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Abstract

Long non-coding RNAs (IncRNAs) have emerged as potent regulators of cardiac dis-
ease; however, the role of IncRNA in cardiac fibrosis remains partially understood.
In this study, we identified a cardiac endothelial-enriched IncRNA-IncO00908,
which was markedly up-regulated in rats with cardiac fibrosis. In addition, the ex-
pression of prostaglandin E2 receptor 4 (EP4) was decreased in cardiac fibrosis. In
vivo Inc000908 silencing by lentivirus increased the EP4 level, decreased endothe-
lial-mesenchymal transition (EndMT) and improved cardiac fibrosis and cardiac func-
tion. Consistently, the IncO00908 knockdown also up-regulated EP4 and suppressed
transforming growth factor-beta (TGF-)-induced EndMT in cardiac microvascular
endothelial cells. In contrast, the IncO0O0908 overexpression by lentivirus decreased
the EP4 level and induced EndMT. Of note, these pro- or anti-EndMT effects were
reversed by the EP4 overexpression or the EP4 antagonist AH-23848, respectively.
This study demonstrates that IncOO0908 is a novel regulator of cardiac fibrosis by
modulating the EP4 expression and EndMT.
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1 | INTRODUCTION

Cardiac fibrosis, characterized by the excessive accumulation of fi-
broblasts and extracellular matrix, is a common pathological man-
ifestation in the late stage of various cardiovascular diseases and
results in the increased occurrence of sudden cardiac death, heart
failure and arrhythmia.l'2 Besides the resident collagen-producing
cardiac fibroblasts (CFs),! fibroblast-like cells derived from endothe-
lial cells also contribute to the pathogenesis of cardiac fibrosis by the
endothelial-mesenchymal transition (EndMT; endothelial cells lose
its morphological characteristics, endothelial markers such as clus-
ter of differentiation-31 [CD31], and display a mesenchymal pheno-
type)‘3 In the fibrotic heart of patients with chronic kidney disease,
around 17% of fibroblasts are derived from EndMT.* Furthermore,
EndMT has been reported to contribute to cardiac fibrosis in en-
dothelin-1 knockout diabetic mice® and isoproterenol (Iso)-induced
heart failure rats.*” The patients' and animal models' evidence sug-
gests that EndMT plays a vital role in cardiac remodelling.

Prostaglandin E2 receptor 4 (EP4), also known as Ptger4, is a
prostaglandin E2 (PGE2) receptor subtype,8 which is reportedly in-
volved in the development of various cardiovascular diseases such
as myocardial hypertrophy, myocardial ischaemia-reperfusion in-
jury, myocarditis, heart failure and atherosclerosis.”*® Reportedly,
EP4 silencing increases the collagen content and aggravates car-
diac fibrosis'; in contrast, activation of EP4 by ONO-0260164 re-
duces collagen deposition.12 In some studies, EndMT was inhibited
by PGE2 stimulation® and then rescued by selective EP4 antago-
nists AH-23848.1* A recent study reported that the EP4 agonist,
L-902688, also suppressed EndMT and then attenuated right ven-
tricular cardiac fibrosis in pulmonary arterial hypertension rats.'®
These studies highlight that the EP4 activation reduces cardiac fi-
brosis by inhibiting EndMT.

Long non-coding RNAs (IncRNAs) are a class of non-coding
RNA with a length larger than 200 nucleotides; some of them
participated in the pathogenesis of heart development,'® hyper-
trophy,'” heart failure,® myocardial infarction’’ and cardiac fi-
brosis.2° Recently, INcRNA MALAT1 modulated TGF-1-induced
EndMT by the down-regulation of miR-145 in neointimal hyperpla-
sia.?! The overexpression of INcRNA uc.77 and 2700086A05Rik
induced epithelial-mesenchymal transition (EMT, a process similar
to EndMT) in human lung epithelial cells and might facilitate the
development of pulmonary fibrosis.?? These data indicate that
IncRNAs might mediate EndMT contribution to cardiac fibrosis.
However, whether some IncRNAs target EP4 receptor to regulate
EndMT remains unclear.

This study aims to perform the RNA sequencing in a rat model of
heart fibrosis and identify a cardiac endothelial-enriched IncRNA-
Inc000908, which is markedly up-regulated in rats with cardiac
fibrosis. The IncO00908 gene located in the upstream of the EP4 re-
ceptor gene and the overexpression of IncO00908 down-regulated
the EP4 expression. By lentivirus-delivery shRNA to the knockdown
of Inc000908 in the heart enhanced the cardiac pump function and
inhibited cardiac fibrosis by increasing EP4 to lower EndMT.

2 | MATERIALS AND METHODS

2.1 | Cardiac fibrosis model

This study was approved by the Animal Ethics Committee of Wenzhou
Medical University and was consistent with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. We
obtained Sprague Dawley rats (age: 6 weeks, male, 200-220 g) from
the Shanghai Experimental Animal Center. A cardiac fibrosis model
was induced by subcutaneous injection of Iso (5 mg/kg/d) for 7 con-
secutive days and then kept for another 14 days until the endpoint.
Similarly, the controls were administered an equal volume of saline.
We harvested hearts that were stored in RNA later™ Stabilization

Solution (Ambion) for IncRNA analysis.

2.2 | RNA sequencing

We performed RNA sequencing on fibrotic and control hearts (3
samples each group) with service from Novogene per the manufac-
turer's standard protocols. Briefly, 3 pg of RNA per sample was used
as input material for the RNA sample preparations. In addition, se-
quencing libraries were generated using the rRNA-depleted RNA by
NEB Next® Ultra™ Directional RNA Library Prep Kit from lllumina®
(NEB). After cluster generation, the libraries were sequenced on an
lllumina HiSeq 2500 platform, and 125-bp paired-end reads were
generated. Transcripts with P

adjust
tially expressed. Furthermore, the Gene Ontology (GO) and KEGG

< 0.05 were assigned as differen-

(Kyoto Encyclopedia of Genes and Genomes) pathway analysis were
performed to ascertain the role of the closest genes to which IncR-
NAs are preferentially located.

2.3 | Lentiviral vector construction and animals'
in vivo study

In this study, we used lentivirus (Hanbio Inc) to conduct the loss-of-
function experiment. LncO00908 was amplified by PCR (polymerase
chain reaction) and cloned into a backbone plasmid (lenti-sh908).
The negative control plasmid (lenti-ctrl) was lack of IncO00908 se-
quence. Lentivirus (2 x 10° pfu/rat) was administered in one into
the tail vein before Iso infusion. The lenti-ctrl infused group served
as negative controls. After 21 days, rats were killed with an over-
dose of pentobarbital (100 mg/kg, one dose intraperitoneally).
The hearts were harvested for future analysis. We randomly di-
vided 6-week-old male Sprague Dawley rats into the following
four groups: (a) control; (b) cardiac fibrosis model, Iso treatment; (c)
Iso + lenti-ctrl; and (d) Iso + lenti-sh908. Target sequences of shRNA,
5'-GCAGATAGCATCAAGTTGATGAGATT-3'.

2.4 | Echocardiograph

We performed transthoracic echocardiography using a Sonos
5500 ultrasound machine (Phillips) with a 12-MHz probe on days

21, as described previously.?® Two-dimensional, M-mode, Doppler
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images were obtained in the parasternal long-axis view. The left
ventricular end-systolic and end-diastolic diameters (LVESd,
LVEDd) were measured in three non-repeating images and aver-
aged. Then, we evaluated left ventricular ejection fraction (EF%)
and fractional shortening (FS%).

2.5 | Haematoxylin and eosin and Masson's
trichrome staining

Hearts samples were fixed in 4% formalin overnight, embedded
in paraffin and sectioned; we processed 4-um sections for hae-
matoxylin and eosin (H&E) staining using standard histological
procedures to assess the general histological appearance. In addi-
tion, the routine Masson's trichrome staining (GenMed Scientifics
Inc) was performed to observe the collagen deposition (blue).
We examined the sections under an optical microscope (Nikon
Corp.) and measured collagen areas using Image-Pro Plus (Media

Cybernetics, Inc.).

2.6 | Enzyme-linked immunosorbent assay for the
collagen content

Heart tissues were weighed and sliced into pieces on ice, then ho-
mogenized (100 mg tissue per mL of ice-cold homogenizer buffer)
and centrifuged at 15 000 g for 20 minutes at 4°C. The supernatant
was collected to measure the content of type | and Il collagen with
enzyme-linked immunosorbent assay (ELISA) Kits (Boyun Biotech) as
per the manufacturer's instructions. The experiment was repeated
three times at least.

2.7 | Quantitative real-time PCR

We extracted the total RNA with TRIzol (Invitrogen), and 2 pg of
RNA was used for the cDNA synthesis by reverse transcription.
The real-time PCR was performed on the LightCycIer®96 Real-
Time PCR System (Roche) using the SYBR green method. The PCR
conditions comprised a denaturation step at 95°C for 30 seconds,
then 40 cycles of amplification at 95°C for 10 seconds and 60°C
for 10 seconds. Next, INcRNA expression levels were normalized to
GAPDH. The relative expression of the IncRNAs was assessed using
the 2722CT method. All primer sequences used were listed as fol-
lows: Inc000908, forward 5'-~AGGGAGGAGGGTGGTAGT-3' and re-
verse 5-GGTTTGTTTGTGAGGTGTTT-3'; EP4, forward 5- TCGCGC
AAGGAGCAGAAGGACAC-3'andreverse 5'- GACGGTGGCGAGAAT
GAGGAAGGA-3'.

2.8 | Western blot analysis

We extracted proteins from heart tissues and cultured cells using
lysis buffer and centrifuged at 10 400 g for 10 minutes at 4°C.
Protein concentrations were quantified by the BCA method
(PC0020; Solarbio Life Sciences). Next, 80 ug samples were added

on the gel for SDS-PAGE and then transferred to PVDF membranes.
After blocking with 5% non-fat milk for 1 hour at room tempera-
ture, membranes were incubated with primary antibodies overnight
at 4°C and then with horseradish-conjugated secondary antibodies.
The protein expression was quantified by the Bio-Rad Gel Image
Analysis System (Bio-Rad) and Image-Pro Plus (Media Cybernetics,
Inc). The total protein levels were normalized to GAPDH. The pri-
mary antibodies used were as follows: anti-CD31, ab28364; anti-VE-
cadherin, ab33168; anti-a-SMA, ab5694; anti-Vimentin, ab92547, all
from Abcam, 1:500; anti-EP4, 24985-1-AP, Proteintech, 1:500; and
rabbit anti-GAPDH.

2.9 | Cell culture

We purchased primary rat cardiac microvascular endothelial cells
(CMECs), cardiac fibroblasts (CFs), cardiomyocytes (CMs) from the
cell bank of the Chinese Academy of Science. Cells were cultured in
Dulbecco's modified Eagle's medium (DMEM; Lonza) with 10% foetal
bovine serum (FBS; Gibco), 100 U/mL penicillin (Gibco) and 100 mg/
mL streptomycin (Gibco). All cells were maintained at 37°C in 5% CO,

incubator.

2.10 | Lentivirus construction, cell
transfection and treatment

We purchased recombinant lentivirus targeting IncOO0908 or EP4
from Hanbio Co., Ltd.. For the knockdown of IncO00908, cells were
transfected with non-target control siRNA (si-ctrl) or Inc000908-
specific siRNA (si-908) using Lipofectamine 2000 (Cat:11668027;
Invitrogen) as per the manufacturer's protocol. For the overexpres-
sion study, cells were infected with IncO00908-targeted lentivirus
(LV-908) or non-target control lentivirus (LV-ctrl). Cells were ran-
domly grouped according to different treatment (n = 4) plans as
follows: (a) control; (b) TGF-B; (c) TGF-B + si-ctrl; (d) TGF-p + si-908;
(e) TGF-B + si-908 + AH-23848; (f) LV-ctrl; (g) LV-908; and (h)
LV-908 + LV-EP4. After 48-hour transfection, cells were exposed
to TGF-B (10 ng/mL) for another 24 hours. Selective EP4 antagonist
AH-23848 (10 pM) was administrated 4 hours after TGF-f exposure.
Primary CMECs were pre-incubated with LV-908 for 48 hours and
further infected with LV-EP4 for additional 48 hours.

2.11 | Immunofluorescence assay

We performed immunofluorescence staining of vascular endothe-
lial-cadherin (VE-cadherin), CD31, vimentin and a-smooth muscle
actin (a-SMA). Cells were seeded in chamber slides, fixed with 4%
formaldehyde and then blocked with 0.1% Triton X-100 (Sigma-
Aldrich). Next, sections or slides were incubated with primary an-
tibodies for a-SMA (A5228; Sigma), vimentin (ab92547; Abcam),
VE-cadherin (ab33168; Abcam) or CD31 (ab28364; Abcam) for
overnight at 4°C. Then, slides were washed and stained with fluo-

rophore-conjugated secondary antibodies for 2 hours at room
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FIGURE 1 Expression profiles of IncRNAs in cardiac fibrosis. A-C, The successful establishment of cardiac fibrosis in rats induced by
isoproterenol was confirmed by HE & Masson's trichrome staining (A), myocardial collagen areas (B) and ELISA analysis for collagen | and IlI
(C). Upper panel: magnification x4, lower panel: magnification x20, n = 5-7. D, GO and KEGG pathway analysis of differentially expressed
IncRNAs. E, Differential expression of representative IncRNAs was verified by gRT-PCR on day 21. n = 3-5 per group. Each experiment was
repeated at least for three times. Data are presented as means + SD. *P < 0.05, **P < 0.01 vs ctrl; ctrl, control; Iso, isoproterenol

temperature. The results were analysed by fluorescence micros-
copy (Nikon Corp.) and processed with Image-Pro Plus (Media
Cybernetics). Negative controls were performed by incubating
cells or tissues with secondary antibodies in the absence of spe-

cific primary ones.

2.12 | Fluorescence in situ hybridization (FISH)
for Inc000908

Fibrotic (21 days after Iso treatment) and normal hearts were

fixed in 4% formalin for 48 hours, and paraffin sections of 5 um

were sliced. Sections were dewaxed, dehydrated through a series
of diminishing concentrations of ethanol, dried in a microwave
oven for 25 minutes and cooled down to room temperature. After
washing three times in 1x PBS, sections were incubated for 5 min-
utes in 1-mL ice-cold PBS containing 0.5% Triton X-100 at 4°C.
Subsequently, sections were rinsed three times for 5 minutes with
1x PBS and blocked with 100 pL of the pre-hybridization buffer (a
mixture of 100x blocking solution and 1x pre-hybridization buffer)
at 37°C for 30 minutes. Under dark conditions, mixed 1x hybridi-
zation buffer with either 2.5 pL of 20 pM Inc0O00908 FISH Probe
Mix or control FISH Probe Mix into solution, which was then added
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FIGURE 2 Lnc000908 enriches in A
cardiac microvascular endothelium.

A, Fluorescence in situ hybridization
(FISH) showed that IncO00908 (red) is
dominantly expressed in the endothelium
(CD31 immunofluorescence staining,
green) of fibrotic heart (n = 3). Red,
Inc000908; green, CD31; nucleus was
stained blue with DAPI. B, QRT-PCR
analysis of IncO0O0908 expression in
primary CMs, CFs and CMECs. Each
experiment was repeated at least for three
times. Data are presented as means + SD.
**P<0.01vs CM

Iso

to sections for hybridization overnight at 37°C. The next day, we
washed the slices once with 4x SSC, 2x SSC, 1x SSC in order at
42°C and with 1x PBS for 5 minutes. Finally, sections were stained
with DAPI. The localization of IncO0O0908 in the myocardial tissue
was observed under the fluorescence microscope (Nikon Corp.)
at different magnifications. The Fluorescent In Situ Hybridization

Kit and Cy3-labelled probe were purchased from RiboBio Co., Ltd.

2.13 | Statistical analysis

Data are expressed as the mean = SD. All statistical analyses were
performed with SPSS17.0 software. We used one-way ANOVA for
multigroup comparison (>2 groups) and the Student's t test for two-
group comparison. Furthermore, we considered P < 0.05 as statisti-

cally significant.

3 | RESULTS

3.1 | Identification of a cardiac microvascular
endothelial-enriched IncRNA that was up-regulated in
cardiac fibrosis

First, we made the cardiac fibrosis rat's model by injecting Iso for
1 week. After another 2 weeks, rats were killed, heart tissues (about

100 mg) were removed for total RNA extraction, and remnant

Immunofluorescence

CMEC- — *

cF{ _H

cv-il
0

2 4 6
(vs CM)

Lnc000908 relative expression

tissue for preparing a pathological slice. Haematoxylin and eosin and
Masson's trichrome staining (Figure 1A) revealed that Iso treatment
caused myocardial fibres disarrangement, leucocyte infiltration and
massive proliferation of fibrous tissue. Furthermore, total collagen
areas (blue area in Masson's stain, Figure 1B) and the ratio of col-
lagen | to Il (ELISA assay, Figure 1C) were increased in the heart,
confirming the cardiac fibrosis in our animal model.

The RNA-seq analysis identified 118 up-regulated IncRNAs and 41
down-regulated IncRNAs in the heart tissues of cardiac fibrosis. The
GO analysis suggested that the enriched functional terms in IncRNAs
included single organism, metabolic process, regulation of cell commu-
nication and cell adhesion (Figure 1D). The KEGG pathway analysis re-
vealed that the top enriched pathways in IncRNAs included metabolic
pathways, phagosome, focal adhesion and dilated cardiomyopathy
(Figure 1D). With a cut-off fold change of 22.0, we validated some In-
cRNA changes by quantitative real-time PCR (QRT-PCR) and confirmed
the increased expression of Inc000908, IncO00872, Inc000606,
Inc001834, Inc001186 and Inc000267; the expression of Inc000270,

ENSRNOTO0000089947, ENSRNOTO0000077533, Inc000492,
Inc001314, Inc001183 and Inc001412 decreased in the fibrotic heart
(Figure 1E).

Of these changed IncRNAs, the expression of IncO00908 was
quite noticeable and increased about fourfold in the fibrotic heart.
Remarkably, FISH image revealed that the IncO00908 (red colour)
dominantlyexpressedintheendothelium(CD31immunofluorescence
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staining, green colour) of fibrotic heart (Figure 2A); to validate it,
we cultured primary CMECs, CFs and CMs. As shown in Figure 2B,
qRT-PCR revealed that the expression of Inc000908 in CMECs was
the highest among the three kinds of cells. These findings suggested
that IncO00908 is a CMEC-enriched IncRNA.

3.2 | Silencing Inc000908 reduced cardiac fibrosis
by inhibiting EndMT

To elucidate the potential role of IncO0O0908 in cardiac fibrosis,
we delivered the shRNA by lentivirus (lenti-U6-shRNA-GFP)
through tail vein injection; the next day, all animals received
Iso treatment for the cardiac fibrosis model. We assessed the
lentiviral transfection efficiency by qRT-PCR analysis, and the
results revealed that the IncO00908 expression was down-regu-
lated by about 55% compared with the control virus (lenti-Ué-
scramble RNA-GFP; Figure 3A). The heart H&E and Masson's
staining revealed that silencing IncO00908 reduced CMs disar-
ray, fibrous hyperplasia (Figure 3B,D), and the level of collagen

I and Ill (Figure 3C) induced by lIso. Furthermore, correlation

HE & Masson's trichrome staining.

Upper panel: magnification x4, lower
panel: magnification x20,n = 7. E,
Representative M-mode images of
echocardiography on day 21 before killing,
n = 4. F, Echocardiographic assessment of
cardiac dimension (LVEDd, left ventricular
end-diastolic internal diameters; LVESd,
left ventricular end-systolic internal
diameters) and cardiac pump function
(EF%, ejection fraction; FS%, fractional
shortening), n = 4. Each experiment was
repeated at least for three times. Data are
presented as means + SD. ##P < 0.01 vs
ctrl; *P < 0.05, **P < 0.01 vs Iso + lenti-ctrl

Iso+lenti-sh908

60 **

with amelioration of cardiac fibrosis, cardiac pump function (by
echocardiography analysis on days 21; Figure 3E), such as LVESd,
LVEDd, EF and FS (Figure 3F), also improved.

Owing to the IncO00908 endothelial dominant expression
in the heart, we hypothesized that the protective effects of
silencing IncO00908 could be mediated by EndMT. As shown in
Figure 4A,B, Iso treatment down-regulated CD31 but increased
the a-SMA expressionin the cardiac microvascular endothelium,
namely enhanced EndMT, but silencing IncO00908 reversed
the EndMT process. In addition, the EndMT marker expres-
sion was established by the Western blot analysis (Figure 4C).
Likewise, in primary cultured CMECs, the IncO00908 knock-
down also blocked TGF-B-induced EndMT and demonstrated
by CD31, VE-cadherin, a-SMA and vimentin protein expression
(immunofluorescence stain in Figure 5A and Western blot in
Figure 5C,D). In contrast, the IncO00908 overexpression by len-
tivirus directly increased the a-SMA and vimentin expression
and decreased CD31 and VE-cadherin protein by immunofluo-
rescence staining (Figure 6A) and Western blot (Figure 6C,D).
The knockdown or overexpression efficiency was assessed by
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FIGURE 4 Lnc0O00908 knockdown attenuates cardiac EndMT in vivo. Immunofluorescence assay (A, B) and Western blot analysis (C)
of a-SMA and CD31 in heart tissues, n = 3-4. Magnification x20. Red, a-SMA; green, CD31; nucleus were stained in blue with DAPI. Each
experiment was repeated at least for three times. Data are presented as means + SD. ##P < 0.01 vs ctrl; *P < 0.05, **P < 0.01 vs Iso + lenti-ctrl

the gqRT-PCR analysis of the IncO00908 expression (Figures 5B
and 6B). These findings suggested that silencing Inc000908 de-
creased cardiac fibrosis and enhanced the cardiac pump func-
tion by inhibiting EndMT.

3.3 | Lnc000908 promoted EndMT by inhibiting the
EP4 receptor

We analysed the IncO00908 gene location to identify the
Inc000908. The Inc000908 gene
(Chr2:54944469-54952813) was located in the upstream of its
predicted target gene EP4 (Chr2:54952813-54963448) but in
the opposite transcript direction (Figure S1A), and is poorly con-

molecular mechanism of

served across species (Figure S1B). Thus, there is possibility that

the IncO00908 might mediate EndMT by EP4. First, the gRT-PCR
and Western blot analysis revealed that both the RNA and protein
expression of EP4 were markedly reduced in the fibrotic hearts of
Iso-treated rats but were up-regulated after the IncO00908 knock-
down (Figure 7A,B). In CMECs, the EP4 expression was consistent
with that in the in vivo experiment (Figure 7C,D). The Inc000908
overexpression in CMECs decreased the mRNA and protein lev-
els of EP4 (Figure 7A,B). More importantly, the cooverexpression
of IncO00908 and EP4 in CMECs reversed IncO00908-induced
EndMT (Figure 7). Conversely, silencing IncO00908 inhibitory ef-
fects on EndMT were also blocked by AH-23848 (a selective EP4
antagonist). These findings revealed that IncO0O0908 was directly
related to EP4 and could inhibit the EP4 expression to promote
EndMT in Iso-induced cardiac fibrosis.
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FIGURE 5 AH-23848 reverses the anti-EndMT effects of IncO00908 silencing. A, Immunofluorescence assay of EndMT markers. Cells
were transfected with Inc000908-targeted siRNA (si-908) or non-target control siRNA (si-ctrl) for 48 h before another 24 h for TGF-f

(10 ng/mL). AH-23848 (AH, a selective EP4 antagonist) was administrated 4 h after TGF-$ exposure. Magnification x40. CD31 and VE-
cadherin, green; a-SMA and Vimentin, red; nucleus were stained in blue with DAPI. B, Transfection efficiency was assessed by qRT-PCR
of Inc000908 expression, n = 4. C and D, Western blot analysis of EndMT markers, n = 5. Each experiment was repeated at least for three
times. Data are presented as means + SD. *P < 0.05, **P < 0.01 vs ctrl; P < 0.05, AP < 0.01 vs TGF-p + si-ctrl; +P < 0.05, ++P < 0.01 vs

TGF-p + si-908

FIGURE 6 Overexpression of
Inc000908 induced EndMT in primary
CMECs. A, Immunofluorescence staining
of EndMT markers. CMECs were pre-
incubated with Inc000908-targeted
lentivirus (LV-908) or control lentivirus
(LV-ctrl) for 48 h and further infected with
LV-EP4 for additional 48 h. Magnification
x40. CD31 and VE-cadherin, green; o-
SMA and Vimentin, red; nucleus were
stained in blue with DAPI. B, Enhanced
Inc000908 expression was demonstrated
by gRT-PCR analysis,n = 4. Cand D,
Western blot analysis of EndMT markers,
n = 4-5. Each experiment was repeated at
least for three times. Data are presented
as means + SD. **P < 0.01 vs LV-ctrl;

ANP < 0.01 vs LV-908; CMECs, cardiac
microvascular endothelial cells
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4 | DISCUSSION

This study provided evidence that the IncRNA misexpression ex-
ists in the development of Iso-induced cardiac fibrosis in rats. We
identified a novel Inc000908 especially up-regulated in the cardiac
fibrogenesis. The Inc000908 knockdown reduced EndMT in vivo to
improve cardiac fibrosis and heart function. In addition, the overex-
pression or knockdown of IncO00908 in vitro induced or suppressed
EndMT, whereas down-regulated or up-regulated the EP4 level,
respectively. Of note, these pro- or anti-EndMT effects resulting
from the IncO00908 intervention were reversed by the EP4 over-
expression or EP4 antagonist AH-23848. Overall, the findings dem-
onstrated that the profibrotic action of IncO00908 was mediated by

LV-908  LV-908+LV-EP4 B : Overexpression
)
88 =
S s
S %
Ts
52
8 '
[ LV-ctrl LV-908
ng
VA’
X
c fFS S
RS R

=0 VE-cadherin
37 ==
37 = e e =] GAPDH

0.6 0.54

E *k 0.15
o I 041 =
< DO_ o k%
% g 0.34 g 010
s o
2 o 2 0.2 g AA
° = S 005
3 ull  EEa -
w >
> 0.0 0.0- 0.00 3
N G (3 & @ 9 Q 3 (Y
\\,66 4’0 & 45}* \\'e & & A'Q 4*3
v v VoV oY
& & &
N o )
K ¥ ol
v v .

the down-regulation of EP4, and IncO00908 inhibited the EP4 ex-
pression to promote EndMT to participate in cardiac fibrosis.
Cardiac fibrosis represents an adaptive response of the heart to
various stress. After the injury, activated CFs produce and secrete sol-
uble procollagen | and lll, which are processed by metalloproteinases,
cross-linked by lysyl oxidases and hydroxylases, and finally formed
into dense fibres.! As the predominant matrix-producing cells in the
fibrogenesis,24 the proliferation of fibroblasts and its trans-differen-
tiation into myofibroblasts have been comprehensively investigated.
Besides CFs, EndMT is a vital contributor to cardiac fibrosis and is in-
creasingly emphasized. Endothelial cells underwent EndMT to directly
expand the fibroblast pool by the loss of endothelial cell character-

istics and gain of mesenchymal cell properties.® In addition, diverse
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signalling pathways, like TGF-f signalling, and different transcription
factors, such as Twist, Snail, Slug and ZEB1/2, have been reported to
participate in the EndMT process to control cell differentiation.?>?? As
another member of non-coding RNA, miRNAs molecules are around
22 nucleotides Iong.30 To date, several miRNAs, such as miR-200a,
miR-21 and miR-125b, have been known to inhibit EndMT by directly
targeting transcription factors or inhibiting signalling pathways asso-
ciated with EndMT.3%%3

Different from the well-documented miRNA, insights of IncRNAs
into cardiac fibrosis have just started appearing. Recent studies have
reported the involvement of several new IncRNAs in cardiac fibro-
sis.2%%4%7 Huang et al®® identified 35 IncRNAs strongly related to
cardiac fibrosis in the hearts of patients with ischaemic cardiomy-
opathy. In addition, gain- and loss-of-function experiments in CFs
revealed that these IncRNAs markedly regulated the expression
of the ECM synthesis gene, including Col8A1, Col3A1 and FBN1.
Nonetheless, the role of the selected IncRNAs in vivo remains un-
solved in this study. Wisper was another fibroblast-enriched IncRNA
that regulated the gene expression of cell proliferation, survival,
extracellular matrix deposition, collagen cross-linking and matrix
stability.%¢ Reportedly, in vivo Wisper silencing markedly decreased
cardiac fibrosis and improved heart failure due to myocardial infarc-
tion. The inhibition of CF-enriched IncRNA Meg3 prevented the

cardiac MMP-2 induction, resulting in decreased cardiac fibrosis and
enhanced diastolic performance.?’ These studies suggested that In-
cRNA might supply novel approaches to cardiac fibrosis treatment;
however, all these IncRNAs are studied in CFs. To date, no evidence
of IncRNA in cardiac EndMT has been reported.

In this study, IncO00908 is markedly up-regulated in fibrotic
heart and mostly expressed in cardiac vascular endothelial cells.
In addition, qRT-PCR revealed that the IncO00908 expression
was increased in primary TGF-p-treated CMECs. We then over-
expressed IncO00908 in primary CMECs and found that the
Inc000908 overexpression induced EndMT in primary CMECs. In
contrast, we next performed the preventive IncO00908 depletion
in primary CMECs before the induction of EndMT by TGF-p; the
results revealed that EndMT was remarkably attenuated in the
Inc000908 knockdown CMECs. In addition, we established the
profibrotic effect of IncO00908 in vivo. The lentivirus-mediated
IncO00908 silencing alleviated cardiac fibrosis and enhanced the
impaired cardiac function in Iso-treated rats. The reduced expres-
sion of CD31 and the increased expression of a-SMA indicated
the existence of EndMT in Iso-treated heart, consistent with our
previous work.®” The Inc000908 knockdown hindered the pro-
cess of EndMT in vivo. Unlike other cardiac fibrosis-related In-
cRNA, Inc000908 is a novel profibrotic IncRNA that focused on
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EndMT, but not fibroblasts, to aggravate cardiac fibrosis and car-
diac dysfunction.

EP4 is the most extensively distributed PGE2 receptor subtype
in the heart® and has been shown to play an antifibrotic role.***?
Remarkably, the coexpression analysis revealed that the predicted
target gene EP4 was closely located with IncO00908, implying
that there might be a correlation between them. Our findings re-
vealed that the mRNA and protein expression of EP4 was lowered
in the fibrotic heart and TGF-p-treated primary CMECs. In addi-
tion, the Inc000908 knockdown increased, but the forced expres-
sion of IncO00908 decreased the mRNA and protein levels of EP4
in vitro, suggesting that EP4 was the direct downstream target
gene of Inc000908. In this study, we noticed that the regulation of
Inc000908 on EndMT was accompanied by the opposite change of
the EP4 level. We further found that the improvement in EndMT
resulted from the IncO00908 knockdown was abolished by phar-
macological blocking of EP4 with AH-23848. Likewise, the lentiviral
overexpression of EP4 also mitigated the increased EndMT caused
by the forced expression of Inc000908. Our findings elucidated that
EP4 mediates the EndMT regulation of IncO00908 in cardiac fibrosis.
Overall, these findings strengthen our hypothesis that IncO00908
reduces the EP4 expression to promote EndMT, thereby facilitating
the progress of cardiac fibrosis.

LncRNAs affect almost every stage of the protein-coding gene
expression through epigenetic modification, transcriptional reg-
ulation and post-transcriptional processing.’®%? Some IncRNAs
have been reported as competing endogenous RNA (ceRNA) to
regulate cardiac fibrosis at the post-translational level; for exam-
ple, IncRNA H19 functions as ceRNA to mediate the CTGF expres-
sion by sponging miR-455 in cardiac fibrosis.*® A study reported
that IncRNA PFL contributes to cardiac fibrosis by acting as a
ceRNA of let-7d.%” Some IncRNAs bind to the chromatin modifier
complex or transcription factors to mediate gene activation or re-

1*2 unveiled that IncRNA Chaer is essential

pression.*! Wang et a
for cardiac hypertrophy progress by directly interfering with PRC2
to genomic loci, thereby inhibiting histone H3 lysine 27 methyla-
tion at the promoter regions of genes. Among all IncRNAs, large
intergenic RNAs (lincRNAs) exhibit a potent capability to recruit
histone modifier enzymes43 and have been correlated with chro-
matin modifier complexes like PRC2.** As IncO00908 is a lincRNA
and affects both RNA and protein levels of EP4, we assume that
the EP4 regulation probably occurs at the transcriptional stage or
even before. Perhaps, IncO00908 might regulate transcription fac-
tors or methylation and histone modification to repress EP4 tran-
scription and, thus, promote EndMT to result in cardiac fibrosis. As
our current data cannot answer how IncO00908 precisely inhibits
the EP4 expression, comprehensive studies are warranted to elu-
cidate the underlying mechanism in our future work.

Few IncRNAs are highly conserved across species compared
with protein-coding genes,45 and we failed to find the human homol-
ogous sequences of Inc000908. Despite sequence conservation, it
also contains the conservation of structure, function and expression

WILEY--2¢

from syntenic loci.*>*¢ We will further detect IncO00908 expression

in human hearts.

5 | CONCLUSIONS

This study elucidates that IncO00908 is a crucial mediator in the rat
model of cardiac fibrosis. In addition, the inhibition of IncO00908
ameliorates cardiac fibrosis and heart function by up-regulating the
EP4 level to hinder the EndMT process. Overall, our findings pro-
vide evidence that IncRNA might be a new antifibrotic target in the

therapy of cardiac fibrosis.

ACKNOWLEDGEMENTS

This research was supported by the National Natural Science
Foundation of China (81570364; 81873468), and the Science and
Technology Planning Project of Wenzhou Science & Technology
Bureau of Zhejiang Province of China (Y20150032; Y20170021), as
well as, in part, by the Foundation for the Program of the Provincial
Health Department of Zhejiang Province of China (2019RC051).

CONFLICT OF INTEREST

The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTION

Hao Zhou and Bin Geng designed the study, offered important sug-
gestion to manuscript writing and did manuscript final approval.
Wenhua Ge, Jie Hu, Tiancheng Dong, Hui Yao and Lingzhi Chen per-
formed in vivo and in vitro experiments. Xingxing Chen performed

data analysis and wrote the paper.

DATA ACCESSIBILITY

All data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID

Xingxing Chen https://orcid.org/0000-0003-1823-318X

REFERENCES

1. Kong P, Christia P, Frangogiannis NG. The pathogenesis of cardiac
fibrosis. Cell Mol Life Sci. 2014;71:549-574.

2. Acloque H, Adams MS, Fishwick K, Bronner-Fraser M, Nieto MA.
Epithelial-mesenchymal transitions: the importance of changing cell
statein development and disease. J Clin Invest. 2009;119:1438-1449.

3. Zeisberg EM, Tarnavski O, Zeisberg M, et al. Endothelial-to-mes-
enchymal transition contributes to cardiac fibrosis. Nat Med.
2007;13:952-961.


https://orcid.org/0000-0003-1823-318X
https://orcid.org/0000-0003-1823-318X

3
% | wiLEy

4.

10.

11.
12.

13.
14.
15.

16.
17.
18.

19.

20.
21.

22.

23.

CHEN ET AL

Charytan DM, Padera R, Helfand AM, et al. Increased concentra-
tion of circulating angiogenesis and nitric oxide inhibitors induces
endothelial to mesenchymal transition and myocardial fibrosis in
patients with chronic kidney disease. Int J Cardiol. 2014;176:99-109.
Widyantoro B, Emoto N, Nakayama K, et al. Endothelial cell-derived
endothelin-1 promotes cardiac fibrosis in diabetic hearts through
stimulation of endothelial-to-mesenchymal transition. Circulation.
2010;121:2407-2418.

. Zhou X, Chen X, Cai JJ, et al. Relaxin inhibits cardiac fibrosis and

endothelial-mesenchymal transition via the Notch pathway. Drug
Des Devel Ther. 2015;9:4599-4611.

Zhou H, Chen X, Chen L, et al. Anti-fibrosis effect of scutellarin via
inhibition of endothelial-mesenchymal transition onisoprenaline-in-
duced myocardial fibrosis in rats. Molecules. 2014;19:15611-15623.
Sugimoto Y, Narumiya S. Prostaglandin E receptors. J Biol Chem.
2007;282:11613-11617.

Xiao CY, Yuhki K, Hara A, et al. Prostaglandin E2 protects the heart
from ischemia-reperfusion injury via its receptor subtype EP4.
Circulation. 2004;109:2462-2468.

Cipollone F, Fazia ML, lezzi A, et al. Association between prosta-
glandin E receptor subtype EP4 overexpression and unstable phe-
notype in atherosclerotic plaques in human. Arterioscler Thromb
Vasc Biol. 2005;25:1925-1931.

Harding P, Yang X-P, Yang J, Shesely ED, He Q, LaPointe MC. Gene
expression profiling of dilated cardiomyopathy in older male EP4
knockoutmice.AmJPhysiolHeart Circ Physiol.2010;298:H623-H632.
Wang Ql, Oka T, Yamagami K, et al. An EP4 receptor agonist inhib-
its cardiac fibrosis through activation of PKA signaling in hypertro-
phied heart. Int Heart J. 2017;58:107-114.

Zhang A, Wang MH, Dong Z, Yang T. Prostaglandin E2 is a po-
tent inhibitor of epithelial-to-mesenchymal transition: interac-
tion with hepatocyte growth factor. Am J Physiol Renal Physiol.
2006;291:F1323-F1331.

Yoon Y-S, Lee Y-J, Choi Y-H, Park YM, Kang JL. Macrophages pro-
grammed by apoptotic cells inhibit epithelial-mesenchymal transi-
tion in lung alveolar epithelial cells via PGE2, PGD2, and HGF. Sci
Rep. 2016;6:20992.

Lai YJ, Chen IC, Li HH, Huang CC. EP4 agonist L-902,688 sup-
presses EndMT and attenuates right ventricular cardiac fibrosis
in experimental pulmonary arterial hypertension. Int J Mol Sci.
2018;19:E727.

Grote P, Wittler L, Hendrix D, et al. The tissue-specific IncRNA
Fendrr is an essential regulator of heart and body wall development
in the mouse. Dev Cell. 2013;24:206-214.

Wang K, Liu F, Zhou L-Y, et al. The long noncoding RNA CHRF
regulates cardiac hypertrophy by targeting miR-489. Circ Res.
2014;114:1377-1388.

Papait R, Kunderfranco P, Stirparo GG, Latronico MV, Condorelli
G. Long noncoding RNA: a new player of heart failure? J Cardiovasc
Transl Res. 2013;6:876-883.

Vausort M, Wagner DR, Devaux Y. Long noncoding RNAs in pa-
tients with acute myocardial infarction. Circ Res. 2014;115:668-677.
Piccoli MT, Gupta SK, Viereck J, et al. Inhibition of the cardiac fibro-
blast-enriched IncRNA Meg3 prevents cardiac fibrosis and diastolic
dysfunction. Circ Res. 2017;121:575-583.

Xiang Y, Zhang Y, Tang Y, Li Q. MALAT1 modulates TGF-p1-induced
endothelial-to-mesenchymal transition through downregulation of
miR-145. Cell Physiol Biochem. 2017;42:357-372.

Sun H, Chen J, Qian W, et al. Integrated long non-coding RNA
analyses identify novel regulators of epithelial-mesenchymal tran-
sition in the mouse model of pulmonary fibrosis. J Cell Mol Med.
2016;20:1234-1246.

Ge LS, Chen XX, Wu LP, et al. Right cervical vagotomy aggravates
viral myocarditis in mice via the cholinergic anti-inflammatory path-
way. Front Pharmacol. 2017;8:25.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Schelbert EB, Fonarow GC, Bonow RO, Butler J, Gheorghiade M.
Therapeutic targets in heart failure: refocusing on the myocardial
interstitium. J Am Coll Cardiol. 2014,63:2188-2198.

Pardali E, Sanchez-Duffhues G, Gomez-Puerto MC, TenDijke P.
TGF-beta-induced endothelial-mesenchymal transition in fibrotic
diseases. Int J Mol Sci. 2017;18:E2157.

Noseda M, McLean G, Niessen K, et al. Notch activation results in
phenotypic and functional changes consistent with endothelial-to-
mesenchymal transformation. Circ Res. 2004;94:910-917.

Pérez L, Munoz-Durango N, Riedel CA, et al. Endothelial-to-mesen-
chymal transition: cytokine-mediated pathways that determine en-
dothelial fibrosis under inflammatory conditions. Cytokine Growth
Factor Rev. 2017;33:41-54.

Ghosh AK, Bradham WS, Gleaves LA, et al. Genetic deficiency of
plasminogen activator inhibitor-1 promotes cardiac fibrosis in aged
mice: involvement of constitutive transforming growth factor-beta
signaling and endothelial-to-mesenchymal transition. Circulation.
2010;122:1200-1209.

Kokudo T, Suzuki Y, Yoshimatsu Y, Yamazaki T, Watabe T, Miyazono
K. Snail is required for TGF beta-induced endothelial-mesenchymal
transition of embryonic stem cell-derived endothelial cells. J Cell Sci.
2008;121:3317-3324.

Erson-Bensan AE. Introduction to microRNAs in biological systems.
Methods Mol Biol. 2014;1107:1-14.

Zhang H, Hu J, Liu L. MiR-200a modulates TGF-betal-induced en-
dothelial-to-mesenchymal shift via suppression of GRB2 in HAECs.
Biomed Pharmacother. 2017;95:215-222.

Kumarswamy R, Volkmann |, Jazbutyte V, Dangwal S, Park DH,
Thum T. Transforming growth factor-beta-induced endothelial-
to-mesenchymal transition is partly mediated by microRNA-21.
Arterioscler Thromb Vasc Biol. 2012;32:361-369.

Ghosh AK, Nagpal V, Covington JW, Michaels MA, Vaughan DE.
Molecular basis of cardiac endothelial-to-mesenchymal transition
(EndMT): differential expression of microRNAs during EndMT. Cell
Signal. 2012;24:1031-1036.

Tao H, Zhang JG, Qin RH, et al. LncRNA GAS5 controls cardiac
fibroblast activation and fibrosis by targeting miR-21 via PTEN/
MMP-2 signaling pathway. Toxicology. 2017;386:11-18.

Huang Z-P, Ding Y, Chen J, et al. Long non-coding RNAs link ex-
tracellular matrix gene expression to ischemic cardiomyopathy.
Cardiovasc Res. 2016;112:543-554.

Micheletti R, Plaisance |, Abraham BJ, et al. The long noncoding
RNA Wisper controls cardiac fibrosis and remodeling. Sci Transl Med.
2017;9:pii:eaai?118.

Liang H, Pan Z, Zhao X, et al. LncRNA PFL contributes to car-
diac fibrosis by acting as a competing endogenous RNA of let-7d.
Theranostics. 2018;8:1180-1194.

Yoon JH, Abdelmohsen K, GorospeM. Posttranscriptional gene reg-
ulation by long noncoding RNA. J Mol Biol. 2013;425:3723-3730.
Bar C, Chatterjee S, Thum T. Long noncoding RNAs in cardiovascular
pathology, diagnosis, and therapy. Circulation. 2016;134:1484-1499.
Huang ZW, Tian LH, Yang B, Guo RM. Long noncoding RNA H19 acts
as a competing endogenous RNA to mediate CTGF expression by
sponging miR-455 in cardiac fibrosis. DNA Cell Biol. 2017;36:759-766.
Kazemzadeh M, Safaralizadeh R, Orang AV. LncRNAs: emerg-
ing players in gene regulation and disease pathogenesis. J Genet.
2015;94:771-784.

Wang Z, Zhang X-J, Ji Y-X, et al. The long noncoding RNA Chaer
defines an epigenetic checkpoint in cardiac hypertrophy. Nat Med.
2016;22:1131-1139.

Han P, Li W, Lin C-H, et al. A long noncoding RNA protects the heart
from pathological hypertrophy. Nature. 2014;514:102-106.

Khalil AM, Guttman M, Huarte M, et al. Many human large intergenic
noncoding RNAs associate with chromatin-modifying complexes and
affect gene expression. Proc Natl Acad Sci USA. 2009;106:11667-11672.



CHEN ET AL

45. Johnsson P, Lipovich L, Grander D, Morris KV. Evolutionary con-
servation of long non-coding RNAs; sequence, structure, function.
Biochim Biophys Acta. 2014;1840:1063-1071.

46. Diederichs S. The four dimensions of noncoding RNA conservation.
Trends Genet. 2014;30:121-123.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

WILEY--2¢

How to cite this article: Chen X, Ge W, Hu J, et al. Inhibition of
prostaglandin E2 receptor 4 by IncO00908 to promote the
endothelial-mesenchymal transition participation in cardiac
remodelling. J Cell Mol Med. 2019;23:6355-6367. https://doi.
org/10.1111/jcmm.14524



https://doi.org/10.1111/jcmm.14524
https://doi.org/10.1111/jcmm.14524

