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LncRNA-RP11 Modulates TGF-b1-
Activated Radiation-Induced Lung Injury
Through Downregulating microRNA-29a
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Abstract
Radiation-induced lung injury (RILI) is one of the most serious complications of thoracic radiation and TGF-b1 is a central regulator of
RILI. However, the molecular mechanism underlying the fine tuning of TGF-b1 signaling in RILI has not been fully understood. In the
current study, differentially expressed long non-coding RNAs (LncRNAs) among human lung fibroblasts cell lines HFL-1 and WI-38
treated with TGF-b1, were identified bymicroarray and validated by real time PCR. LncRNA-RP11 was found to be the most increased
LncRNA and it mediated the promotion of fibrogenic activity in human lung fibroblasts after TGF-b1 treatment. Bioinformatic analysis
revealed that TGF-b1 may be associated with the component and structure of extracellular matrix in lung fibroblasts cells, and
LncRNA-RP11 was predicted and confirmed to be a competing endogenous RNA by directly binding to miR-29a. Functional
experiments investigating the biological role of LncRNA-RP11/miR-29a axis in RILI, were then carried out in human fibroblasts. The
results showed that radiation promoted the expression of LncRNA-RP11, but regressed the expression of miR-29a. Furthermore,
radiation elevated the expression of various common collagenic proteins, which could be abolished by overexpression of miR-29a.
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Introduction

Radiotherapy plays an imperative role in treating thoracic

tumors and radiation-induced lung injury (RILI) is one of the

most common and serious complications during thoracic radia-

tion.1-3 It is characterized by the accumulation of fibroblasts,

myofibroblasts, inflammatory cells and extracellular matrix

proteins, such as collagen, subsequently forming into scar tis-

sue, which could eventually lead to fatal respiratory insuffi-

ciency.1,4 In clinical, RILI remains one of the most important

factors limiting the radiation dose that could be delivered to the

tumors, which negatively affects the local control rates of var-

ious thoracic cancers and patients’ long-term quality of life.1,5

TGF-b1 is a multifunctional regulator of cell growth and

differentiation, expressed in response to different kinds of inju-

ries, and plays critical roles in the regulation of radiation-

induced normal tissue damage, particularly RILI.6,7 It could

promote proliferation of fibroblasts, induce synthesis of col-

lagen, inhibit expression of collagenase and recruit a large

amount of pro-inflammation immune cells, leading to the

development and exacerbation of RILI.4,8 Hence, inhibiting the

TGF-b1 signaling pathway has the potential to reduce the inci-

dence and severity of RILI. However, the underlying mechan-

isms modulating TGF-b1 signaling in RILI remain exclusive.

Long noncoding RNAs (LncRNAs) are a class of transcripts

longer than 200 nucleotides with limited protein coding
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potential. Recently, many studies have shown that LncRNAs

have multiple functions in a wide range of biological processes,

including cell proliferation, apoptosis, migration, carcinogen-

esis, would healing and tissue repair, and they are frequently

deregulated in various diseases.9 For instance, several

LncRNAs have been identified to participate in the modulation

of radiation-induced normal tissue injuries, such as LncRNA

HULC,10 Gm14005 and Tmevpg1.11 Nevertheless, LncRNAs

related to RILI are seldom reported, thus, we identified the

specific LncRNA induced by TGF-b1 in human lung fibro-

blasts cells by microarray and further preliminarily verified the

regulatory effect and molecular mechanism of LncRNA-RP11/

miR-29a in RILI cell models, which might provide a potential

target for the treatment of RILI in the future.

Materials and Methods

Cell Culture and Radiation

The human lung fibroblasts cell lines HFL1 and WI-38 were

purchased from the ATCC (Manassas, VA, USA). HFL1 and

WI-38 cell lines were cultured in Ham’s F-12 K and MEM

medium, respectively. The 2 medium were both supplemented

with FBS (10%), penicillin (100 U/ml), and streptomycin

(100 g/ml) in a 37�C humidified incubator with 5% CO2.

During radiation, cells were seeded in 60-mm dishes at

proper cell densities in duplicate and the culture flasks were

placed flat on a treatment bed on the top of a plexi glass plate

with a thickness of 1.3 cm. Irradiation was performed using a

linear accelerator (Siemens, Munich, Germany) with 6 MV-X

ray at 2Gy/min and a source skin distance of 100 cm. The angle

of the accelerator during irradiation was 180�, and the rays

entered through the bottom of the flask.

Western Blot

Cells were harvested and lysed in cell lysis buffer and analyzed by

Western blotting. The antibodies for this study is a-SMA(1:500;

abcam, ab5694), Fibronectin(1:500; abcam, ab2413), Vimen-

tin(1:1000; abcam, ab8978), b-Actin(1:1200; bioworld), Collagen

I(1:1000; abcam, ab138492), anti-rabbit and anti-mouse IgG horse-

radish peroxidase conjugated antibody(1:5000; JACKSON) .

RNA Extraction and Microarray Analysis

Total RNA was extracted using Trizol reagent (Invitrogen,

Carlsbad, CA) according to the manufacturer’s instructions.

The RNA quality was confirmed by formaldehyde agarose gel

electrophoresis and quantified by NanoDrop-2000. The sam-

ples were used to synthesize double-stranded cDNA, and the

cDNA was then labeled and hybridized to the mRNA and

LncRNA Expression Microarray (SBC Agilent Human

lncRNA array, Shanghai) according to the manufacturer’s pro-

tocol. After hybridization, the arrays were washed, and the

slides were scanned with an Agilent Microarray Scanner

(Agilent p/n G2565BA). Raw data were extracted as pair files

using the Agilent Feature Extraction. The random variance

model was used to identify the differentially expressed genes.

The paired t-test was used to calculate the P-value. The thresh-

old set for up- and down-regulated genes was a fold change

�4.0 and a p-value �0.05, respectively.

GO and KEGG Analysis

To predict the biological roles of differentially expressed

mRNAs, GO and KEGG analyses were performed using freely

available online MAS system provided by the CapitalBio Corp

(Molecule Annotation System, http://bioinfo.capitalbio.com/

mas3/). P < 0.05 was considered significant.

Transfection

MiR-29a mimics, miR-29a inhibitor and corresponding nega-

tive control were purchased from Ribobio Co. (Guangzhou,

China).The plasmid constructs and the corresponding negative

control were built by TsingKE Biological technology

(Nanjing, China) to silence(shRNA-lncRNA-RP11) or overex-

press(pcDNA3.1-RP11) lncRNA-RP11, all of them were trans-

fected with Lipofectamine 2000 (Invitrogen) at a final

concentration of 50 nM. The effects of the transient transfec-

tion were confirmed by quantitative real-time PCR analysis.

Real-Time PCR

For lncRNA-RP11, cDNA was reverse-transcribed from 2mg

total RNA using a Reverse Transcription Kit (Takara, Bio-

chemical, Tokyo, Japan). cDNA was then amplified with a

SYBR Premix Ex Taq II (Perfect Real-Time) kit (Takara). The

primer sequences were presented in supplementary Table 1.

For miR-29a, cDNA was reverse -transcribed by using all-in-

one miRNA qRT-PCR decetion kit(GeneCopoeia, Rockville,

MD, USA), Primers for miR-29a and U6 were purchased from

GeneCopoeia. The lncRNA-RP11 and miR-29a gene expres-

sion levels were calculated using the delta-delta Ct method

with b-actin and U6 as an internal control, respectively.

Luciferase Activity Assay

For lncRNA-RP11 mRNA 30UTR luciferase reporter assays, luci-

ferase reporter plasmid (100 ng) containing the potential binding

sequence of 30UTR of lncRNA-RP11 mRNA (wild type, WT) or

mutated sequence (mutant type, MUT) were co-transfected into

293 T and HLF-1 cells in 96-well plate with Hsa-mir 29a mimics,

Hsa-mir 29a inhibitor and corresponding NC respectively by using

Lipofectamine 2000 (Invitrogen). Luciferase activity assays were

performed 48 hours after transfection (Promega, Madison, WI).

Firefly luciferase activity was normalized to the corresponding

renilla luciferase activity by using the Dual-Glo Luciferase Assay

System. All experiments were performed for 3 times.

Statistical Analysis

Data were expressed at the means + standard deviation (SD).

Between group differences were tested using 1-way ANOVA.
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Two group comparisons were performed using independent

samples Student’s t test. P < 0.05 was considered significant.

Results

TGF-b1 Promotes Fibrogenic Activity in Human Lung
Fibroblast via LncRNA-RP11

We used 2 different fibroblasts cell lines HLF-1 and WI-38 to

test the effect of TGF-b1 in collagenase via co-incubation with

20ng/ml TGF-b1 and found that the expression of collagenic

proteins, including Fibronectin, Vitmentin, a-SMA, increased

most significantly after 24 hours of co-incubation, in HLF-1

and WI-38 (Figure 1A).

Next, to screen the lncRNAs and mRNAs induced by TGF-

b1, we harvested the HLF-1 and WI-38 cells incubated with

TGF-b1 for 12 and 24 hours and sent for SBC Agilent Human

lncRNA array profiling. There were 97 LncRNAs whose

expression increased greater than 2 folds, and 44 LncRNAs

Figure 1. TGF-b1 promotes fibrogenic activity in human lung fibroblast via LncRNA-RP11. (A) The expression of 3 common collagenic proteins
after TGF-b1 treatment. (B) Microarray and hierarchical cluster analyses. (C) The increased expression of LncRNA-RP11 after TGF-b1 treat-
ment.Statistical significance was analyzed by 1-way ANOVA, **p < 0.01 compared to control, n ¼ 3 in each experiment. (D) The expression of
collagenic proteins in 3 different conditions. Control, LncRNA-RP11 wild type and without TGF-b1 treatment; shRNA-control, LncRNA-RP11 wild
type and with TGF-b1 treatment; shRNA-LncRNA-RP11, LncRNA-RP11 knocking down and with TGF-b1 treatment.

Figure 2. Molecular function analysis of LncRNA-RP11. (A) GO analysis. (B) KEGG analysis
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whose expression decreased greater than 2 folds after TGF-b1

treatment (Figure 1B). LncRNA-RP11(ENST00000438158.1,

RP11-400N13.3-001)was the most increased lncRNAs in

both HLF-1 and WI-38 cell lines at 12hours and 24hours

groups, with a mean fold change of 3.093 in HLF-1 and

3.145 in WI-38. To predict the potential target induced by

TGF-b1, GO and KEGG analyses of differently expressed

mRNAs were then carried out. GO analysis found that

related genes were associated with extracellular matrix

structural constituent and organization, integrin complex

and integrin-mediated signaling, basement membrane, col-

lagen synthesis and binding, platelet-derived growth factor

binding, cell-matrix adhesion and would healing (Figure

2A). KEGG analysis revealed that the related genes were

mainly enriched in extracellular matrix-receptor interaction

pathway, focal adhesion pathway, PI3K/Akt signaling path-

way, as well as cancer-related pathways (Figure 2B), which

indicated that TGF-b1 might regulate the fibrogenic activity

in human lung fibroblast cells.

The expression of LncRNA-RP11 in HLF-1 and WI-38 after

TGF-b1 treatment, was further examined by real time PCR.

The result showed that LncRNA-RP11 expression increased

in a time-dependent manner (2.596 folds at 24hours in HLF-

1, 2.393 folds at 24hours in WI-38) after TGF-b1 treatment

(Figure 1C). Furthermore, the elevation of the expression levels

of 3 collagenic proteins, including Fibronectin, Col1A1 and

a-SMA, in HLF-1 after 24 hours of 20ng/ml TGF-b1 incuba-

tion, were dramatically reversed by shRNA-LncRNA-RP11

(Figure 1D).

LncRNA-RP11 Directly Targets miR-29a

By using bioinformatics analysis, we found that þ384 to þ390

bp in LncRNA-RP11 is a potential binding site of miRNA-29a

(Figure 3A), which is a well-recognized modulator of fibro-

sis.12 Besides, miRNA-29a was predicted to modulate fibrosis

associated genes such as COL3A1, COL1A1 and ADAM (Fig-

ure 3B).

To validate the direct binding between miR-29a and

LncRNA-RP11 at endogenous levels, the entire wild-type 3’-

UTR of miR-29a or the mutant 3’-UTR in the seed region,

where located the LncRNA-RP11 binding sites, was cloned

downstream of the luciferase gene’s open reading frame. Over-

expression of miR-29a suppressed the luciferase activity of

luciferase reporter harboring full length LncRNA-RP11, while

miR-29a inhibitor elevated the luciferase activity. On the other

hand, site-directed mutagenesis of the binding site successfully

abolished the above effects in HLF-1 (Figure 3C) and WI-38

Figure 3. MiR-29a is the direct target of LncRNA-RP11. (A) The predicted binding of LncRNA-RP11 with miR-29a. (B) The predicted targets of
miR-29a. (C-D) 3’-UTR luciferase reporter assays in HLF-1 and WI-38. Statistical significance was analyzed by 1-way ANOVA, *p < 0.01
compared to control, #p < 0.01 mutant compared to wild group, n ¼ 3 in each experiment.
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(Figure 3D), indicating LncRNA-RP11 could act as a ceRNA

of miRNA-29a.

MiR-29a Mediates the Pro-Fibrosis Effect of LncRNA-
RP11 in Human Lung Fibroblast

To further verify the relationship between LncRNA-RP11 and

miR-29a in human lung fibroblast, the expression of LncRNA-

RP11 was knocked-down or overexpressed by using shRNA

and pcDNA3.1 plasmid. We found that the expression of miR-

29a could be regulated significantly by lncRNA-RP11 in HLF-

1 cells (Figure 4A). Next, we incubated HLF-1 cells with 20ng/

ml TGF-b1 and tested miR-29a expression by real time-PCR.

We found that miR-29a decreased after TGF-b1 incubation in a

time-dependent manner (Figure 4B).

Moreover, in order to examine the biological role of miR-

29a in TGF-b1-lncRNA-RP11 promoted fibrogenic activity in

human lung fibroblast, a rescue experiment was performed.

The result suggested that both TGF-b1 and lncRNA-RP11

could significantly induce the expression of several well-

known collagenic proteins such as fibronectin, Vimentin and

a-SMA, which are all well reversed by miR-29a in both HLF-1

(Figure 4C) and WI-38 (Figure 4D) cell lines.

LncRNA-RP11/miR-29a Axis Regulates the Fibrogenic
Activity in Response to Radiation

After radiation (20 Gy, 2Gy/min), the expression of LncRNA-

RP11 significantly increased over time in HLF-1 (Figure 5A)

and WI-38 (Figure 5B). Conversely, the expression of miR-29a

significantly decreased over time in HLF-1 (Figure 5C) and

WI-38 (Figure 5D).

In addition, in order to explore the functional role of miR-

29a in radiation-activated fibrogenic activity in human lung

fibroblast, a rescue experiment was performed. Unsurprisingly,

radiation significantly promoted the expression of several

well-known collagenic proteins, and the pro-fibrosis effect of

radiation was abolished by overexpression of miR-29a, in both

HLF-1 (Figure 5E) and WI-38 (Figure 5F).

Discussion

TGF-b1 plays a central role in the development of RILI, espe-

cially radiation induced pulmonary fibrosis.6,8 Multiple clinical

studies have supported that TGF-b1 signaling was closely

related to RILI.7,13,14 Additionally, several basic studies have

investigated the functional roles and biological processes

involving TGF-b1 signaling in RILI.15-17 However, the exact

Figure 4. MiR-29a mediates the pro-fibrosis effect of LncRNA-RP11 in human lung fibroblast. (A) Knocking down LncRNA-RP11 significantly
increased the expression of miR-29a, while overexpress LncRNA-RP11 decreased the expression of miR-29a.Statistical significance was
analyzed by 1-way ANOVA, **p < 0.01 compared to shRNA control, #p < 0.05 compared to pcDNA3.1 control. (B) The expression of
miR-29a after TGF-b1 treatment. Statistical significance was analyzed by 1-way ANOVA, *p < 0.05, **p < 0.01 compared to control, n ¼ 3 in
each experiment.(C-D) The expression of collagenic proteins after TGF-b1 treatment and with co-expression of miR-29a mimics or pcDNA3.1-
RP11 plasmid in HLF-1 and WI-38.
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molecular mechanisms fine tuning TGF-b1 signaling in RILI

remain elusive and our study indicate that LncRNA-RP11

plays a critical role in the modulation of TGF-b1-activated

RILI via downregulating miR-29a, especially in terms of fibro-

genic activity of human fibroblasts under TGF-b1 treatment or

in response to irradiation.

In recent years, noncoding RNA has been found to partic-

ipate in the biological behavior of various cells by regulating

miRNA and other mechanisms, to screening noncoding RNA

associated with RILI will help us to understand the mechan-

ism of disease development and explore potential therapeutic

targets(Li, 2020). Here, we presented experimental evidence

demonstrating that lncRNA-RP11 is an important down-

stream factor of TGF-b1 signaling in human lung fibroblasts

by microarray profiling and validation by real time PCR.

Further bioinformatics analysis from differential mRNA

revealed that multiple pathways such as extracellular

matrix-receptor interaction, focal adhesion may be involved

in the activation of pulmonary fibroblasts by TGF-b1. Recent

studies have found that extracellular matrix-receptor interac-

tion and focal adhesion are significant pathways enriched by

the DEGs that have been proven to be closely related to the

regulation of the fibrosis process in lung tissues, besides,

well-known collagenic proteins like fibronectin, Col1A1 are

all in the extracellular matrix-receptor interaction pathway,

the WB blot experiment in this study also confirmed the con-

jecture of bioinformatics. All the above studies indicate that

TGF-b1 is closely involved in the process of pulmonary fibro-

sis, and lncRNA-RP11 may be an important regulator factor

in TGF-b1-fibrosis process.

Figure 5. LncRNA-RP11/miR-29a axis regulates the fibrogenic activity in response to radiation. (A-B) The expression of LncRNA-RP11 in
response to radiation in HLF-1 and WI-38.Statistical significance was analyzed by 1-way ANOVA, **p < 0.01 compared to control, n¼ 3 in each
experiment. (C-D) The expression of miR-29a in response to radiation in HLF-1 and WI-38.Statistical significance was analyzed by 1-way
ANOVA, *p < 0.05, **p < 0.01 compared to control, n ¼ 3 in each experiment. (E-F) The expression of collagenic proteins after radiation and
with co-expression of miR-29a in HLF-1 and WI-38.
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miR-29a has long been recognized as an important mediator

of tissue fibrosis12 and our data suggested that it was down-

regulated in RILI by LncRNA-RP11. It has been reported that

overexpression of miR-29a in murine hepatic stellate cells

resulted in the downregulation of collagen expression, includ-

ing collagen-1a1 and collagen-4a1, by directly targeting the

mRNA expression of these extracellular matrix genes.18 Addi-

tionally, it has been repeatedly shown that miR-29a could med-

iate TGFb1-induced extracellular matrix synthesis through

activation of PI3K-AKT pathway or Wnt/b -catenin pathway

in human lung fibroblasts.19,20 Moreover, TGF-b1 was found to

decrease the expression of miR-29a in various disease models,

including hepatic fibrosis and renal fibrosis.21,22 In this study,

we found that miR-29a may be involved in the modulation of

TGF-b1-activated RILI, which is generally consistent with the

above-mentioned studies, highlighting that miR-29a could be a

potential therapeutic target in human tissue fibrosis.

However, some limitations exist in our study. Since

LncRNA-RP11 doesn’t exist in mice, we could not validate

the interaction between TGF-b1 and LncRNA-RP11, as well

as between LncRNA-RP11 and miR-29a, in the mice model of

RILI, instead in vitro experiments were carried out. Besides,

future investigations about the molecular mechanisms concern-

ing the TGF-b1/LncRNA-RP11/miR-29a regulatory axis in

RILI are warranted, since the downstream target and pathway

of miR-29a were not explored in our study.

Conclusion

Taken together, the present study indicates that in RILI model,

TGF-b1 treatment could induce the expression of LncRNA-

RP11 in human lung fibroblasts, which may function as a com-

peting endogenous RNA by directly binding to miR-29a.

Furthermore, LncRNA-RP11/miR-29a regulatory axis partici-

pates in the modulation of collagen synthesis and fibroblast

activation after radiation in human lung fibroblasts, which may

provided a potential target for treat RILI in the future.
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