene expression in Oncomine database

	 Oncomine (www.oncomine.org; Ion Torrent; Thermo Fisher Sci-
entific, Inc.) is an online cancer microarray database that facilitates 
genome-wide expression analysis, within which we conducted anal-
ysis of PI3K inhibition in squamous cell lung carcinoma (SQCLC). 
Weiss, et al. [22], Talbot, et al. [23] and Bhattacharjee, et al. [24] lung 
cancer gene expression data in the Oncomine database were retrieved 
for expression levels of PI3K pathway with Pvalue <0.05.Thresholds 
for multiple changes and gene levels were set to “all” and data types 
were limited to mRNA for gene expression comparison.

Statistical Analysis

	 Data analysis and visualization were performed in the R statistical 
software. For single null-hypothesis tests, a significance level of 0.05 
was used. For multiple testing where the control of False Discovery 
Rate (FDR) was necessary, raw P values were adjusted by the Benja-
mini-Hochberg (BH) method to obtain adjusted P values.

Results

	 The main pathological features of pneumoconiosis are chronic 
pulmonary inflammation and progressive pulmonary fibrosis. The 
activation of immune response in lung microenvironment of patients 
with pulmonary fibrosis is related to the induction of PI3K pathway, 
but the molecular mechanism of pneumoconiosis induced pulmo-
nary fibrosis has not been fully elucidated. Under the activation of 
the immune response in the lung microenvironment of patients with 
pulmonary fibrosis, lung lavage cells (mainly alveolar macrophages 
etc.) maintain their innate transcriptional profiles. Upon the inhibi-
tion of PI3K pathway by wortmannin, a spectrum of transcriptional 
changes is expected but unknown. Using RNA-seq as the next-gener-
ation high-throughput sequencing technology, such gene expression 
changes could be revealed by the profiles of Differentially Expressed 
Genes (DEGs). For the control treatment vs. the experimental treat-
ment, three replicates were prepared and assayed in parallel. With 
parameter thresholds set as the absolute log2 fold change at more 
than 1 and the adjusted p-value smaller than 0.05 to control the error 
Discovery Rate (FDR), the volcano plot reveals the transcriptional 
changes of patient-derived lung lavage cells upon inhibition of PI3K 
by wortmannin (Figure 1). In comparison, with PI3K inhibition, a 
total of 3356 genes were identified as differentially expressed genes 
(1990 up-regulated genes and 1366 down-regulated genes). The MA 
plot demonstrated that the DEGs are predominantly highly expressed 
genes thus the observed differential expression could hardly be at-
tributed to false discoveries due to low expression levels (Figure 2).
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	 Upon inhibiting PI3K, 229 identified DEGs (log2 Fold Change > 
3, Padj < 0.0001) were included in the analysis within the STRING 
online database. A total of 44 genes were filtered into the PPI net-
work complex, including 217 nodes and 132 edges, and 185 genes  

were located outside the DEGs PPI network (Figure 3). Subsequent-
ly, 10 hub genes with the highest connectivity in the network were 
identified, which were Angiopoietin Like 4 (ANGPTL4), Ankyrin 
Repeat Domain 1 (ANKRD1), ATPase H+ transporting V1 subunit  

Figure 1: Volcanic plot of DEGs obtained after inhibiting PI3K target. A total of 3356 genes were identified as differentially expressed genes (1990 up-regu-
lated genes and 1366 down-regulated genes). The up- and down-regulated genes before and after inhibition were annotated. Thresholds of absolute log2 (fold 
change) of 1 and adjusted P value of 0.05 were applied to identify DEGs.

Figure 2: MA plot of DEGs obtained after inhibiting PI3K target. The DEGs are predominantly highly expressed genes thus the observed differential expres-
sion could hardly be attributed to false discoveries due to low expression levels
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G2 (ATP6V1G2), Calmodulin Regulated Spectrin Associated Protein 
family member 3 (CAMSAP3), Coiled-Coil Domain Containing pro-
tein 151 (CCDC151), C-C motif Chemokine Ligand 1 (CCL1), C-C 
motif Chemokine Ligand 15 (CCL15), C-C motif Chemokine Ligand 
2 (CCL2), C-C motif Chemokine Ligand 8 (CCL8) and chromatin li-
censing and DNA replication factor 1 (CDT1) (Figure 4). The top hub 
genes were evenly distributed regarding up-regulation or down-reg-
ulation so the underlining transcriptomic changes are bi-directional.  

	 The clustered heatmap of these 10 hub genes among the triplicate 
experiment samples reveals significant reproductivity and harmo-
nized association (Figure 5). Discoveries of the DEGs and especially 
the top hub genes and their associated pathways identify the physio-
logical and biochemical processes perturbed upon the inhibition of 
PI3K within lung lavage cells, suggesting the potential panel of genes 
for functional targeting.

	 Target genes of PI3K pathway were analyzed in the Oncomine da-
tabase to explore the relationship between this signaling pathway and  

Squamous Cell Lung Carcinoma (SQCLC), a type of cancer that is at 
least partially related to pulmonary fibrosis. The mRNA expression 
levels of PI3K and its downstream effectors such as AKT and mTOR 
in SQCLC samples were significantly different from those in normal 
lung samples (Figure 6), suggesting PI3K and the downstream path-
way is a key player in the pulmonary fibrosis within such patients.

Discussion
	 To predict the functional association among the identified DEGs 
upon inhibition of PI3K in lung lavage cells, we constructed PPI 
networks for the inhibition comparison, and selected the top 10 hub 
genes with the highest connectivity for further analysis, including 
ANGPTL4, ANKRD1, ATP6V1G2, CAMSAP3, CCDC151, CCL1, 
CCL15, CCL2, CCL8 and CDT1, which were mainly related to the 
functions of immune system process, monocyte chemotaxis, regu-
lation of leukocyte migration etc. Functions of individual genes are 
key to the understanding of their specific roles. For example, pro-
tein encoded by angiopoietin like 4 (ANGPTL4) regulates chronic  

Figure 3: PPI network constructed from the DEGs and hub genes. Using the STRING online database, a total of 44 DEGs were filtered into the DEGs PPI 
network complex. The nodes represent proteins and the edges represent the interaction of proteins.

http://doi.org/10.24966/PMRR-0177/100068


Citation: Luo Z, Wang M. Transcriptomic Regulation of Lung Lavage Cells from Pulmonary Fibrosis Patients under the Inhibition of PI3K. J Pulm Med Respir 
Res, 2021, 7: 068.

• Page 5 of 7 •

J Pulm Med Respir Res ISSN: 2573-0177, Open Access Journal
DOI: 10.24966/PMRR-0177/100068

Volume 7 • Issue 2 • 100068

Figure 5: Expression heatmap of the top 10 hub genes. Heatmap showing expression profiles of differentially expressed 10 hub genes between the control 
group and the PI3K-inhibition group.

Figure 4: Expression level of the top 10 hub genes. 5 up-regulated hub genes are C-C motif chemokine ligand 1 (CCL1), C-C motif chemokine ligand 15 
(CCL15), C-C motif chemokine ligand 2 (CCL2), C-C motif chemokine ligand 8 (CCL8) and ankyrin repeat domain 1 (ANKRD1); 5 down-regulated hub 
genes are angiopoietin like 4 (ANGPTL4), ATPase H+ transporting V1 subunit G2 (ATP6V1G2), calmodulin regulated spectrin associated protein family 
member 3 (CAMSAP3), Coiled-coil domain containing protein 151 (CCDC151) and chromatin licensing and DNA replication factor 1 (CDT1).
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inflammation, angiogenesis and vascular permeability [25], in which 
inflammation plays a key role in the progression of pneumoconiosis 
to pulmonary fibrosis [6]. Previous in vitro studies have shown that 
activation of mTOR in lung epithelial cells, a serine/threonine protein 
kinase in the PI3K-related kinase family, promotes pulmonary fibro-
sis and expression of ANGPTL4 [26]. In addition, four up-regulated 
hub genes (CCL1, CCL15, CCL2 and CCL8) are related to chemok-
ines. C-C motif Chemokine Ligand 1 (CCL1) and C-C motif Chemo-
kine Ligand 2 (CCL2) are cytokine genes clustered on the q arm of 
chromosome 17, leading to the production of chemokines involved in 
immune regulation and inflammation. Such cytokines have chemo-
tactic activity on monocytes and basophils, but with little chemotactic 
activity on neutrophils and eosinophils. Animal experiments further 
demonstrated that the expression of CCL2 was up-regulated in acute 
and chronic silicosis models [27,28].

	 Among the downregulated hub genes, calmodulin regulated 
spectrin associated protein family member 3 (CAMSAP3) is re-
quired to maintain microtubule organization and cell morphogenesis 
[29]. Deletion of CAMSAP3 in human lung carcinoma-derived cell 
lines，leading to the upregulation of Akt proteins (also known as pro-
tein kinase B proteins, the downstream molecule of PI3K) activity 
[29]. Highly induced activation of PI3K can lead to multiple cancer 
characteristics, and this pathway is an attractive target for new anti-
cancer therapy.One study found that in a large number of fibrotic sili-
cosis, the incidence of SQCLC, a type of Non-Small Cell Lung Can-
cer (NSCLC), is higher [30]. Mutations in PI3K and its downstream 
effectors frequently occurred in NSCLC patients [31]. The molecular 
mechanism of the occurrence and development of pneumoconio-
sis-induced lung squamous cell carcinoma has not been fully eluci-
dated, while our study suggests that CAMSAP3 may be involved in 
this process.Similarly, we demonstrated with the use of the Oncomine 
database that PI3K pathway was differentially expressed in SQCLC 
vs. normal lung tissues. Therefore, inhibiting the PI3K pathway of 
AMs may not only affect pulmonary fibrosis, but also affect SQCLC 
caused by pulmonary fibrosis.

	 Inhibition of the PI3K pathway of lung lavage cells in pneumoco-
niosis patients can cause the changes of cellular functions and physi-
ological conditions via transcriptional changes, especially changes in  

gene expression related to immune system process, monocyte chemo-
taxis and leukocyte migration regulation, thus pointing to a potential 
key target of slowing or even pausing the pulmonary fibrosis process 
in pneumoconiosis patients.
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