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Noncoding RNAs (ncRNAs), such as microRNA (miRNA),
long ncRNA (IncRNA), and circular RNA (circRNA), are regu-
lators of important biological functions. Therefore, under-
standing their crosstalk and regulatory patterns can provide
treatment for diseases. In this study, differentially expressed
RNA transcripts were obtained by RNA sequencing in bleomy-
cin-induced pulmonary fibrosis in mice. Four miRNAs, 10
IncRNAs, and two circRNAs were tested to validate the
sequencing. There were differentially expressed 585 mRNAs,
236 miRNAs, 272 IncRNAs, and 74 circRNAs in pulmonary
fibrosis. Their location on chromosome, length varieties, inter-
action, and host genes were analyzed. Inc949, circ949, and
circ057 were chosen to explore the detailed crosstalk and regu-
latory pattern, which were measured by using RNA-FISH, dual-
luciferase reporter assay, real-time cell analysis and rescue
experiment, co-localization analysis, RNA immunoprecipita-
tion, and RNA pull down. The data showed that the three
ncRNAs were predominant in the cytoplasm, and their regula-
tory patterns were focused on post-transcription. The fibrotic
function of Inc949 depended on its host gene FKBP5. circ949
and circ057 formed a regulatory network with Inc865 and
Inc556 to simultaneously regulate miR-29b-2-5p targeting
STAT3 phosphorylation. Collectively, different RNAs can
crosstalk with each other to regulate pulmonary fibrosis
through different regulatory patterns. We hope these data
can provide a full concept of RNA transcripts, leading to a
new treatment for pulmonary fibrosis.

INTRODUCTION

High-throughput technologies, such as RNA sequencing, have re-
vealed that only 2% of the transcribed genome codes are attributed
to proteins. The remaining part of the transcribed genome is known
as noncoding RNA (ncRNA).! Among the various types of ncRNAs,
long ncRNA (IncRNA),” circular RNA (circRNA),” and microRNA
(miRNA)* have attracted increasing attention. These ncRNAs are
the upstream factors of mRNAs that directly or indirectly regulate
the biological function of mRNAs and play important roles in disease
development. For example, IncBLACAT2 overexpression epigeneti-
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cally induces intratumoral or peritumoral lymphangiogenesis and in-
vasion of bladder cancer through a direct interaction with WDRS5;°
circRNA_100290 plays a role in oral cancer by targeting the miR-
29 family;” and the miR-143/145 cluster is downregulated in colon
cancer and other epithelial tumors.® With the wide-scale adoption
of high-throughput sequencing techniques, these ncRNAs have
been described as novel drug targets or biomarkers of various dis-
eases, and they represent a potential research hotspot in the field of
disease treatment. For instance, miR-150 is a potential biomarker
associated with the prognosis and therapeutic outcome of colorectal
cancer;" and targeting the liver-specific miR-122 by using an anti-
sense-based approach is undergoing human trials for the treatment
of the hepatitis C virus.” Therefore, understanding the regulation of
these ncRNAs and their coding RNAs may provide clinically valuable
predictive tools for effective treatments.

Pulmonary fibrosis is a specific form of chronic, progressive fibrosis of
interstitial pneumonia characterized by lung scarring.'’ During the
past decade, researchers have described many cellular and molecular
mechanisms implicated in the pathogenesis of pulmonary fibrosis,
aiming at identifying therapeutic targets. Unfortunately, the molecu-
lar mechanisms underlying the lung phenotype in pulmonary fibrosis
are largely unknown.'' Many miRNAs, including let-7d, miRNA-21,
miRNA-29, miRNA-145, miRNA-200, and miRNA-199-5p, greatly
influence pulmonary fibrosis.'” In contrast to miRNAs, the role of
considerably numerous IncRNAs and circRNAs in pulmonary
fibrosis is poorly known. IncH19 mediates pulmonary fibrosis by
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Figure 1. Identification of the BLM-Induced Mouse
Model

(A) The BLM group had thicker alveolar walls compared
with the sham group and showed strong immunohisto-
chemical staining for collagens and collagen fibers, indi-
cating that the hallmark of the fibroblastic foci was
distinctly present. (B) Masson staining showed that the
collagen matrix increased significantly in the BLM group
and was accompanied by fibrosis lesion formation. Blue
denotes the collagen in the interstitial lung. (C) The
expression levels of collagen | and a-SMA significantly
increased in the BLM group according to western blot
analysis. (D) BLM decreased the FVC of mice in the BLM
group compared with the sham mice. Each bar repre-
sents the mean + SD, n = 6, *p < 0.05.

RESULTS

Pulmonary Fibrosis Evaluation in BLM-
Induced Mice

H&E and Masson staining results revealed a
well-defined pulmonary structure with integral
air-blood barriers and low collagen levels in
the sham group. In contrast, the BLM-treated
mice pulmonary tissue structure was disor-
dered, the air-blood barrier was severely
damaged, the pulmonary interalveolar septum
was thickened, and considerably numerous
collagen fibers were deposited (Figures 1A and
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regulating the miRNA-196a/COL1A1 axis."” circHECTD is involved
in the SiO,-induced fibrosis by promoting endothelial cell migration
and activation.!* Therefore, these ncRNAs can be novel therapeutic
targets for pulmonary fibrosis treatment. However, the data of these
ncRNAs are sparse and nonsystematic, although the development
of technologies has allowed an in-depth examination of these
ncRNAs with unprecedented resolution and scale. Thus, systemati-
cally and comprehensively characterizing the crosstalk and regulatory
pattern between ncRNAs and mRNAs can enhance our understand-
ing of the pathogenesis of pulmonary fibrosis.

Our previous studies have reported the different RNA profiles in
pulmonary fibrosis based on microarrays.””'” However, RNA
sequencing is more sensitive in measuring differential RNA expres-
sion than microarrays. In the present study, we identified RNA tran-
scripts using RNA sequencing in bleomycin (BLM)-induced mice.
Combining RNA sequencing and other experimental data in vivo
and in vitro, we analyzed and confirmed the crosstalk and regulatory
pattern among these various types of RNAs, including mRNA,
IncRNA, circRNA, and miRNA. We hope these data can provide a
full concept of RNA transcripts in the pulmonary fibrosis field, lead-
ing to a new treatment for pulmonary fibrosis.
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1B). In line with these findings, the analysis of
fibrotic markers, alpha
(a-SMA) and collagen, revealed fibrosis forma-
tion (Figure 1C), leading to decrease in the
forced vital capacity (FVC) compared with the sham mice (Fig-
ure 1D). Thus, the model of BLM-induced lung fibrosis was success-
fully established in mice.

sarcomeric actin

Differentially Expressed mRNA, miRNA, and IncRNA

ncRNAs exert their regulatory functions through specific interactions
with their target genes, that is, mRNAs. Thus, we first analyzed the
differentially expressed mRNAs by RNA sequencing in BLM-induced
lung fibrosis. Differentially expressed RNAs were identified by fold-
change filtering, and the fold-change threshold was > 3.0. Hierarchi-
cal clustering of mRNA analysis showed that differentially expressed
585 mRNAs were found in the BLM-induced models compared with
those in the sham group (Figure 2A). Sequenced fragments further
showed that the mRNA transcriptome changed globally in pulmo-
nary fibrosis (Figure 2B). The number of exons had an extremely
high variance from 1 to 35 (Figure 2C). Their length varieties were
mainly within 2e + 05 (Figure 2D).

Then the differentially expressed miRNA were further analyzed.
The analysis of the miRNA hierarchical clustering showed that
236 miRNAs were differentially expressed in the BLM-induced mice
compared with those in the sham group (Figure 2E). Four upregulated
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Figure 2. Differentially Expressed mRNAs and miRNAs by RNA Sequencing in BLM-Induced Lung Fibrosis

(A) Hierarchical clustering of mRNAs. Blue to red indicate the low-to-high expression levels. (B) Sequenced cDNA fragments mapped to chromosome, indicating that the
RNA transcriptome changed globally. Each single circle represents a sample. (C) Number of exons per transcript for mRNA transcripts. (D) Length of mRNA. (E) Hierarchical
clustering of miRNA analysis. (F) Results of quantitative real-time PCR and RNA sequencing showed that miR-21a-3p, miR-871-3p, miR-3475-3p, and miR-21a-5p were
upregulated in BLM-induced lung fibrosis compared with those in the sham group. Each bar represents the mean + SD, n = 6, *p < 0.01.
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Figure 3. Differentially Expressed IncRNAs in BLM-Induced Lung Fibrosis

(A) Hierarchical clustering of IncRNAs. Blue to red indicate the low-to-high expression levels. (B) The IncRNAs of NONMMUT090978.1, NONMMUT028949.2,
NONMMUT087980.1, NONMMUT028988.2, NONMMUT089908.1, NONMMUT128075.1, and NONMMUT091482.1 were upregulated, whereas NONMMUT027991.2,
NONMMUT039586.2, and NONMMUT042103.2 were downregulated in BLM-induced lung fibrosis compared with those in the sham group, according to quantitative real-time
PCR and RNA sequencing. Each bar represents the mean + SD, n =6, *p < 0.05, **p < 0.01. (C) Number of exons per transcript for all known INcRNA transcripts. (D) Distribution
of transcript size for known INCRNA transcripts. (E) Expression of known INcRNA, novel IncRNA, and mRNA. (F) Principal component analysis (PCA) on all genes, IncRNAs, and
mRNAs. (G) Circular representation of the genome-wide distribution of the expression of detected INcRNAs by RNA sequencing. Each single circle represents a sample.
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Figure 4. Interaction of Coexpressed mRNAs, miRNAs, and IncRNAs

(A) Interaction of coexpressed mRNA-INcRNA. (B) Interaction of coexpressed mRNA-miRNA-INcRNA. Upregulated RNAs are marked red. Downregulated RNAs are marked
green. Diamond represents mRNAs. Arrow represents miRNA. Rectangle represents INcRNAs. Differentially expressed RNAs were identified by fold-change filtering, and the
fold-change threshold was > 4.0.

miRNA results were tested by quantitative real-time PCR to confirm  induced group compared with those in the sham group (Figure 3A).
the RNA sequencing data (Figure 2F). In the hierarchical clustering  Furthermore, seven upregulated and three downregulated IncRNAs
of IncRNAs, 272 IncRNAs were differentially expressed in the BLM-  were tested by quantitative real-time PCR to validate the sequencing
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data. They were consistent with RNA sequencing in changing trends
(Figure 3B). Next, these IncRNAs were analyzed from different per-
spectives. Most IncRNAs showed 1-4 exons, and their length varieties
were mainly within 2,000 bp (Figures 3C and 3D). Specifically, these
272 IncRNAs, including 42 novel IncRNAs, were differentially ex-
pressed (Figure 3E). Sequenced fragments were mapped to the mouse
genome, showing that IncRNAs changed globally in pulmonary
fibrosis (Figures 3F and 3G); thus, a complex reprogramming of
gene expression occurred during the fibrosis process.

Crosstalk of mMRNA, miRNA, and IncRNA

Based on the above RNA sequencing data, the coexpressed mRNA,
miRNA, and IncRNA interaction was analyzed. The interaction of
coexpressed mRNA and IncRNA was first analyzed. A total of 131
mRNAs and 59 IncRNAs coexpressed in the BLM-induced models
compared with those in the sham group (Figure 4A). The coexpressed
mRNA-miRNA-IncRNA interaction was further analyzed based on
the above interaction of coexpressed mRNA-IncRNA. A total of 85
mRNAs, 11 miRNAs, and 10 IncRNAs coexpressed and interacted
with one another (Figure 4B).

Crosstalk of Inc949 and Its Host Gene FKBP5

Many ncRNAs intersect in protein-coding loci or come from their
protein-coding genes, namely, host genes. Thus, ncRNAs exhibited
a strong pattern of coexpression with their host genes. IncRNA-
NONMMUT028949.2 (Inc949) was chosen as an example to study
the regulatory pattern among ncRNA and host gene crosstalk because
it had the highest expression. Inc949 was located in chromosome 17
in the genome. Its transcription was mapped in the intron of its host
gene recombinant FK506 binding protein 5 (FKBP5) from 28,422,460
to 28,424,391 (Figure 5A). Its sequence was analyzed using the open
reading frame finder from the National Center for Biotechnology In-
formation (NCBI). A protein in more than 90 amino acids failed to
predict. The amino acid sequences for the conserved domains from
NCBI were searched and found that Inc949 did not contain a valid
Kozak sequence, indicating that Inc949 has no protein-coding poten-
tial. Then, quantitative real-time PCR was used to analyze 1Inc949
expression in 1929, a fibroblast cell line. Inc949 was upregulated in
1929 cells treated with transforming growth factor 1 (TGF-B1) for
24, 48, and 72 h (Figure 5B), conforming to the results obtained
from animal models. Therefore, 1929 was used as a cell model to
further study Inc949 function and mechanism.

Fundamental characteristics of pulmonary fibrosis included the man-
ifestations of mesenchymal markers, uncontrolled proliferation, and

Molecular Therapy: Nucleic Acids

high migration rates in lung cell. Thus, small RNA interference on
Inc949 (si-Inc949) was designed to test Inc949 function in fibrosis
process. Western blot results showed that the mesenchymal markers,
such as a-SMA, vimentin, and collagen, decreased after Inc949 inter-
ference (Figure 5C). Results of real-time proliferation and migration
analysis system showed that si-Inc949 inhibited cell proliferation
and migration (Figures 5D and 5E). IncRNA regulates host gene via
transcriptional or post-transcriptional pattern. The former process
generally happens in the nucleus, whereas the latter happened in
the cytoplasm. Thus, we examined Inc949 localization by performing
RNA fluorescence in situ hybridization (FISH). Data showed that
Inc949 was predominant in cytoplasm (Figure 5F), indicating that
Inc949 regulated its host gene FKBP5 mainly via post-transcription.
Western blot results showed that FKBP5 expression increased
after Inc949 interference (Figure 5G). Meanwhile, after FKBP5 inter-
ference (si-FKBP5) the expression of a-SMA, vimentin, and collagen
increased, and cell proliferation and migration also increased (Figures
5H-5]). A rescue experiment was carried out to further confirm these
findings. After the samples were co-treated with si-Inc949 and
si-FKBP5, we found that si-FKBP5 reversed the effect of si-lnc949
treatment (Figure 5K). Meanwhile, the proliferation and migration
of samples co-treated with si-Inc949 and si-FKBP5 were also detected.
The results were consistent with the rescue experiment (Figures 5L
and 5M). The findings suggest that the fibrotic function of Inc949
depended on its host gene FKBP5.

Crosstalk of ncRNAs and Their Targeted Gene

All types of RNA transcripts can crosstalk with each other by
binding their targeted genes.'® IncPCF regulated map3k11 through
binding to miR-344a-5p to promote pulmonary fibrosis in our
previous study;'® therefore, circRNA was chosen to further prove
this regulatory pattern in this study. The differentially expressed
circRNAs were tested by RNA-sequencing in the BLM-induced
mice. Hierarchical clustering results showed that 74 circRNAs
were differentially expressed in BLM-induced lung fibrosis
compared with those in the sham group (Figure 6A). Sequenced
fragments were mapped to the mouse genome, showing that
circRNAs changed globally in pulmonary fibrosis (Figures 6B and
6C). Upregulated circRNA14:30346797-30350949 (circ949) and
6:99003199-99100057 (circ057) were tested by quantitative real-
time PCR to validate the sequencing data (Figure 6D). The circular
junction of circ949 and circ057 was identified using divergent
primers on Sanger sequencing (Figures 6E and 6F). The results
showed that circ949 was formed by the circularization of the
sequence of 2-3 exons in CACNAID gene, and its length was 416

Figure 5. Inc949 Promoted Pulmonary Fibrosis through Regulating Its Host Gene FKBP5 Post-transcription

(A) Inc949 was mapped to chromosome 17 and located in the fifth intron of the FKBP5 gene. (B) Inc949 increased in L929 cells treated with TGF-B1 for 24, 48, and 72 h
compared with those in the normal cell. (C) Collagen, vimentin, and a-SMA decreased under si-Inc949 action by western blot. (D) si-Inc949 inhibited the TGF-B1-treated cell
proliferation tested by real-time cell analysis system. (E) si-Inc949 inhibited the TGF-B1-treated cell migration tested by a real-time cell analysis system. (F) RNA-FISH showed
that Inc949 was predominant in the cytoplasm. (G) FKBP5 decreased in puimonary fibrosis. After Inc949 interference, FKBP5 increased. (H) Collagen, vimentin, and a.-SMA
increased under si-FKBP5 action by western blot. (|) si-FKBP5 promoted the TGF-B1-treated cell proliferation. (J) si-FKBP5 promoted the TGF-B1-treated cell migration. (K)
Rescue experiment showed that si-Inc949 reduced the expression of the fibrotic indicators collagen, vimentin, and a-SMA, and si-FKBP5 reversed this effect of si-Inc949. (L)
Real-time cell proliferation system observed that si-Inc949 inhibited the cell proliferation. si-FKBP5 reversed this effect of si-Inc949. (M) Real-time cell proliferation system
observed that si-Inc949 blocked the cell migration. si-FKBP5 reversed this effect of si-Inc949. Each bar represents the mean + SD, n = 6, *p < 0.05, *p < 0.01.
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Figure 6. Differentially Expressed circRNAs in BLM-Induced Lung Fibrosis

(A) Hierarchical clustering of circRNAs analysis. (B) Differentially expressed circRNAs mapped to chromosome. Each single circle represents a sample. (C) PCA on each
sample. (D) circ949 and circ057 were upregulated in BLM-induced lung fibrosis compared with those in the sham group, according to quantitative real-time PCR and RNA
sequencing. Each bar represents the mean + SD, n = 6, *p < 0.05, **p < 0.01. (E) Circular junction of circ949 from CACNA1D gene was identified using divergent primers on
Sanger sequencing. (F) Circular junction of circ057 from FOXP1 gene was identified using divergent primers on Sanger sequencing.

nt. The circ057 were formed by the circularization of the sequence of ~ circ949 and circ057 were predominant in the cytoplasm (Figure 7A),
9-10 exons in FOXP1 gene, and its length was 359 nt. circ949 and  indicating that their regulation on targeted genes might be focused
circ057 locations were tested by RNA-FISH, which showed that  on post-transcription.
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Figure 7. A Regulatory RNA Network Involving miR-29b-2-5p, circ949, and circ057
(A) RNA-FISH showed that circ949 and circO57 were predominant in the cytoplasm. (B) Analysis of the binding sites of circ949 and circ057 for the miRNAs. (C) miR-29b-2-5p
expression decreased as observed using RNA-sequencing and quantitative real-time PCR methods. (D) miR-29b-2-5p decreased in L929 cells treated with TGF-B1 for 24,

(legend continued on next page)

212 Molecular Therapy: Nucleic Acids Vol. 18 December 2019



www.moleculartherapy.org

Then, as previously described,'”” miRNA binding-site prediction in
circRNA was based on their full-length sequences. Six miRNAs
were found binding to circ949 and circ057 (Figure 7B). Among
these miRNAs, circ949 and circ057 simultaneously targeted miR-
29b-2-5p and had higher binding scores than others. Thus, miR-
29b-2-5p was selected for further study. RNA sequencing and
quantitative real-time PCR results showed that miR-29b-2-5p
was decreased in BLM-induced lung fibrosis compared with that
in the sham group (Figure 7C). Meanwhile, miR-29b-2-5p was
decreased in 1929 cells treated with TGF-B1 for 24, 48, and 72 h
(Figure 7D).

The immunofluorescence double-labeling experiment showed coloc-
alization of circ949 and miR-29b-2-5p as well as circ057 and miR-
29b-2-5p (Figure 7E). Dual-luciferase report system was constructed
to verify the direct targeted relationship between miR-29b-2-5p and
circ949/circ057. The data showed that miR-29b-2-5p was a direct
targeted miRNA for both circ949 and circ057 (Figure 7F). RNA
immunoprecipitation (RIP) and RNA pull-down experiments
were performed to the directly targeted relationship between
circ949 and miR-29b-2-5p, and circ057 and miR-29b-2-5p (Figures
7G and 7H).

Then, the targeted IncRNAs of miR-29b-2-5p were further analyzed.
IncRNA-NONMMUT039556 (Inc556) and NONMMUT039865
(Inc865) were predicted to have binding sites for miR-29b-2-5p.
RNA sequencing and quantitative real-time PCR results indicated
that Inc865 and Inc556 expression were increased in vivo (Figure 8A),
indicating Inc865 and Inc556 were potential target genes for miR-29b-
2-5p. Dual-luciferase report system confirmed the direct targeted
relationship that the miR-29b-2-5p was also a targeted miRNA for
both Inc865 and Inc556 (Figure 8B).

Finally, miR-29b-2-5p targeted mRNAs were predicted on the
basis of TargetScan, miRanda data, and miRbase. Among the listed
miR-29b-2-5p-targeted genes, we focused on STAT3 and Gli2
because they were the master regulatory factors of lung fibrosis in
our previous study.'””° The data showed that miR-29b-2-5p mimic
inhibited the expression of luciferase combined with the 3" UTR of
STAT3 but cannot inhibit the expression of luciferase combined
with 3’ UTR of Gli2, indicating that STAT3 was the targeted gene
for miR-29b-2-5p (Figure 8C). Therefore, miR-29b-2-5p gain- and
loss-of-function studies were performed to investigate the mecha-
nism of them. Western blot results showed that miR-29b-2-5p
mimic inhibited STAT3 and p-STAT3 expression, whereas miR-
29b-2-5p inhibitor promoted STAT3 and p-STAT3 expression, indi-
cating STAT3 phosphorylation plays roles in signal transduction
(Figure 8D).

It is very interesting that miR-29b-2-5p is these RN As regulatory cen-
ter (Figure 8E), so miR-29b-2-5p function was explored in depth (Fig-
ures 8F-8H). The gain- and loss-of-function experiments showed
that miR-29b-2-5p mimic inhibited a-SMA, vimentin, and collagen
expression, and blocked the proliferation and migration of cells
treated with TGF-B1. Conversely, miR-29b-2-5p inhibitor increased
a-SMA, vimentin, and collagen expression and promoted the cell
proliferation and migration. All these fundings indicate that various
types of RNAs, including mRNA, miRNA, IncRNA, and circRNA,
can crosstalk with each other, forming the complicated regulation
network to mediate the pulmonary fibrosis development.

DISCUSSION

In the past decade, researchers have identified many therapies used in
pulmonary fibrosis treatment. However, only a few treatments can
increase the survival rates and improve the quality of the patients’
life. This situation is attributed to complex regulatory network of pul-
monary fibrosis, thereby relating to multiple genes and pathways.”’
Therefore, targeting multiple genes is likely to be the future direction
of the disease treatment. In the present study, we applied RNA
sequencing and related experiments to examine various kinds of
RNA crosstalk and their regulatory pattern in pulmonary fibrosis,
which represents novel therapeutic direction for pulmonary fibrosis
treatment.

Whole-transcriptome RNA sequencing has revealed considerably
numerous novel genes in human genome in recent years. Most of these
novel genes are ncRNAs.”> ncRNAs do not possess the coding-protein
feature. Nevertheless, they serve important functions in various life ac-
tivities.”” Dysfunction of ncRNA is a primary characteristic associated
with various complex human diseases, such as psoriasis, Alzheimer’s
disease, spinocerebellar ataxia, prostate cancer, and leukemia.?*~2°
Our data showed that pulmonary fibrosis involved many dysfunc-
tional ncRNAs. Each ncRNA regulated a broad spectrum of target
genes and affected many signaling pathways. Disruption of a single
ncRNA may only limit an inhibitory effect, whereas joint interference
of multiple ncRNAs may be more effective. Based on this principle, an
interfering IncRNA targeting multiple miRNAs was designed and sub-
jected to trials for hepatocellular carcinoma (HCC) treatment.”’
Considering the high abundance of ncRNAs and frequent promiscuity
of protein-RNA interactions, many mutual regulatory modes, such as
methylation, histone modification, and transcription factor recruit-
ment, exist between ncRNAs and mRNAs.”*' The two regulatory
patterns in the crosstalk of ncRNAs with their host genes and targeted
genes were chosen as examples for further research in this study.

Many ncRNAs intersect in their host gene loci or come from their
host genes, so ncRNA regulates its host gene as an important

48, and 72 h compared with those in the normal cell. (E) The immunofluorescence double-labeling experiments showed the existence of two-gene co-localized phenomenon,
including circ949 and miR-29b-2-5p, and circ057 and miR-29b-2-5p. (F) Firefly and Renilla dual-luciferase report showed that miR-29b-2-5p inhibited luciferase activity
combined with circ949 and circ057, but miR-29b-2-5p cannot inhibit luciferase activity combined with circ949 mutation. (G) RIP assay identified that circ949 and miR-29b-2-
5p and circ057 and miR-29b-2-5p were significantly enriched in Ago2-containing beads compared to the input group. (H) Biotin-labeled miRNA pull-down assay
demonstrated that miR-29b-2-5p could bind circ949 and circ057. Each bar represents the mean + SD, n = 6, *p < 0.05, “*p < 0.01.
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Figure 8. A Regulatory RNA Network Involving miR-29b-2-5p, Inc865, Inc556, and STAT3
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(A) RNA sequencing and quantitative real-time PCR results indicated that Inc865 and Inc556 expression increased in BLM-induced lung fibrosis. (B) Firefly and Renilla
dual-luciferase report showed that miR-29b-2-5p inhibited luciferase activity combined with Inc865 and Inc556. (C) Firefly and Renilla dual-luciferase report showed that miR-
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regulatory pattern between ncRNA and mRNA.*>* In many cases,

IncRNA transcriptions may positively or negatively affect the expres-
sion of their host genes by regulating the host genes to exert their
function. For example, circZKSCAN1 and its host gene ZKSCAN1
cooperate closely with one another to inhibit growth, migration,
and invasion of human HCC, which may be a useful marker for
HCC diagnosis.”* IncITPF promotes pulmonary fibrosis by targeting
heterogenous nuclear rib onconucleoprotein (hnRNP)-L depending
on its host gene ITGBL1." In this study, Inc949 regulated its host
gene FKBP5 through the post-transcription pattern in cis-regulation.
Certainly, experiments will be designed to determine this pattern in
future research.

The second regulatory pattern is that all types of RNA transcripts
crosstalk with each other through regulating their targeted genes.
For example, IncMD1 targets miR-133 and miR-135 to control mus-
cle differentiation.’ The networks of circRNA that targeted miRNA
through regulating Hmgb2 and Dio2 are systematically dissected in
the brain of senescence-accelerated mouse.”® IncPFL contributes to
cardiac fibrosis by targeting let-7d.”” In a recent report, a IncRNA,
a circRNA, and two miRNAs formed a regulatory RNA network in
the mammalian brain. The IncRNA Cyrano represses a mRNA via
target-directed miRNA degradation, thereby enabling the accumula-
tion of the circRNA Cdrlas.”® This study listed many ncRNAs, which
might bind to miRNAs to regulate pulmonary fibrosis progress.
Meanwhile, this study also thoroughly explored two IncRNAs, two
circRNAs, a miRNA, and a mRNA forming a regulatory RNA
network, in which circ949, circ057, 1nc865, and Inc556 coordinates
regulated the same miR-29b-2-5p targeting STAT3 to control pulmo-
nary fibrosis. Our data will serve as useful resources for developing
therapeutic targets or novel diagnostics for fibrosis treatment in the
future.

Certainly, other regulatory patterns were present in these RNAs. For
example, some miRNAs originate from IncRNA.*’ In some cases,
ncRNA can act as a protein-coding gene.*” Occasionally, ncRNA
acts as both protein-coding gene and ncRNA.*' These different regu-
lations reflect the diversity and complexity of crosstalk and regulatory
pattern among these different types of RNAs.

An increasing number of ncRNAs have been discovered in recent
years. Detecting alterations in ncRNAs has quickly become a hot
research area. In these cases, methods for ncRNA detection have
rapidly developed. As an analysis technique, the method of surface-
enhanced Raman spectroscopy (SERS) has currently developed
rapidly. SERS is an ideal tool for analyzing biological samples
including viruses, bacteria, proteins, and nucleic acids, because of

its high sensitivity and specificity on the basis of the principle of
Raman effect. SERS does not require nucleic acid amplification
when rapidly and accurately detecting ncRNA; this method is more
convenient to use for ncRNA detection. Driskell et al.** have reported
that SERS can be used to detect ncRNA. Thus, a detailed information
on the regulatory patterns of these RNA crosstalks will be explored in
the future.

In conclusion, the present study provides a more systematic and
comprehensive regulation among various RNA crosstalks in pulmo-
nary fibrosis. These findings may provide mechanisms, possible bio-
markers, and novel treatment for pulmonary fibrosis.

MATERIALS AND METHODS

Animal Model and Ethics Statement

Eight-week-old C57BL/6 mice were obtained from the Model Ani-
mal Research Center of Nanjing University (Nanjing, China). All
animal experiments were performed according to regulations
established by the Ethics Committee on Animal Experiments of
Binzhou Medical University. Mice were randomly divided into two
groups (10 mice each): the sham control and lung fibrosis model
group. Pulmonary fibrosis mice were administered with 5 mg/kg
saline-dissolved BLM via single intratracheal instillation under anes-
thesia. Sham control mice received an equal volume of saline only.
Lung tissues were harvested on the 28th day following treatment
with BLM. Histopathological changes and collagen deposition were
assessed by the H&E and Masson staining as our previously
described.”

RNA Sequencing

2 pug RNA was used as input material for the RNA sample prepa-
rations. Sequencing libraries were generated following the manu-
facturer’s recommendations. The detailed procedure is given as
previously described.'”

Cell Model and Treatment

Mouse lung fibroblast cell line L929 were purchased from the Cell
Bank of the Chinese Academy of Sciences. The cells were maintained
in advanced minimum essential medium and supplemented with 10%
newborn calf serum, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin at 37°C under a humidified atmosphere of 5% CO, and 95%
air. The cells were administered with 5 ng/mL TGF-f1.

Western Blot

Protein concentration was quantified using a bicinchoninic acid pro-
tein assay kit and boiled with the sample buffer in a water bath for
5 min. Protein samples were separated with 15% SDS-PAGE gels

29b-2-5p mimic inhibited the activity of luciferase combined with the 3’ UTR of STAT3. The activity of luciferase increased again after the binding site mutation. Furthermore,
miR-29b-2-5p mimic cannot inhibit the activity of Iuciferase combined with the 3’ UTR of Gli2. (D) STAT3 and p-STAT3 decreased under miR-29b-2-5p mimic action,
whereas it increased under miR-29b-2-5p inhibitor action. (E) Circ949 and circ057, Inc865 and Inc556, and STAT3 and miR-29b-2-5p formed a regulatory network to control
fibrosis. (F) miR-29b-2-5p mimic inhibited the expression of collagen, vimentin, and a-SMA, but miR-29b-2-5p inhibitor promoted the expression of collagen, vimentin, and
a-SMA. (G) miR-29b-2-5p mimic blocked the TGF-B1-treated cell proliferation and migration. (H) miR-29b-2-5p inhibitor enhanced the TGF-B1-treated cell proliferation and

migration. Each bar represents the mean + SD, n = 6, “p < 0.05, **p < 0.01.
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Table 1. Primers Used in Quantitative Real-Time PCR

Name Sequence

sense 5'-GGTGAGCATTGGTCAGCAAG-3’
NONMMUT028949.2

anti-sense 5'-CGCACGCCTCTCCTCTAACT-3'

sense 5'-CTGTGTGGCTAGACCTGGAATC-3'
NONMMUT087980.1

anti-sense 5'-GGCTTGAAGCACACGGTAATC-3

sense 5'-CCTCATGACCAAACCCTTCAC-3'
NONMMUT090978.1

anti-sense 5'-GGTCGGTGGAGGAGTATGAAAC-3'

sense 5'-GAAACAGGGCACTTGGTTCA-3
NONMMUT028988.2

anti-sense 5'-GCTTCGGCGAGTCTATCTAGAG-3’

sense 5'-CCTGCTTGTCTGCACATAGTGG-3'
NONMMUT089908.1

anti-sense 5'-GCGTTAGTCAGCCATTGGTCA-3'

sense 5'-AGGTACACGCTGTGCCAAAC-3'
NONMMUT128075.1

anti-sense 5'-CGGAGATTCGGTTCCTGCT-3'

sense 5'-GAGCGAAGGTCACTCGTTCA-3'
NONMMUT091482.1

anti-sense 5'-CTCTGAGACAAAACTTGGCACA-3'

sense 5'-CTAGCCATAAACGTATTTCACCATC-3’
NONMMUT027991.2

anti-sense 5'-GCTCCATCTGTACAGGACTCTCTC-3'

sense 5'-GGTGCTCAGTGTTCAAGAACCA-3'
NONMMUT042103.2

anti-sense 5'-ACGTCATGATCACGCCTTCTC-3

sense 5'-GGAGCGTCTCACCACTGGAA-3
NONMMUT039586.2

anti-sense 5'-CAGCATTTTCACGAATGACTTG-3'

sense 5'-GCATGCCTCTACCAATGGACAG-3'
circ057

anti-sense 5'-CTGGAGAGACAAGAGGTGCTGC-3'

sense 5'-GCATTAGTATAGTGGAATGGAAACC-3'
circ949

anti-sense 5'-CTCTTGCATAGTTTGCCTCAAGT-3'
. sense 5'-GACAGTTAGCTTTATTTGGCACTG-3'

nc556

anti-sense 5'-GCTTCCTTGTTCTTGTCACCAC-3'

sense 5'-AGATGGGAGCAATATAGTATGATCC-3'
Inc856

anti-sense 5'-ACTGTCTATGACTACCCATGAGTCC-3'

for 2 h and transferred onto a polyvinylidene difluoride membrane,
which was subsequently blocked in 5% non-fat milk for 2 h. Blots
were probed using the primary antibodies. After three times washing
with tris buffered saline tween, the horseradish peroxidase-conju-
gated secondary antibodies were added. Antigen-antibody complexes
were visualized by enhanced chemiluminescence.

Quantitative Real-Time PCR

Total RNA was isolated using TRIzol reagent (Invitrogen, USA).
RNA quantity and quality were measured using the NanoDrop
2000 spectrophotometer (Thermo Scientific, USA) and RNA integrity
was assessed by standard denaturing agarose gel electrophoresis.
Complementary DNA synthesis was performed using the M-MLV
reverse transcriptase kit (Invitrogen, USA) following the manufac-
turer's instructions. Quantitative real-time PCR was performed using
a SYBR green-based PCR master mix kit (Takara, Japan) on a Rotor
Gene 3000 real-time PCR system. Primers used in quantitative real-
time PCR are shown in Table 1.
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Single-Molecule RNA FISH Detection

FISH probe on Inc949, circ949, and circ057 was synthesized, and
the steps were performed by using the FISH kit according to the
manufacturer’s protocol (RiboBio Technology). In brief, cells were
fixed with 4% paraformaldehyde, permeabilized in PBS with 0.5%
Triton X-100, followed by pretreatment with prehybridization
buffer. Cells were then hybridized with 0.5 pM Cy3-labeled RNA
of Inc949, circ949, and circ057 or U6/18S FISH probe mix over-
night. After hybridization, cells were stained with DAPI The images
were observed and analyzed with a confocal microscope (Leica,
Germany).

Real-Time Cellular Proliferation and Migration Analyses

4 x 10’ cells proliferation and migration were analyzed in E-plate
(proliferation plate) and CIM plate (migration plate) in a real-time
cellular analysis DPlus instrument, which can automatically record
proliferation and migration curves. Cell index representing the
amount of proliferating or migrating cells was calculated by using
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real-time cellular analysis from ACEA Biosciences (ACEA Biosci-
ences, China), as previously described in a study.'

Statistical Analysis

Data are expressed as the mean + SD, and statistical significance was
assessed by unpaired Student’s t test for experiments comparing two
groups, whereas one-way ANOVA with Student-Newman-Keuls
post hoc test was applied for experiments comparing three or
more groups. Probability values of less than 0.05 were considered
significant. Statistical analyses were performed using SPSS version
19.0 software.
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