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the condition is classified as idiopathic interstitial pneu-
monia (IIP) [1]. Idiopathic Pulmonary Fibrosis (IPF) and 
Non-Specific Interstitial Pneumonia (NSIP) are classical 
examples of IIP. Pulmonary fibrosis, whether caused by 
IPF or NSIP, is relentlessly progressive, posing a threat of 
respiratory failure and even death. It is unfortunate that the 

Introduction

There are myriads of conditions such as auto-immune dis-
eases, exposure (drugs or environmental antigens), and 
infections which can cause pulmonary fibrosis. However, in 
a large group of patients, the cause remains unknown and 
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Abstract
Pulmonary fibrosis is the key feature of majority of idiopathic interstitial pneumonias (IIPs) as well as many patients 
with post-COVID-19. The pathogenesis of pulmonary fibrosis is a complex molecular process that involves myriad of 
cells, proteins, genes, and regulatory elements. The non-coding RNA mainly miRNA, circRNA, and lncRNA are among 
the key regulators of many protein coding genes and pathways that are involved in pulmonary fibrosis. Identification and 
molecular mechanisms, by which these non-coding RNA molecules work, are crucial to understand the molecular basis 
of the disease. Additionally, elucidation of molecular mechanism could also help in deciphering a potential diagnostic/
prognostic marker as well as therapeutic targets for IIPs and post-COVID-19 pulmonary fibrosis. In this review, we have 
provided the latest findings and discussed the role of these regulatory elements in the pathogenesis of pulmonary fibrosis 
associated with Idiopathic Interstitial Pneumonia and Covid-19.
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current therapeutic options can only marginally slow down 
the progression of pulmonary fibrosis in IIPs, but cannot 
reverse the condition. Recently, Covid-19 has also led to the 
addition of a large number of patients with post-infectious 
lung changes. Despite the fact that the changes are largely 
reversible, pulmonary fibrosis has risen dramatically in the 
aftermath of Covid-19 as a sequela and the treatment for the 
same is largely unknown [2] [3].

Pulmonary fibrosis occurs as a result of interplay of mul-
tiple complex processes that include lung injury, abnormal 
tissue repair, fibro-proliferation, and extracellular matrix 
deposition [4]. Various pathways involved in the pathogen-
esis of pulmonary fibrosis include apoptosis, inflammation, 
coagulation, angiogenesis, and proteolytic/anti-proteolytic 
balance [5]. Many of these processes and pathways are reg-
ulated by the changes in the expression of various protein-
coding genes which play vital role in the pathogenesis of 
pulmonary fibrosis. Many of these genes are further regu-
lated by different classes of non-coding RNAs. It has been 
reported that genetic and epigenetic defects in miRNA and 
other ncRNAs and their processing machinery are common 
trademarks of many cancers in humans [6]. These ncRNAs 
can also contribute to the progression of multiple other 
human disorders [6]. Recent studies have demonstrated the 
role of non-coding RNAs in various pulmonary diseases 
and their critical roles in lung development and homeostasis 
that offers a new paradigm for pulmonary disease diagno-
sis, control, and treatment [7]. The current article provides a 
comprehensive review of the role of ncRNAs in pulmonary 
fibrosis associated with IIPs and Covid-19/post-Covid pul-
monary fibrosis.

Non-coding RNAs

Non-coding RNAs (ncRNA) are transcripts that do not code 
for any protein, nevertheless, it does not mean that these 
entities are non-functional. These ncRNAs control diverse 
levels of gene expression in various biological processes 
including transcription, chromatin remodeling, RNA edit-
ing, splicing as well as translation and turnover [8]. There 
are mainly three kinds of non-coding RNAs that are func-
tionally important: long non-coding RNAs (lncRNAs), cir-
cular RNAs (cirRNAs), and microRNAs.

Classification of ncRNAs

In general, ncRNAs can be classified based on length, with 
short or small non-coding RNAs having a length of below 
200 nucleotides (except for SnoRNA whose length can vary 
between 60 bps to 300bps)[9]. Another way of classification 
is based on functionality such as housekeeping ncRNAs 

that includes ribosomal RNAs (rRNAs) and transfer RNA 
(tRNA), or regulatory ncRNAs such as micro RNAs (miR-
NAs), small nuclear RNAs (snRNAs), piwi-interacting 
RNAs (piRNAs), tRNA derived small RNAs (tsRNAs) and 
long noncoding RNAs (lncRNAs) [10]. There is another 
class of ncRNAs called circular RNAs, consisting of a cova-
lently closed continuous loop lacking both 5’ cap and 3’ tail 
[11]; it is also regulatory in nature. Figure 1 summarizes the 
three main non-coding RNA and their biogenesis. Below we 
have discussed all three key ncRNAs.

Micro RNAs, ~ 22 nucleotides long and single stranded 
ncRNAs, are expressed endogenously and regulate the gene 
expression at post transcriptional level. Genes that encode 
miRNAs are ubiquitously present in the genome. Partly, 
miRNAs are encoded inside or overlap with protein-cod-
ing or non-coding genes that relate their expression to the 
transcription and processing of such genes present in the 
host. Additionally, miRNA can also originate from autono-
mous transcription units [12]. During the biogenesis of the 
miRNA, it passes through multiple processes such as tran-
scription, nuclear maturation, exportation followed by cyto-
plasmic processing before evolving into a functional entity 
[10].

LncRNAs are defined as the transcripts longer than 200 
nucleotides. LncRNAs comprise the major portion of the 
ncRNA, however, as compared to miRNA they are not well 
studied [10]. During the last decade, as a result of advance-
ments in the high-throughput sequencing and computa-
tional analysis, lncRNA has become a hotspot in scientific 
research. lncRNA biogenesis takes place in the nucleus and 
is expressed in a tissue specific manner [13]. It mimics the 
mRNA synthesis process, the promoter of lncRNA is often 
marked with epigenetic markers which are transcribed by 
Pol II or Pol III and post-transcriptional modification which 
is characterized by 5’ capping and 3’ polyadenylation [10].

Circular RNA (CircRNAs) are non-coding transcripts 
that originate due to the back-splicing mechanism which 
results in joined head-to-tail splice sites followed by circu-
larization of introns or exons [14]forming covalently linked 
circular RNA molecules [14]. The size of circRNA can vary 
from 100 nucleotides to over 4 kb and can harbour single 
or multiple exons [15], [16]. They are highly stable due to 
lack of ends and are highly tissue/cell-specific in nature [14] 
[8].[14].

Pulmonary fibrosis and non-coding RNA

In the last decade, there has been a rapid increase in stud-
ies exploring the role of non-coding RNA in pulmonary 
fibrosis. IPF is one of the commonest IIPs and also the most 
widely studied pulmonary fibrosis phenotype. However, 
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even after decades of efforts on the pathogenesis of the IPF, 
the exact etiology of pulmonary fibrosis for this disease is 
still not well-defined. Recent data suggest that intricate net-
work of coding and non-coding RNAs (mRNA/LncRNA/
miRNA/CircRNA) play crucial role in the pathogenesis of 
pulmonary fibrosis [18].

In the following sections, we have discussed the role of 
these ncRNA in pulmonary fibrosis associated with IIPs and 
Covid-19.

miRNA

Among ncRNAs, the miRNA is the most widely studied for 
pulmonary fibrosis in animal models, cell lines, as well as 
in human samples. One of the initial studies by Caedens et 
al., reported the overexpression of miR-199a-5p in the lungs 
of IPF patients and bleomycin induced mouse models. The 
study demonstrated that miR-199a-5p activates the fibro-
blasts by targeting CAV-1 and modulation of TGF-β signal-
ing [19]. Likewise, miR-133a inhibits the differentiation 
of myofibroblast by targeting and reducing the expression 
of TGF-β receptor 1, CTGF, and collagen type 1-a1; thus, 
ameliorating pulmonary fibrosis [20]. Pandit et al., showed 
that out of 450 miRNAs, around 10% of the miRNAs are 
dysregulated in IPF patients [21]. In their work, they have 
demonstrated decreased expression of let-7d in IPF patients, 
while inhibition of let-7d in mice model led to the increase 

in the expression of α-SMA, N-cadherin-2, vimentin, and 
HMGA2, confirming profibrotic effects.

Liu et al., demonstrated that miR-21 was upregulated in 
the peripheral blood of IPF patients. Inhibition of this target 
in animal model upregulates the ADAMTS-1, which eventu-
ally downregulates the Col1 and Col3 collagen and reduces 
the IPF progression [22]. miR-21 is also involved in lung 
injury and fibrosis; as shown in animal models, knocking 
out of this miRNA ameliorates the lung injury and inflam-
mation [23]. miR-22 is another miRNA playing important 
role in pulmonary fibrosis, as observed in BLM-induced 
mice. In-vitro experiments suggest that miR-22 transfec-
tion suppresses TGF-β1-induced expression of α-SMA via 
ERK1/2 pathway inhibition. In presence of TGF-β1, miR-
22 negatively regulates the connective tissue growth factor 
[24].

miRNA also regulates the fibrogenic effects of macro-
phages. In macrophages of IPF patients and BLM induced 
mice, the overexpression of miR-142-5p and downregula-
tion of miR-130a-3p have been observed which is induced 
by IL-3 and IL-4. The overexpression of miR-142-5p and 
reduced expression of miR-130a-3p leads to sustained pro-
fibrogenic effects of macrophages. Interestingly, inhibiting 
miR-142-5p and increasing of miR-130a-3p expression has 
led to reduced fibrosis burden [25], the observation further 
indicating potential role of miRNA in pulmonary fibrosis.

Fig. 1 Biogenesis and Major functions of ncRNAs
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(miR-23a-3p, miR-423-5p and miR-195-5p) that classified 
Covid-19 cases independently [36].

Apart from above mentioned miRNAs, there are many 
other miRNAs which play important role in pulmonary 
fibrosis. The miRNAs implicated in IIPs and post-Covid 
fibrosis and their targets and functions are summarized in 
Table 1.

Circular RNAs

As mentioned previously, circRNAs are the covalently 
closed RNA molecules that are highly tissue specific, stable 
and play critical role in the regulation of gene expression 
of many essential genes involved in the various biological 
processes, including fibrosis.

In one study, RNA sequencing led to the identification of 
74 differentially expressed circRNAs in BLM-induced pul-
monary fibrosis in mice [55]. The study also demonstrated 
that circ949 and circ057 create a network with lnc556 and 
lnc865 and simultaneously regulate miR-29b-2-5p by tar-
geting STAT3 phosphorylation [55]. These findings suggest 
that circRNAs work by interacting with other non-coding 
RNAs to regulate pulmonary fibrosis. [55] Another study, 
consisting of plasma sample of IPF patients, identified 67 
dysregulated circRNAs – 38 overexpressed and 29 down-
regulated transcripts. Most of these transcripts were gener-
ated from the exonic regions. The majority of the host genes 
of these circRNAs were involved in the cell cycle regula-
tion, RNA transport, and adherens junctions. Moreover, 
ceRNA (competing endogenous) network of mRNAs/miR-
NAs/circRNAs specified that circRNA-protected mRNA 
participated in many signaling pathways including Wnt, 
JAK, TGF-β1, VEGF, MAPK etc. and could also functioned 
as pulmonary fibrosis biomarker [56].

Many circRNAs work by interacting with miRNA, such 
as circRNA_010567 which has a profibrotic function. The 
profibrotic action is partly mediated by miR-141/TGF- β1 
[57]. TADA2A is a circRNA, that is downregulated in both 
the cell line and the primary human lung fibroblasts derived 
from IPF patients. Overexpression of circTADA2A sup-
presses the activation and proliferation of cell line derived 
from normal human lung fibroblast. circTADA2A represses 
the activation of lung fibroblasts via miR-526b/Cav1 and 
decreases the lung fibroblasts proliferation through miR-
203/CaV2, that culminates in the suppression of excess 
deposition of extracellular matrix and ameliorates IPF [58].

In SiO2 mediated pulmonary fibrosis (silicosis) that 
involves the alveolar macrophages, the SiO2 particles stim-
ulate different factors at the inflammatory sites which also 
include ncRNA [59]. In a study, circZC3H4 has been found 
to be elevated which positively correlates with the protein 
expression of ZC3H4 in the alveolar macrophage of the 

Under-expression of miR-26 has been seen in A549 cell 
line and BLM mouse. miR-26 seems to play an important in 
the epithelial-mesenchymal transition (EMT), a key step in 
the repair and scaring. The upregulation miR-26 reduces the 
EMT via targeting HMGA2 (high mobility group AT-hook 
2) [26]. Das et al., reported the reduced expression of miR-
326 in lung tissue of IPF patients, while upregulation of this 
miRNA inhibits the expression of TGF-β1 and suppresses 
the fibrotic response by downregulating the profibrotic 
genes including MM9, ETS1, SMAD3 and overexpression 
of antifibrotic genes including SMAD7 [27].

Levels of miR-486-5p, which targets the SMAD2 gene 
and is a key mediator of pulmonary fibrosis, were found to 
be decreased in the lung tissues of IPF as well as in the sili-
cosis patients. The overexpression of this miRNA, in ani-
mal model as well as BLM-mouse, significantly reduces the 
distribution as well as severity of pulmonary lesion [28]. 
miR-17 ~ 92 cluster and miR-200 family which has 6 and 
5 species of miRNA, respectively, controls the suscepti-
bility to cellular senescence in IPF [29]. In another study 
consisting two cohorts – hypersensitivity pneumonitis and 
NSIP patients, miRNA profiling of serum samples revealed 
a difference in the miRNA’s expression between two study 
groups. miR-375 and miR-193a were overexpressed in 
NSIP while miR-374a, miR-18a, miR-15a, and miR-106b 
were found upregulated in hypersensitivity pneumonitis 
patients [30]. This signifies the role of miRNAs in pulmo-
nary fibrosis associated with diseases other than IPF.

More recently, pulmonary fibrosis has been observed 
among significant number of patients following recovery 
from acute COVID-19 [31]. miRNAs have also been impli-
cated in COVID-19 associated manifestations, including 
pulmonary fibrosis [31]. Some miRNAs, such as miR-17-5p, 
that plays a key role as an anti-viral molecule in pulmonary 
infections, have also been explored as potential therapeutic 
targets in COVID-19 [32]. miR-574–5p is an important neg-
ative regulator of pro-inflammatory response that inhibits 
TLR4/ NF-kB signaling and may halt the development and 
progression of acute respiratory distress syndrome (ARDS) 
[33]. ARDS is also characterized by the presence of inflam-
mation and a subset of patients also develops fibrosis [34].

Current evidence suggests that both virus and host-
derived non-coding RNAs play important roles in suscep-
tibility and protection against Covid-19 infection. There 
is some study that delineate the differential expression 
profile of ncRNAs in Covid-19 [35]. A study by Farr et 
al., reported 55 miRNAs to be altered in early stages of 
Covid-19 patients (n = 10). Their results showed that miR-
4742-3p, miR-31-5p and miR-3215-3p were the highly 
upregulated; and miR-776-3p and miR-1275 were strongly 
down-regulated. Additionally, by incorporating supervised 
machine learning, they found a 3-miRNA based signature 
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region of the HECT gene, was found to be decreased in 
SiO2 induced macrophages, however, it was interestingly 
found to be accumulated in the lung tissues. Evidence sug-
gests that circHECTD1 can competitively inhibit ZC3H12A 
ubiquitination with HECTD1 for ZCH3A12A protein and 

silicosis patients. The protein expression of ZC3H4 is regu-
lated by circZC3H4 via miR-212, which further activates 
the alveolar macrophages, these activated macrophages lead 
to the fibroblast proliferation and migration [60]. Another 
circRNA, circHECTD1, which is derived from the exonic 

miRNA Expression Target Function Biospecimen origin Refer-
ence

miR-199a-5p Upregulated CAV1 Activation of Lung 
Fibroblast through 
TGF-β

lung tissue of 
IPF patients, 
BLM-mouse

[37]

miR-26a Downregulated HMGA2 Induces Epithelial 
to mesenchymal 
transition

BLM-mouse, A549 
cells

[38]

miR-9-5p Upregulated TGFBR2 Inhibits pro-fibro-
genic transforma-
tion of fibroblasts 
and prevent organ 
fibrosis

BLM mouse, IPF 
lung

[39]

miR-130a-3p Downregulated PPARγ regulation of 
profibrotic gene in 
macrophages

BLM-mouse, 
IPF patient’s 
macrophage

[40]

miR-21 Upregulated ADAMTS-1 Increases Col1 and 
Col3 and promotes 
lung fibrosis

PB of IPF patients 
and BLM-Rat

[41]

miR-185, 
miR-186

Downregulated COL5A1 EMT transition and 
Collagen V

IPF lung, A549 and 
HCC827 cells

[42]

miR-1307-3p Upregulated 3’ UTR of 
SARS-CoV-2, 
BCL2, PI3K

Suppression of 
endocytosis, exocy-
tosis, proliferative, 
and diabetes signal-
ing pathways

Lung tissue [43]

miR-29c Downregulated Fas Cessation of Fas 
mediated apoptosis

lung fibroblast, IPF 
lungs

[44]

miR-34a Upregulated SIRT1 Cellular senescence 
inhibition

Alveolar epithe-
lial cell and lung 
fibroblast

[45]

miR-155 Upregulated SHIP-1, liver 
X receptor, 
Mep1a

EMT transition, col-
lagen synthesis

HU-VEC, NR8383 
murine monocytes/
macrophage cells, 
Mouse primary lung 
endothelial cells

[46–
48]

miR-199 Upregulated Caveolin-1 Promotes pro-
liferation & 
differentiation

Mouse Model, 
MR-5, hFL1, A549, 
HEK-293

[49], 
[50]

miR-328 Upregulated FAM13A Promotes prolifera-
tion and increases 
the expression of PF 
markers

Rat-model, Mac-
rophages, Lung 
fibroblasts

[51]

Let-7 Downregulated LOX1
HMGA2

Reduces cell 
damage

Mouse
MLE-12,
A549, RLE-6TN
Human lung 
samples

[52]

MiR-193 Downregulated SHH Increases autophagy 
and inhibits fibrino-
gen expression

Mouse,
A549

[53]

MiR-708 Downregulated ADAM17 Inhibits cell 
differentiation

Mouse
A549, MRC-5
Human Lung 
Samples

[54]

Table 1 Table 1 
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lncRNA

Another major class of non-coding RNA is lncRNA which 
is more than 200 nucleotides in length and the second most 
widely studied ncRNA in human diseases after miRNA. 
There are studies which have reported dysregulation of 
lncRNA in acute lung injury as well as pulmonary fibrosis 
[86], [87].

Epithelial cells are considered to be the initial site for 
microinjuries which lead to alteration in the cellular micro-
environment, ECM deposition, and fibroblast activation 
[88], [89]. Using single-cell RNA-sequencing, Gokey et 
al., identified the 21 differentially expressed lncRNAs in 
the epithelial cells, lncMEG3 was the most significant [90]. 
Recent study has shown that lncMEG3 influences the differ-
entiation of epithelial cells and increases their migration by 
regulating multiple genes, which include STAT3, KRT14, 
TP63, YAP1, and TGF-β [72][90].

A study by Fukushima et al., showed that dysregulation 
of Rbm7-lncNEAT1 axis, triggers the apoptosis of alveolar 
epithelial cells in Rbm7-deficient mice, non-hematopoietic 
(CD45−) cells, BLM-induced mice, and RBM7−/− HEK293 
cells. The dying alveolar epithelial cells secrete chemokines 
which leads to the recruitment of atypical monocytes in the 
cellular microenvironment that drives pulmonary fibrosis 
[91]. lncTERRA also cause epithelial apoptosis and pul-
monary fibrosis, however its mechanism is somewhat dif-
ferent from NEAT1. lncTERRA causes telomere attrition 
and mitochondrial dysregulation affecting genes associated 
with oxidative stress such as ROS, catalase, superoxide dis-
mutase, genes associated with senescence regulators includ-
ing P53 and mitochondrial genes (cytochrome c, caspase-3, 
caspase‐9 and Bcl‐2 family); all these genes are involved in 
the fibrosis process [92].

lncAP003419.16 is highly expressed in IPF patients and 
TGFβ1-treated epithelial cells. lncAP003419.16 drives pul-
monary fibrosis by targeting RPS6KB2 dependent mTOR 
signaling pathway [93]. lncITPF is dysregulated in fibro-
blasts in IPF and human embryo. It is transcribed from 
its host gene ITGBL1 at 10th intron to the 11th exon, the 
expression of lncITPF is increased in the nucleus, suggest-
ing that ITPF regulates the transcription of ITGBL1 that 
codes for TIED protein which is related to β integrin [94]. 
High ITGBL1 level has been associated with increased 
expression of fibrosis markers such as collagen, vimentin, 
and a‐SMA. Although the fibrotic function of ITPF depends 
on its host gene, they do not share the same promoter, ITPF 
promoter is bound to smad2/3 while TGF-β1-smad2/3 was 
found to be the upstream inducer in the fibrotic pathway. 
Moreover, ITPF is also regulating the acetylation of H3 
and H4 histone proteins in ITGBL1 promoter by target-
ing heterogeneous nuclear ribonucleoprotein L (hnRNP L). 

affects the macrophage polarization and activation, and 
suppresses inflammation cascade [61]. Moreover, higher 
expression of circHECTD1 is also involved in the transi-
tion of endothelial and epithelial cells into mesenchymal 
cells [62]. In SiO2 exposed environment, the expression of 
circHIPK2 increases in the lung fibroblasts which interacts 
with miR-506-3p and induces ERS (sigma-1 receptor-asso-
ciated endoplasmic reticulum stress) and exacerbate fibrosis 
progression [63].

Another study, showed that PPP1R13B gene derived 
circ-012091 was downregulated and negatively regulates 
the expression of PPP1R13B protein in the lung fibroblasts 
[64]. PPP1R13B is a key protein that plays a vital role in 
the proliferation and migration of fibroblasts through ERS 
stress and autophagy pathway. ERS can be induced through 
many factors such as viral infections, hypoxia and others. 
Afterward ERS induces apoptosis, epithelial to mesenchy-
mal transition and inflammation that progresses into pulmo-
nary fibrosis [64], [65].

Recently, Li et al., demonstrated that FOXO3 (a suppres-
sor of fibroblast activation) binds with the promoter region 
of the SPON1 and selectively increases the expression of 
circSPON1. They also showed the involvement of circ-
SPON1 in the ECM deposition in the normal human lung 
fibroblast cell line i.e., HFL-1. Further, the study showed 
that circSPON1 interacts with Smad3 which is induced by 
TGF-β and suppresses the fibroblasts activation via disrup-
tion of nuclear translocation [66].

miR-7 is believed to be a crucial fibrosis inhibitor that 
inhibits EMT transition by targeting TGF-β/Smad signaling 
pathway, while CDR1as may function as a profibrotic agent 
that acts via sponging miR-7 in A549 cell lines and bron-
chial epithelial cells of human [67].

Evidentially, acute lung injury can also lead to pulmonary 
fibrosis as a result of infection or any physical or chemical 
trauma [68]. In rat model, Ye et al., found ten differentially 
expressed circRNAs in BAL and tissue samples after smoke 
inhalation, indicating that circRNAs have an apparent role 
in smoke induced ALI and pulmonary fibrosis [69].

A bioinformatics-based study on Covid-19 revealed the 
differential expression of circRNA and lncRNA isolated 
form the blood sample of Covid-19 patients. Among 570 
circRNA that were differentially expressed, 155 were upreg-
ulated and 415 were downregulated; while a total of 898 
lncRNAs were differentially expressed, 414 and 484 genes 
upregulated and downregulated, respectively. Gene ontol-
ogy and pathway enrichment analysis revealed that genes 
corresponding to these ncRNAs were mainly involved in 
the regulation of host cell immunity and inflammation, cell 
cycle, apoptosis, and substance and energy metabolism 
[70]. Table 2 provides a summary of important circRNAs as 
well as lncRNAs implicated in pulmonary fibrosis.
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FKBP5 was inhibited using siRNA that leads to an increase 
in the expression of lnc929 as well as fibrosis markers, sug-
gesting the regulatory role of lnc929 in the fibrosis process 
[55].

MALAT1 is a prominent lncRNA involved in many dis-
eases including acute lung injury [87]. MALAT1 has been 
reported in macrophage activation and associated with pul-
monary fibrosis. In differentially activated macrophages, the 
expression of MALAT1 is distinctly altered. The knockdown 
of MALAT1 leads to inhibition of LPS-induced activated 
M1 macrophage while in M2 type macrophage, knockdown 
of MALAT1 leads to increase in its expression via IL-4 path-
way [95]. P65, a subunit of NF-kB can bind to the promoter 

Analysis also revealed that ITPF is correlated with clinico-
pathological characteristics of IPF patients [94].

lncRNA NONMMUT028949.2 or lnc949 is transcribed 
from FKBP5 (FK506 binding protein 5) gene and exerts its 
effect by suppressing FKBP5 expression post transcription-
ally. lnc949 is present in the cytoplasm. The expression of 
lnc949 was found to be significantly upregulated in L929 
cells treated with TGF-β1. Fibrosis biomarker such as col-
lagen, vimentin as well as α-SMA were also enhanced in 
treated L929 cells. But, when the expression of lnc949 
was inhibited by using small interfering RNA (si-lnc949), 
the expression of vimentin, α-SMA, and collagen reduced 
significantly. To reverse this condition, the expression of 

Table 2 Summary of targets and functions of circRNAs and lncRNAs involved in pulmonary fibrosis
circRNA Expression Target Function Biospecimen Reference
circ_406961 Downregulated ILF2 Inhibitory effects on inflammation PM2.5 treated BEAS-2B cells [71]
circZC3H4 Upregulated ZC3H4 protein via 

miR-212
Macrophage activation, fibroblasts prolifera-
tion and migration

Alveolar macrophage of 
silicosis patients

[60]

circHECTD1 Downregulated ZC3H12A M1/M2
polarization, inflammation initiation

Alveolar macrophage of 
silicosis patients

[61]

circHIPK2 Upregulated miR-506-3p induce sigma-1 receptor-associated 
endoplasmic
reticulum stress

Lung fibroblast [63]

circ-012091 Downregulated PPP1R13B Proliferation and migration of via ERS and 
autophagy
pathway

Lung fibroblast [64], [65]

LncRNA
MEG3 Upregulated TAT3, TP63, 

KRT14, YAP1
Enhances cell migration, tissue remodeling IPF lung tissue [72]

MALAT1 Downregulated Hexokinases Aberrant macrophage activation IL-4 treated macrophage [73]
NEAT1 Upregulated Rbm7, BRCA1 Triggering of apoptosis Rbm7-deficient mouse, 

bleomycin‐induced fibrosis 
mouse, nonhematopoietic 
(CD45‐) cells and RBM7−/− 
HEK293 cells

[74]

ITPF Upregulated ITGBL1 Act via TGF-β‐Smad2/3‐hnRNP L signaling 
pathway

BLM-mouse, TGF-β‐treated 
fibroblast MRC‐5 and blood 
samples from IPF patients

[75]

lncTERRA Upregulated Genes & compo-
nent associated 
with telomeres and 
mitochondria

Regulates telomeric and mitochondrial 
functions

Blood from IPF patients, 
BLM-mouse, A549, MLE-12

[76]

lncR-PCF Upregulated mir-344a-5p Promotes pulmonary fibrogenesis IPF lungs, BLM-mouse, RLE-
6TN cells

[77]

SIRT-AS Upregulated miR-34a SIRT1-AS overexpression inhibited TGF-β-
mediated EMT

BLM-mouse lung [78]

ZEB1-AS1 Upregulated miR-141–3p, col-
lagen 1, fibronectin 
1, α-SMA, E-cad-
herin, TGF-β1

ZEB1-AS1 through ZEB1-mediated EMT 
via binding miR-141–3p could promote 
pulmonary fibrosis.

BLM-mouse AEC type 2 [79]

HOTAIRM1 Downregulated IL-17 signaling 
pathway

Regulates viral transcription and inflamma-
tory development

Bronchoalveolar lavage fluid 
of COVID-19 patients

[80]

DANCR Downregulated REL, RELA, and 
NFkB1 and to 
AChE and IL-1b

Promoted infection Inflammatory prone lung 
tissue

[81]

MALAT1, 
NEAT1

Upregulated CAPN1 Inflammatory response BALF, NHBE Cells [82–85]
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roles in immune related process and pathways. 3 lncRNAs 
viz., PVT1, HOTAIRM1 and AL392172.1 were amongst 
the most influential upregulated lncRNAs with high affin-
ity for the SARS-CoV-2 genome binding, suggesting major 
regulatory role of lncRNAs during the infection [101].

Apart from these non-coding transcripts other ncRNAs 
such as siRNA, ceRNA are also been reported to play a key 
role in pulmonary fibrosis. Ahn et al. designed 13 siRNAs 
that mimics the miRNAs by implementing seed sequences 
from antifibrotic miRNAs and targets the SARS-CoV-2 to 
inhibit fatal lung fibrosis. Among those 13 siRNAs, one can-
didate siRNA 27/RdRP was functionally validated. Similar 
to miR-27, it targets the nsp12 region of the SARS-CoV-2 
virus, and inhibits TGF-β-induced pulmonary fibrosis and 
COL1A1 (a collagen-producing gene) in human lung cells. 
Thus, implying the role of siRNA as a potential therapeutic 
target in COVID-19 associated pulmonary fibrosis [102].

Conclusions

A number of non-coding transcripts have been detected 
in studies involving IPF and Covid-19-associated pulmo-
nary fibrosis. All three major subclasses of ncRNAs i.e., 
miRNA, lncRNA, and circRNA have been implicated in the 
pathogenesis of pulmonary fibrosis and shown as promis-
ing therapeutic targets. However, most of the data is based 
on in-vitro or animal models, and/or limited patient num-
bers with stringent selection criteria. Therefore, large-scale 
validation of these ncRNAs is imperative for assessing their 
potential as clinically useful diagnostic/prognostic marker/s 
and to check their potential as therapeutic targets.
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of MALAT1 in LPS-induced macrophages. It suggests 
MALAT1 is a direct transcriptional target of NF-κB acti-
vation. As opposed to LPS-stimulated macrophages, IL-4 
dampened MALAT1 expression in macrophages. Overall, 
these results suggest that MALAT1 is involved in the dif-
ferential activation of macrophages as a result of the distinct 
regulation of its expression by LPS and IL-4. On the other 
hand, downregulation of MALAT1, induces pro-fibrotic M2 
macrophage differentiation activated by IL-4. It increases 
the expression of Arg-1 and YM-1, which leads to induc-
tion of oxidative phosphorylation, mitochondrial pyruvate 
carriers and enhancement in the oxygen consumption and 
mannose receptor C-type-1. These observations suggest that 
MALAT1 controls pulmonary fibrosis by triggering activa-
tion of macrophages [95].

Recently, MALAT1 has been implicated as one of the key 
lncRNA involved in the COVID-19 infection [96]. Upreg-
ulation of MALAT1 is reported in SARS-CoV-2 infected 
NHBE cells (bronchial) [96]. MALAT1 and NEAT1 are 
important immunomodulatory lncRNAs that are reported 
as highly differentially expressed lncRNAs among mild and 
severe COVID-19 patients across various cell types sug-
gesting its role as a potential immune dysregulators during 
COVID-19 [97].

lncRNAs has been shown to have a role in silicosis asso-
ciated pulmonary fibrosis. In silicotic rat lung, upregulated 
lncRNA LOC103691771 was found to be associated with 
macrophage activation and fibroblast differentiation through 
TGFβ1-Smad2/3 signaling pathway [98]. Ma et al., has 
shown that lncRNAs also involved in air-pollution related 
lung disease [99]. Authors reported that the lung tissue 
exposed to PM2.5 had a total of 309 differentially expressed 
lncRNAs, 201 upregulated and 108 downregulated. Among 
these upregulated lncRNA, it was discovered that Gm16410 
regulates the TGF‐β1/Smad3/p‐Smad3 signaling pathway 
[99].

Age is an important risk factor in Covid-19 and is asso-
ciated with the severity of the disease, older people are at 
higher risk of developing a more severe disease. Inflammag-
ing is a term used to describe the hyperinflammatory symp-
toms of these older people. In a study of serum sample of 29 
Covid-19 subjects, a set of 3 miRNAs i.e., miR-21-5p, miR-
146a-5p, and miR-126-3p was found to be involved in the 
regulation of inflammaging [100]. miRNA has been shown 
to predict the response to tocilizumab, an anti-IL-6 drug, 
in COVID-19 patients with multifocal interstitial pneumo-
nia. The results showed that subjects who did not respond 
to Tocilizumab and experienced the most adverse outcome, 
had lower serum levels of miR-146a-5p. BALF and PBMC 
samples also have shown several differentially expressed 
lncRNA molecules among patients with Covid-19. Most of 
these differentially expressed lncRNAs were mainly play 

1 3



Mol Biol Rep

17. Jeck WR et al (Feb. 2013) Circular RNAs are abundant, con-
served, and associated with ALU repeats. RNA 19(2):141–157. 
doi: https://doi.org/10.1261/RNA.035667.112

18. Liu X, Liu H, Jia X, He R, Zhang X, Zhang W (Sep. 2020) 
Changing Expression Profiles of Messenger RNA, MicroRNA, 
Long Non-coding RNA, and Circular RNA Reveal the Key Regu-
lators and Interaction Networks of Competing Endogenous RNA 
in Pulmonary Fibrosis. Front Genet 11:1098. doi: https://doi.
org/10.3389/FGENE.2020.558095/BIBTEX

19. Lino Cardenas CL et al (Feb. 2013) miR-199a-5p Is upregu-
lated during fibrogenic response to tissue injury and mediates 
TGFbeta-induced lung fibroblast activation by targeting caveo-
lin-1. PLoS Genet 9(2). doi: https://doi.org/10.1371/JOURNAL.
PGEN.1003291

20. Wei P et al (Sep. 2019) Transforming growth factor (TGF)-
β1-induced miR-133a inhibits myofibroblast differentiation 
and pulmonary fibrosis. Cell Death Dis 10(9). doi: https://doi.
org/10.1038/S41419-019-1873-X

21. Pandit K et al (2010) “Inhibition and role of let-7d in idio-
pathic pulmonary fibrosis,” Am J Respir Crit Care Med, 
vol. 182, no. 2, pp. 220–229, doi: https://doi.org/10.1164/
RCCM.200911-1698OC

22. “[miR-21 promotes pulmonary fibrosis in rats via down-regulat-
ing the expression of ADAMTS-1] - PubMed.” https://pubmed.
ncbi.nlm.nih.gov/27916096/

23. Mo Y, Zhang Y, Wan R, Jiang M, Xu Y, Zhang Q (2020) “miR-
21 mediates nickel nanoparticle-induced pulmonary injury and 
fibrosis,” Nanotoxicology, vol. 14, no. 9, pp. 1175–1197, Oct. 
doi: https://doi.org/10.1080/17435390.2020.1808727

24. Kuse N et al (2020) Exosome-derived microRNA-22 ameliorates 
pulmonary fibrosis by regulating fibroblast-to-myofibroblast dif-
ferentiation in vitro and in vivo. J Nippon Med School 87(3):118–
128. doi: https://doi.org/10.1272/JNMS.JNMS.2020_87-302

25. Su S et al (2015) “miR-142-5p and miR-130a-3p are regulated by 
IL-4 and IL-13 and control profibrogenic macrophage program,” 
Nat Commun, vol. 6, doi: https://doi.org/10.1038/NCOMMS9523

26. Liang H et al (2014) Integrated analyses identify the involvement 
of microRNA-26a in epithelial-mesenchymal transition during 
idiopathic pulmonary fibrosis. Cell Death Dis 5(5). doi: https://
doi.org/10.1038/CDDIS.2014.207

27. Das S et al (May 2014) MicroRNA-326 regulates profibrotic func-
tions of transforming growth factor-β in pulmonary fibrosis. Am J 
Respir Cell Mol Biol 50(5):882–892. doi: https://doi.org/10.1165/
RCMB.2013-0195OC/SUPPL_FILE/DISCLOSURES.PDF.

28. Ji X et al (2015) “The Anti-fibrotic Effects and Mechanisms of 
MicroRNA-486-5p in Pulmonary Fibrosis,” Sci Rep, vol. 5, doi: 
https://doi.org/10.1038/SREP14131

29. Omote N, Sauler M (Dec. 2020) Non-coding RNAs as Regula-
tors of Cellular Senescence in Idiopathic Pulmonary Fibrosis and 
Chronic Obstructive Pulmonary Disease. Front Med 7:908. doi: 
https://doi.org/10.3389/FMED.2020.603047/BIBTEX

30. Shepelkova G et al (Sep. 2020) MicroRNAs in serum of Inter-
stitial lung diseases patients. Eur Respir J 56:1082 suppl 64. doi: 
https://doi.org/10.1183/13993003.CONGRESS-2020.1082

31. Rai DK, Sharma P, Kumar R (Jul. 2021) Post covid 19 pulmonary 
fibrosis. Is it real threat? Indian J Tuberc 68(3):330. doi: https://
doi.org/10.1016/J.IJTB.2020.11.003

32. Sardar R, Satish D, Gupta D (2020) “Identification of Novel 
SARS-CoV-2 Drug Targets by Host MicroRNAs and Tran-
scription Factors Co-regulatory Interaction Network Analy-
sis,” Front Genet, vol. 11, Oct. doi: https://doi.org/10.3389/
FGENE.2020.571274

33. He B, Zhou W, Rui Y, Liu L, Chen B, Su X (2021) MicroRNA-
574-5p Attenuates Acute Respiratory Distress Syndrome by Tar-
geting HMGB1. Am J Respir Cell Mol Biol 64(2):196–207. doi: 
https://doi.org/10.1165/RCMB.2020-0112OC

References

1. Thannickal VJ, Toews GB, White ES, Lynch JP, Martinez FJ (2004) 
“Mechanisms of Pulmonary Fibrosis,” vol. 55, pp. 395–417. doi: 
https://doi.org/10.1146/ANNUREV.MED.55.091902.103810.

2. George PM et al (Sep. 2020) Progressive fibrosing interstitial 
lung disease: clinical uncertainties, consensus recommendations, 
and research priorities. Lancet Respir Med 8(9):925–934. doi: 
https://doi.org/10.1016/S2213-2600(20)30355-6

3. Ambardar SR, Hightower SL, Huprikar NA, Chung KK, Singhal 
A, Collen JF (Jun. 2021) Post-COVID-19 Pulmonary Fibrosis: 
Novel Sequelae of the Current Pandemic. J Clin Med 10(11). doi: 
https://doi.org/10.3390/JCM10112452

4. Liu X, Liu H, Jia X, He R, Zhang X, Zhang W (Sep. 2020) 
Changing Expression Profiles of Messenger RNA, MicroRNA, 
Long Non-coding RNA, and Circular RNA Reveal the Key Regu-
lators and Interaction Networks of Competing Endogenous RNA 
in Pulmonary Fibrosis. Front Genet 11:1098. doi: https://doi.
org/10.3389/FGENE.2020.558095/BIBTEX

5. Antoniou KM, Pataka A, Bouros D, Siafakas NM (2007) “Patho-
genetic pathways and novel pharmacotherapeutic targets in 
idiopathic pulmonary fibrosis,” Pulmonary Pharmacology and 
Therapeutics, vol. 20, no. 5, pp. 453–461, Oct. doi: https://doi.
org/10.1016/J.PUPT.2006.01.002

6. Esteller M (2011) “Non-coding RNAs in human disease,” Nature 
Reviews Genetics vol. 12, no. 12, pp. 861–874, Nov. 2011, doi: 
https://doi.org/10.1038/nrg3074

7. Soni DK, Biswas R (Nov. 2021) Role of Non-Coding RNAs in 
Post-Transcriptional Regulation of Lung Diseases. Front Genet 
12:2254. doi: https://doi.org/10.3389/FGENE.2021.767348/
BIBTEX

8. Mattick JS, Makunin Iv, suppl_1 (2006)pp R17–R29doi: https://
doi.org/10.1093/HMG/DDL046.

9. Sana J, Faltejskova P, Svoboda M, Slaby O (May 2012) Novel 
classes of non-coding RNAs and cancer. J Translational Med 
10(1):1–21. doi: https://doi.org/10.1186/1479-5876-10-103/
TABLES/3

10. Beermann J, Piccoli MT, Viereck J, Thum T (Oct. 2016) Non-cod-
ing rnas in development and disease: Background, mechanisms, 
and therapeutic approaches. Physiol Rev 96(4):1297–1325. 
doi: https://doi.org/10.1152/PHYSREV.00041.2015/ASSET/
IMAGES/LARGE/Z9J0041627740006.JPEG.

11. Jeck WR, Sharpless NE (2014) Detecting and characterizing 
circular RNAs. Nat Biotechnol 32(5):453–461. doi: https://doi.
org/10.1038/NBT.2890

12. Ozsolak F et al (2008) “Chromatin structure analyses identify 
miRNA promoters,” Genes Dev, vol. 22, no. 22, pp. 3172–3183, 
doi: https://doi.org/10.1101/GAD.1706508

13. Derrien T et al (2012) “The GENCODE v7 catalog of human long 
noncoding RNAs: analysis of their gene structure, evolution, and 
expression,” Genome Res, vol. 22, no. 9, pp. 1775–1789, doi: 
https://doi.org/10.1101/GR.132159.111

14. Salzman J, Gawad C, Wang PL, Lacayo N, Brown PO (Feb. 2012) 
Circular RNAs are the predominant transcript isoform from hun-
dreds of human genes in diverse cell types. PLoS ONE 7(2). doi: 
https://doi.org/10.1371/JOURNAL.PONE.0030733

15. Sasaki YTF, Ideue T, Sano M, Mituyama T, Hirose T (2009) 
“MENepsilon/beta noncoding RNAs are essential for structural 
integrity of nuclear paraspeckles,” Proc Natl Acad Sci U S A, 
vol. 106, no. 8, pp. 2525–2530, Feb. doi: https://doi.org/10.1073/
PNAS.0807899106

16. Zhang Y et al (2013) “Circular intronic long noncoding 
RNAs,” Mol Cell, vol. 51, no. 6, pp. 792–806, doi: https://doi.
org/10.1016/J.MOLCEL.2013.08.017

1 3

http://dx.doi.org/10.1261/RNA.035667.112
http://dx.doi.org/10.3389/FGENE.2020.558095/BIBTEX
http://dx.doi.org/10.3389/FGENE.2020.558095/BIBTEX
http://dx.doi.org/10.1371/JOURNAL.PGEN.1003291
http://dx.doi.org/10.1371/JOURNAL.PGEN.1003291
http://dx.doi.org/10.1038/S41419-019-1873-X
http://dx.doi.org/10.1038/S41419-019-1873-X
http://dx.doi.org/10.1164/RCCM.200911-1698OC
http://dx.doi.org/10.1164/RCCM.200911-1698OC
https://pubmed.ncbi.nlm.nih.gov/27916096/
https://pubmed.ncbi.nlm.nih.gov/27916096/
http://dx.doi.org/10.1080/17435390.2020.1808727
http://dx.doi.org/10.1272/JNMS.JNMS.2020_87-302
http://dx.doi.org/10.1038/NCOMMS9523
http://dx.doi.org/10.1038/CDDIS.2014.207
http://dx.doi.org/10.1038/CDDIS.2014.207
https://doi.org/10.1165/RCMB.2013-0195OC/SUPPL_FILE/DISCLOSURES.PDF
https://doi.org/10.1165/RCMB.2013-0195OC/SUPPL_FILE/DISCLOSURES.PDF
http://dx.doi.org/10.1038/SREP14131
http://dx.doi.org/10.3389/FMED.2020.603047/BIBTEX
http://dx.doi.org/10.1183/13993003.CONGRESS-2020.1082
http://dx.doi.org/10.1016/J.IJTB.2020.11.003
http://dx.doi.org/10.1016/J.IJTB.2020.11.003
http://dx.doi.org/10.3389/FGENE.2020.571274
http://dx.doi.org/10.3389/FGENE.2020.571274
http://dx.doi.org/10.1165/RCMB.2020-0112OC
http://dx.doi.org/10.1146/ANNUREV.MED.55.091902.103810
http://dx.doi.org/10.1016/S2213-2600(20)30355-6
http://dx.doi.org/10.3390/JCM10112452
http://dx.doi.org/10.3389/FGENE.2020.558095/BIBTEX
http://dx.doi.org/10.3389/FGENE.2020.558095/BIBTEX
http://dx.doi.org/10.1016/J.PUPT.2006.01.002
http://dx.doi.org/10.1016/J.PUPT.2006.01.002
http://dx.doi.org/10.1038/nrg3074
http://dx.doi.org/10.3389/FGENE.2021.767348/BIBTEX
http://dx.doi.org/10.3389/FGENE.2021.767348/BIBTEX
http://dx.doi.org/10.1093/HMG/DDL046
http://dx.doi.org/10.1093/HMG/DDL046
http://dx.doi.org/10.1186/1479-5876-10-103/TABLES/3
http://dx.doi.org/10.1186/1479-5876-10-103/TABLES/3
https://doi.org/10.1152/PHYSREV.00041.2015/ASSET/IMAGES/LARGE/Z9J0041627740006.JPEG
https://doi.org/10.1152/PHYSREV.00041.2015/ASSET/IMAGES/LARGE/Z9J0041627740006.JPEG
http://dx.doi.org/10.1038/NBT.2890
http://dx.doi.org/10.1038/NBT.2890
http://dx.doi.org/10.1101/GAD.1706508
http://dx.doi.org/10.1101/GR.132159.111
http://dx.doi.org/10.1371/JOURNAL.PONE.0030733
http://dx.doi.org/10.1073/PNAS.0807899106
http://dx.doi.org/10.1073/PNAS.0807899106
http://dx.doi.org/10.1016/J.MOLCEL.2013.08.017
http://dx.doi.org/10.1016/J.MOLCEL.2013.08.017


Mol Biol Rep

TGFbeta-induced lung fibroblast activation by targeting caveo-
lin-1. PLoS Genet 9(2). doi: https://doi.org/10.1371/JOURNAL.
PGEN.1003291

50. Rubio GA et al (2018) “Mesenchymal stromal cells prevent bleo-
mycin-induced lung and skin fibrosis in aged mice and restore 
wound healing,” J Cell Physiol, vol. 233, no. 8, pp. 5503–5512, 
doi: https://doi.org/10.1002/JCP.26418

51. Yao MY, Zhang WH, Ma WT, Liu QH, Xing LH, Zhao GF 
(2019) “microRNA-328 in exosomes derived from M2 macro-
phages exerts a promotive effect on the progression of pulmonary 
fibrosis via FAM13A in a rat model,” Experimental & Molecular 
Medicine 2019 51:6, vol. 51, no. 6, pp. 1–16, Jun. doi: https://doi.
org/10.1038/s12276-019-0255-x

52. Sun L et al (2019) “Exosomal miRNA Let-7 from Menstrual 
Blood-Derived Endometrial Stem Cells Alleviates Pulmonary 
Fibrosis through Regulating Mitochondrial DNA Damage,” Oxi-
dative Medicine and Cellular Longevity, vol. 2019, doi: https://
doi.org/10.1155/2019/4506303

53. Liu MW, Su MX, Tang DY, Hao L, Xun XH, Huang YQ (2019) 
“Ligustrazin increases lung cell autophagy and ameliorates para-
quat-induced pulmonary fibrosis by inhibiting PI3K/Akt/mTOR 
and hedgehog signalling via increasing miR-193a expression,” 
BMC Pulmonary Medicine, vol. 19, no. 1, pp. 1–16, Feb. doi: 
https://doi.org/10.1186/S12890-019-0799-5/FIGURES/12

54. Liu B et al (2018) “MicroRNA-708-3p as a potential therapeu-
tic target via the ADAM17-GATA/STAT3 axis in idiopathic 
pulmonary fibrosis,” Experimental & Molecular Medicine 2018 
50:3, vol. 50, no. 3, pp. e465–e465, doi: https://doi.org/10.1038/
emm.2017.311

55. Li C et al (2019) “Crosstalk of mRNA, miRNA, lncRNA, and 
circRNA and Their Regulatory Pattern in Pulmonary Fibrosis,” 
Molecular Therapy - Nucleic Acids, vol. 18, pp. 204–218, doi: 
https://doi.org/10.1016/J.OMTN.2019.08.018

56. Li R et al (Dec. 2018) Potential regulatory role of circular RNA 
in idiopathic pulmonary fibrosis. Int J Mol Med 42(6):3256. doi: 
https://doi.org/10.3892/IJMM.2018.3892

57. Zhou B, Yu JW (Jun. 2017) A novel identified circular RNA, 
circRNA_010567, promotes myocardial fibrosis via sup-
pressing miR-141 by targeting TGF-β1. Biochem Biophys 
Res Commun 487(4):769–775. doi: https://doi.org/10.1016/J.
BBRC.2017.04.044

58. Li J, Li P, Zhang G, Qin P, Zhang D, Zhao W (2020) “CircRNA 
TADA2A relieves idiopathic pulmonary fibrosis by inhibiting 
proliferation and activation of fibroblasts,” Cell Death & Dis-
ease 2020 11:7, vol. 11, no. 7, pp. 1–15, Jul. doi: https://doi.
org/10.1038/s41419-020-02747-9

59. Zhang Y et al (2015) “Roles of microRNA-146a and microRNA-
181b in regulating the secretion of tumor necrosis factor-α and 
interleukin-1β in silicon dioxide-induced NR8383 rat macro-
phages,” Molecular Medicine Reports, vol. 12, no. 4, pp. 5587–
5593, doi: https://doi.org/10.3892/MMR.2015.4083/HTML

60. Yang X et al (2018) “Silica-induced initiation of circular 
ZC3H4RNA/ZC3H4 pathway promotes the pulmonary macro-
phage activation,” The FASEB Journal, vol. 32, no. 6, pp. 3264–
3277, doi: https://doi.org/10.1096/FJ.201701118R

61. Zhou Z et al (2018) circRNA mediates silica-induced macro-
phage activation via HECTD1/ZC3H12A-dependent ubiquiti-
nation. Theranostics 8(2):575–592. doi: https://doi.org/10.7150/
THNO.21648

62. Fang S et al (2018) “circHECTD1 promotes the silica-induced 
pulmonary endothelial–mesenchymal transition via HECTD1,” 
Cell Death & Disease 2018 9:3, vol. 9, no. 3, pp. 1–16, doi: 
https://doi.org/10.1038/s41419-018-0432-1

63. Cao Z et al (2017) “circHIPK2-mediated σ-1R promotes endo-
plasmic reticulum stress in human pulmonary fibroblasts exposed 

34. Cabrera-Benitez NE et al (2014) Mechanical Ventilation–associ-
ated Lung Fibrosis in Acute Respiratory Distress Syndrome A Sig-
nificant Contributor to Poor Outcome. Anesthesiology 121(1):189. 
doi: https://doi.org/10.1097/ALN.0000000000000264

35. Plowman T, Lagos D (2021) Non-Coding RNAs in COVID-19: 
Emerging Insights and Current Questions. Non-Coding RNA 
7(3). doi: https://doi.org/10.3390/NCRNA7030054

36. Farr RJ et al (Jul. 2021) Altered microRNA expression in 
COVID-19 patients enables identification of SARS-CoV-2 infec-
tion. PLoS Pathog 17(7). doi: https://doi.org/10.1371/JOURNAL.
PPAT.1009759

37. Lino Cardenas CL et al (Feb. 2013) miR-199a-5p Is upregu-
lated during fibrogenic response to tissue injury and mediates 
TGFbeta-induced lung fibroblast activation by targeting caveo-
lin-1. PLoS Genet 9(2). doi: https://doi.org/10.1371/JOURNAL.
PGEN.1003291

38. Liang H et al (Jun. 2014) The Antifibrotic Effects and Mecha-
nisms of MicroRNA-26a Action in Idiopathic Pulmonary Fibro-
sis. Mol Ther 22(6):1122–1133. doi: https://doi.org/10.1038/
MT.2014.42

39. Fierro-Fernández M et al (2015) “miR-9-5p suppresses pro-fibro-
genic transformation of fibroblasts and prevents organ fibrosis 
by targeting NOX4 and TGFBR2,” EMBO Rep, vol. 16, no. 10, 
pp. 1358–1377, doi: https://doi.org/10.15252/EMBR.201540750

40. Su S et al (2015) “miR-142-5p and miR-130a-3p are regulated by 
IL-4 and IL-13 and control profibrogenic macrophage program,” 
Nature Communications 2015 6:1, vol. 6, no. 1, pp. 1–19, doi: 
https://doi.org/10.1038/ncomms9523

41. Liu G et al (2010) “miR-21 mediates fibrogenic activation of pul-
monary fibroblasts and lung fibrosis,” J Exp Med, vol. 207, no. 8, 
pp. 1589–1597, doi: https://doi.org/10.1084/JEM.20100035

42. Lei GS, Kline HL, Lee CH, Wilkes DS, Zhang C (Sep. 2016) 
Regulation of Collagen V Expression and Epithelial-Mesen-
chymal Transition by miR-185 and miR-186 during Idiopathic 
Pulmonary Fibrosis. Am J Pathol 186(9):2310. doi: https://doi.
org/10.1016/J.AJPATH.2016.04.015

43. Balmeh N, Mahmoudi S, Mohammadi N, Karabedianhajiabadi 
A (Jan. 2020) Predicted therapeutic targets for COVID-19 dis-
ease by inhibiting SARS-CoV-2 and its related receptors. Inf 
Med Unlocked 20:100407. doi: https://doi.org/10.1016/J.
IMU.2020.100407

44. Matsushima S, Ishiyama J (2016) MicroRNA-29c regulates 
apoptosis sensitivity via modulation of the cell-surface death 
receptor, Fas, in lung fibroblasts. Am J Physiol Lung Cell Mol 
Physiol 311(6):L1050–L1061. doi: https://doi.org/10.1152/
AJPLUNG.00252.2016

45. Cui H et al (Feb. 2017) MIR-34a inhibits lung fibrosis by inducing 
lung fibroblast senescence. Am J Respir Cell Mol Biol 56(2):168–
178. doi: https://doi.org/10.1165/RCMB.2016-0163OC/SUPPL_
FILE/DISCLOSURES.PDF.

46. Chen Y et al (2020) “Inhibition of miR-155-5p Exerts Anti-
Fibrotic Effects in Silicotic Mice by Regulating Meprin α,” 
Molecular Therapy - Nucleic Acids, vol. 19, pp. 350–360, doi: 
https://doi.org/10.1016/J.OMTN.2019.11.018/ATTACHMENT/
DB500479-7473-4352-B8F3-69F3BF3B0AC0/MMC1.PDF

47. Kurowska-Stolarska M et al (1946) “The role of microRNA-155/
liver X receptor pathway in experimental and idiopathic pulmo-
nary fibrosis,” The Journal of Allergy and Clinical Immunol-
ogy, vol. 139, no. 6, p. Jun. 2017, doi: https://doi.org/10.1016/J.
JACI.2016.09.021

48. Tang H et al (2020) “SHIP-1, a target of miR-155, regulates 
endothelial cell responses in lung fibrosis,” The FASEB Jour-
nal, vol. 34, no. 2, pp. 2011–2023, doi: https://doi.org/10.1096/
FJ.201902063R

49. Lino Cardenas CL et al (Feb. 2013) miR-199a-5p Is upregu-
lated during fibrogenic response to tissue injury and mediates 

1 3

http://dx.doi.org/10.1371/JOURNAL.PGEN.1003291
http://dx.doi.org/10.1371/JOURNAL.PGEN.1003291
http://dx.doi.org/10.1002/JCP.26418
http://dx.doi.org/10.1038/s12276-019-0255-x
http://dx.doi.org/10.1038/s12276-019-0255-x
http://dx.doi.org/10.1155/2019/4506303
http://dx.doi.org/10.1155/2019/4506303
http://dx.doi.org/10.1186/S12890-019-0799-5/FIGURES/12
http://dx.doi.org/10.1038/emm.2017.311
http://dx.doi.org/10.1038/emm.2017.311
http://dx.doi.org/10.1016/J.OMTN.2019.08.018
http://dx.doi.org/10.3892/IJMM.2018.3892
http://dx.doi.org/10.1016/J.BBRC.2017.04.044
http://dx.doi.org/10.1016/J.BBRC.2017.04.044
http://dx.doi.org/10.1038/s41419-020-02747-9
http://dx.doi.org/10.1038/s41419-020-02747-9
http://dx.doi.org/10.3892/MMR.2015.4083/HTML
http://dx.doi.org/10.1096/FJ.201701118R
http://dx.doi.org/10.7150/THNO.21648
http://dx.doi.org/10.7150/THNO.21648
http://dx.doi.org/10.1038/s41419-018-0432-1
http://dx.doi.org/10.1097/ALN.0000000000000264
http://dx.doi.org/10.3390/NCRNA7030054
http://dx.doi.org/10.1371/JOURNAL.PPAT.1009759
http://dx.doi.org/10.1371/JOURNAL.PPAT.1009759
http://dx.doi.org/10.1371/JOURNAL.PGEN.1003291
http://dx.doi.org/10.1371/JOURNAL.PGEN.1003291
http://dx.doi.org/10.1038/MT.2014.42
http://dx.doi.org/10.1038/MT.2014.42
http://dx.doi.org/10.15252/EMBR.201540750
http://dx.doi.org/10.1038/ncomms9523
http://dx.doi.org/10.1084/JEM.20100035
http://dx.doi.org/10.1016/J.AJPATH.2016.04.015
http://dx.doi.org/10.1016/J.AJPATH.2016.04.015
http://dx.doi.org/10.1016/J.IMU.2020.100407
http://dx.doi.org/10.1016/J.IMU.2020.100407
http://dx.doi.org/10.1152/AJPLUNG.00252.2016
http://dx.doi.org/10.1152/AJPLUNG.00252.2016
https://doi.org/10.1165/RCMB.2016-0163OC/SUPPL_FILE/DISCLOSURES.PDF
https://doi.org/10.1165/RCMB.2016-0163OC/SUPPL_FILE/DISCLOSURES.PDF
https://doi.org/10.1016/J.OMTN.2019.11.018/ATTACHMENT/DB500479-7473-4352-B8F3-69F3BF3B0AC0/MMC1.PDF
https://doi.org/10.1016/J.OMTN.2019.11.018/ATTACHMENT/DB500479-7473-4352-B8F3-69F3BF3B0AC0/MMC1.PDF
http://dx.doi.org/10.1016/J.JACI.2016.09.021
http://dx.doi.org/10.1016/J.JACI.2016.09.021
http://dx.doi.org/10.1096/FJ.201902063R
http://dx.doi.org/10.1096/FJ.201902063R


Mol Biol Rep

no. 5, pp. 4322–4336, Mar. doi: https://doi.org/10.18632/
AGING.102882

79. Qian W et al (2019) “lncRNA ZEB1-AS1 promotes pulmo-
nary fibrosis through ZEB1-mediated epithelial–mesenchymal 
transition by competitively binding miR-141-3p,” Cell Death 
& Disease 2019 10:2, vol. 10, no. 2, pp. 1–12, doi: https://doi.
org/10.1038/s41419-019-1339-1

80. Moazzam-Jazi M, Lanjanian H, Maleknia S, Hedayati M, 
Daneshpour MS (2021) “Interplay between SARS-CoV-2 and 
human long non-coding RNAs,” J Cell Mol Med, vol. 25, no. 12, 
pp. 5823–5827, Jun. doi: https://doi.org/10.1111/JCMM.16596

81. Meydan C, Madrer N, Soreq H (Oct. 2020) The Neat Dance of 
COVID-19: NEAT1, DANCR, and Co-Modulated Choliner-
gic RNAs Link to Inflammation. Front Immunol 11:2638. doi: 
https://doi.org/10.3389/FIMMU.2020.590870/BIBTEX

82. Li H, Shi H, Ma N, Zi P, Liu Q, Sun R (2018) “BML-111 alleviates 
acute lung injury through regulating the expression of lncRNA 
MALAT1,” Archives of Biochemistry and Biophysics, vol. 649, 
pp. 15–21, Jul. doi: https://doi.org/10.1016/J.ABB.2018.04.016

83. Wei L, Li J, Han Z, Chen Z, Zhang Q (2019) “Silencing of 
lncRNA MALAT1 Prevents Inflammatory Injury after Lung 
Transplant Ischemia-Reperfusion by Downregulation of IL-8 via 
p300,” Molecular Therapy - Nucleic Acids, vol. 18, pp. 285–297, 
Dec. doi: https://doi.org/10.1016/J.OMTN.2019.05.009

84. Vishnubalaji R, Shaath H, Alajez NM (2020) “Protein Coding 
and Long Noncoding RNA (lncRNA) Transcriptional Landscape 
in SARS-CoV-2 Infected Bronchial Epithelial Cells Highlight a 
Role for Interferon and Inflammatory Response,” Genes 2020, 
Vol. 11, Page 760, vol. 11, no. 7, p. 760, Jul. doi: https://doi.
org/10.3390/GENES11070760

85. Moazzam-Jazi M, Lanjanian H, Maleknia S, Hedayati M, 
Daneshpour MS (2021) “Interplay between SARS-CoV-2 and 
human long non-coding RNAs,” J Cell Mol Med, vol. 25, no. 12, 
pp. 5823–5827, Jun. doi: https://doi.org/10.1111/JCMM.16596

86. Lu Q et al (Jun. 2018) The lncRNA H19 Mediates Pulmo-
nary Fibrosis by Regulating the miR-196a/COL1A1 Axis. 
Inflammation 41(3):896–903. doi: https://doi.org/10.1007/
S10753-018-0744-4/FIGURES/3

87. Zaki A, Ali MS, Hadda V, Ali SM, Chopra A, Fatma T (2021) 
“Long non-coding RNA (lncRNA): A potential therapeutic target 
in acute lung injury,” Genes & Diseases, Aug. doi: https://doi.
org/10.1016/J.GENDIS.2021.07.004

88. Selman M, Pardo A (May 2014) Revealing the pathogenic 
and aging-related mechanisms of the enigmatic idiopathic 
pulmonary fibrosis. an integral model. Am J Respir Crit 
Care Med 189(10):1161–1172. doi: https://doi.org/10.1164/
RCCM.201312-2221PP

89. Martinez FJ et al (Oct. 2017) Idiopathic pulmonary fibrosis. Nat 
Rev Dis Primers 3. doi: https://doi.org/10.1038/NRDP.2017.74

90. Gokey JJ et al (Sep. 2018) MEG3 is increased in idiopathic pul-
monary fibrosis and regulates epithelial cell differentiation. JCI 
Insight 3. doi: https://doi.org/10.1172/JCI.INSIGHT.122490

91. Fukushima K et al (2020) Dysregulated Expression of the Nuclear 
Exosome Targeting Complex Component Rbm7 in Nonhema-
topoietic Cells Licenses the Development of Fibrosis. Immu-
nity 52(3):542–556 .e13, Mar. doi: https://doi.org/10.1016/J.
IMMUNI.2020.02.007

92. Gao Y et al (Dec. 2017) Regulation of TERRA on telomeric and 
mitochondrial functions in IPF pathogenesis. BMC Pulm Med 
17(1):1. doi: https://doi.org/10.1186/S12890-017-0516-1

93. Hao X, Du Y, Qian L, Li D, Liu X (2017) “Upregulation of 
long noncoding RNA AP003419.16 predicts high risk of agin-
gassociated idiopathic pulmonary fibrosis,” Mol Med Rep, 
vol. 16, no. 6, pp. 8085–8091, Dec. doi: https://doi.org/10.3892/
MMR.2017.7607

to silica,” Cell Death & Disease 2017 8:12, vol. 8, no. 12, 
pp. 1–13, doi: https://doi.org/10.1038/s41419-017-0017-4

64. Cheng Y et al (Aug. 2019) CircRNA-012091/PPP1R13B-medi-
ated lung fibrotic response in silicosis via endoplasmic reticulum 
stress and autophagy. Am J Respir Cell Mol Biol 61(3):380–391. 
doi: https://doi.org/10.1165/RCMB.2019-0017OC/SUPPL_
FILE/DISCLOSURES.PDF.

65. Son B et al (Nov. 2017) CYP2E1 regulates the develop-
ment of radiation-induced pulmonary fibrosis via ER stress-
and ROS-dependent mechanisms. Am J Physiol - Lung Cell 
Mol Physiol 313(5):L916–L929. doi: https://doi.org/10.1152/
A J P L U N G . 0 0 1 4 4 . 2 0 1 7 / A S S E T / I M A G E S / L A R G E /
ZH50101773140009.JPEG.

66. Li H et al “FOXO3 regulates Smad3 and Smad7 through SPON1 
circular RNA to inhibit idiopathic pulmonary brosis Characteris-
tic Medical Center of the Chinese People’s Armed Police Force 
Xiaoping Li Tianjin First Central Hospital”, doi: https://doi.
org/10.21203/rs.3.rs-900230/v1

67. Yao W et al (2018) “The CDR1as/miR-7/TGFBR2 Axis Mod-
ulates EMT in Silica-Induced Pulmonary Fibrosis,” Toxicol 
Sci, vol. 166, no. 2, pp. 465–478, doi: https://doi.org/10.1093/
TOXSCI/KFY221

68. Xu Q et al (2021) “The role of macrophage–fibroblast interaction 
in lipopolysaccharide-induced pulmonary fibrosis: an acceleration 
in lung fibroblast aerobic glycolysis,” Laboratory Investigation 
2021, pp. 1–8, doi: https://doi.org/10.1038/s41374-021-00701-7

69. Ye Z et al (Feb. 2018) The differential expression of novel cir-
cular RNAs in an acute lung injury rat model caused by smoke 
inhalation. J Physiol Biochem 74(1):25–33. doi: https://doi.
org/10.1007/S13105-017-0598-5

70. Wu Y, Zhao T, Deng R, Xia X, Li B, Wang X (Dec. 2021) A study 
of differential circRNA and lncRNA expressions in COVID-
19-infected peripheral blood. Sci Rep 11(1). doi: https://doi.
org/10.1038/S41598-021-86134-0

71. Jia Y et al (Aug. 2020) Circular RNA 406961 interacts with ILF2 
to regulate PM2.5-induced inflammatory responses in human 
bronchial epithelial cells via activation of STAT3/JNK path-
ways. Environ Int 141:105755. doi: https://doi.org/10.1016/J.
ENVINT.2020.105755

72. Gokey JJ et al (Sep. 2018) MEG3 is increased in idiopathic pul-
monary fibrosis and regulates epithelial cell differentiation. JCI 
Insight 3. doi: https://doi.org/10.1172/JCI.INSIGHT.122490

73. Cui H et al (Feb. 2019) Long noncoding RNA Malat1 regu-
lates differential activation of macrophages and response to 
lung injury. JCI Insight 4(4). doi: https://doi.org/10.1172/JCI.
INSIGHT.124522

74. Fukushima K et al (2020) Dysregulated Expression of the Nuclear 
Exosome Targeting Complex Component Rbm7 in Nonhema-
topoietic Cells Licenses the Development of Fibrosis. Immu-
nity 52(3):542–556 .e13, Mar. doi: https://doi.org/10.1016/J.
IMMUNI.2020.02.007

75. Song X et al (2019) “lncITPF Promotes Pulmonary Fibrosis 
by Targeting hnRNP-L Depending on Its Host Gene ITGBL1,” 
Molecular Therapy, vol. 27, no. 2, p. 380, doi: https://doi.
org/10.1016/J.YMTHE.2018.08.026

76. Gao Y et al (2017) “Regulation of TERRA on telomeric and 
mitochondrial functions in IPF pathogenesis,” BMC Pulmo-
nary Medicine, vol. 17, no. 1, p. 1, doi: https://doi.org/10.1186/
S12890-017-0516-1/FIGURES/7

77. Liu H et al (2017) “A novel lnc-PCF promotes the proliferation 
of TGF-β1-activated epithelial cells by targeting miR-344a-5p to 
regulate map3k11 in pulmonary fibrosis,” Cell Death Dis, vol. 8, 
no. 10, p. e3137, doi: https://doi.org/10.1038/CDDIS.2017.500

78. Qian W, Cai X, Qian Q (2020) “Sirt1 antisense long non-
coding RNA attenuates pulmonary fibrosis through sirt1-
mediated epithelial-mesenchymal transition,” Aging, vol. 12, 

1 3

http://dx.doi.org/10.18632/AGING.102882
http://dx.doi.org/10.18632/AGING.102882
http://dx.doi.org/10.1038/s41419-019-1339-1
http://dx.doi.org/10.1038/s41419-019-1339-1
http://dx.doi.org/10.1111/JCMM.16596
http://dx.doi.org/10.3389/FIMMU.2020.590870/BIBTEX
http://dx.doi.org/10.1016/J.ABB.2018.04.016
http://dx.doi.org/10.1016/J.OMTN.2019.05.009
http://dx.doi.org/10.3390/GENES11070760
http://dx.doi.org/10.3390/GENES11070760
http://dx.doi.org/10.1111/JCMM.16596
http://dx.doi.org/10.1007/S10753-018-0744-4/FIGURES/3
http://dx.doi.org/10.1007/S10753-018-0744-4/FIGURES/3
http://dx.doi.org/10.1016/J.GENDIS.2021.07.004
http://dx.doi.org/10.1016/J.GENDIS.2021.07.004
http://dx.doi.org/10.1164/RCCM.201312-2221PP
http://dx.doi.org/10.1164/RCCM.201312-2221PP
http://dx.doi.org/10.1038/NRDP.2017.74
http://dx.doi.org/10.1172/JCI.INSIGHT.122490
http://dx.doi.org/10.1016/J.IMMUNI.2020.02.007
http://dx.doi.org/10.1016/J.IMMUNI.2020.02.007
http://dx.doi.org/10.1186/S12890-017-0516-1
http://dx.doi.org/10.3892/MMR.2017.7607
http://dx.doi.org/10.3892/MMR.2017.7607
http://dx.doi.org/10.1038/s41419-017-0017-4
https://doi.org/10.1165/RCMB.2019-0017OC/SUPPL_FILE/DISCLOSURES.PDF
https://doi.org/10.1165/RCMB.2019-0017OC/SUPPL_FILE/DISCLOSURES.PDF
https://doi.org/10.1152/AJPLUNG.00144.2017/ASSET/IMAGES/LARGE/ZH50101773140009.JPEG
https://doi.org/10.1152/AJPLUNG.00144.2017/ASSET/IMAGES/LARGE/ZH50101773140009.JPEG
https://doi.org/10.1152/AJPLUNG.00144.2017/ASSET/IMAGES/LARGE/ZH50101773140009.JPEG
http://dx.doi.org/10.21203/rs.3.rs-900230/v1
http://dx.doi.org/10.21203/rs.3.rs-900230/v1
http://dx.doi.org/10.1093/TOXSCI/KFY221
http://dx.doi.org/10.1093/TOXSCI/KFY221
http://dx.doi.org/10.1038/s41374-021-00701-7
http://dx.doi.org/10.1007/S13105-017-0598-5
http://dx.doi.org/10.1007/S13105-017-0598-5
http://dx.doi.org/10.1038/S41598-021-86134-0
http://dx.doi.org/10.1038/S41598-021-86134-0
http://dx.doi.org/10.1016/J.ENVINT.2020.105755
http://dx.doi.org/10.1016/J.ENVINT.2020.105755
http://dx.doi.org/10.1172/JCI.INSIGHT.122490
http://dx.doi.org/10.1172/JCI.INSIGHT.124522
http://dx.doi.org/10.1172/JCI.INSIGHT.124522
http://dx.doi.org/10.1016/J.IMMUNI.2020.02.007
http://dx.doi.org/10.1016/J.IMMUNI.2020.02.007
http://dx.doi.org/10.1016/J.YMTHE.2018.08.026
http://dx.doi.org/10.1016/J.YMTHE.2018.08.026
http://dx.doi.org/10.1186/S12890-017-0516-1/FIGURES/7
http://dx.doi.org/10.1186/S12890-017-0516-1/FIGURES/7
http://dx.doi.org/10.1038/CDDIS.2017.500


Mol Biol Rep

100. Sabbatinelli J et al (Jan. 2021) Decreased serum levels of the 
inflammaging marker miR-146a are associated with clinical non-
response to tocilizumab in COVID-19 patients. Mech Ageing Dev 
193:111413. doi: https://doi.org/10.1016/J.MAD.2020.111413

101. Moazzam-Jazi M, Lanjanian H, Maleknia S, Hedayati M, 
Daneshpour MS (Jun. 2021) Interplay between SARS-CoV‐2 and 
human long non‐coding RNAs. J Cell Mol Med 25(12):5823. doi: 
https://doi.org/10.1111/JCMM.16596

102. Ahn SH, Gu D, Koh Y, Lee HS, Chi SW (2021) “AGO CLIP-based 
imputation of potent siRNA sequences targeting SARS-CoV-2 
with antifibrotic miRNA-like activity,” Scientific Reports 2021 
11:1, vol. 11, no. 1, pp. 1–15, Sep. doi: https://doi.org/10.1038/
s41598-021-98708-z

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this arti-
cle is solely governed by the terms of such publishing agreement and 
applicable law.

94. Song X et al (Feb. 2019) lncITPF Promotes Pulmonary Fibrosis 
by Targeting hnRNP-L Depending on Its Host Gene ITGBL1. 
Mol Ther 27(2):380–393. doi: https://doi.org/10.1016/J.
YMTHE.2018.08.026

95. Cui H et al (Feb. 2019) Long noncoding RNA Malat1 regu-
lates differential activation of macrophages and response to 
lung injury. JCI Insight 4(4). doi: https://doi.org/10.1172/JCI.
INSIGHT.124522

96. Vishnubalaji R, Shaath H, Alajez NM (2020) “Protein Coding 
and Long Noncoding RNA (lncRNA) Transcriptional Land-
scape in SARS-CoV-2 Infected Bronchial Epithelial Cells High-
light a Role for Interferon and Inflammatory Response,” Genes 
(Basel), vol. 11, no. 7, pp. 1–19, Jul. doi: https://doi.org/10.3390/
GENES11070760

97. Huang K, Wang C, Vagts C, Raguveer V, Finn PW, Perkins DL (Jan. 
2022) Long non-coding RNAs (lncRNAs) NEAT1 and MALAT1 
are differentially expressed in severe COVID-19 patients: An 
integrated single-cell analysis. PLoS ONE 17(1):e0261242. doi: 
https://doi.org/10.1371/JOURNAL.PONE.0261242

98. Sai L et al (Aug. 2019) Profiling long non-coding RNA changes 
in silica-induced pulmonary fibrosis in rat. Toxicol Lett 310:7–13. 
doi: https://doi.org/10.1016/J.TOXLET.2019.04.003

99. Ma K et al (Dec. 2020) LncRNA Gm16410 regulates PM 
2.5-induced lung Endothelial-Mesenchymal Transition via the 
TGF-β1/Smad3/p-Smad3 pathway. Ecotoxicol Environ Saf 205. 
doi: https://doi.org/10.1016/J.ECOENV.2020.111327

1 3

http://dx.doi.org/10.1016/J.MAD.2020.111413
http://dx.doi.org/10.1111/JCMM.16596
http://dx.doi.org/10.1038/s41598-021-98708-z
http://dx.doi.org/10.1038/s41598-021-98708-z
http://dx.doi.org/10.1016/J.YMTHE.2018.08.026
http://dx.doi.org/10.1016/J.YMTHE.2018.08.026
http://dx.doi.org/10.1172/JCI.INSIGHT.124522
http://dx.doi.org/10.1172/JCI.INSIGHT.124522
http://dx.doi.org/10.3390/GENES11070760
http://dx.doi.org/10.3390/GENES11070760
http://dx.doi.org/10.1371/JOURNAL.PONE.0261242
http://dx.doi.org/10.1016/J.TOXLET.2019.04.003
http://dx.doi.org/10.1016/J.ECOENV.2020.111327

	Non-coding RNA in idiopathic interstitial pneumonia and Covid-19 pulmonary fibrosis
	Abstract
	Introduction
	Non-coding RNAs
	Classification of ncRNAs

	Pulmonary fibrosis and non-coding RNA
	miRNA
	Circular RNAs
	lncRNA

	Conclusions
	References


