International Journal of Cardiology 274 (2019) 271-278

Contents lists available at ScienceDirect

CARDIOLOGY

Q

International Journal of Cardiology

journal homepage: www.elsevier.com/locate/ijcard

Hyperbaric oxygen boosts long noncoding RNA MALAT1 exosome ")
secretion to suppress microRNA-92a expression in
therapeutic angiogenesis

Kou-Gi Shyu ?, Bao-Wei Wang , Chun-Ming Pan °, Wei-Jen Fang ®, Chiu-Mei Lin ¢!

@ Division of Cardiology, Shin Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan

b Department of Medical Education and Research, Shin Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan
¢ Department of Emergency Medicine, Shin Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan

4 School of Medicine, Fu-Jen Catholic University, New Taipei City, Taiwan

ARTICLE INFO ABSTRACT

Background: Hyperbaric oxygen (HBO) could improve wound healing by enhancement of angiogenesis. The
effect of HBO on metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), a proangiogenic long non-
coding RNA, and on endothelial cell-derived exosome is unknown. We aim to investigate both whether MALAT1
is altered in human coronary artery endothelial cells (HCAECs)-derived exosomes in response to HBO as well as
the molecular regulatory mechanisms of MALAT1 in HCAECs under HBO treatment.

Methods and results: HCAECs were cultured and HBO was applied at 2.5 atmosphere absolute (ATA) in a hyper-
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H;}gg;a; c oxygen baric chamber. Exosomes were extracted from culture media. A rat model of hind-limb ischemia was performed
MALAT1 by ligation of the right femoral artery. HBO at 2.5 ATA significantly increased MALAT1 expression in HCAECs

and HCAECs-derived exosomes. MALAT1 suppressed miR-92a expression in HCAEC-derived exosomes under
HBO. Silencing MALAT1 by MALATT1 siRNA significantly inhibited KLF2 mRNA expression induced by HBO,
as did MiR-92a. MiR-92a significantly decreased KLF2 luciferase activity in HCAECs under HBO. HBO and HBO-
induced exosomes significantly increased cell proliferation and the capillary-like network formation of HCAECs.
MALATT1 siRNA and miR-92a overexpression significantly attenuated the cell proliferation and tube formation
caused by HBO-induced exosome. HBO and HBO-induced exosomes significantly improved neovascularization
in a rat model of hind-limb ischemia.

Conclusions: HBO upregulates MALAT1 to suppress miR-92a expression and counteracts the inhibitory effect of
miR-92a on KLF2 expression in HCAECs to enhance neovascularization. HBO-induced derivation of exosomes
from HCAECs enhances angiogenesis. Exosomes containing MALAT1 might serve as a valuable therapeutic tool
for neovascularization by HBO.
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1. Introduction

Hyperbaric oxygen (HBO) therapy has been used for decades to treat
various clinical conditions [1] because it significantly increases the oxy-
gen content in hypoperfused tissues, and the elevated oxygen content
in hypoxic tissues enhances the ischemic repair process [2,3]. One of

Abbreviations: ATA, atmosphere absolute; HCAECs, human coronary artery endothelial
cells; HBO, hyperbaric oxygen; siRNAs, small interfering RNAs; LNA, locked nucleic acid;
KLF2, Kruppel-like factor 2; IncRNAs, long non-coding RNAs; MALAT1, metastasis-
associated lung adenocarcinoma transcript 1; miR, microRNA; PCR, polymerase chain
reaction; RT, reverse transcription.
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the mechanisms through which HBO therapy promotes wound healing
is the enhancement of neovascularization in the ischemic tissue [4].
Long noncoding RNAs (IncRNA), a type of noncoding RNAs with a
length >200 nucleotides, can regulate gene expression at epigenetic,
transcriptional, and posttranscriptional levels and play a vital role
in the prevention of cardiovascular diseases [5]. An endothelial-
enriched IncRNA, metastasis-associated lung adenocarcinoma tran-
script 1 (MALAT1), was reported to regulate endothelial cell function
and vessel growth because loss of MALAT1 impaired neovascularization
in vitro and in vivo [6]. More recently, MALAT1 has been reported
to play a role in the promotion of angiogenesis by mesenchymal stem
cells in thyroid tumors [7,8]. These data indicate that MALAT1 can
be considered a proangiogenic IncRNA. However, no data have been
presented to verify the effect of HBO therapy on the regulation of
MALATT1 in human coronary artery endothelial cells (HCAECs). There-
fore, we hypothesized that HBO can potentially affect the expression
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of MALAT1 in HCAECs and investigated the molecular regulatory mech-
anisms of MALAT1 in HCAECs under HBO treatment.

Exosomes are extracellular vesicles of the endosomal origin that play
a vital role in intercellular functions [9]. Exosomes are considered as
emerging diagnostic markers with cell-free therapeutic potential in
the treatment of cardiovascular diseases [9,10]. Endothelial cells release
exosomes that may contain both autocrine and paracrine angiogenic
factors [11,12]. The effect of HBO on endothelial-cell-derived exosomes
remains unclear.

2. Materials and methods
2.1. Primary human coronary artery endothelial cell culture

HCAECs were purchased from PromoCell GmbH (Heidelberg, Germany). The
cells were cultured in an endothelial cell growth medium, MV, supplemented with
10% fetal bovine serum, 100 U/mL of penicillin, and 100 pg/mL of streptomycin at 37 °C
in a humidified atmosphere of 5% CO,. Cells were grown to an 80%-90% confluence in
15-cm culture dishes and were subcultured at a ratio of 1:3. For exosome collection,
10 mL of the cell-free supernatant was collected from the HCAEC culture after increasing
the amount of HBO.

2.2. HBO treatment

For HBO treatment, HCAECs were exposed to different degrees of atmosphere
absolute (ATA) of oxygen (95% oxygen, 3% air, and 2% carbon dioxide) in a hyperbaric
chamber for 1 h/day, and HBO at 2.5 ATA was applied at 1 h/day for 1 to 7 days. The
small hyperbaric chamber was placed in a temperature-controlled (37 °C) incubator, as
described previously [13].

2.3. Extraction of exosomes from cell media

Exosomes were isolated from cell culture media using a total exosome isolation re-
agent (Invitrogen, Thermo Fisher Scientific, MA, USA) according to manufacturer's instruc-
tions. Briefly, the cell-free supernatant was centrifuged at 2000g for 30 min to remove cell
debris. The supernatant containing cell-free cell media was transferred to a fresh container
and held on ice until use. Each sample was combined with half volume of the total
exosome isolation reagent and mixed well by vortexing or pipetting up and down until
a homogenous solution formed. The samples were incubated overnight at 4 °C and then
centrifuged at 4 °C at 10,000¢g for 1 h. The supernatant was aspirated and discarded, and
the exosome pellet was resuspended in 1x phosphate buffered saline (PBS) buffer and
then stored at 4 °C for the short term (1-7 days) or —20 °C for the long term. The exosome
was quantitated using an ExoQuant™ quantification assay kit according to manufacturer's
instructions (BioVision, Milpitas, CA, USA).

2.4. RNA quality assessment of exosome

The RNA quality assessment of exosomes was performed using the Agilent 2100
Bioanalyzer with an RNA Pico chip (Agilent Technologies, Waldbronn, Germany) in accor-
dance with manufacturer's instructions. For visualization and better interpretation, an
electropherogram and a virtual gel image were generated (Supplemental Fig.I). All assess-
ments were performed in duplicates.

2.5. Western blot analysis

HCAECs treated with HBO were harvested by scraping and then centrifuging (300 xg)
for 10 min at 4 °C. The proteins of interest were identified through treatment with specific
antibodies, as indicated (1:1000 dilution), for 1 h at room temperature. Equal protein
loading of the samples was further verified by staining the mouse antitubulin monoclonal
antibody from Santa Cruz Biotechnology Inc. The procedure was performed as previously
described [13].

2.6. Reverse transcription and real-time quantitative polymerase chain reaction

To quantify MALAT1-exosome mRNA transcripts, 12 pL of a 14-uL RNA eluate was sub-
jected to reverse transcription (RT) with random hexamers using high-capacity cDNA
reverse transcription kits (Applied biosystems, Thermo Fisher Scientific, MA, USA).
Primers used for MALAT1 and miR92a were purchased from Thermo Fisher Scientific,
MA, USA with Assay IDs Hs00273907_s1 and 000431, respectively. Primers used for
Kruppel-like factor 2 (KLF2) were 5'-AAGGGCCTTTGTACTG-3’ (forward) and 5'-ATAAAA
ACGAACCAGGTAGC-3’ (reverse). Primers used for a-tubulin were 5'-GATCACCAATGCTT
GCTTTGAG-3’ (forward) and 5'-ACCATGGCGAGGGTCACAT-3' (reverse). The procedure
was performed as previously described [13].

2.7. Transfection of siRNAs or locked nucleic acid GapmeR

HCAECs were transfected at a confluence of 60%-75% with 50 nmol/L of synthesized
small interfering RNAs (Ambion, Thermo Fisher Scientific, MA, USA) or 25 nmol/L

of locked nucleic acid (LNA) GapmeR (Product No. 300630-101, Exiqon, Vedbaek,
Denmark) targeting MALAT1 by using Lipofectamine RNAiMax (Invitrogen, Thermo
Fisher Scientific, MA, USA) according to the manufacturer's protocol. The sequences of
siRNA for MALAT1 were as follows: sense, GAGCUUGACUUGAUUGUAULt, and antisense,
AUACAAUCAAGUCAAGCUCct. For the negative control, scramble siRNA or negative
control LNA GapmeR was also transfected. Scramble siRNA was purchased from Ambion
(Catalog #: 4390847, Ambion, Thermo Fisher Scientific, MA, USA). The sequence of
the negative control LNA GapmeR was 5'-AACACGTCTATACGC-3’ (Exiqon, Vedbaek,
Denmark).

2.8. Luciferase activity assay

A 500-bp human KLF2 3’-UTR DNA fragment was generated (Chromosome 19:
16,324,817-16,327,874; http://www.ensembl.org/index.html) through artificial synthesis
and cloning into a pUC57 vector. The clone was digested with Mlul and Bglll restriction en-
zymes and ligated into a pGL3-basic luciferase plasmid vector. The KLF2 3’-UTR contained
miR-92a conserved sites at 3’-UTR (from 242 to 249 bp). For the mutant, the conserved
site GTGCAATA was mutated into CACGTTAT and constructed using the same aforemen-
tioned method. All the cloned plasmids were confirmed through DNA sequencing (Seeing
Bioscience Co. Ltd. Taipei, Taiwan). Plasmids were transfected into HCAECs by using a low-
pressure accelerated gene gun (Bioware Technologies, Taipei, Taiwan) in accordance
with the manufacturer's protocol. The test plasmid (2 pg) and the control plasmid
(pGL4-Renilla luciferase, 0.02 pg) were cotransfected with the gene gun in each well and
then replaced with a normal culture medium. Following various periods of HBO exposure,
cell extracts were prepared using the dual-luciferase reporter assay system (Promega) and
measured for dual-luciferase activity by using a luminometer (Glomax Multi Detection
System, Promega, Madison, WI, USA).

2.9. Cell proliferation and viability assay

Cell proliferation and viability were measured using the CellTiter-Glo® luminescent
cell viability assay kit (Promega Corporation, Madison, WI, USA) according to manufactur-
er's instructions. Briefly, HCAECs were grown and assayed in an HCAEC medium at 25,000
cells per well in a 96-well plate. After an equal volume of CellTiter-Glo® reagent was
added, plates were shaken and then incubated at room temperature for 10 min to
stabilize the luminescence signal. Finally, cell proliferation was quantified as the relative
luminescence unit by using a luminometer (Glomax, Promega Corporation, Madison,
WI, USA).

2.10. Capillary-like network formation assay

A capillary-like network formation was performed in an in vitro culture system.
A 24-well culture plate was coated with 250 pL of Matrigel (BD Biosciences, MA), which
was allowed to solidify (37 °C, 1 h). HCAECs were cultured on a Matrigel matrix and
exposed to 2.5 ATA of oxygen (98% oxygen plus 2% CO,) in a hyperbaric chamber for 5 h
at 37 °C. After HBO treatment, cells were placed in a humidified incubator for 16 h at
an atmosphere of 5% CO, at 37 °C. Exosomes extracted from 10 mL of the supernatant of
cultured 6 x 10% HCAECs after HBO treatment were added to the cells in a humidified in-
cubator for 16 h at an atmosphere of 5% CO, at 37 °C. The capillary-like network formation
was observed using a phase-contrast microscope (Nikon, Tokyo). Tube formation with
branching points was measured using Nikon NIS-Elements software (Nikon Imaging
Japan Inc.).

2.11. Rat model of hind limb ischemia

Fifteen-week-old male Wistar rats, weighing 220-250 g, were kept under conven-
tional conditions with free access to water and standard food. Animal experiments were
approved and performed in accordance with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication No. 85-23, re-
vised 1996). After a fully anesthetized state (e.g., no response to toe pinching) had been
confirmed following the induction of anesthesia with 2% isoflurane, the rats were
subjected to hind limb ischemia through the ligation of the right femoral artery. In total,
70 pg of purified exosomes, 25 nM siRNA, or 40 pg of plasmid DNA was transfected into
the ligation wound in the right femoral artery of the rats by using a low-pressure accelerated
gene gun (Bioware Technologies, Taipei, Taiwan) following manufacturer's instructions. In
brief, purified exosomes, siRNA, or plasmid DNA were suspended in 50 pL of PBS and
added to the loading hole near the nozzle. Blood flow was assessed using a laser Doppler per-
fusion imager system (MoorLDI measurement version 5.3, Moor Instrument Ltd., England)
2 weeks after hind limb ischemia had been induced. Relative blood flow was determined
as the ratio of blood flow to the ischemic limb to that to the nonischemic limb. For HBO treat-
ment, the treated rats were exposed to 2.5 ATA of oxygen (95% oxygen, 3% air plus 2% carbon
dioxide) in a hyperbaric chamber for 2 weeks, 1 h/per day at room temperature. This oxygen
tension was selected based on current human treatment protocols [14].

2.12. Statistical analysis

The data are expressed as the mean =+ SD. Statistical significance was ascertained
using analysis of variance (ANOVA; GraphPad Software Inc., San Diego, CA). The Tukey-
Kramer comparison test was used to conduct pairwise comparisons between multiple
groups after ANOVA. A value of P < 0.05 was considered statistically significant.
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3. Results

3.1. HBO increases MALAT1 expression in HCAEC and HCAEC-derived
exosomes

To determine the effect of HBO on MALAT1 expression in HCAEC-
derived exosomes, various ATAs of HBO were applied. As indicated in
Fig. 1A, HBO caused a significant increase in MALAT1 from 1 to 3 ATA
at 1 h/day for 2 days, with 2.5 ATA of HBO demonstrating the maximal
effect on MALAT1 expression. Therefore, 2.5 ATA of HBO was used for
the following experiments. HBO at 2.5 ATA significantly increased
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Fig. 1. Effect of HBO on HCAEC-derived exosomal MALAT1 expression. A. Quantitative real-
time PCR of HCAEC-derived exosomal MALAT1 under various degrees of HBO for 2 days.
The values from treated HCAECs are expressed as a ratio of normalized values of
MALAT1 mRNA in the control cells. The Tukey-Kramer comparison test was conducted
for statistical analysis. **P < 0.01 vs. control; n = 4 per group. B, Quantitative real-time
PCR of HCAEC-derived exosomal MALAT1 under 2.5 ATA at 1 h each day for different
durations. The values from treated HCAECs are expressed as a ratio of normalized values
of MALAT1 mRNA in the control cells. The Tukey-Kramer comparison test was
conducted for statistical analysis. *P < 0.05 vs. control. **P < 0.01 vs. control; n = 5 per
group. C, Quantitative real-time PCR of HCAEC MALAT1 under 2.5 ATA at 1 h each day
for different durations. The values from treated HCAECs are expressed as a ratio of
normalized values of MALAT1 mRNA in the control cells. The Tukey-Kramer comparison
test was conducted for statistical analysis. *P < 0.01 vs. control; n = 4 per group.

MALAT1 expression in HCAEC-derived exosomes from 1 to 3 days and
then declined gradually to the control level at day 6 (Fig. 1B). The max-
imal effect of HBO at 2.5 ATA on MALAT1 expression occurred after
2 days of exposure. Similar to the effect of HCAEC-derived exosomes
on MALATT1 expression, HBO alone at 2.5 ATA had the maximal effect
on MALAT1 expression in HCAECs (Fig. 1C). HBO derived exosome
treatment on HCAECs induced more significant MALAT1 expression
than did exosomes without HBO treatment (Supplemental Fig. IT). The
exosome isolation through another method with a Qiagen-exoEasy
maxi kit also demonstrated that HBO at 2.5 ATA significantly increased
MALAT1 expression in HCAEC-derived exosomes from days 1 to 5 and
then declined to the control level at day 6 (Supplemental Fig. III). We
used a SYTO RNASelect Green Fluorescent Cell Stain to prove the exis-
tence of RNA in the exosomes. As presented in Supplemental Fig. IV,
the green fluorescent stain signal increased in HCAECs with HBO-
induced exosome treatment. We also used an in situ hybridization
assay to demonstrate the increased expression of MALATI in HCAECs
after HBO-derived exosome treatment, as indicated in Supplemental
Fig. V. Furthermore, we demonstrated the presence of TSG101 as well
as the characterization of exosomes derived from HCAECs both with
and without HBO treatment, as displayed in Supplemental Fig. VI.

3.2. HBO decreases miR-92a expression in HCAEC-derived exosomes

We used the Clustal W method in MegAlign software (DNASTAR,
Madison, WI, USA) to search for the target microRNA (miR) of
MALAT1. We discovered that the sequences in miR-92a-3p were com-
plementary to MALAT1 (sequence from 2345 to 2375). As indicated in
the upper panel of Fig. 2A, HBO at 2.5 ATA significantly decreased
miR-92a expression at three occasions of exposure. Inhibiting MALAT1
expression by using small interfering RNA could reverse miR-92a
expression to reach the control level (Fig. 2B). Overexpression of wild
type MALAT1 but not mutant MALAT1 significantly attenuated the
miR-92a expression in HCAECs (Supplemental Fig. VII). This result indi-
cated that MALAT1 suppresses miR-92a expression in HCAEC-derived
exosomes under HBO treatment.

3.3. HBO increases KLF2 expression in HCAECs with MALAT1 and miR-92a

HBO at 2.5 ATA significantly increased KLF2 mRNA expression in
HCAECs after 4 to 5 occasions of HBO exposure (1 h per day for each
occasion) as presented in the upper panel of Fig. 2C. HBO at 2.5 ATA
also significantly increased KLF2 protein expression after 5 occasions
of HBO exposure (Fig. 2D and E). Silencing MALATA1 with MALAT1
siRNA significantly inhibited the KLF2 mRNA and protein expression in-
duced by HBO (Fig. 3A, B, and C). MALAT1 scramble siRNA did not signif-
icantly affect the KLF2 mRNA and protein expression induced by HBO.
Overexpression of wild-type miR-92a significantly inhibited the KLF2
mRNA and protein expression induced by HBO. MiR-92a antagomir
significantly reversed the KLF2 expression induced by miR-92a over-
expression. The overexpression of the miR-92a mutant did not signif-
icantly affect KLF2 expression. These results indicated that HBO
increases MALAT1 expression but decreases miR-92a expression to
enhance KLF2 expression in HCAECs.

3.4. miR-92a decreases KLF2 luciferase activity in HCAECs under HBO
treatment

We discovered that KLF2 3’UTR (nucleotide from 228 to 249) had a
binding site for miR-92a-3p, as indicated in Fig. 3D using the Clustal W
method of the MegAlign software (DANSTAR, Madison, WI, USA).
MiR-92a-3p overexpression could significantly decrease KLF2 luciferase
activity in HCAECs under 2.5 ATA HBO treatment when miR-92a was
bound to normal 3'UTR of KLF2 (Fig. 3E). The overexpression of mutant
miR-92a-3p did not affect the luciferase activity, indicating that KLF2
is the target gene of miR92-3p.
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Fig. 2. Effect of HBO on miR-92a and KFL2 expression in HCAEC. A, Quantitative real-time PCR of HCAEC-derived exosomal miR-92a under 2.5 ATA at 1 h each day for different durations.
The values from treated HCAECs are expressed as a ratio of normalized values of miR-92a mRNA in the control cells. The Tukey-Kramer comparison test was conducted for statistical
analysis. *P < 0.01 vs. control; n = 4 per group. B, Quantitative real-time PCR of HCAEC-derived exosomal miR-92a under 2.5 ATA with or without MALAT1 siRNA treatment. The
values from treated HCAECs are expressed as a ratio of normalized values of miR-92a mRNA in the control cells. Scramble siRNA is a control siRNA. The Tukey-Kramer comparison test
was conducted for statistical analysis. *P < 0.05 vs. control; n = 4 per group. C, Quantitative real-time PCR of HCAEC KLF2 mRNA expression under 2.5 ATA at 1 h each day for different
durations. The values from treated HCAECs are expressed as a ratio of normalized values of KLF2 mRNA in the control cells. The Tukey-Kramer comparison test was conducted for
statistical analysis. **P < 0.01 vs. control; n = 4 per group. D, Representative Western blot. E, Quantitative analysis of KLF2 protein expression under 2.5 ATA at 1 h each day for
different durations. The values from treated HCAEC groups were normalized to match a-tubulin measurements and then expressed as a ratio of normalized values to protein in the
control group. The Tukey-Kramer comparison test was conducted for statistical analysis. **P < 0.01 vs. control; n = 4 per group.

3.5. HBO and HBO-induced exosomes increase HCAEC proliferation and
viability

HBO for 5 h significantly increased the proliferation and viability
of HCAECs in comparison with the control (Fig. 4A). HBO-induced
exosomes from HCAECs also significantly increased cell proliferation
and viability. Both pretreatment with MALAT1 siRNA and the overex-
pression of miR-92a significantly attenuated the proliferation and
viability of HCAECs induced by exosomes. The scramble siRNA for
MALAT1 and miR-92a antagomir did not inhibit the proliferation and
viability induced by exosomes.

3.6. HBO and HBO-induced exosomes increased the capillary-like network
formation of HCAECs with MALAT1 and miR-92a

HBO for 5 h significantly increased the tube formation of HCAECs
(Fig. 4B and C). Both pretreatment with MALAT1 siRNA and the overex-
pression of miR-92a significantly blocked the tube formation from HBO.
The scramble siRNA for MALAT1 and miR-92a antagomir did not inhibit
HBO-induced tube formation. Exosomes extracted from HCAECS after
HBO treatment for 5 h also significantly increased tube formation under
typical cultured conditions without HBO treatment (Fig. 4D and E).
Both pretreatment with MALAT1 siRNA and the overexpression of
miR-92a significantly attenuated the exome-induced tube formation.
The scramble siRNA for MALAT1 and miR-92a antagomir did not inhibit
exome-induced tube formation.

3.7. HBO and HBO-induced exosomes increase blood flow in hind-limb
ischemia

As presented in Fig. 4F and G, ligation of the right femoral artery of
an adult rat impaired the blood flow to the ischemic hind-limb. HBO
for 2 weeks and HBO-induced exosomes from HCAECs significantly
improved blood flow to the ischemic hind-limb. Both pretreatment
with MALAT1 siRNA and the overexpression of miR-92a significantly
attenuated the ratio of HBO-induced blood flow. The scramble siRNA
for MALAT1 and miR-92a antagomir did not attenuate the ratio of
HBO-induced blood flow.

4. Discussion

The modulation of angiogenic MALAT1 responses might establish
a link between angiogenesis and ischemic cardiovascular diseases.
Indeed, IncRNA MALAT1 has been demonstrated to be capable of
predicting metastasis and poor prognosis in patients with cancer [15].
In the vascular system, endothelial-expressed MALAT1 can regulate
vessel growth and function [16]. Sun et al. reported that knockdown
of MALAT1 expression could inhibit the proliferation of human
umbilical-vein endothelial cells, a crucial component of angiogenesis
[17]. Furthermore, MALAT1 was demonstrated to be significantly up-
regulated in the cardiac tissue of diabetic rats, partly through the inhi-
bition of cardiomyocyte apoptosis [18]. In this study, we discovered
that HBO significantly increased MALAT1 expression in HCAECs and



K.-G. Shyu et al. / International Journal of Cardiology 274 (2019) 271-278 275

A P<0.01

[ S ' P<0.01

3 4 (|

6§ =3

2 £2 * *

9 c

g 81

< ©

< 3

° o O o \g O & &
g s & ¥ & & 8 s &
£ U A < N

€ A N D v.° qq,'#

E \al é‘b 4\\ 9’1‘0 \Q“'

] & \Q~ &

2 O &
&
A ]
Accumulating HBO hrs (1hr / day for 5days)

B | - |

a-tubulin o s o w——-— ———— _—-."

- P<0.01
C o 5 — P<0.01
2
< 4
w5
& £ 2 *
5 8 1 *
X O
e 50
3 T > (s} ¥ ¥ RS & &
e & ¢ f égg S 4
8 < ¢ & &S
Q ¥ &S
= % &8
X &
*’D
1 I

Accumulating HBO hrs (1hr / day for 5days)

KLF23'UTR ?'UTR (228)

|
5 —TCCTCCTTGACGAGTTTTGTTTTTCAAAATGGTGCAATAATTTAAGTGGCATCTTCT—3"
S SAn A S RN R RN

miR92a-3p 3’ —uguccggcccuguucacguuau-5

FUTR (249)

KLF2 3'UTR
= P<0.01
o= miR92a-3p +
0| KLF23'UTR
g
@
| mir92a-3p +

KLF2 3'UTRMY

Fig. 3. MALAT1 siRNA and the overexpression of miR-92a inhibited both KLF2 expression in HCAECs under HBO treatment and the effect of miR-92a on KLF2 3'UTR luciferase activity under
HBO treatment. A, Quantitative real-time PCR of HCAEC KLF2 mRNA expression under 2.5 ATA at 1 h each day for 5 days. The values from treated HCAECs are expressed as a ratio of
normalized values of KLF2 mRNA in the control cells. The Tukey-Kramer comparison test was conducted for statistical analysis. “P < 0.01 vs. HBO; n = 4 per group. B, Representative
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HCAEC-derived exosomes. HBO induced MALAT1 expression in a time-
dependent and load-dependent manner in HCAECs. Because MALAT1
is regarded as proangiogenic RNA, the increased MALAT1 in HCAECs-
derived and HCAEC-derived exosomes may explain the mechanism
through which HBO enhances wound healing during neovasculariza-
tion. Our in vitro study revealed that HBO-induced exosomes from
HCAECs could induce the proliferation and tube formation of HCAECs.
Our animal model with rat hind-limb ischemia also demonstrated
that HBO-induced exosomes from HCAECs improved blood flow to
ischemic limbs. The exosomal cargo contained many crucial proteins
and microRNAs for the enhancement of angiogenesis [10,19]. Barile
et al. identified certain exosome markers, such as TSG101 and Alix, in
cardiac progenitor cell-secreted exosomes [20]. In this study, we
also discerned the presence of TSG101, which characterizes HCAEC-
derived exosomes. Our study is the first to report that HBO can in-
crease endothelial-cell-derived exosomal MALAT1 expression. This
finding indicates that exosomes may serve as a novel cell-free ap-
proach for therapeutic neovascularization. Exosomes containing
MALAT1 might serve as a valuable therapeutic tool for neovasculariza-
tion through HBO. Indeed, exosomes are stable products that are effica-
cious after systemic delivery. More significantly, exosomes have high
immune tolerability [21].

Just as IncRNA can modulate miR expression, it can also function as
miR targets, compete as decoys, or sponge endogenous RNA to prevent
the inhibition of mRNA targets [22,23]. In this study, we discovered that

MALATT1 shared a unique sequence complementary to miR-92a. MiR-
92a plays a vital role in angiogenesis because the forced expression of
miR-92a in endothelial cells blocked angiogenesis, and the inhibition
of miR-92a enhanced angiogenesis [24,25]. The inhibition of miR-92a
could also protect against injury in the form of ischemia/perfusion and
prevent endothelial dysfunction and atherosclerosis in animal studies
[26,27]. In this study, we demonstrated that HBO significantly decreased
miR-92a expression in HCAECs-derived exosomes. Silencing MALAT1
with MALAT1 siRNA could reverse miR-92a expression to the control
level. This finding implied that HBO increased MALAT1 expression and
that the increased MALAT1 suppressed miR-92a expression. The in-
creased MALAT1 and decreased miR-92a expression in endothelial
cells may explain the improvement in angiogenesis after HBO therapy.
Indeed, the inhibition of miR92a by antimiR92a has been reported as
a therapeutic strategy for promoting skin repair in healing-impaired
diabetic mice [28]. Our study also demonstrated that MALAT1 siRNA
and miR-92 overexpression could significantly inhibit proliferation
and tube formation in HBO-induced HCAECs. Exosomes extracted
from HCAECs after HBO treatment also significantly increased cell
proliferation and tube formation under typical cultured conditions
without HBO treatment. In an animal study, we have demonstrated
that HBO and HBO-induced exosomes derived from HCAECs could sig-
nificantly improve blood flow to ischemic limbs. These results from an
in vitro and in vivo study prove that HBO-induced exosomes derived
from HCAECs enhanced angiogenesis. Zhang et al. demonstrated that
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MALATT1 directly targets vascular endothelial growth factor receptor 2
(VEGFR2) to facilitate angiogenesis [29]. They discovered that MALAT1
silencing significantly reduced tube formation, cell migration, and cell
proliferation in cultures from mouse primary skeletal-muscle microvas-
cular endothelial cells. Our results also revealed that MALAT1 derived
from HBO-induced exosomes increased VEGFR2 expression in HCAECs
(Supplemental Fig. VIII). Our data indicate that HBO may increase
exosomal MALAT1 and VEGFR2 to facilitate angiogenesis.

KLF2 has been proven to be a critical mediator for neovasculariza-
tion [30-32], and Liu et al. demonstrated that KLF2 is the target gene
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of miR-92a [29]. We observed that miR-92a-3p had a binding site in
KLF 3’UTR and that miR-92a could suppress KLF2 luciferase activity by
binding to their 3'UTR. This result was consistent with those reported
in another study [30]. In the present study, HBO increased KLF2 mRNA
and protein expression. MALAT1 siRNA and miR92a inhibited HBO-
induced KLF2 mRNA and protein expression. Our study results suggest
that HBO upregulates MALAT1 to suppress miR-92 expression and coun-
teracts the inhibitory effect of miR-92a on KLF2 expression in HCAECs.
In summary, our study is the first to report that HBO upregulates
MALAT1 to suppress miR-92a expression and counteracts the inhibitory
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HCAEC-derived exosomes and HBO with or without MALAT1 siRNA and miR-92a on ratio of blood flow in hind-limb ischemia. A, Quantitative analysis of HCAEC proliferation and viability.
Proliferation and viability assays were performed using the CellTiter-Glo® Luminescent Cell Viability Assay kit. The Tukey-Kramer comparison test was conducted for statistical analysis.
*P < 0.001 vs. HBO-induced exosomes; n = 4 per group. B, Representative image of the tube formation of HCAECs under HBO treatment. C, Measurement of quantitative branching
points. The Tukey-Kramer comparison test was conducted for statistical analysis. * P < 0.001 vs. HBO alone; n = 4 per group. D, Representative image of the tube formation of
HCAECs without HBO treatment. E, Representative image of the tube formation of HCAECs. F, Representative image of Laser Doppler perfusion imaging. G, Quantitative analysis of
perfusion recovery with reference to the ratio of blood flow (ischemic/normal hind-limb). The Tukey-Kramer comparison test was conducted for statistical analysis. *P < 0.01 vs.

ligation; **P < 0.001 vs. ligation; n = 6 per group.
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effect of miR-92a on KLF2 expression in HCAECs to enhance neovascu-
larization. We proposed a pathway to explain why HCAEC-derived
exosomes induced by HBO enhance angiogenesis by upregulating
MALAT1 to suppress microRNA-92a expression and counteract the
inhibitory effect of miR-92a on KLF2 expression in HCAECs (Graphic
Abstract). HBO-induced exosomes derived from HCAECs enhance
angiogenesis. Exosomes containing MALAT1 might serve as a valuable
therapeutic tool for neovascularization through HBO.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2018.09.118.
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