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Abstract
Idiopathic pulmonary fibrosis (IPF) is a rapidly progressive interstitial lung disease 
of unknown pathogenesis with no effective treatment currently available. Given the 
regulatory roles of lncRNAs (TP53TG1, LINC00342, H19, MALAT1, DNM3OS, 
MEG3), miRNAs (miR-218-5p, miR-126-3p, miR-200a-3p, miR-18a-5p, miR-
29a-3p), and their target protein-coding genes (PTEN, TGFB2, FOXO3, KEAP1) in 
the TGF-β/SMAD3, Wnt/β-catenin, focal adhesion, and PI3K/AKT signaling path-
ways, we investigated the expression levels of selected genes in peripheral blood 
mononuclear cells (PBMCs) and lung tissue from patients with IPF. Lung tissue and 
blood samples were collected from 33 newly diagnosed, treatment-naive patients and 
70 healthy controls. Gene expression levels were analyzed by RT-qPCR. TaqMan 
assays and TaqMan MicroRNA assay were employed to quantify the expression 
of target lncRNAs, mRNAs, and miRNAs. Our study identified significant dif-
ferential expression in PBMCs from IPF patients compared to healthy controls, 
including lncRNAs MALAT1 (Fold Change = 3.809, P = 0.0001), TP53TG1 (Fold 
Change = 0.4261, P = 0.0021), and LINC00342 (Fold Change = 1.837, P = 0.0448); 
miRNAs miR-126-3p (Fold Change = 0.102, P = 0.0028), miR-200a-3p (Fold 
Change = 0.442, P = 0.0055), and miR-18a-5p (Fold Change = 0.154, P = 0.0034); 
and mRNAs FOXO3 (Fold Change = 4.604, P = 0.0032) and PTEN (Fold 
Change = 2.22, P = 0.0011). In lung tissue from IPF patients, significant expres-
sion changes were observed in TP53TG1 (Fold Change = 0.2091, P = 0.0305) and 
DNM3OS (Fold Change = 4.759, P = 0.05). Combined analysis of PBMCs expres-
sion levels for TP53TG1, MALAT1, miRNA miR-126-3p, and PTEN distinguished 
IPF patients from healthy controls with an AUC = 0.971, sensitivity = 0.80, and 
specificity = 0.955 (P = 6 × 10–8). These findings suggest a potential involvement of 
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the identified ncRNAs and mRNAs in IPF pathogenesis. However, additional func-
tional validation studies are needed to elucidate the precise molecular mechanisms 
by which these lncRNAs, miRNAs, and their targets contribute to PF.

Keywords  Idiopathic pulmonary fibrosis · lncRNA · miRNAs · mRNAs · 
TP53TG1 · MALAT1 · miR-126-3p · PTEN

Introduction

Pulmonary fibrosis (PF) is a pathological process characterized by the replace-
ment of normal lung parenchyma with dense connective (fibrotic) tissue, driven by 
increased extracellular matrix synthesis and fibroblasts proliferation. This leads to 
lung tissue remodeling and ultimately functional failure (Noble et al. 2012; Giaco-
melli et  al. 2021). Idiopathic PF (IPF), a rapidly progressive interstitial lung dis-
ease of unknown etiology, remains without effective treatment options (Richeldi 
et al. 2017). Over the past three years, the emergence of COVID-19 has significantly 
increased the prevalence of secondary PF alongside IPF, with PF being one of the 
most severe complications following COVID-19 (George et al. 2020).

The pathogenesis and progression of IPF are closely linked to persistent dam-
age to pulmonary epithelium and endothelium caused by environmental factors such 
as cigarette smoke, toxins, chemicals, and viruses. This damage results in complex 
interaction among intracellular signaling cascades and dysfunctions within immune, 
epithelial, and mesenchymal cells following fibroblast activation (Noble et al. 2012; 
Phan et al. 2021). Damaged epithelial and endothelial cells actively express TGF-
β, which activates TGF-β/Smad3, Wnt/β-catenin, and PDGF-signaling pathways, 
inducing epithelial-mesenchymal transition (EMT) and endothelial-mesenchymal 
transition (EndMT) (Giacomelli et  al. 2021; Phan et  al. 2021; Podolanczuk et  al. 
2013). These cells begin to produce pro-fibrogenic markers such as α-smooth mus-
cle actin (α-SMA), fibroblast-specific protein 1 (FSP1), collagen 1, and fibronec-
tin, and are capable of transdifferentiating into fibrogenic myofibroblasts (Pardo and 
Selman 2021). Macrophages are also implicated in PF development, as they regu-
late fibroblast transdifferentiation and proliferation through the secretion of media-
tors including platelet-derived growth factor (PDGF), connective tissue growth fac-
tor (CTGF), fibroblast growth factors (FGF), insulin-like growth factor 1 (IGF-1), 
cytokines, chemokines, and matrix metalloproteases (MMPs) (Giacomelli et  al. 
2021; Perez-Favila et al. 2024). Dysregulated signaling pathways such as TGF-β1/
Smad3/α-SMA, Wnt/β-catenin, PI3K/AKT, HIPPO/YAP, and P53 play pivotal roles 
in fibrogenesis and lung tissue remodeling (Ye and Hu 2021; Pardo and Selman 
2021; Perez-Favila et al. 2024).

PF has been linked to the active secretion of TGF-β, IL-8, and IL-1β by alveolar 
macrophages, which further promotes EMT (Giacomelli et al. 2021; Xu et al. 2023; 
Wynn and Vannella 2016). Activation of the PI3K/AKT- and mTOR-signaling path-
way has been shown to increase the resistance of fibroblasts and myofibroblasts to 
apoptosis, thereby facilitating fibrosis (Romero et al. 2016; Allen et al. 2020; Wang 
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et  al. 2021). Recent evidence has identified genes such as MUC5B, TERT, TERC, 
RTEL1, PARN, SFTPC, and SFTPA2 as contributors to development (Michalski and 
Schwartz 2021; Tirelli et al. 2022). Genome-wide association studies (GWAS) have 
further uncovered more than 20 genetic loci associated with IPF, including TERC, 
TERT, DSP, 7q22.1, MUC5B, ATP11A, IVD, AKAP13, KANSL1, FAM13A, DPP9, 
DEPTOR, KIF15, and MAD1L1 (Noth et al. 2013; Fingerlin et al. 2013; Allen et al. 
2020).

The regulation of disease development also involves epigenetic mechanisms, 
including DNA and histone methylation and acetylation, as well as non-coding 
RNAs (ncRNA) such as microRNAs (miRNAs), long non-coding RNAs (lncRNAs), 
and circularRNAs (circRNAs) (Tirelli et al. 2022). These ncRNAs play crucial roles 
in regulating intracellular signaling pathways and are significant subjects of study 
for understanding various pathological phenotypes (Derrien et al. 2012; Kopp and 
Mendell 2018). Of particular scientific interest, lncRNAs, single-stranded RNAs 
longer than 200 bases, are actively investigated for their roles in fibrosis across mul-
tiple organs (Zhang et  al. 2019, 2021; Sun et  al. 2022). In the nucleus, lncRNAs 
contribute to nuclear compartmentalization, splicing regulation, and gene activity 
modulation through interactions with transcription factors, inhibition of their active 
sites, or by maintaining euchromatin and forming heterochromatin regions (Derrien 
et  al. 2012; Long et  al. 2017). In the cytoplasm, lncRNAs function as competing 
endogenous RNAs (ceRNAs) by binding to miRNAs, thereby preventing the sup-
pression of messenger RNA (mRNAs). Additionally, they regulate the post-trans-
lational protein modifications, act as scaffolds for signaling pathway proteins, and 
participate in intercellular communication (Derrien et al. 2012; Ferrè et al. 2016). 
MiRNAs, on the other hand, are short ncRNAs (19–25 nucleotides) that regulate 
protein-coding gene expression by binding to target mRNAs, leading to translational 
inhibition or mRNA degradation (Usman Pp and Sekar 2024). Together, ncRNAs 
serve as key regulatory molecules controlling the genome at transcriptional and 
post-transcriptional levels. Profiling the expression of lncRNAs and miRNAs offers 
new insights into the molecular pathogenesis of complex diseases, including IPF 
(Boateng and Krauss-Etschmann 2020).

Studies suggest that ncRNAs have significant potential as clinically relevant bio-
markers (Boateng and Krauss-Etschmann 2020; Poulet et  al. 2020). Research has 
identified miRNAs, lncRNAs, and circRNAs as key regulators of intracellular sign-
aling pathways implicated in IPF development (Zhang et  al. 2021; Usman et  al. 
2021; Yan et al. 2017; Ali et al. 2022; Miao et al. 2018). Altered ncRNA expres-
sion plays a crucial role in initiating EMT and fibrosis (Qian et al. 2019; Xu et al. 
2021). Transcriptomic studies have demonstrated differential expression of mRNAs 
and ncRNAs in PF models, identifying potential lncRNA–miRNA–mRNA networks 
involved in fibrotic process (Liu et al. 2020).

Thus, a wide array of molecules, cellular processes, signaling pathways, and 
regulatory elements have been implicated in IPF pathogenesis (Ali et  al. 2022; 
Ye and Hu 2021). Unraveling the molecular mechanisms driving IPF, identifying 
biomarkers, and understanding its progression remain central to research efforts 
(Spagnolo and Lee 2023). Despite significant progress, the precise mechanisms 
underlying IPF pathogenesis are yet to be fully elucidated.
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In the present study, we began by selecting lncRNAs previously linked to vari-
ous fibrotic diseases or cancers, given the observed co-occurrence of lung can-
cer in IPF patients. This overlap may stem from the activation of shared signal-
ing pathways (Podolanczuk et  al. 2013; Lin et  al. 2022; Yue et  al. 2024). Six 
LncRNAs were chosen for investigation: TP53TG1, LINC00342, H19, MALAT1, 
DNM3OS, and MEG3.

TP53TG1 (TP53 target 1), located on chromosome 7q21 (https://​www.​ncbi.​
nlm.​nih.​gov/​gene/​11257/), is induced by the tumor suppressor protein p53, which 
mediates cellular responses to damage and participates in the TP53-signaling 
pathway (Lu et al. 2021). Studies have implicated TP53TG1 in pathways such as 
PRDX/WNT/β-catenin (Chen et  al. 2021a), ERK1/ERK2 in hepatocellular car-
cinoma (Lu et  al. 2021), and PI3K/AKT in breast cancer (Shao et  al. 2020). In 
addition, its role in the pathogenesis of non-small cell lung cancer (NSCLC) has 
been noted (Yuan et  al. 2017). TP53TG1 has also been identified as an antifi-
brotic factor (Sun et al. 2022).

LINC00342 (long intergenic non-protein-coding RNA 342), located on chro-
mosome 2q11.1 (https://​www.​ncbi.​nlm.​nih.​gov/​gene/​150759/), shows elevated 
expression in NSCLC tissues (Wang et al. 2016). It binds to miR-203a-3p (Chen 
et al. 2019c) and inhibits the tumor-suppressive activity of p53 and PTEN (Tang 
et al. 2019). Activation of the miR-15b/TPBG pathway by LINC00342 has been 
linked to lung adenocarcinoma progression, metastasis, and (Su et al. 2022).

H19 (H19 imprinted maternally expressed transcript), found on chromosome 
11p15.5 (https://​www.​ncbi.​nlm.​nih.​gov/​gene/​283120/), is expressed solely from 
the maternal chromosome (Ghafouri-Fard et al. 2020). H19 plays a pro-oncogenic 
role in cancers such as esophageal, gastric, rectal, and pancreatic cancers, includ-
ing lung cancer (Yang et  al. 2021a). It has also been implicated in pulmonary, 
cardiac, hepatic, and renal fibrosis (Jiang and Ning 2020).

MALAT1 (metastasis associated lung adenocarcinoma transcript 1), located on 
chromosome 11q13.1 (https://​www.​ncbi.​nlm.​nih.​gov/​gene/​378938/), is expressed 
in various tissues and regulates the development of the nervous and muscular sys-
tems as well as vascular growth (Zhang et  al. 2017a, b). Its oncogenic effects 
are mediated through signaling pathways such as MAPK/ERK, PI3K/AKT, beta-
catenin/Wnt, Hippo, vascular endothelial growth factor (VEGF), and yes-associ-
ated protein (YAP) (Goyal et al. 2021). MALAT1 promotes cytokine production, 
fibroblast proliferation, migration, and EMT, exerting a pronounced pro-fibrotic 
effect in the lungs, liver, heart, and kidneys (Li et al. 2018a).

DNM3OS (DNM3 opposite strand/antisense RNA), located on chromosome 
1q24.3 (https://​www.​ncbi.​nlm.​nih.​gov/​gene/​10062​8315/), encodes an ncRNA that 
includes sequences for miR-199a-5p, miR-199a-3p, and miR-214–3 (Savary et al. 
2019). DNM3OS acts as a fibroblast-specific downstream effector of TGF-β, driv-
ing lung fibrosis (Chen et al. 2015). It also promotes fibrosis in the lungs, heart, 
and liver (Chen et al. 2015; Kong et al. 2021) and is involved in the Hippo signal-
ing pathway, which regulates cell proliferation and apoptosis (Yin et al. 2021).

MEG3 (maternally expressed gene 3), located on chromosome 14q32.2 (https://​
www.​ncbi.​nlm.​nih.​gov/​gene/​55384/), primarily exhibits tumor-suppressive effects. 
Reduced MEG3 expression has been observed in prostate (Wu et al. 2019), breast, 
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liver, colon, and lung cancers (Al-Rugeebah et al. 2019). Its role in fibrosis has also 
been explored, including its regulation of the mitochondrial apoptosis pathway 
through p53 activation and Bcl-xl inhibition (Gokey et al. 2018; Al-Rugeebah et al. 
2019). MEG3 expression decreases during liver fibrosis (Yu et al. 2018), while its 
overexpression has been shown to inhibit TGF-β1-induced EMT, cell proliferation, 
and collagen synthesis (Xue et al. 2019; Zhan et al. 2021). MEG3 also contributes to 
lung tissue remodeling in IPF (Gokey et al. 2018).

The miRNAs interacting with the lncRNAs TP53TG1, LINC00342, H19, 
MALAT1, DNM3OS, and MEG3 selected for this study, were identified using 
online databases, including DIANA Tools/DIANA-LncBase v3 (diana.e-ce.uth.gr/ 
LncBase v3.0), StarBase or ENCORI: Decoding the Encyclopedia of RNA Interac-
tomes (https://​rnasy​su.​com/​encori/) (Li et al. 2014), and Lncrna2target V3.0 (http://​
bio-​compu​ting.​hrbmu.​edu.​cn/​lncrn​a2tar​get/​index.​jsp) (Cheng et  al. 2019). Among 
these, five miRNAs – miR-218-5p, miR-126-3p, miR-200a-3p, miR-18a-5p and 
miR-29a-3p – were chosen for the detailed analysis.

MiR-218-5p was identified as a regulator of the protein-coding genes PTEN, 
TGFB2, FOXO3, as well as lncRNA MEG3. This miRNA influences key biological 
pathways, including EMT, inflammation, and apoptosis (Chen et  al. 2021c; Shan 
et al. 2022; Song et al. 2020). MiR-126-3p targets multiple genes implicated to car-
cinogenesis and inflammation, mediating the PI3K/AKT/mTOR pathway (Ebrahimi 
et al. 2014), apoptosis (Chen et al. 2021b), EMT, and fibrosis (Jordan et al. 2021). 
MiR-200a-3p is extensively studied for its role in regulating EMT, cell prolifera-
tion, and apoptosis. It is associated with pathways such as NF-κB- pathway (Cav-
allari et  al. 2021), TGF-β-TGFR-SMAD (Hoffmann et  al. 2016), Keap1/Nrf2 (Yu 
et al. 2019), and PI3K/AKT/mTOR (Shen et al. 2020). Notably, lncNAs MALAT1 
and H19 modulate miR-200a-3p post-transcriptionally (Cavallari et al. 2021). MiR-
18a-5p is a critical regulator of pathways such as TGF-β-SMAD2/3, PI3K/AKT, 
and WNT/β-catenin, which are involved in apoptosis, autophagy, EMT, and cellular 
stress responses (Kolenda et al. 2020; Zhong et al. 2023; Xiao and He 2020). The 
miR-29 family, particularly miR-29a-3p, regulates apoptosis and cell proliferation 
by targeting the TGF-β signaling pathway (Smyth et al. 2022), EMT (Wang et al. 
2019a), and PI3K/AKT/mTOR pathway (Yang et  al. 2021b). Importantly, miR-29 
is pivotal in fibrosis development by modulating multiple signaling pathways and 
directly inhibiting genes encoding extracellular matrix proteins (Smyth et al. 2022).

For miRNA target gene prediction and pathway enrichment analysis, databases 
such as Target Scan Human Release 8.0 (http://​www.​targe​tscan.​org) (McGeary et al. 
2019), miRPath v4.0 (http://​62.​217.​122.​229:​3838/​app/​miRPa​thv4), and miRwalk 
(http://​mirwa​lk.​umm.​uni-​heide​lberg.​de/) were employed. LncRNA–mRNA inter-
action analyses utilized StarBase/ENCORI (https://​rnasy​su.​com/​encori/) (Li et  al. 
2014) and Lncrna2target V3.0 (http://​bio-​compu​ting.​hrbmu.​edu.​cn/​lncrn​a2tar​get/​
index.​jsp) (Cheng et al. 2019) also were used.

Four genes – PTEN, TGFB2, FOXO3, and KEAP1 – were selected for further 
expression analysis. PTEN (Phosphatase and Tensin Homolog), located on chromo-
some 10q23, encodes a protein that antagonizes the PI3K/AKT/mTOR pathway, 
influencing glucose, lipid, and mitochondrial metabolism (Cai et  al. 2022; Chen 
et al. 2018). TGFB2 (Transforming Growth Factor Beta 2), located on chromosome 
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1q41 (https://​www.​ncbi.​nlm.​nih.​gov/​gene/​7042), encodes a cytokine from the 
TGF-β family involved in cell proliferation, differentiation, migration, regeneration, 
apoptosis, intercellular matrix remodeling, and EMT (Ishtiaq Ahmed et  al. 2014). 
The TGF-β family activates the canonical TGF-β/SMAD2/SMAD3/SMAD4 signal-
ing pathway (Schepers et al. 2018). FOXO3 (Forkhead Box O3), located on chro-
mosome 6q21 (https://​www.​ncbi.​nlm.​nih.​gov/​gene/​2309), encodes a transcription 
factor regulated by the PI3K/AKT-signaling pathway, which controls autophagy 
and apoptosis (Stefanetti et al. 2018). KEAP1 (Kelch-like ECH-Associated Protein 
1), located on chromosome 19p13.2 (https://​www.​ncbi.​nlm.​nih.​gov/​gene/​9817), 
encodes an inhibitor of the transcription factor Nrf2 (NFE2 like bZIP transcription 
factor 2). The KEAP1-NRF2 complex is crucial for regulating oxidative homeosta-
sis, senescence, and cell survival (Bellezza et al. 2018).

In this study, we focused on functionally interrelated lncRNAs, miRNAs, and tar-
get mRNAs implicated in the regulation of key pathways – TGF-β/Smad3, Wnt/β-
catenin, focal adhesion, and PI3K/AKT/mTOR – recognized for their pivotal role in 
fibrogenesis. Those molecules were selected based on their predicted or experimen-
tally validated interactions, encompassing lncRNAs-miRNA and miRNA-mRNA 
networks.

Given the invasive nature of lung biopsy and its associated high risks of morbid-
ity and mortality, especially in the context of severe IPF (Gao et al. 2017), inves-
tigating gene expression in PBMCs offers a valuable non-invasive alternative for 
biomarker discovery (Gao et  al. 2017). PBMCs, as immunocompetent cells, are 
critical players in the pathogenesis of respiratory diseases (Scott et al. 2019; Wynn 
and Vannella 2016; Schott et al. 2020). Among these, monocytes, which differenti-
ate into alveolar macrophages upon injury, play a central role in fibrosis develop-
ment (Podolanczuk et al. 2013; McCubbrey and Janssen 2024). The M2 phenotype 
of alveolar macrophages secretes inflammatory mediators and TGF-β, promoting 
pro-fibrotic processes and facilitating inflammatory cell recruitment, thereby driving 
fibrosis progression (Xu et al. 2023; Wynn and Vannella 2016). Elevated monocyte 
counts have been linked to higher mortality risk in IPF patients (Scott et al. 2019), 
while monocyte-derived alveolar exhibit increased expression of pro-inflammatory 
and pro-fibrotic genes (Misharin et al. 2017).

Recent single-cell RNA sequencing on PBMCs has identified an increased 
proportion of monocytes and regulatory T-cells in IPF patients, highlighting a 
lung–blood immune recruitment axis (Unterman et  al. 2024). Numerous studies 
underline the potential of peripheral blood biomarkers, including gene expression 
profiles in PBMCs, for early-stage IPF diagnosis and effective disease monitor-
ing (Yang et  al. 2012a; Herazo-Maya et  al. 2013). PBMCs, as key immune cells 
involved in cell–cell interactions, reflect lung-specific changes in IPF (Herazo-Maya 
et al. 2013; Fraser et al. 2021; Ishii et al. 2024).

Considering the functional significance of the selected ncRNAs and mRNAs 
in the TGF-β1/Smad, PI3K/AKT, focal adhesion, and Wnt/β-catenin signal-
ing pathways, we aimed to evaluate the expression level of lncRNAs (TP53TG1, 
LINC00342, H19, MALAT1, DNM3OS, MEG3), miRNAs (miR-218-5p, miR-
126-3p, miR-200a-3p, miR-18a-5p, miR-29a-3p), and target protein-coding genes 
(PTEN, TGFB2, FOXO3, KEAP1) in PBMCs and lung tissue of IPF patients. 
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Notably, this represents the first study to examine lncRNA, miRNA, and mRNA 
expression in IPF patients from the Volga-Ural region of Eurasia.

Materials and Methods

This study was conducted at Bashkir State Medical University (Ufa, Volga-Ural 
region of Eurasia, Russian Federation) between September 2022 and April 2024, 
adhering to the principles of Good Clinical Practice and the Declaration of Helsinki. 
Ethical approval was granted by the Ethics Committee of the Bashkir State Medical 
University (21.09.2022, No. 3), and written informed consent was obtained from all 
participants.

Study Population

Patients with Idiopathic Pulmonary Fibrosis

IPF was diagnosed in accordance with the clinical guidelines established by the 
American Thoracic Society, European Respiratory Society, Japanese Respiratory 
Society, and the Latin American Thoracic Association (ATS/ERS/JRS/ALAT) 
(Raghu et al. 2022). Diagnosis relied on patterns of interstitial lung disease identi-
fied through high-resolution computed tomography (HRCT) and, when necessary, 
lung tissue biopsy. Surgical biopsy was recommended in cases presenting subpleural 
fibrosis in the lower lobes and reticular shadows on HRCT. According to ATS/ERS 
guidelines, surgical verification is advised for cases with “probable” fibrosis, while 
transbronchial lung biopsy is generally not recommended, favoring video-assisted 
thoracoscopy or open biopsy instead.

Following comprehensive evaluations, including HRCT and lung scintigraphy, 
patients underwent minimally invasive video-assisted thoracoscopic lung resec-
tion to account for disease severity and procedure risks. Linear marginal resections 
yielded 5 mm3 tissue samples for histological, genetic, and molecular analyses. IPF 
was diagnosed for the first time in all included patients, who had not received prior 
specific treatment. Lung tissue and blood samples were collected from 33 patients 
diagnosed with IPF at the Department of Thoracic Surgery, University Clinic of 
Bashkir State Medical University.

Control Group

Samples from the control group were obtained from 70 individuals undergoing 
lung surgery due to chest trauma at the same institution. Group characteristics are 
detailed in Table 1.
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Sample Collection

Lung tissue and blood samples were collected in the Department of Thoracic Sur-
gery. Tissue samples were immediately preserved in RNAlater solution (Thermo 
Fisher Scientific Inc.) and stored at − 70 °C until analysis. Peripheral blood sam-
ples (4 mL) were collected in EDTA tubes, processed within an hour, and PBMCs 
were isolated using Ficoll-Paque density centrifugation. PBMCs isolation involved 
diluting 4 mL of blood with an equal volume of phosphate-buffered saline (PBS), 
overlaying the mixture onto 3 mL of Ficoll-Paque (GE, Cytiva), and centrifuging at 
420 × g for 30 min at room temperature. The PBMCs layer was extracted, washed 
twice with PBS, and suspended in TRIzol Reagent (Thermo Fisher Scientific Inc.) 
for RNA extraction.

RNA Extraction and Quality Assessment

Lung tissue samples (~ 5 mm3) were homogenized using a 3D–homogenizer (Pre-
cellys 24, Bertin Technologies) in TRIzol Reagent. RNA extraction from both tissue 
and PBMCs samples was performed per the manufacturer’s protocol (Thermo Fisher 

Table 1   Characteristics of the studied groups

BMI: Body mass index, FEV1: forced expiratory volume in 1  s, VC: vital capacity, FVC: forced vital 
capacity, Pack/years: number of cigarettes per day X number of years smoked / 20, Mean ± SD: Mean 
and Std. Deviation, Median (25–75% IQR): median and interquartile range, P: P-value for aStudent t-test, 
bMann-Whitney U-test, cPearson’s Chi-square test

Parameters Patients
(N = 33)

Control
(N = 70)

P

Age (Mean ± SD) 55.19 ± 10.22 48.46 ± 14.14 0.0547a

Female (n, %) 24 (72.73) 46 (65.71) 0.627c

Male (n, %) 9 (27.27) 24 (34.29)
Non-smokers (n, %) 24 (72.73) 46 (65.71) 0.627c

Smokers (n, %) 9 (27.27) 24 (34.29)
Pack/years for smokers (Mean ± SD) 20.5 ± 15.1 23.06 ± 16.48 0.7446a

BMI (Mean ± SD) 26.74 ± 6.044 25.77 ± 4.311 0.5177a

FEV1/FVC (%) 98.75 105.6 0.6588b

(Median (25–75% IQR)) (88.28–109) (83.64–113.2)
VC (%) 75.39 83.21 0.0001b

(Median (25–75% IQR)) (54.43–88.35) (47.99—92.58)
FEV1 (%) 75.85 82.1 0.0001b

(Median (25–75% IQR)) (48.04–84.3) (52.13–90.02)
Comorbidities (n, %) – –
Type 2 diabetes mellitus 3 (9.09)
Cardiovascular disease 7 (21.21)
Emphysema 5 (15.15)
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Scientific Inc.). RNA concentration and purity were assessed using a Nanodrop 
2000 spectrophotometer (Thermo Fisher Scientific Inc.), with acceptable  A260/
A280 ratios between 1.8 and 2.0. RNA integrity was verified by analyzing rRNA 
bands (28S and 18S) via electrophoresis on 1% agarose gel stained with ethidium 
bromide. All RNA samples were treated with DNase I (Thermo Fisher Scientific 
Inc.) to eliminate genomic DNA contamination.

Reverse Transcription and qRT‑PCR Reactions for lncRNAs and mRNAs

Reverse transcription for lncRNAs and mRNAs was performed using the First-
Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific Inc.), following 
the manufacturer’s protocol. Total RNA (30 ng) was reverse transcribed into cDNA 
using a random primer. The reaction mixture (20 μL) included 30 ng of template 
RNA, 1 μL random primers, 4 μL of 5 × reaction buffer (250 mM Tris–HCl, pH 
8.3, 250 mM KCl, 20 mM MgCl2, 50 mM DTT), 1 μL RiboLock RNase inhibi-
tor (20 units/μL), 2 μL 10 mM dNTP mixture, 1 μL RevertAid M-MuLV reverse 
transcriptase (200 units/μL), and nuclease-free water. The mixture was incubated at 
25 °C for 5 min, 42 °C for 60 min, and 70 °C for 5 min. The resulting cDNA was 
stored at –70 °C for subsequent analysis.

Quantitative real-time PCR (qRT-PCR) was conducted on a QuantStudio 5 qPCR 
System (Thermo Fisher Scientific Inc.) using qPCRmix-HS Master Mix (Evrogen, 
Russia, https://​evrog​en.​ru) according to the manufacturer’s recommendations. Each 
25 μL reaction mixture contained 1 μL cDNA, 1 μL gene specific primers (10 μM), 
1 μL fluorescent probes (10 μM), 5 μL qPCRmix-HS Master Mix, and nuclease-free 
water. Gene expression levels were assessed using TaqMan Assays (Thermo Fisher 
Scientific Inc.), which included primers and fluorescent probes for the following tar-
gets: TP53TG1 (gene ID 11257, Hs03462134_m1), LINC00342 (gene ID 150759, 
Hs00864338_m1), H19 (gene ID 283120, Hs00399294_g1), MALAT1 (gene ID 
378938, Hs00273907_s1), DNM3OS (gene ID 100628315, Hs01369625_m1), 
MEG3 (gene ID 55384, Hs00292028_m1), TGFB2 (gene ID 7042, Hs00234244_
m1), PTEN (gene ID 5728, Hs02621230_s1), FOXO3 (gene ID 2309, Hs00818121_
m1), and KEAP1 (gene ID 9817, Hs00202227_m1). Beta-2-microglobulin (B2M, 
gene ID 567, Hs00187842_m1) served as internal control. Each reaction was per-
formed in triplicate with cycling conditions as follows: 3 min at 95 °C (initial hot 
start), followed by 40 cycles of 15 s at 95  °C (denaturation) and 1 min at 60  °C 
(annealing/elongation). Positive and negative controls ensured RT-PCR specificity 
and quality.

Reverse Transcription and qRT‑PCR Reactions for miRNA

For miRNA analysis, reverse transcription reactions were carried out using the 
TaqMan MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific Inc.). Total 
RNA (30  ng) was reverse transcribed into cDNA using target-specific stem-loop 
primers, the TaqMan MicroRNA assay (Thermo Fisher Scientific Inc.) for hsa-miR-
218-5p (Assay ID: 000521), hsa-miR-126-3p (Assay ID: 002228), hsa-miR-200a-3p 

https://evrogen.ru
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(Assay ID: 000502), hsa-miR-18a-5p (Assay ID: 002422), hsa-miR-29a-3p (Assay 
ID: 002112), and RNU6B (U6) (Assay ID: 001093). The 20 μL reaction mixture 
included 30 ng template RNA, 1 μL target-specific stem-loop primer (10 μM), 4 μL 
a 5 × reaction buffer, 1 μL RiboLock RNase inhibitor (20 units/μL), 2 μL 10 mM 
dNTP mixture, 1 μL RevertAid M-MuLV reverse transcriptase (200 units/μL), and 
nuclease-free water. Reactions were incubated at 16 °C for 30 min, 42 °C for 30 min, 
and 85 °C for 5 min, then stored at –70 °C. qRT-PCR was conducted in triplicate on 
a QuantStudio 5 qPCR System using qPCRmix-HS Master Mix (Evrogen, Russia, 
https://​evrog​en.​ru) under the following conditions: 95 °C for 10 min (hot start), fol-
lowed by 40 cycles of 15 s at 95 °C (denaturation) and 1 min at 60 °C (annealing/
elongation). Target-specific primers and fluorescent probes from the TaqMan Micro-
RNA Assay were used, with RNU6B (U6) as the endogenous control. Positive and 
negative controls were included for validation and quality assurance.

LncRNA–miRNA–mRNA Interaction Analysis

Interaction among lncRNAs, miRNAs, and mRNAs were analyzed using Star-
Base (ENCORI) (https://​rnasy​su.​com/​encori/, accessed on September 2023) (Li 
et al. 2014) and Lncrna2target V3.0 (http://​bio-​compu​ting.​hrbmu.​edu.​cn/​lncrn​a2tar​
get/​index.​jsp, accessed on September 2023) (Cheng et al. 2019). To identify miR-
NAs binding to the lncRNAs studied (TP53TG1, LINC00342, H19, MALAT1, 
DNM3OS, MEG3) data from DIANA Tools/ DIANA-LncBase v3 (diana.e-ce.uth.
gr/ LncBase v3.0) were used (Paraskevopoulou et al. 2016). Target gene prediction 
for miRNAs was performed using multiple databases, including miRTarBase v8.0 
(accessed on September 2023) (Huang et al. 2020), TarBase v8.0 (https://​diana​lab.e-​
ce.​uth.​gr/​tarba​sev9, accessed on September 2023), Target Scan Human database 
Release 8.0 (http://​www.​targe​tscan.​org, accessed on September 2023) (McGeary 
et  al. 2019) miRPath v4.0 from DIANA Tools (http://​62.​217.​122.​229:​3838/​app/​
miRPa​thv4, accessed on September 2023), and miRwalk (http://​mirwa​lk.​umm.​uni-​
heide​lberg.​de/), which integrates results from 12 prediction tools. Pathway enrich-
ment and network visualization were conducted using ShinyGO: a graphical gene-
set enrichment tool (http://​bioin​forma​tics.​sdsta​te.​edu/​go/, accessed on September 
2023), STRING (https://​string-​db.​org/, accessed on December 2023), Cytoscape 
software v.3.10.1 platform (https://​cytos​cape.​org, accessed on December 2023), 
WikiPathways (https://​www.​wikip​athwa​ys.​org/, accessed on December 2023), Net-
workAnalyst 3.0 (https://​www.​netwo​rkana​lyst.​ca/​Netwo​rkAna​lyst/, accessed on 
September 2023), and KEGG (Kyoto Encyclopedia of Genes and Genomes) data-
base (https://​www.​kegg.​jp/).

Statistical Analysis

Statistical analyses were performed using MS Excel 2003, GraphPad Prism 9 
(GraphPad Software, https://​www.​graph​pad.​com), and SPSS Statistics 22.0. Data 
normality was assessed using the Shapiro Wilk test. For quantitative variables, 
results were expressed as mean ± standard deviation (Mean ± SD) or median and 

https://evrogen.ru
https://rnasysu.com/encori/
http://bio-computing.hrbmu.edu.cn/lncrna2target/index.jsp
http://bio-computing.hrbmu.edu.cn/lncrna2target/index.jsp
https://dianalab.e-ce.uth.gr/tarbasev9
https://dianalab.e-ce.uth.gr/tarbasev9
http://www.targetscan.org
http://62.217.122.229:3838/app/miRPathv4
http://62.217.122.229:3838/app/miRPathv4
http://mirwalk.umm.uni-heidelberg.de/
http://mirwalk.umm.uni-heidelberg.de/
http://bioinformatics.sdstate.edu/go/
https://string-db.org/
https://cytoscape.org
https://www.wikipathways.org/
https://www.networkanalyst.ca/NetworkAnalyst/
https://www.kegg.jp/
https://www.graphpad.com
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interquartile range (Median (25–75% IQR), and group comparisons were performed 
using nonparametric Mann–Whitney U-test (non-normal data) or Student’s test (nor-
mal data). Categorical variables were analyzed using Pearson’s Chi-square (χ2) test.

Relative gene expression was calculated using the ΔΔCt method (Livak and 
Schmittgen 2001). Significant differences in expression level between patients and 
controls were evaluated using the Mann–Whitney U-test. Correlations among vari-
ables were analyzed using Spearman’s rank correlation coefficient. Statistical sig-
nificance was set at P < 0.05. Receiver operating characteristic (ROC) curve analysis 
was used to evaluate the diagnostic potential of lncRNAs, mRNAS, and miRNAs 
expression levels in IPF. Regression models were constructed to identify significant 
predictors, with ROC analysis employed to assess model performance.

Results

Demographic Characteristics of the Study Groups

The clinical and demographic characteristics of the study groups are presented in 
Table 1. The IPF patient group and the control were comparable in basic character-
istics, including age, gender, smoking status, body mass index (BMI), and smoking 
intensity (pack/years for smokers). However, significant differences were observed 
in lung function parameters between the groups, specifically in Vital Capacity (VC) 
(P = 0.001) and Forced Expiratory Volume in 1 s (FEV1) (P = 0.0001) (Table 1).

As reported in the literature, respiratory and non-respiratory comorbidities fre-
quently affect IPF patients, influencing disease severity and patient survival (Podola-
nczuk et  al. 2013). In our cohort, the following comorbidities were observed: 
emphysema (15.15%), cardiovascular disease (21.21%), and type 2 diabetes (9.09%) 
(Table 1).

In Silico lncRNA–miRNA–mRNA Interaction Analysis and Pathway Enrichment 
Analysis

We conducted in silico analyses to identify interaction network among lnRNAs, 
miRNAs, and mRNAs. Table  2 summarizes the functional characteristics of the 
selected lncRNAs, mRNAs, and their interaction with miRNAs. Figures  1 and 2 
illustrate the interactions of the studied miRNAs with lncRNAs and mRNAs. This 
study focused on miRNAs interacting with selected lncRNAs and their respective 
target mRNAs.

For example, miR-218-5p interacts with lncRNA MEG3 and protein-coding genes 
PTEN, TGFB2, and FOXO3. MiR-200a-3p target a wide range of genes, including 
PTEN, TGFB2, and KEAP1, while interacting with the lncRNAs MALAT1 and 
H19. Similarly, miR-18a-5p interacts with lncRNAs H19 and TP53TG1 and tar-
gets mRNAs PTEN and FOXO3 (Figs. 1 and 2). Additionally, miR-29a-3p regulates 
various biological processes and target multiple genes, including PTEN, TGFB2, 
FOXO3, KEAP1, and lncRNAs H19 and DNM3OS. Notably, miR-29a-3p interacts 
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with FOXO3 and other target genes in biological processes such as apoptosis and 
cellular senescence.

We employed miRPath v.4.0, ShinyGo (http://​bioin​forma​tics.​sdsta​te.​edu/​go/), 
and STRING (https://​string-​db.​org/) for the analysis of the target genes of the 
studied miRNAs. miRPath analysis, performed using the TarBase v8.0 database, 

Fig. 1   Interaction network between miRNA and mRNA/lncRNAs. The Cytoscape 3.10.0 software plat-
form was used to visualize complex networks. a miR-218-5p; b miR-18a-5p; c miR-200a-3p; d miR-
126-3p; e miR-29a-3p

Fig. 2   Interaction network of studied lncRNAs. The Cytoscape 3.10.0 software platform was used to vis-
ualize complex networks. a MALAT1; b TP53TG1; c DNM3OS; d MEG3; e H19; f LINC00342

http://bioinformatics.sdstate.edu/go/
https://string-db.org/
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identified 116 signaling cascades (genes union method) and 111 signaling cascades 
(pathways union method), including key pathways such as PI3K/AKT signaling 
(P = 5.2956e−15), focal adhesion (P = 7.8367e−11), FoxO signaling (P = 1.2488e−08), 
cellular senescence (P = 3.9975e−07), Wnt signaling (P = 0.00718011), apopto-
sis (P = 1.5598e−06), and mTOR signaling (P = 0.00067967), all implicated in IPF 
pathogenesis (Supplementary Fig.  1, Supplementary Table  1). Analysis using the 
microT-CDS algorithm identified 97 and 60 signaling cascades (genes union and 
signaling pathways union methods, respectively), with significant enrichment in 
pathways such as PI3K/AKT signaling, focal adhesion, FoxO signaling, apoptosis, 
Wnt signaling (Fig. 3, Supplementary Table 2).

Notably, miR-29a-3p and hsa-miR-218-5p contributed most significantly to path-
way enrichment. Further analyses focused on 154 target genes within the PI3K/
AKT-signaling pathway (merged data from TarBase v8.0 and microT-CDS). Hier-
archical pathway correlation clustering (Supplementary Fig. 2b) revealed the most 
significant cluster centered on PI3K/AKT signaling (P = 1.3e−278).

STRING analysis of protein–protein interactions (PPI) for miRNA target genes 
revealed a P-value < 1.0e−16, indicating that the encoded proteins are biologi-
cally interconnected (Fig.  4, Supplementary Fig.  3). These genes are part of 174 
KEGG pathways, including 152 genes involved in the PI3K/AKT-signaling cascade 
(P = 6.35e−248, strength = 1.75). Analysis using WikiPathways identified 144 genes 
associated with PI3K/AKT signaling (P = 1.07e−225, strength = 1.74) (Fig.  4). Key 
elements of these genes within the PI3K/AKT-signaling cascade are highlighted in 
Fig. 5.

Fig. 3   Heat map of KEGG target pathways involving the studied miRNA target genes (based on the 
microT-CDS algorithm): a Pathways union method; b Genes union method (20 most significant signaling 
cascades included)
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Using ENCORI/StarBase, ShinyGo, and STRING, we analyzed the target 
genes of the six lncRNAs under study. Enrichment analyses based on experi-
mentally validated interactions from the ENCORI/StarBase platform were per-
formed with specific parameters: ExpNum ≥ 1 for TP53TG1, LINC00342, H19, 
DNM3OS, and MEG3; and ExpNum ≥ 3 for MALAT1 to level the excess of tar-
get RNA. These lncRNAs have 1977 target RNAs (Supplementary Tables 4–9).

Fig. 4   Graphical representation the results of 154 target protein–protein interactions of target genes of 
investigated miRNAs (combined TarBase v8.0 and microT-CDS data) using STRING online resource: a 
Results of analysis using the KEGG pathway online resource; b Results of analysis using the WikiPath-
ways online resource (https://​www.​wikip​athwa​ys.​org/)

Fig. 5   Schematic illustration of the PI3K/AKT-signaling pathway based on KEGG data of analyzed 
miRNA targets. Genes identified as targets are highlighted in red

https://www.wikipathways.org/


	 Biochemical Genetics

ShinyGo analysis (Supplementary Fig.  4a; Supplementary Table  10) identified 
the 20 most enriched signaling pathway targeted by the lncRNAs. Hierarchical clus-
tering (Supplementary Fig. 4b) highlighted focal adhesion as a significant pathway 
(FDR = 3.6e−11). STRING analysis of PPI for lncRNA targets (P-value < 1.0e−16) 
confirmed biological interconnectivity (Supplementary Fig.  5). According to 
KEGG and WikiPathways data, lncRNA targets are involved in 72 and 74 pathways, 
respectively, with focal adhesion prominently represented (KEGG: FDR = 7.67e−07; 
strength = 0.45; WikiPathways: FDR = 5.56e−06; strength = 0.43) (Supplementary 
Fig. 6). The key elements of the focal adhesion signaling pathway, which are target 
products of the studied lncRNAs, are presented in Fig. 6.

Our analysis indicates that the miRNAs, lncRNAs, and target mRNAs included 
in the study function as regulators of PI3K/AKT/mTOR signaling, focal adhesion, 
FoxO-signaling pathway, apoptosis, Wnt signaling, TGF-β/SMAD3-signaling path-
ways. They are implicated in critical cellular processes, including EMT, apoptosis, 
antioxidant response to oxidative stress, inflammation, fibrogenesis, and cellular 
senescence.

Relative Expression of Studied lncRNAs, mRNAs, and miRNAs in Peripheral Blood 
Mononuclear Cells (PBMCs)

We analyzed the expression of lncRNAs (TP53TG1, LINC00342, H19, MALAT1, 
DNM3OS, MEG3), miRNA (miR-218-5p, miR-126-3p, miR-200a-3p, miR-18a-5p, 
miR-29a-3p), and protein-coding genes (PTEN, TGFB2, FOXO3, KEAP1) in 
PBMCs and lung tissue samples from both patients and control group.

Fig. 6   Schematic representation of the Focal Adhesion signaling cascade based on KEGG data of ana-
lyzed lncRNA targets. Genes identified as targets are highlighted in red
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The lncRNAs differentially expressed in the PBMCs of IPF patients are presented 
in Table  3 and Fig.  7a. Notably, the relative expression of TP53TG1 was signifi-
cantly downregulated in the PBMCs of IPF patients (Fold Change (FCh) = 0.4261, 
Fold Regulation (FR) = − 2.346, P = 0.0021). Conversely, LINC00342 (FCh = 1.837, 

Table 3   The expression profiles of selected lncRNAs, mRNAs, and miRNAs in peripheral blood mono-
nuclear cells (PBMCs) and lung tissue samples of IPF patients

P-value for Mann–Whitney test U-test; Fold Regulation for Fold Change < 1 calculated as (-1/ Fold 
Change). The statistically significant differences are highlighted in bold

RNA Peripheral blood mononuclear cells 
(PBMCs)

Lung tissue samples

Fold change 
(2(−ΔΔCt) case / 
2(−ΔΔCt) control)

Fold up- or 
down-regu-
lation

P-value Fold change 
(2(−ΔΔCt) case / 
2(−ΔΔCt) control)

Fold up- or 
down-regu-
lation

P-value

TP53TG1 0.4261 -2.346 0.0021 0.2091 − 4.781 0.0305
LINC00342 1.837 1.837 0.0448 0.4733 − 2.112 0.8703
MALAT1 3.809 3.809 0.0001 2.979 2.979 0.6196
H19 5.45 5.45 0.06 3.186 3.186 0.9137
DNM3OS 3.41 3.41 0.091 4.759 4.759 0.05
MEG3 2.716 2.716 0.6121 5.001 5.001 0.5208
TGFB2 1.197 1.197 0.2302 0.892 − 1.12 0.667
PTEN 4.604 4.604 0.0032 1.59 1.59 0.1512
FOXO3 2.22 2.22 0.0011 0.128 − 7.77 0.5191
KEAP1 2.78 2.78 0.1281 1.469 1.469 0.94
miR-218-5p 3.954 3.954 0.1579 3.99 3.99 0.369
miR-126-3p 0.102 − 9.721 0.0028 2.969 2.969 0.096
miR-200a-3p 0.442 − 2.258 0.0055 0.28 − 3.55 0.841
miR-18a-5p 0.154 − 6.463 0.0034 0.806 − 1.23 0.665
miR-29a-3p 0.519 − 1.925 0.851 2.689 2.689 0.1733

Fig. 7   Relative expression levels of lncRNAs (A), mRNAs (B), and miRNAs (C) in PBMCs of patient 
and control groups. Results presented as Log10 of Fold Change (Log10 2−ΔΔCt) in Tukey box-and-
whisker plots, P: P-value for Mann-Whitney U-test.
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P = 0.0448) and MALAT1 (FCh = 3.809, P = 0.0001) were significantly upregu-
lated in PBMCs of IPF patients. Among protein-coding genes PTEN (FCh = 4.604, 
P = 0.0032) and FOXO3 (FCh = 2.22, P = 0.0011) showed a statistically signifi-
cant increase in relative expression in IPF patients’ PBMCs (Table 3 and Fig. 7b). 
Regarding miRNAs, three were differently expressed in the PBMCs of IPF patients 
(Table  3, Fig.  7c). The relative expression levels of miR-126-3p (FCh = 0.102, 
FR = − 9.721, P = 0.0028), miR-200a-3p (FCh = 0.442, FR = − 2.258, P = 0.0055), 
and miR-18a-5p (FCh = 0.154, FR = − 6.463, P = 0.0034) were significantly down-
regulated in IPF patients.

Relative Expression of Studied lncRNAs, mRNAs and miRNAs in Lung Tissue

The expression profiles of lncRNAs, mRNAs, and miRNAs in lung tissue samples 
from IPF patients and controls are summarized in Table 3 and Fig. 7. In the lung 
tissue of IPF patients, TP53TG1 was significantly downregulated (FCh = 0.2091 
FR = − 4.781, P = 0.0305). Conversely, DNM3OS was notably upregulated 
(FCh = 4.759, P = 0.05). However, no significant differences were observed in the 
expression levels of LINC00342, H19, MALAT1, miR-218-5p, miR-126-3p, miR-
200a-3p, miR-18a-5p, miR-29a-3p, PTEN, TGFB2, FOXO3, and KEAP1 between 
the lung tissue of IPF patients and controls. These findings may reflect the distinct 
expression patterns of ncRNA and mRNA across different cell types and tissues 
(Fig. 8).

Correlation Analysis

Considering the functional interactions among the selected lncRNAs, miRNAs, and 
mRNAs, we examined the correlations between their expression levels, as well as 
their relationships with clinical and demographic parameters in PBMCs and lung 
tissue samples. The findings are detailed in Supplementary Tables 11, 12, 13, 14 and 

Fig. 8   Relative expression level of lncRNAs (A), mRNAs (B), and miRNAs (C) in lung tissue of patient 
and control groups. Results are presented as Log10 of Fold Change (Log10 2−ΔΔCt) in Tukey box-and-
whisker plots, P: P-value for the Mann-Whitney U-test.
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visualized as heat maps in Supplementary Figs. 7 and 8. The most significant cor-
relations between the relative expression level of all studied lncRNAs, miRNAs, and 
mRNAs in PBMCs and lung tissue are highlighted in Fig. 9. Correlations between 
clinical/demographic parameters and the relative expression levels of these mole-
cules are illustrated in Fig. 10.

Several notable correlations were observed. In PBMCs, DNM3OS expression 
showed a positive correlation with H19 (r = 0.311, P = 0.047). TP53TG1 expres-
sion was positively correlated with LINC00342 (r = 0.453, P = 3.43 × 10–5), MEG3 
(r = 0.331, P = 0.011) and miR-126-3p (r = 0.282, P = 0.012). MALAT1 expression 
in PBMCs correlated positively with LINC00342 (r = 0.59, P = 7.35 × 10–8) and 
the protein-coding genes PTEN (r = 0.464, P = 8.68 × 10–5) and FOXO3 (r = 0.283, 
P = 0.022). Conversely, MALAT1 expression was negatively correlated with miR-
126-3p (r = − 0.327, P = 0.0053), miR-200a-3p (r = − 0.259, P = 0.0292), and miR-
18a-5p (r =− 0.381, P = 0.001) (Supplementary Table 1). Positive correlations were 
also identified between FOXO3 expression in PBMCs and the protein-coding genes 
PTEN (r = 0.558, P = 1.09 × 10–7), TGFB2 (r = 0.457, P = 0.0003), and KEAP1 
(r = 0.395, P = 0.0003). In contrast, FOXO3 expression was negatively correlated 
with the ncRNAs H19 (r =− 0.313, P = 0.009), TP53TG1 (r =− 0.248, P = 0.038), 
and miR-126-3p (r = − 0.268 P = 0.02). Additionally, PTEN expression in PBMCs 
correlated positively with LINC00342 (r = 0.277, P = 0.22) and negatively with 
miR-126-3p (r = − 0.281 P = 0.013) and miR-18a-5p (r =− 0.317, P = 0.005). Nota-
bly, the expression levels of all studied miRNAs in PBMCs showed positive correla-
tions with each other (Supplementary Table 11).

In lung tissue, the relative expression level of H19 showed a positive correla-
tion with TP53TG1 (r = 0.35, P = 0.027) and LINC00342 (r = 0.339, P = 0.026) 

Fig. 9   Correlation between relative expression level of studied lncRNAs, miRNAs, and mRNAs in 
PBMC and lung tissue (the most significant results are presented). Correlation were analyzed using 
Spearman correlation coefficient, data are presented in Supplementary Tables 11 and 12
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(Supplementary Table  12). LINC00342 expression was positively correlated with 
MALAT1 (r = 0.553, P = 1.53 × 10–5) and the protein-coding gene PTEN (r = 0.305, 
P = 0.039). TGFB2 expression in lung tissue was positively correlated with PTEN 
(r = 0.441, P = 0.002), FOXO3 (r = 0.598, P = 1.12 × 10–5), and DNM3OS (r = 0.298, 
P = 0.043), while showing a negative correlation with miR-200a-3p (r = − 0.365, 
P = 0.013). KEAP1 expression was positively correlated with FOXO3 (r = 0.477, 
P = 0.001) and PTEN (r = 0.627, P = 5.05 × 10–6), and a strong positive correlation 
was found between FOXO3 and PTEN (r = 0.74, P = 3.66 × 10–9). MALAT1 expres-
sion was negatively correlated with miR-18a-5p (r = − 0.346, P = 0.022) and miR-
29a-3p (r = − 0.316, P = 0.039). The expression of MEG3 was negatively correlated 
with miR-126-3p (r = − 0.453, P = 0.0022) and miR-29a-3p (r = − 0.377, P = 0.013). 
Strong positive correlations were observed among the expression levels of miR-
218-5p, miR-126-3p and miR-18a-5p in lung tissue (Supplementary Table 12).

Correlations between the expression levels of the studied lncRNAs, miRNAs, 
and mRNAs with clinical/demographic parameters (age, pack/years, FEV1/FVC, 
VC, FEV1) were analyzed. A negative correlation was observed between patient 
age and miR-218-5p expression in PBMCs (r = − 0.531, P = 0.004). H19 expres-
sion in PBMCs was negatively correlated with pack/years (r = − 0.645 P = 0.011). 
DNM3OS expression in PBMCs showed a positive correlation with FEV1/FVC 
ratio (r = 0.928 P = 0.007), while TGFB2 expression was negatively correlated with 
VC (r = − 0.648, P = 0.048) and FEV1 (r = − 0.952, P = 0.0001) (Supplementary 
Table 13).

In lung tissue, the relative expression levels of MALAT1 (r = 0.537, P = 0.012), 
PTEN (r = 0.625, P = 0.002), FOXO3 (r = 0.628, P = 0.002), and KEAP1 (r = 0.45, 

Fig. 10   Correlation expression levels of studied lncRNAs, miRNAs, and mRNAs in PBMCs and lung 
tissue and clinical/demographic parameters (significant results are presented). Correlations were ana-
lyzed using the Spearman correlation coefficient, data are presented in Supplementary Tables 13 and 14
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P = 0.04) were positively correlated with patient age. Conversely, MEG3 expression 
in lung tissue was negatively correlated with FEV1 (r = − 0.565, P = 0.024) (Supple-
mentary Table 14). The correlations between gene expression levels, lung function 
parameters, and patient age suggest a potential role in in lung tissue senescence and 
the development of fibrotic alterations. However, further validation in larger cohorts 
and functional studies is required to confirm these findings.

Prognostic Significance of Differentially Expressed lncRNAs, miRNAs and mRNAs 
in IPF

The diagnostic power of differentially expressed lncRNAs, mRNAs, and miRNAs in 
IPF was evaluated through receiver operating characteristic (ROC) curve analysis, 
comparing the area under the curve (AUC) values. Supplementary Fig. 9. illustrates 
the predictive performance of these biomarkers in PBMCs and lung tissue sam-
ples, highlighting their expression profiles’ ability to differentiate IPF patients from 
controls.

TP53TG1 exhibited predictive ability for IPF, with an AUC of 0.7117 (95% CI 
0.5944 – 0.8290, P = 0.002, cut off = 1.143, sensitivity = 79.2%, specificity = 59.7%) 
in PBMCs samples and an AUC of 0.6926 (95% CI 0.5324–0.8529, P = 0.0306, 
cut  off = 0.651, sensitivity = 72.7%, specificity = 57.1%) in lung tissue samples. 
MALAT1 demonstrated strong predictive power in PBMCs, achieving an AUC of 
0.8140 (95% CI 0.7005–0.9276, P = 0.0001, cut  off = 1.531, sensitivity = 90.0%, 
specificity = 64.9%). LINC00342 showed moderate predictive ability in PBMCs, 
with an AUC of 0.6456 (95% CI 0.5122–0.7791, P = 0.04, cut  off = 1.452, sensi-
tivity = 77.3%, specificity = 52.5%). Similarly, PTEN expression in PBMCs exhib-
ited moderate predictive capability for IPF, with an AUC of 0.7114 (95% CI 0.5568 
– 0.8661, P = 0.004, cut  off = 1.824, sensitivity = 66.7%, specificity = 76.2%). 
FOXO3 in PBMCs differentiated IPF patients from controls with an AUC of 0.7407 
(95% CI 0.6105 – 0.8709, P = 0.001, cut  off = 2.482, sensitivity = 57.9%, specific-
ity = 80.9%). In lung tissue, DNM3OS demonstrated moderate predictive power 
for IPF, with an AUC of 0.6636 (95% CI 0.5057 – 0.8216, P = 0.05, cut off = 1.34, 
sensitivity = 60.0%, specificity = 77.3%). Additionally, several miRNAs in PBMCs 
showed moderate diagnostic accuracy for IPF. For miR-216-3p, the AUC was 0.6786 
(95% CI 0.5754– 0.7817, P = 0.004, cut  off = 0.6245, sensitivity = 75.0%, speci-
ficity = 61.4%). For miR-200a-3p, the AUC was 0.6665 (95% CI 0.5566–0.7764, 
P = 0.007, cut  off = 0.6245, sensitivity = 65.6%, specificity = 70.0%). For miR-
18a-5p, the AUC was 0.6746 (95% CI 0.5674–0.7817, P = 0.005, cut off = 0.5953, 
sensitivity = 71.9%, specificity = 60.0%).

The diagnostic capability of combined lncRNAs, miRNA, and mRNA for IPF 
was evaluated through multiple regression analysis followed by ROC analy-
sis. Two informative prognostic models for distinguishing IPF patients from con-
trols were identified, as summarized in Table 4. The first model, which combined 
TP53TG1, MALAT1, and PTEN expression, demonstrated an AUC of 0.928 (95% 
CI 0.866–0.990, P = 6 × 10–7, sensitivity − 53.3%, specificity − 93.9%) (Fig. 11a). 
This model exhibited a moderate level of sensitivity but high specificity. The 
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Table 4   Results of multiple 
regression analysis of combined 
evaluation of TP53TG1, 
MALAT1, PTEN, miR-126-3p 
gene expressions in PBMCs for 
discrimination between the IPF 
and control group

b—The beta coefficient for variable, PWald—the significance for 
Wald statistics, the OR—(exp (b)), χ2- the likelihood ratio test (LR), 
df—the number of degrees of freedom, P—the value for the likeli-
hood ratio test, AUC—area under the curve, 95% CI—95% confi-
dence interval for AUC, PROC—is the significance for ROC-curve

Variables b PWald OR 95% CIOR

Model 1
PTEN 0.449 0.04 1.566 1.19–2.47
TP53TG1 − 2.713 0.029 0.066 0.01–0.76
MALAT1 0.164 0.039 1.178 1.01–1.38
Intercept − 0.994 0.0120 0.370
χ2 = 35.05, df = 3, P = 1.22 × 10–7

AUC = 0.928 (95% CI 0.866 -0.990), PROC = 6 × 10–7

Sensitivity—53.3%, Specificity—93.9%
Model 2
miR-126-3p − 1.377 0.02 0.252 0.05–0.76
TP53TG1 − 4.113 0.032 0.016 0.08–0.71
MALAT1 0.285 0.04 1.330 1.03–1.81
PTEN 0.528 0.048 1.696 1.41–2.86
Intercept − 0.048 0.0153 0.953
χ2 = 44.56, df = 4, P = 1.77 × 10–8

AUC = 0.971 (95% CI 0.935—1.00), PROC = 6 × 10–8,
Sensitivity = 80.0%, Specificity = 95.5%

Fig. 11   The receiver operating characteristic (ROC) curves for results of multiple regression analysis 
of combined evaluation of TP53TG1, MALAT1, PTEN, and miR-126-3p gene expressions in PBMCs 
for discrimination between the IPF and control group. The area under the curve (AUC) of Model 1 (a), 
including combined evaluation of TP53TG1 + MALAT1 + PTEN expression in PBMCs can differenti-
ate the IPF patients from the control group with an AUC of 0.928 (95% CI 0.866–0.990, P = 6 × 10–7, 
sensitivity = 53.3%, specificity = 93.9%). The AUC for Model 2 (b), including combined evaluation of 
TP53TG1 + MALAT1 + PTEN + miR-126-3p expression in PBMCs, was 0.971 (95% CI 0.935–1.00, 
P = 6 × 10–8, sensitivity = 80.0%, specificity = 95.5%)
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second model, which incorporated TP53TG1, MALAT1, PTEN, and miR-126-3p 
expression in PBMCs, showed superior diagnostic performance with an AUC of 
0.971 (95% CI 0.935–1.00, P = 6 × 10–8, sensitivity = 80.0%, specificity = 95.5%) 
(Fig. 11b). This model demonstrated both high sensitivity and specificity, making 
it a robust classifier for differentiating IPF patients from healthy individuals. These 
findings suggest that the combined evaluation of multiple gene expression, including 
lncRNAs, miRNA, and target mRNA, offers a highly sensitive and specific prognos-
tic model for IPF diagnosis. However, validation on independent, larger sample sets 
is necessary to confirm these results and establish their clinical utility.

Discussion

PF is a condition marked by irreversible remodeling of the pulmonary interstitial 
tissue, leading to respiratory dysfunction (Giacomelli et al. 2021; Podolanczuk et al. 
2013). Among idiopathic interstitial pneumonia-related diseases, IPF stands out as 
the most prevalent, with the highest incidence and poorest prognosis, character-
ized by a median survival of 2–4 years post-diagnosis (Giacomelli et al. 2021). The 
World Health Organization has highlighted a significant increase in PF cases during 
the COVID-19 pandemic (Tanni et  al. 2021). Despite its clinical significance, the 
underlying mechanisms driving IPF and its rapid progression remain largely unde-
fined. In recent years, the potential role of ncRNAs in uncovering novel therapeu-
tic strategies and identifying biomarkers for complex diseases has garnered consid-
erable attention (Romero et  al. 2016; Poulet et  al. 2020; Yan et  al. 2017). In this 
study, we focused on specific lncRNAs (TP53TG1, LINC00342, H19, MALAT1, 
DNM3OS, MEG3), miRNAs (miR-218-5p, miR-126-3p, miR-200a-3p, miR-18a-5p, 
miR-29a-3p), and target protein-coding genes (PTEN, TGFB2, FOXO3, KEAP1). 
These molecules regulate key signaling pathways, including PI3K/AKT/mTOR, 
focal adhesion, FoxO, Wnt, and TGF-β/SMAD3, which are implicated in apoptosis, 
cellular senescence, and EMT.

This study revealed a significant increase in the relative expression level of 
MALAT1 in PBMCs of IPF patients. However, in lung tissue, no statistically signifi-
cant differences were observed in MALAT1 expression levels between patients and 
controls, despite a trend of upregulation. This discrepancy may reflect tissue-specific 
patterns of MALAT1. A positive correlation was established between MALAT1 
and LINC00342 expression both in PBMCs and lung tissue, as well as between 
MALAT1 and the protein-coding genes PTEN and FOXO3 in PBMCs. Conversely, 
MALAT1 expression in PBMCs showed a negative correlation with miR-126-3p, 
miR-200a-3p, and miR-18a-5p. The lncRNA–miRNA and miRNA–mRNA interac-
tion network analysis (Table 2, Figs. 1 and 2) underscored MALAT1’s pivotal role 
in regulating genes associated with key pathways such as TGF-β1/SMAD, PI3K/
AKT/mTOR, focal adhesion, and FoxO. These pathways influence processes like 
EMT, inflammation in lung tissue, apoptosis, and fibrosis. ROC-curve analysis dem-
onstrated that assessing MALAT1 expression in PBMCs offers strong predictive 
power for distinguishing IPF patients from healthy individuals. This highlights its 
potential utility as a biomarker.
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The role of MALAT1 in fibrosis across various organs is an area of active inves-
tigation. A meta-analysis by Ghafouri-Fard et  al. (2021) reported that MALAT1 
promotes cardiac fibrosis through the miR-141/NLRP3/TGF-β1/Smad2/3 signal-
ing pathway (Ghafouri-Fard et al. 2021). Similarly, it exacerbates renal fibrosis and 
EMT under hyperglycemia via the miR-145/focal adhesion kinase (FAK) and miR-
145/ZEB2 pathways (Ghafouri-Fard et al. 2021). In liver fibrosis, MALAT1 inhibits 
miR-181a-5p, activating TLR4/NF-κB signaling pathway (Wang et al. 2021).

In lung diseases, MALAT1 expression increases in lipopolysaccharide (LPS)-
treated macrophages associated with PF. Knockdown of MALAT1 suppresses 
C-type lectin domain family 16, member A (Clec16a), reduces pro-inflammatory 
macrophage activation and cytokine levels, and limits neutrophil infiltration, inter-
stitial thickening, and lung inflammation (Yan et al. 2017; Lai et al. 2022). Cui et al. 
(2019) demonstrated that MALAT1 knockdown reduced LPS-induced M1 mac-
rophage activation while enhancing alternative M2 macrophage activation, which 
promotes fibrosis. In mouse models, MALAT1 knockdown reduced LPS-induced 
inflammation and lung damage while exacerbating subsequent PF (Cui et al. 2019). 
Further supporting its relevance in IPF, Wang et  al. (2020) reported significant 
upregulation of MALAT1 expression in the peripheral blood of IPF patients (Wang 
et al. 2020). Lin et al. (2019) showed that MALAT1 acts as a competing endogenous 
RNA (ceRNA) for miR-150, activating AKT signaling (Lin et al. 2019).

MALAT1’s pro-oncogenic effects extend beyond fibrosis through its interac-
tions with miRNA and signaling pathways. For instance, MALAT1 modulates the 
CDC42/ZEB2 pathway in breast cancer via miR-1/miR-204 inhibition, the TGFA 
pathway in osteosarcoma via miR376A, the Gli2 pathway in gastric cancer via miR-
202, and the IASPP/PHF19 pathway in ovarian cancer via miR-506/miR-211 (Li 
et al. 2018b). Additionally, it interacts with miR-124 and regulates the RBG2 path-
way in cervical cancer, while also modulating miR-200 family (miR-200a-3p, miR-
200b-3p, miR-200c-3p), acting as ceRNA (Chen et al. 2019b).

In SARS-CoV-2-related inflammation, MALAT1 interacts with the miR-200 
family, impacting TGF-β1/Smad2/3 signaling and ACE2 expression, further linking 
it to pulmonary and systemic fibrosis pathways (Sodagar et al. 2022). These findings 
confirm MALAT1’s critical role in IPF pathogenesis, reinforcing its importance in 
fibrosis and inflammation regulation.

A negative correlation was observed between MALAT1 and miR-200a-3p expres-
sion levels in PBMCs of IPF patients, where miR-200a-3p was significantly down-
regulated. Interaction network analysis (Table 2, Fig. 1) revealed that miR-200a-3p 
interacts with the lncRNAs MALAT1 and H19, as well as with protein-coding genes 
such as PTEN, TGFB2, and KEAP1. MirPath analysis (Supplementary Table 1, 2, 
Fig. 3, 4) identified a wide array of miR-200a-3p target genes involved in several 
pathways, including the FoxO-signaling pathway (P = 3.8806e−06), PI3K/AKT-sign-
aling pathway (P = 3.599e−05), cell cycle regulation (P = 1.1632e−07), cellular senes-
cence (P = 0.00018937), mTOR-signaling pathway (P = 0.00080421), Wnt-signaling 
pathway (P = 0.00153709), and focal adhesion (P = 2.969e−09).

The miR-200 family, comprising miR-200a, miR-200b, miR-200c, miR-
141, and miR-429, is encoded by two genomic clusters located at 1p36.33 (miR-
200b/200a/429) and 12p13.31 (miR-200c/141) (Klicka et al. 2022). These miRNAs 
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have been implicated in IPF and various cancers, largely due to their regulation of 
cell cycle pathways and inhibition of EMT (Klicka et al. 2022; Moimas et al. 2019). 
Previous studies have consistently reported downregulation of the miR-200 family 
in IPF (Yang et al. 2012a, b). The specific contribution of miR-200a to IPF develop-
ment is a focus of ongoing research. Mansour et al. (2021) demonstrated that in a rat 
model of bleomycin-induced PF treated with tadalafil, miR-200a levels were upreg-
ulated and inversely correlated with key pro-fibrotic pathway components, including 
TGF-β/ SMAD3/α-SMA, Snail, and p-AKT/p-FOXO3a, as well as α-SMA levels 
(Mansour et al. 2021). Similarly, Kadota et al. (2021) highlighted miR-200a’s role 
in suppressing TGF-β- and WNT-signaling pathways, inhibiting myofibroblast dif-
ferentiation and lung epithelial cell senescence (Kadota et al. 2021). Moimas et al. 
(2019) laid important groundwork by demonstrating a marked downregulation of 
the miR-200 family in alveolar type II cells from IPF patients (Moimas et al. 2019). 
This was accompanied by upregulation of EMT markers (ZEB1, ZEB2) and cellular 
senescence markers (CDKN1A and CDKN2A) (Moimas et al. 2019).

In the present study, we observed downregulation of miR-126-3p in PBMCs 
of IPF patients. Network interaction analysis of lncRNAs, miRNAs, and mRNAs 
(Table  2, Fig.  1) revealed interactions between miR-126-3p and the protein-
coding gene FOXO3. According to MirPath analysis, miR-126-3p is involved in 
the regulation of several key pathways, including PI3K/AKT-signaling pathway 
(P = 0.000499), FoxO-signaling pathway (P = 3.480e−05), cellular senescence 
(P = 0.000795), and apoptosis (P = 0.00242) (Supplementary Table 1, 2, Fig. 3, 4). 
The role of miR-126-3p in fibrosis development has been demonstrated previously. 
In a rat PF model and a human bronchial epithelial cell line (16HBE) treated by 
carbon black particles, miR-126 reduction was associated with activation of PI3K/
AKT/mTOR-signaling pathway (Han et  al. 2020). Similarly, Jordan et  al. (2021) 
reported that miR-126-3p downregulation occurs in cardiac and kidney fibrosis, 
while upregulation of miR-126-3p reduces EndMT (Jordan et al. 2021). In myocar-
dial fibrosis, reduced miR-126 expression lead to activation of the PI3K/AKT-sign-
aling pathway (Li et al. 2021).

In this study, we also found that miR-18a-5p is downregulated in PBMCs of 
IPF patients. Negative correlations were observed between miR-18a-5p expression 
levels and MALAT1 and PTEN in PBMCs, as well as MALAT1 and LINC00342 
in lung tissue. Network analysis revealed that miR-18a-5p regulates apoptosis and 
EMT, with several target mRNAs identified, including FOXO3 and PTEN. Interac-
tions with lncRNAs such as H19 and TP53TG1 were also detected (Table 2, Fig. 1). 
MirPath analysis highlighted miR-18a-5p involvement in regulating multiple path-
ways, including PI3K/AKT-signaling pathway (P = 1.8622e−09), focal adhesion 
(P = 2.969e−09), FoxO-signaling pathway (P = 3.8806e−06), cell cycle (P = 0.00014), 
and cellular senescence (P = 0.0000691) (Supplementary Table 1, 2, Fig. 3, 4). Sev-
eral lncRNA, such as GAS5, TP53TG1, FENDRR, and CASC2, act as molecular 
sponges for miR-18a-5p (Kolenda et al. 2020; Xiao et al. 2018). Overall, miR-18a 
is involved in regulating cell cycle, proliferation, apoptosis, autophagy, and stress 
responses (Kolenda et al. 2020). While miR-18a expression is upregulated in vari-
ous cancers (Shen et al. 2019), its expression is reduced in PF. miR-18a knockdown 
has been shown to increase synthesis of pro-fibrotic proteins such as collagen 1, 



	 Biochemical Genetics

fibronectin (FN1), α-SMA, as well as enhance fibroblast proliferation and migra-
tion (Li et al. 2018a, b). The antifibrotic effects of miR-18a are primarily mediated 
through its inhibition of TGFBR2, suppressing the TGF-β/SMAD2/3 signaling path-
way (Zhang et al. 2017a, b).

Aberrant expression of miRNAs—either upregulation or downregulation—is a 
key mechanism underlying the pathogenesis of various diseases, including PF (Sey-
han 2024; Mehjabin et al. 2023). Consequently, extensive research, preclinical stud-
ies, and clinical trials are being conducted to evaluate the therapeutic potential of 
miRNA mimics and inhibitors as pivotal tools for disease treatment. The miRNA-
based therapies can inhibit target genes and modulate specific signaling pathways 
(Kp et al. 2024; Braicu et al. 2013; Seyhan 2024; Usman Pp and Sekar 2024; Mehja-
bin et al. 2023). Notably, the preclinical development of MGN-4220, a therapeutic 
molecule targeting miR-29 for cardiac fibrosis treatment, has been reported by Mira-
gen Therapeutics (Seyhan 2024).

In this study, TP53TG1 lncRNA expression was significantly downregulated both 
in PBMCs and lung tissue samples from IPF patients. ROC analysis revealed that 
TP53TG1 expression in PBMCs and lung tissue has moderate predictive power for 
distinguishing IPF patients from healthy controls. Correlation analysis indicated a 
positive correlation between TP53TG1 and MEG3, LINC00342, and miR-126-3p 
in PBMCs, as well as with H19 in lung tissue, while a negative correlation with 
FOXO3 was observed in PBMCs. LncRNA- miRNA and miRNA-mRNA interac-
tion network analysis (Table 2) revealed that TP53TG1 acts as a pro-apoptotic factor 
in lung cells, regulating the miR-18a-5p/PTEN axis (Chen et al. 2021a; Xiao et al. 
2018). Furthermore, TP53TG1 is implicated as a regulator of actin alpha 2, smooth 
muscle (ACTA2), fibronectin 1 (FN1), and various collagens (Collagen 1α1, 3α, and 
I), functioning as an antifibrotic factor (Sun et al. 2022). Increased TP53TG1 expres-
sion has been shown to reduce bleomycin-induced experimental PF in mice (Sun 
et al. 2022). Published evidence also suggests that TP53TG1 functions as a tumor 
suppressor. It inhibits hepatocellular carcinoma (HCC) progression and liver fibrosis 
by triggering ubiquitin-dependent degradation of the PRDX4, thereby blocking the 
WNT/β-catenin signaling pathway (Chen et al. 2021a). Conversely, Lu et al. (2021) 
demonstrated that increased TP53TG1 expression promoted HCC cell proliferation 
via ERK1/ERK2 pathway activation (Lu et  al. 2021). In breast cancer, TP53TG1 
exerts tumor-suppressive effects by binding to YBX2, suppressing the PI3K/AKT-
signaling pathway (Shao et  al. 2020). Additionally, TP53TG1 binds to miR-18a, 
facilitating the synthesis of the anti-tumor enzyme PTEN and promoting apoptosis 
in non-small cell lung cancer tissues (Yuan et al. 2017). Our findings align with pre-
vious studies, demonstrating a significant reduction in TP53TG1 expression in IPF 
patients, further supporting its critical role in fibrosis regulation.

The present study shows that DNM3OS expression is significantly upregulated 
in lung tissue samples from IPF patients. A positive correlation between DNM3OS 
expression in lung tissue and TGFB2 was observed. Through lncRNA–miRNA and 
lncRNA–mRNA interaction network analysis (Table  2, Fig.  2), we demonstrate 
that DNM3OS plays a key role in regulating EMT, pulmonary inflammation, and 
functions as both pro-fibrotic and anti-apoptotic factor. Dysregulation of the TGF-β 
signaling pathway is well-established as a critical factor in the pathogenesis of PF 
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(Gauldie et al. 2007). Moreover, DNM3OS has been shown to regulate both SMAD-
mediated (SMAD4, SMAD2, p-SMAD2) and SMAD-independent (p-Akt, Akt, 
p-GSK-3β, GSK-3β) pathways of TGF-β1-mediated pro-fibrotic signal transduction 
(Savary et  al. 2019). In lung fibroblasts, DNM3OS is fragmented into three miR-
NAs (miR-199a-5p, miR-199a-3p and miR-214-3p), all of which are linked to the 
TGF-β signaling pathway (Savary et  al. 2019). Specifically, miR-199a-5p inhib-
its the expression of CAV1 and disrupts the degradation of TGFβ/TGFβR com-
plex, while miR-214-3p regulates COX-2 and GSK-3β expression, thus promot-
ing the fibroblast-to-myofibroblast transition. Additionally, miR-199a-3p regulates 
the TGFβ-induced inhibition of fibroblast growth factors FGF7 and HGF, thereby 
inhibiting tissue repair (Savary et al. 2019). Liu et al. (2018) demonstrated that miR-
199a is involved in modulating the expression of SIRT1 in alveolar macrophages, 
influencing pulmonary inflammation in acute respiratory distress syndrome (ARDS) 
(Liu et al. 2018). Furthermore, DNM3OS has been shown to regulate the interaction 
between the pro-fibrotic TGF-β and Wnt-signaling pathways (Savary et  al. 2019). 
The role of DNM3OS in cardiac fibroblast activation has also been confirmed. 
DNM3OS knockdown inhibited the TGF-β1/Smad2/3 pathway and reduced myocar-
dial fibrosis (Kong et al. 2021). Increased expression of DNM3OS is linked to tumor 
progression via EMT regulation (Wang et al. 2019b).

In the present study, upregulation of LINC00342 was detected in PBMCs of IPF 
patients. Furthermore, a positive correlation was observed between LINC00342 
expression in both PBMCs and lung tissue with MALAT1 and PTEN, while a nega-
tive correlation with miR-18a-5p was identified. The results of lncRNA–miRNA and 
mRNA interaction network analysis (Table 2, Fig. 1) suggest that LINC00342 plays 
a role in regulating EMT and modulating pulmonary inflammation. Su et al. (2022) 
reported that activation of the miR-15b/TPBG signaling pathway by LINC00342 
drives the progression and metastasis of lung adenocarcinoma and induces EMT 
in A549 cells (Su et  al. 2022). Increased expression of LINC00342 in non-small 
cell lung cancer (NSCLC) tissues has also been established (Wang et  al. 2016). 
This upregulation, along with its binding to miR-203a-3p (Chen et al. 2019c), and 
suppression of the anti-oncogenic activities of p53 and PTEN proteins (Tang et al. 
2019) are key factors driving enhanced proliferation and metastasis in NSCLC. In 
contrast, Fan and Jian (2020) demonstrated that miR-203a-3p regulates the TGF-β/
Smad3 signaling pathway and promotes TGF-β1-induced EMT in asthma (Fan and 
Jian 2020). Additionally, Liu et  al. (2019) detected upregulation of LINC00342 
expression in peripheral blood lymphocytes of chronic kidney disease patients (Liu 
et al. 2019).

Increased expression of PTEN in PBMCs was observed in the IPF group. Addi-
tionally, a positive correlation between PTEN expression in PBMCs and FOXO3, as 
well as a negative correlation with miR-18a-5p and miR-126-3p, was demonstrated. 
In lung tissue, PTEN expression was positively correlated with TGFB2, FOXO3, 
and LINC00342. The miRNA-mRNA interaction network analysis (Table 2, Fig. 1) 
revealed that PTEN is a target for miR-218-5p, miR-200a-3p, miR-18a-5p, and miR-
29a-3p, and is involved in the regulation of apoptosis, fibrosis, and EMT. Several 
studies have shown that miR-19b-3p, miR-23a-3p, and miR-486-5p directly bind to 
the 3′-untranslated region of PTEN, leading to its downregulation and activation of 



	 Biochemical Genetics

the PI3K/AKT/mTOR-signaling pathway, as well as inhibition of apoptosis (Zhao 
and Li 2021; Chen et al. 2022; Gao et al. 2018). Interaction of miR-221-3p and miR-
222-3p with PTEN resulted in decreased oxidative stress and mitochondrial apopto-
sis in lung cancer cells (Tepebaşı and Öztürk 2023). Yu et al. (2021) demonstrated 
that miR-21 binding to PTEN modulates the proliferation and migration of airway 
smooth muscle cells and promotes EMT (Yu et al. 2021). Tao et al. (2019) showed 
that miR-216a binding to PTEN enhances the proliferation and fibrogenesis of 
human cardiac fibroblasts (Tao et al. 2019). Tian et al. (2019) reported low levels of 
PTEN expression in fibroblasts and epithelial cells from IPF lungs (Tian et al. 2019). 
The reduced PTEN expression in lung tissue from bleomycin-induced IPF mice 
resulted in increased EMT, Snail, and matrix metalloproteinase levels, along with 
simultaneous reduction in E-cadherin and laminin-β1 levels, leading to lung tissue 
damage and fibrosis (Miyoshi et al. 2013). Furthermore, downregulation of PTEN in 
vivo in IPF mice resulted in overexpression of type I collagen and activation of the 
CTGF/CCN2 pro-fibrotic pathway (Parapuram et al. 2015). PTEN exerts a signifi-
cant antifibrotic effect; together with caveolin 1 (CAV1), it stabilizes the prolifera-
tion of myofibroblasts in fibrotic lung tissue (Xia et  al. 2010). The pro-inflamma-
tory potential of PTEN is associated with its ability to directly bind to NLR family 
pyrin domain containing 3 (NLRP3), leading to dephosphorylation of tyrosine 32, 
maturation of inflammasomes, and activation of pro-inflammatory cytokines of the 
IL-1 family (Akbal et al. 2022). The increased expression of PTEN in PBMCs from 
IPF patients observed in our study may be related to the simultaneous downregula-
tion of miR-200a-3p and miR-18a-5p. The increased expression levels of PTEN in 
PBMCs were also observed in patients with coronary artery disease, accompanied 
by a decrease in miR-21, a microRNA that interacts with PTEN (Nariman-Saleh-
Fam et al. 2019). Based on multiple regression and ROC analysis, our study deter-
mined a highly informative prognostic model for IPF, which includes simultaneous 
assessment of TP53TG1, MALAT1, PTEN, and miR-126-3p expression.

The expression of FOXO3 was significantly elevated in PBMCs of IPF patients. 
A positive correlation between FOXO3 expression level in PBMCs and lung tissue 
was observed with PTEN, TGFB2, and KEAP1. The miRNA–mRNA interaction 
network analysis (Table 2, Fig. 1) revealed that FOXO3 is a target of miR-218-5p, 
miR-126-3p, miR-18a-5p, and miR-29a-3p, and plays a role in regulating apop-
tosis, fibrosis, and the modulation of EMT. Al-Tamari et  al. (2018) demonstrated 
that FOXO3 is pivotal in regulating signaling pathways associated with fibrogen-
esis (Al-Tamari et al. 2018). Li et al. (2023) showed that FOXO3 regulates Smad3 
and Smad7 through SPON1 circular RNA, thus preventing fibrosis formation (Li 
et  al. 2023). Elevated levels of FOXO3 enhance the resistance of NSCLC cells to 
radiation therapy-induced apoptosis by directly interacting with miR-182 (Chen 
et al. 2019a). Another study revealed that FOXO3binding to miR-217 contributes to 
enhanced survival of endothelial cell under hyperglycaemic conditions (Cheng et al. 
2020). It has also been shown that miR-29b-3p suppresses endotoxin-induced cardi-
omyocyte apoptosis by binding to FOXO3 (Li et al. 2020). Furthermore, the interac-
tion of FOXO3 with miR-23a results in a significant reduction of proliferative capac-
ity and cell cycle arrest of lung fibroblast cells (Wang et al. 2024). In contrast, Zhou 
et  al. (2020) overexpression of miR-96 or suppression of FOXO3 leads to partial 
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regression of carbon nanoparticle-induced fibrosis through inhibition of the NLRP3 
inflammasome (Zhou et  al. 2020). Zhong et  al. (2023) reported that increased 
expression of FOXO3 in tumor tissue is associated with poor prognosis in gastric 
cancer, while elevated expression of miR-18a-5p, which interacts with FOXO3, was 
linked to better prognosis in patients with gastric cancer (Zhong et al. 2023).

Pathway enrichment analysis revealed the most enriched signaling pathway 
targeted by the investigated lncRNAs and miRNAs. As shown in the hierarchical 
pathway correlation clustering tree (Figs.  3, 4, Supplementary Figs.  1, 2, 4), the 
most prominent clusters included the focal adhesion and PI3K-Akt signaling path-
ways. Other enriched pathways included Wnt-signaling, apoptosis, FoxO-signaling, 
mTOR-signaling, and cellular senescence pathways.

Published studies confirm the involvement of focal adhesion and PI3K/AKT 
pathways in the development of IPF. PI3K/AKT/mTOR-signaling pathway is acti-
vated by various growth factors and regulates processes such as cell proliferation, 
adhesion, migration, invasion, metabolism, survival, apoptosis, autophagy, and cel-
lular senescence (Ersahin et al. 2015; Saxton and Sabatini 2017; Biray Avci et al. 
2020). Dysregulation of the PI3K/AKT/mTOR pathway has been linked to PF (Gui 
et al. 2018; Yue et al. 2024). Key molecules within this pathway mediate cell sur-
vival and proliferation by inhibiting apoptosis (Saxton and Sabatini 2017). Moreo-
ver, overexpression of α-SMA and TGF-β in lung fibrosis has been associated with 
activation of the PI3K/AKT-signaling cascade (Wang et  al. 2021). This cascade 
interacts with several other signaling pathways, including TGF-β1/Smad3/α-SMA, 
Wnt/β-catenin, and FAK, all of which are closely related to the pathogenesis of lung 
fibrosis (Rosenbloom et al. 2013; Wang et al. 2021).

Focal adhesions are multi-protein complexes that connect the cytoskeleton to 
the extracellular matrix, playing a critical role in cell adhesion and function (Schu-
macher et  al. 2022). These complexes include molecules such as FAK, integrins, 
fibronectin, vitronectin, and collagen (Casarella et  al. 2024). Focal adhesion sign-
aling molecules are essential for cell adhesion, migration, and transmitting signals 
that affect cell survival and differentiation (Schumacher et al. 2022; Casarella et al. 
2024). The focal adhesion pathway is initiated by the activation of integrins, leading 
to the activation of FAK and subsequent downstream cascades, including the PI3K/
AKT pathway (Lin et al. 2022). FAK activation enhances fibroblast responses to the 
pro-fibrotic factor TGF-β (Wheaton et al. 2017). Several studies have demonstrated 
cross-activation between the TGF-β and FAK signaling pathways in fibrosis (Leask 
2013). The activation of integrins and FAK plays a significant role in lung tissue 
damage and the activation of fibrogenesis in IPF (Wheaton et al. 2017).

The increased incidence of lung cancer among IPF patients may be linked to the 
activation of common signaling pathways associated with carcinogenesis, such as 
PI3K/AKT/ mTOR, focal adhesion and the cross-talk between PI3K/AKT and FAK 
signaling cascades (Podolanczuk et al. 2013; Lin et al. 2022; Yue et al. 2024). Given 
the pivotal role of the PI3K/AKT and FAK pathways in the pathogenesis of IPF, 
targeted therapies that inhibit PI3K/AKT and FAK activity (e.g., PI3K/AKT inhibi-
tors and tyrosine kinase receptor inhibitors) may offer a novel therapeutic approach 
for treating IPF (Wang et  al. 2022). For example, Pan et  al. (2023) demonstrated 
that Nintedanib, a triple tyrosine kinase receptor inhibitor, regulates the PI3K/AKT/ 
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mTOR pathway, leading to decreased inflammation and reduced fibrotic changes 
in bleomycin-induced PF (Pan et  al. 2023). Similarly, Chen et  al. 2023 showed 
that inhibition of the FAK signaling pathway reduces EndoMT and suppresses the 
NLRP3 inflammasome, thereby alleviating lung inflammation and fibrosis (Chen 
et al. 2023). Yu et al (2022) revealed that Nintedanib inhibits EndoMT by modulat-
ing FAK activity (Yu et al. 2022).

This study has several limitations. The sample size was small, primarily due to 
the rarity of IPF, with a prevalence of only 8–12 cases per 100,000 people in our 
region and a survival rate of 2–5 years (Richeldi et al. 2015). Moreover, the specific 
nature of IPF limits the eligibility of patients for invasive procedures, such as lung 
biopsies, to obtain tissue samples. Our study included only patients with a first-time 
IPF diagnosis, who had not previously undergone antifibrotic therapy and for whom 
lung biopsies were available. Consequently, larger and independent patient cohorts 
are required to validate our findings on altered gene expression. Another limitation 
is the potential clinical heterogeneity of IPF and the presence of comorbidities in our 
patient population, which may have influenced the results. Additionally, as our study 
focused on newly diagnosed IPF patients, we were unable to evaluate variability in 
disease progression rates. This will be addressed in our upcoming long-term follow-
up studies.

In this study, we have characterized the differential expression of lncRNAs, miR-
NAs, and their target mRNAs in the PBMCs and lung tissue of IPF patients. Spe-
cifically, we observed the differential expression of lncRNAs (MALAT1, TP53TG1, 
LINC00342), miRNAs (miR-126-3p, miR-200a-3p, miR-18a-5p), and target pro-
tein-coding genes (FOXO3 and PTEN) in PBMCs of IPF patients. In contrast, sig-
nificant changes in gene expression in lung tissue were confirmed only for the lncR-
NAs TP53TG1 and DNM3OS, which may be attributed to tissue and cell-specific 
differences in ncRNA and mRNA expression, as well as the pathological features of 
IPF. Numerous studies have shown that the expression profiles of mRNAs and ncR-
NAs vary across different tissues and cell types. Moreover, published data indicate 
that lncRNAs expression is more tissue-specific compared to protein-coding genes 
(Zhu et al. 2016; Derrien et al. 2012).

The observed correlation between the expression levels of some genes and clini-
cal parameters such as lung function and patient age suggests their potential role in 
lung tissue senescence and fibrotic changes. However, these findings require further 
validation through larger sample sizes and functional studies. Multiple regression 
and ROC curve analysis revealed a high predictive power for a combined assess-
ment of lncRNAs TP53TG1 and MALAT1, miRNA miR-126-3p, and mRNA PTEN 
expression levels in PBMCs, with an AUC of 0.971, sensitivity = 80.0%, specific-
ity = 95.5%, P = 6 × 10–8, for distinguishing IPF patients from healthy individuals. 
However, these results necessitate validation in independent cohorts. Further func-
tional validation studies are required to elucidate the specific molecular mechanisms 
by which the studied lncRNAs, miRNAs, and their targets contribute to the patho-
genesis of IPF.
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