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Background. A previous study identified miR-451b as a potential biomarker in smoker with or without chronic obstructive
pulmonary disease (COPD). However, the function and molecular mechanisms of miR-451b in the pathogenesis of COPD
remain elusive. Methods. Macrophages and lung fibroblasts were exposed to 10% cigarette smoke extract (CSE) solution for
24 h. Expression miR-451b and its potential transcription factor p300 were detected. The association between p300 and miR-
451b, miR-451b and RhoA was validated by luciferase reporter assay. The release of IL-12 and TNF-aby macrophages was
measured by ELISA assay, and Transwell assay was performed to analyze its migration and invasion. Collagen protein of
fibroblasts was detected by Western blotting. Results. Results showed that p300 and miR-451b was downregulated, while RhoA
was upregulated in CSE-induced macrophages and lung fibroblasts. The stimulation of CSE promoted the degradation of p300
by ubiquitination, and RhoA was confirmed as the target gene of miR-451b. MiR-451b overexpression significantly decreased
the release of IL-12 and TNF-«, downregulated the expression of RhoA, ROCK2, and p65, and suppressed cell migration and
invasion in CES-induced macrophages. In addition, miR-451b overexpression decreased the expression of RhoA, ROCK2,
COL1A1, and COL2A1 in lung fibroblasts. Conclusions. Our data suggest that p300/miR-451b protects against CSE-induced
cell stress possibly through downregulating RhoA/ROCK2 pathway.

1. Background

Chronic obstructive pulmonary disease (COPD) is widely
considered an incurable but preventable respiratory disease
with a rise in prevalence and mortality, which has been the
third most frequent cause of death worldwide [1, 2]. The
main symptoms of COPD include chronic cough, expectora-
tion, emphysema, chronic airway obstruction, and airway
remodeling [3]. Cigarette smoke extract (CSE) induced inflam-
matory disorder [4, 5] and impaired functional properties of
lung fibroblasts [6, 7], are the important mechanisms underly-
ing COPD. Although the association between CSE and COPD
development has been reported [8-10], the cellular and molec-
ular mechanism underlying COPD remains largely unclear.
MicroRNAs (miRNAs/miRs) are small non-coding RNA
molecules that could regulate the transcriptional or transla-

tional gene expression via binding the 3'-untranslated region
of multiple target mRNAs [11]. In recent years, some studies
have shown that alterations in miRNA expression are closely
associated with progression of smoking-induced patients with
COPD [12, 13]. For example, miR-34a plays a key role in
CSE-induced endothelial cell apoptosis by directly regulating
its target gene Notch-1 [14]. Tang et al. [15] reported that
miR-29b may participate in the airway inflammation in COPD
by regulating inflammatory cytokine expression through target-
ing bromodomain protein 4 (BRD4). In addition, miR-146a is
significantly downregulated in lung fibroblasts of COPD
patients [16] and miR-26a acts as a regulator of the nuclear fac-
tor-kB (NF-«B) pathway in alveolar macrophages [17]. It is
worth noting that our previous work identified several potential
biomarkers, including miR-3202, miR-451b, and miR-149-3p
in smokers with or without COPD and all their expression
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levels were downregulated in COPD group compared with con-
trol group [18]. In functional experiments, we demonstrated
that reducing miR-149-3p may increase the inflammatory
response in COPD patients through the regulation of the
TLR-4/NF-«B signaling pathway [18]. Similarly, our data pro-
vided support for the protective role of miR-3202 in CSE-
stimulated T lymphocytes and human bronchial epithelial
cells through targeting Fas apoptotic inhibitory molecule 2
(FAIM2) [19]. However, whether miR-451 plays an impor-
tant role in suppressing CSE-induced lung injury has not
been reported yet.

The small G-protein RhoA, as the master regulator of
actin dynamics, is necessary for cell morphology, adhesion,
proliferation, and migration [20]. Rho-kinase (ROCK-I or
ROCK and ROCK-II or ROCKa) is the downstream effec-
tor of RhoA and constitutes the RhoA/ROCK signal path-
way involved in pulmonary endothelial dysfunction in
healthy smokers [21] and patients with COPD [22]. In dia-
betic nephropathy, the RhoA/ROCK pathway might regulate
NF-«B activity to upregulate inflammatory genes [23]. In
rheumatoid arthritis, blockade of ROCK inhibits the activa-
tion of NF-«B and the production of pro-inflammatory cyto-
kines [24]. Interestingly, CSE-induced p120-catenin- (p120-
) mediated NF-«xB activation in human epithelial cells is
dependent on the RhoA/ROCK pathway [25]. The online
bioinformatics analysis suggests that RhoA was the target
of miR-451b, which makes us hypothesize that the function
of miR-451b in CSE-induced lung injury might through tar-
geting RhoA/ROCK pathway.

To validate our hypothesis, CSE was first used to treat the
macrophages and lung fibroblasts as useful in vitro models to
evaluate smoking-related COPD pathogenesis. Then, we exam-
ined transcriptional regulation of miR-451b and its effects on
inflammatory mediators, RhoA/ROCK pathway, extracellular
matrix (ECM) components, migration, and invasion.

2. Materials and Methods

2.1. Sample Collection. Blood samples from non-smoking
healthy volunteers (NS-H, n=10), smoking healthy volun-
teers (S-H, n=10), and smoking COPD patients (S-COPD,
n=10) were collected from September 2019 to January
2020 at the Second Affiliated Hospital of Kunming Medical
University. Total of 4mL of peripheral blood was collected
at fasting and half of it was used to isolate peripheral blood
mononuclear cells (PBMCs) through gradient centrifugation
with Ficoll-Hypaque (Ficoll-Paque PLUS; GE Healthcare
Bio-Sciences AB, Uppsala, Sweden). The rest is used to sep-
arate serum.

2.2. Cell Culture. Macrophages (RAW264.7), rat pulmonary
microvascular endothelial cells (rPMECs), rat alveolar epithe-
lial cells (rAECs), rat bronchial epithelial cells (rBECs), and rat
lung fibroblasts (rLFs) were purchased from Procell Life Sci-
ence & Technology Co., Ltd. (Wuhan, China), which were
both cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum, 2 mM/
L glutamine, 100 units/mL penicillin, and 0.1 mg/mL strepto-
mycin at a humidified incubator containing 5% CO, at 37°C.
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2.3. Preparation of CSE. Preparation of CSE was performed
using commercial cigarettes (Marlboro; Philip Morris USA,
Richmond, VA, USA) by a modified method as previously
described [26]. In brief, one cigarette was bubbled through
25mL of DMEM at a constant rate, which was considered
100% CSE solution. Then, CSE solution was sterilized and
diluted to a final working concentration (10%) before use.

2.4. Cell Transfection. MiR-451b mimics and inhibitor, spe-
cifically targeting RhoA small interference sequence, were
synthesized by RiboBio (Guangzhou, China) (Table SI).
Coding sequence was cloned and inserted into pcDNA 3.1
plasmid vector. For cell transfection, cells were seeded into
six-well plates at a density of 3.0x 107 cells per well and
cultured overnight at 37°C. Next day, cells were transfected
with 25 nM above material for 48 h with Lipofectamine
2000 (Invitrogen, Carlsbad, CA), followed by 10% CSE
exposure for an additional 48 h.

2.5. Quantitative Reverse Transcription PCR. Total RNA
extraction was performed by Trizol reagent (Invitrogen) and
cDNA was synthesized using a Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA) according to the
manufacturer’s instructions. Quantitative reverse transcrip-
tion PCR was conducted with TagMan Gene Expression
Assays and the ABI Prism 7500 (Applied Biosystems) accord-
ing to the thermal cycling conditions: 37°C for 10 min, 95°C
for 5min, followed by 50 cycles of 95°C for 15s, 60°C for
20s, and 68°C for 20s. The primer sequences used in this
study are showed in Table S1. Relative expression levels of
miR-451b or RhoA were calculated by the 27" method
with U6 or GAPDH as endogenous controls.

2.6. Western Blot Analysis. Total protein samples were
extracted from cell samples with RIPA buffer (CWBio, Beijing,
China) and protein concentration was measured using BCA
protein assay kit (Beyotime, Shanghai, China). Equal amount
of protein sample was separated on 12% SDS-PAGE gels
followed by transferred to nitrocellulose membranes. Then,
the membranes were blocked in 5% non-fat milk dissolved
in TBST solution and incubated with primary antibodies
against p300 (Abcam, Cambridge, MA, USA; ab275378,
1:1000 diluted), RhoA (ab187027, 1:2000 diluted), ROCK
(ab134181, 1:1000 diluted), NF-x¥B p65(ab207297, 1:1000
diluted), HDAC1 (abl09411, 1:4000 diluted), COLIAL
(ab270993, 1:3000 diluted), COL2A1 (ab34712, 1:3000
diluted), and GAPDH (ab8245, 1:5000 diluted) overnight at
4°C. After washing with TBST, membranes were incubated
with HRP-conjugated secondary antibodies for 2h. The pro-
tein bands were visualized using an enhanced chemilumines-
cence reagent (Pierce Biotech, Inc., Rockford, IL, USA).

2.7. Immunofluorescence. Cells from different groups were
fixed with 4% paraformaldehyde, washed with PBS, and
permeabilized with 0.5% Triton X-100 dissolved in PBS.
After blocked with 3% bovine serum albumin (BSA) for
1 h, the cells were incubated with primary antibodies against
RhoA (ab187027, 1:500 diluted) or p300 (ab275378, 1:500
diluted) overnight at 4°C. Subsequently, cells were washed
with PBS twice and incubated with appropriate secondary
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Figure 1: Continued.
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F1GUre 1: CSE inhibited expression of miR-451b through regulating RhoA. (a) Blood samples from non-smoking healthy volunteers (NS-H),
smoking healthy volunteers (S-H), and smoking COPD patients (S-COPD) were collected and the expressions of miR-451b were detected by
QPCR. ***P < 0.001, compared with NS-H group. (b) Macrophages (RAW264.7), rat pulmonary microvascular endothelial cells (rPMECs), rat
alveolar epithelial cells (rAECs), rat bronchial epithelial cells (rBECs), and rat lung fibroblasts (rLFs) were stimulated with 10% CSE, and the
expressions of miR-451b were detected by QPCR. (c) The 5'—upstream sequence of pre-miR-451b was segmented, cloned, and inserted into
pGL3-Basic plasmid, followed by transfecting to RAW264.7 cells and fluorescence detection. ***P < 0.001, compared with Ctrl group (no CSE
treatment). (d) Predicted binding site of p300 on miR-451b’s promoter sequence. (¢) The binding site of p300 was mutated and applied to
luciferase reporter assay. (f) Luciferase reporter assay was repeated in p300 overexpressed RAW264.7 cells. (g, h) Chromatin
Immunoprecipitation assay and Electrophoretic Mobility Shift assay were performed in p300 overexpressed RAW264.7 cells. **P < 0.01,

***D < 0.001; P <0.001; ns: no significance.

antibodies. The nucleus was labeled with 4',6-diamidino-2-
phenylindole for 5min. All staining images were viewed
under a fluorescence microscope (Thermo Fisher Scientific,
Waltham, MA, USA).

2.8. Enzyme-Linked Immunosorbent Assay (ELISA). The
release concentration of IL-12 and TNF-a was measured in
cell culture media by commercial ELISA according to the
manufacturer’s instructions (R&D Systems) according to
the manufacturer’s protocol. All samples were assayed in
duplicate. Results are expressed as picograms of cytokine
per milligram (pg/mL) of total protein in the homogenate.

2.9. Transwell Assay. The migrated and invasive ability of
macrophages was assessed using Transwell chamber (Corn-
ing Inc., Corning, NY, USA). In brief, approximately macro-

phages prepared in serum-free medium were added into the
upper chamber (normal chamber for migration assay and
matrigel-coated chamber for invasion assay). Meanwhile,
complete medium (500 uL) containing 10% FBS was added
into the lower chamber. After 24h incubation at 37°C, the
macrophages that migrated into the lower chamber were
fixed with methanol and stained with crystal violet, which
were further counted with a microscope.

2.10. Luciferase Reporter Assay. Briefly, the oligonucleotides
containing wild-type or mutated RhoA-3'UTR of the pre-
dicted binding site were synthesized and subcloned into
psiCHECK-2 vector (Promega, Madison, Wisconsin) to
construct WT or MUT RhoA plasmids, respectively. Then,
co-transfection of WT or MUT RhoA plasmid and miR-
451b mimics or NC was performed in RAW264.7 cells using
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F1GURE 2: CSE induced the degradation of p300. (a) Western blotting was used to detect p300, RhoA, and ROCK2 in PBMCs. (b) Levels of
p300 and RhoAin the CSE-stimulated RAW264.7, rPMECs, rAECs, rBECs, and rLFs. (¢, d) The level of p300 at 0h, 1 h, 2h, 4h, 8h, 16h,
and 24h after stimulation with CSE and cycloheximide (CHX) (100 ug/mL) in RAW264.7 and rLFs was measured. NS-H: non-smoking
healthy volunteers; S-H: smoking healthy volunteers; S-COPD: smoking COPD patients; Ctrl: no CSE treatment.

Lipofectamine 2000. After 48 h, luciferase activity was deter-
mined using the dual-luciferase reporter assay system (Pro-
mega). Relative luciferase activity was reported as luciferase
activity/Renilla luciferase activity. In addition, the 5'-upstream
sequence of pre-miR-451b was segmented, cloned, and inserted
into pGL3-Basic plasmid, followed by transfecting to
RAW?264.7 cells and fluorescence detection. To test and verify
p300 regulating transcription of pre-miR-451b, the binding site

sequence (5'-TTAGGGACTGAGTCT-3') was mutated (5'-
TTAATGCGGGAGTCT-3) and used to repeat fluorescence
detection.

2.11. Chromatin Immunoprecipitation. Chromatin immuno-
precipitation was performed according to the instruction of
a ChIP Assay Kit (Beyotime). In brief, cells were lysed with
ice-treated SDS lysis buffer and ultrasonication, and



Relative expression of
miR-451b

p300

RhoA

ROCK2

GAPDH

3 Human
Chimp
Rhesus
skkosk
T Squirrel
2 Mouse
stk L Rat
Rabbit
kkok
1 4
O T T
RAW264.7 rLFs
1 Ctrl+Vector
1 CSE+Vector
[ CSE+p300
(a)
5.0
4.0 A
4 %‘ sk
EIRS — ns
-
S% 30
Q =
23
=y
5]
o & 20
s E
S
S 1.0 A
0.0 T T
WT 3'UTR MUT 3'UTR
O NC
[ miR-451b
(0)
5 8 - Ctrl+Vector
g 8 R
> > 9
+ + +
—= m m
o) w w

3N
<
O
N
=
<
~

LFITMVI

Merge/DAPI

10 um

Relative expression of

Oxidative Medicine and Cellular Longevity

..UUACAAAUCAGA-AGUCAUCUUGCUAC-CAGUA...3'

..UUACAAAUCAGA-AGUCAUCUUGCUAC-CAGUA .3/
..UUACAAAUCAGA-AGUCAUCUUGCUAC-CAGUA...3'
..UUACAAAUCAGA-AGUCAUCUUGCUAC-CAGUA... 3’
..UUACAAAUCAGA-AGUCAUCUUGCUAC-CAGUA...3’
..UUACAAAUCAGA-AGUCAUCUUGCUAC-CAGUA...3'

d1N,c vouyd

..UUACAAAUCAGA-AGUCAUCUUGCUAC-CAGUA... 3

RhoA

3'...UUACCAUUACCAAGAGAACGAU... 5 miR-451b

4.5
e
3.0 4 $kx T
sk
1.5 4
0.0 T T
RAW264.7 rLFs
1 Ctrl+Vector
1 CSE+Vector
[ CSE+p300
(d)
CSE+Vector CSE+p300

10 ym

FiGure 3: Continued.



Oxidative Medicine and Cellular Longevity

s 8
8 § % ks sk
E & E 200 + T 400 - otk ko
= N %) - —~ i
O O O 3 Ta‘
E 150 | 5, 300 -
NF-«B p65 [ . s 2 &
et 3
—~ 100 o, 200 A
HDAC] | e e e = &
50 - 100
0 0
1 Ctrl+Vector
1 CSE+Vector
1 CSE+p300
(g) (h)
300 3 5
S sk Sk g g S
o F 1 D
: % %
x T 3 5 &
G 5 & &
UH 2200 - T .
5 E B
; E e ——— 1|
+ 8o .
g S 100 - ROOA | -
3
S ROCK?2 |-
>~ S
TR 0 :
=g B 0
5 (BB K0 5.0 RAW264.7 GAPDH [Sle wa s
= Ctrl+Vector
1 CSE+Vector
[ CSE+p300
(@) G
5 8 - Ctrl+Vector CSE+Vector CSE+p300
g 3 g
> > a
+ + +
- s3] [sa)
— w2 w2
O O &)
COLIA] | e oy
COL2A1 | v e s |:| l:l
10 pm 10 pm 10 pm
Merge/DAPI B, ¥ T
GAPDH |amms S s

)

FIGURE 3: MiR-451b targeted the 3'-UTR regions of RhoA mRNA. The p300 was overexpressed in CSE-stimulated RAW264.7 and rLFs.
(a) Expression of miR-451b was detected by QPCR. (b) Bioinformatics analysis shows that miR-451b binds to 3'-UTR regions of RhoA
through base-complementary pairing. (c) RAW264.7 cells were co-transfected with psi-CHECK2-RhoA-3'-UTR (WT or MUT) and
miR-451b mimics (or NC). After 48h, luciferase activity was calculated as the ratio of Renilla luciferase activity to Firefly luciferase.
(d) Expression of RhoA was detected by QPCR. (e) Western blot analysis was performed to analyze the protein of p300, RhoA, and
ROCK2 in RAW264.7. (f) Protein level of p300 and RhoA in RAW264.7 was showed by immunofluorescence assay. (g) Nuclear
NF-«B p65 (normalized to HDAC1) in RAW264.7 was detected by Western blotting. (h) The pro-inflammatory cytokine IL-12 and
TNF-« levels were detected by ELISA assay. (i) Cell migration was assessed in RAW264.7 by Transwell assay. (j, k) Protein of p300,
RhoA, ROCK2, COL2A1, and COLIALI in rLFs was showed by Western blotting. (1) Protein level of p300 and RhoA in rLFs was
showed by immunofluorescence assay. **P <0.01, ***P <0.001. NC: negative control. Ctrl: no CSE treatment; CSE+ p300: CSE

treatment plus p300-overexpression; DAPI: 4',6-diamidino-2-phenylindole.

(k) a



Relative expression of

RhoA

Oxidative Medicine and Cellular Longevity

3 CSE+
Control CSE miR-451b mimics

skoksk  ksksk
Lo r—

1

2 RhoA | *™* *%% wsw - - " -

ROCK2 | . — W —

o [ D e b 0 U &

ﬂ CSE+
0

T Control CSE miR-451b mimics
RAW264.7
[ Ctrl+NC NF-«B p65 | il S
1 CSE+NC

[ CSE+miR-451b mimics  HDACL e st S Se Se o S o o

(a) (b)

LY

]

10 pm 10 pm 10 ym

DAPI/RhoA

CSE+NC

CSE+miR-451b
mimics

300 400
***_T_*** *x*_-r_***
300
~ | 3
3 20 E
i~ =Ys)
& £ 200 -
S 5
0 Z
2100 4 Z
100 A
0 [ . ]
1 Ctrl+NC
] CSE+NC

[ CSE+miR-451b mimics
(d)

FiGure 4: Continued.



Oxidative Medicine and Cellular Longevity

300 1.5
Ctrl+NC CSE+NC
- — sk ok
. ’*‘3 gk
N . c L 20200 4 g 104
B o o B Fanat. 2
. % 2 . l.’;:.:\.“s-i - R L <
o ¢ 2 ";'_‘ % AR .\:.".'S-r 8 &g
d o i P R ] 52
S0 ©
CSE+miR-451b mimics = 100 g 054
)
~

. B
S r oAt
ooty L LTV, e
ot s

SESUNENEXT 2 A
h‘i;ﬂ ;‘i‘}?:’y ’;‘

0 0.0 T

=3 Cul+NC RAW264.7
[ CSE+NC [ CSE+siNC
[ CSE+miR-451b mimics [ CSE+siRhoA
(e) (f)
3 3 3 5 3 3
O O O O @) )
Z 2 z 2 %z # Z 2% z 2 z ¥
7 % 7 7 B 7 7 7 7 7 @ %
+ + + + + + + + + + + +
23} 0 m m m 0 m [=3] [=3] 23] [=3] 23]
w) w w v w vl w w) w W) w W
O O O o O O O O 6] O O O
RhoA -—--—--—‘ NF—KBp65’.' T — e — _.l
ROCKZI_-—-—-——--—-I HDACl’—-—---l
GAPDH‘- -----‘
(&
250
< sk ]
U o 200 . — skokok
% !:‘ 'é D e il 5 30090
+ 2 3
g & E 150 4 £
S & £ 200 4
10 ym 10 ym = 100 ¢
DABJ — — o ] g
= =
100 +
50 - |_-L|
0 0
1 CSE+siNC
[ CSE+siRhoA
(h) @)
300
)
% | sk
? |
m i il
w
© 2 200
3
=
2t
' B
< | iy
g = 100
E
7
2
[Sa]
w
O
0
1 CSE+siNC

[ CSE+siRhoA
0)
FIGURE 4: Overexpression of miR-451b or knockdown of RhoA decreased the effect of CSE on macrophages. RAW264.7 was transfected with
miR-451b mimics or specifically targeting RhoA small interference sequence, followed by 10% CSE exposure. (a, f) The expression of RhoA
mRNA was determined by QPCR. (b) Western blot analysis was performed to analyze the protein expression of RhoA, ROCK2, and nuclear
NEF-«Bp65. (¢, h) Immunofluorescence staining demonstrated the labeling intensity of RhoA. (d, i) The pro-inflammatory cytokine IL-12 and
TNE-« levels were detected by ELISA assay. (e, g) Cell migration was assessed by Transwell assay. ***P < 0.001. NC: negative control. Ctrl: no
CSE treatment; CSE+ siRhoA: CSE treatment plus RhoA knockdown; DAPI: 4',6—diamidin0—2—phenylindole.



Oxidative Medicine and Cellular Longevity

RhoA

Relative expression of

RN

rLFs
1 Ctrl+NC
[ CSE+NC
1 CSE+miR-451b mimics
()
Ctrl+NC CSE+NC CSE+miR-451b mimics
DAPT/RhoA

|:| 200 ym

200 yum

CSE+ CSE+
Control CSE miR-451b mimics Control CSE miR-451b mimics
RhoA | #ws s wim s e COLIAL (Wi e s @S SIS Gl o s a—

ROCKz-—";""_!‘;;‘.’_ O g ————

GAPDH

GAPDH |y it "0 S0 @00 &0 @0 00 PR p———

O] (d)

1.5 DAPI/RhoA
S kkk
o L— QO
£ 104 L Z
2
& 2 $)
U 200 ym
g -
=2 0.5 1
=
Q
~
<
0.0 T éo
rLFs 7
2
[Sa}
1 CSE+siNC &

200 ym

1 CSE+siRhoA
(e) (f)

FiGure 5: Continued.



Oxidative Medicine and Cellular Longevity 11
E E E
@) O @)
z ¥ z 2 z ¥
+ £ £ £ £ 7
23] 23] 23] o o) m
w2 %2} w w2 w2 w
o ¢ O O O ©
RhoA‘- — — — — —l

ROCKzl--’—- - —-_—‘

COLlAl‘- -— aEd - GED l

COL2A1 ‘~ e e— -—-—‘

GAPDH‘------‘

(g)

FIGURE 5: Overexpression of miR-451b or knockdown of RhoA decreased the effect of CSE on lung fibroblasts. The rLFs were transfected
with miR-451b mimics or specifically targeting RhoA small interference sequence, followed by 10% CSE exposure. (a, e) The expression of
RhoA mRNA was determined by QPCR. (b, f) Inmunofluorescence staining demonstrated the labeling intensity of RhoA. (c, d, g) Western
blot analysis was performed to analyze the protein expression of RhoA, ROCK2, COL1A1, and COL2A1. ***P < 0.001. NC: negative control.
Ctrl: no CSE treatment; CSE+ siRhoA: CSE treatment plus RhoA-knockdown; DAPI: 4',6-diamidino-2-phenylindole.

deoxyribonucleic acid (DNA) was extracted. Then, the sam-
ple was treated with ChIP dilution buffer and incubated with
primary antibody targeted to p300. Subsequently, protein A
agarose/salmon sperm DNA was added to precipitate the
immune complex. Finally, wash the sediment, de crosslink,
and recover DNA fragments. The 5’-upstream sequence of
pre-miR-451b was detected by real-time quantitative PCR.

2.12. Electrophoretic Mobility Shift Assays. Promoter of pre-
miR-451b-p300 banding was detected by probes that has
been Biotin-labeled in the presence or absence of anti-p300
antibody. Prokaryotic expressed p300 protein was purified
by gel filtration chromatography, followed by incubation
with DNA probes in binding buffer. Anti-p300 antibody or
specific mutant competitors were pre-incubated with p300.
Finally, 4% PAGE gel was used to finish the electrophoretic
separation to products.

2.13. Statistical Analysis. Each experiment was performed in
triplicates and data were expressed as mean + SD. Statistical
analyses were carried out with GraphPad Prism version 6.0
(GraphPad Software, San Diego, CA, USA). Different com-
parisons were performed by Student’s ¢ test between two
groups and one-way analysis of variances (ANOVA)
followed by Tukey’s test for three groups. Statistical signifi-
cance was accepted when the P-value less than 0.05.

3. Results

3.1. Smoking Inhibits the miR-451b Expression through
Regulating p300. To verify whether miR-451b is related to
smoking, blood samples from non-smoking healthy volun-
teers (NS-H), smoking healthy volunteers (S-H), and smok-
ing COPD patients (S-COPD) were collected and the
expressions of miR-451b in which were detected. Results
showed that the expression of miR-451b was significantly
downregulated in serum and peripheral mononuclear cells

(PBMC:s) from both S-H group and S-COPD group, when
compared with that from NS-H group (Figure 1(a)). Mean-
while, in vitro 10% CSE inhibited the expression of miR-
451b in macrophages (RAW264.7), rat pulmonary micro-
vascular endothelial cells (rPMECs), rat alveolar epithelial
cells (rAECs), rat bronchial epithelial cells (rBECs), and rat
lung fibroblasts (rLFs) (Figure 1(b)). Further, fluorescence
report experiment in RAW264.7 showed that the core pro-
moter sequence of miR-451b responding to CSE was region
from -318 site ~ -207 site (Figure 1(c)). Through ALGGEN-
PROMO database (http://alggen.Isi.upc.es/cgi-bin/promo_
v3/promo/promoinit.cgi?dirDB=TF_8.3), the transcription
factor, p300, could bind to the core promoter sequence of
miR-451b (Figure 1(d)), and fluorescence report showed
that there was no significant difference in fluorescence ratio
between with or without CSE stimulation, when we mutated
banding site of p300 in the core promoter sequence of miR-
451b (Figure 1(e)). In addition, we overexpressed p300 in
RAW264.7 cells, and fluorescence report showed that the fluo-
rescence ratio was significantly increased (Figure 1(f)). Fur-
thermore, the combined relationship between p300 and the
core promoter sequence of miR-451b was confirmed by Chro-
matin Immunoprecipitation assay (Figure 1(g)) and Electro-
phoretic Mobility Shift assay (Figure 1(h)). Above results
revealed that CSE may inhibited the expression of miR-451b
in respiratory system related cells by regulating p300.

3.2. CSE Promoted Degradation of p300 by Ubiquitination
Pathway. To explore the mechanism of miR-451b, we fur-
ther detected the levels of p300 and miR-451b’s potential
downstream proteins, RhoA and ROCK2 in above PBMCs.
Results showed that p300 in S-H and S-COPD group was
decreased when compared with NS-H group, while RhoA
and ROCK2 were increased in PBMCs derived from
smokers (Figure 2(a)). In CSE-stimulated RAW264.7,
rPMECs, rAECs, rBECs, and rLFs, we found that the protein
levels of p300 were inhibited, and levels of RhoA were
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increased (Figure 2(b)). Further, we stimulated RAW264.7
and rLFs with CSE and cycloheximide (CHX), and cells were
collected Oh, 1h, 2h, 4h, 8h, 16h, and 24 h after stimula-
tion, followed by Western blotting to p300. Results showed
that CSE stimulation significantly reduced the half-life of
protein p300 (Figures 2(c) and 2(d)).

3.3. MiR-451b Targeted the 3'-UTR Regions of RhoA mRNA.
In p300-overexpressed RAW264.7 and rLFs, we found that
the decreased expressions of miR-451b induced by CSE
stimulation were reversed (Figure 3(a)). Then, the online
bioinformatics software was used to predict downstream tar-
get gene of miR-451b. As shown in Figure 3(b), miR-451b
could bind to 3'-UTR regions of RhoA gene, which has been
associated with pulmonary endothelial dysfunction in
patients with COPD [22]. Subsequently, we performed lucif-

erase report assay to confirm the association between miR-
451b and RhoA. The results (Figure 3(c)) showed that
miR-451b mimics transfection significantly suppressed the
relative luciferase activity of the WT RhoA 3'-UTR com-
pared with NC transfection in RAW264.7cells. In contrast,
co-transfection of miR-451b mimics did not affect the lucif-
erase activity of the binding site mutant RhoA 3'-UTR
reporter. Further, we found that the expression of RhoA
mRNA and protein was markedly increased by CSE stimula-
tion, while it was reverted to low level by overexpression of
p300 in RAW264.7 and rLFs (Figures 3(d)-3(f), 3(j), and
3(1)). Meanwhile, the level of ROCK2 and nuclear NF-xB
p65 was consistent with that of RhoA in RAW264.7
(Figures 3(e) and 3(g)), as well as the level of interleukin 12
(IL-12) and tumor necrosis factor-a (TNF-«) in culture super-
natant (Figure 3(h)). Furthermore, CSE stimulation induced
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increasing migration ability of RAW264.7, and accumulation
of proteins COL1A1 and COL2Al in rLFs was both sup-
pressed by overexpression of p300 (Figure 3(i)). These data
suggest that RhoA might be a downstream target of miR-451b.

3.4. Overexpression of miR-451b and Knockdown of RhoA
Inhibited Cell Migration and Inflammatory Factor Release
in RAW264.7 Cells. Since miR-451b was downregulated in
RAW264.7 after CSE exposure, miR-451b mimics was trans-
fected into RAW264.7 to investigate its impact on CSE-
induced injury. At first, the expression of RhoA mRNA
was demonstrated to be significantly upregulated in CSE
exposure, which was notably decreased after miR-451b
mimics transfection using quantitative reverse transcription
PCR (Figure 4(a)). Results of Western blot analysis showed
that miR-451b overexpression obviously downregulated the
expression of RhoA, ROCK2, and nuclear NF-xBp65 in
CSE-treated macrophages (Figure 4(b)). The immunofluo-
rescence staining of RhoA (Figure 4(c)) also revealed similar
result. Subsequently, the IL-12 and TNF-a levels
(Figure 4(d)) were significantly decreased after miR-451b
mimics transfection in CSE-treated RAW264.7, and the
increased migratory cells in CSE group were remarkedly
reduced after miR-451b overexpression (Figure 4(e)). In
addition, we knockdown RhoA in CSE-stimulated
RAW264.7 cells and results showed that RhoA mRNA and
protein were both decreased (Figures 4(f)-4(h)). The protein
level of ROCK2, concentration of IL-12 and TNF-« in cul-
ture supernatant, and cell migration ability were also sup-
pressed by knockdown of RhoA (Figures 4(g), 4(i), and 4(j)).

3.5. Overexpression of miR-451b and Knockdown of RhoA
Decreased Extracellular Collagen Accumulation in rLFs. Sim-
ilarly, rLFs were transfected with miR-451b mimics and
siRNA-specific targeting RhoA, followed by 10% CSE expo-
sure. As shown in Figures 5(a) and 5(e), CSE-induced upreg-
ulation of RhoA mRNA in rLFs was significantly reduced
after miR-451b mimics or siRhoA transfection. Consistently,

immunofluorescence staining of RhoA further confirmed
that upregulation of RhoA in CSE treatment was obviously
impaired in rLFs after miR-451b mimics r siRhoA transfec-
tion (Figures 5(b) and 5(f)). What’s more, we observed the
obviously elevated protein expression of RhoA and ROCK2
induced by CSE was abolished by miR-451b mimics or siR-
hoA transfection (Figures 5(c) and 5(g)). We further found
that accumulation of extracellular matrix (ECM) compo-
nents (COL1A1 and COL2A1) in CSE group was signifi-
cantly attenuated after miR-451b overexpression and
knockdown of RhoA in rLFs (Figures 5(d) and 5(g)).

3.6. Knockdown of miR-451b Activated RhoA/ROCK2
Signaling in RAW264.7 and rLFs. To further verify the role
of miR-451b in cells and its targeted regulation to RhoA,
we directly inhibited the expression of miR-451b using its
inhibitor, and knock of RhoA down at the same time.
Results found that both in RAW264.7 and rLFs, the expres-
sion of miR-451b was significantly downregulated by its
inhibitor, while the RhoA mRNA and protein level was
increased (Figures 6(a)-6(c) and 6(g)-6(i)). The protein
level of ROCK2 and nuclear NF-«B p65 was also increased
by miR-451b inhibitor (Figures 6(c) and 6(d)). The IL-12
and TNF-« levels in RAW264.7 culture supernatant were
significantly increased in the miR-451b inhibitor group
(Figure 6(d)), as well as the cell migration ability
(Figure 6), which was both reversed by knockdown of RhoA.
Furthermore, the accumulation of COL1A1 and COL2A1 in
rLFs was induced by miR-451b inhibitor, and which was also
reversed by knockdown of RhoA, too (Figure 6(j)). These
results confirm miR-451b functions through regulating
RhoA.

4. Discussion

In the present study, we reported that miR-451b was down-
regulated in macrophages after CSE exposure. Overexpres-
sion of miR-451b significantly decreased the pro-
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inflammatory mediators (IL-12 and TNF-«), downregulated
the expression of RohA, ROCK2, and NF-«B p65, and sup-
pressed migration and invasion ability. Macrophages are
mononuclear leukocyte-derived inflammatory cells, which
are correlated with the inflammatory response and alveolar
wall destruction in COPD [27]. Macrophages respond to
cigarette smoke by producing pro-inflammatory mediators,
including IL-8, IL-12, IL-1p3, and TNF-« [28]. Previous work
has reported the important role of IL-12 and TNF-« in
inflammatory airway diseases [29, 30]. In addition, macro-
phages are also an important source of MMP production
that contributes to alveolar wall destruction [31]. Moreover,
activation of RhoA/ROCK signaling could mediate macro-
phage differentiation induced by PMA [32]. Here, we thus
selected RAW264.7 to stimulate with CSE to study the role
of miR-451b on CSE-induced inflammation, migration,
and invasion.

Much of the research has examined whether smoking
influenced the expression of miRNAs in airway, and it is
known that there is an association between differentially
expressed miRNAs and COPD ([33, 34]. The interactions
between miRNA-mRNA-IncRNA expanded our under-
standing of the disease mechanism in smoking COPD [35].
As for the miR-451b in COPD pathogenesis, our previous
work demonstrated that miR-451b expression was downreg-
ulated in the smoker without COPD, smoker with stable
COPE, and smoker with acute exacerbation COPD groups
compared with non-smoker non-COPD group [18]. Here,
stimulation of CSE results in a decrease in miR-451b expres-
sion and in increase in the expression of its target gene,
RhoA. Furthermore, transfection of miR-451b mimics
induced the downregulation of RhoA. MiR-451b overex-
pression reversed the effects of CSE on macrophages. Simi-
larly, a previous study indicated that miR-451b was
associated with both childhood asthma and adult COPD
exacerbations [36]. Our data further showed that increased
miR-451b expression caused the alteration of RhoA/ROCK
signaling and p65 protein levels. Accumulating evidence
has indicated RhoA plays a crucial role on the development
of COPD. For instance, CSE may impair efferocytosis
through oxidant-dependent activation of RhoA [37]. CSE-
induced p120-catenin- (p120-) mediated NF-«B activation
in human epithelial cells is dependent on the RhoA/ROCK
pathway [25]. Activity of RhoA/Rho-kinase was increased
in pulmonary arteries of COPD patients as compared with
control subjects [22]. Furthermore, miR-133a/RhoA axis
has been reported to participate in the elevation of carbon
dioxide in tissues in patients with severe lung diseases,
including COPD [38].

Lung fibroblasts have been previously reported to play a sig-
nificant role in orchestrating inflammatory responses and
responding to cigarette smoke by increasing pro-inflammatory
prostaglandins and other pro-inflammatory mediators [39].
Here, we showed that CSE exposure increased the expression
of RhoA, ROCK2, COL1Al, and COL2A1 in lung fibroblasts.
Importantly, miR-451b mimics transfection abolished these
effects of CSE on lung fibroblasts. COL1A1 and COL2Al, as
the ECM components, have been demonstrated to be the down-
stream of transforming protein RhoA and Rho-associated pro-

Oxidative Medicine and Cellular Longevity

tein kinase 1 for the regulation of osteogenesis [40]. Wang et al.
[41] further manifested that ECM proteins promoted prolifera-
tion, migration, and adhesion of ASMCs from rat models of
COPD through activation of the PI3K/AKT signaling pathway.
Based on these facts, we thus speculated that overexpression of
miR-451b could attenuate the impaired functional properties of
lung fibroblasts, as key players in maintaining tissue homeosta-
sis, are believed to be an important mechanism underlying
COPD (Figure 7). However, there is a lack of verification by ani-
mal experiment and which is one of the limitations in the pre-
sented study.

5. Conclusions

In summary, our results suggest that transcription factor p300
regulated the expression of miR-451b and the latter sup-
pressed CSE-induced inflammation and impaired functional
properties in macrophages and lung fibroblasts. These effects
may be associated with the regulation of its target gene
RhoA-mediated RhoA/ROCK2 signaling pathway. This study
therefore identifies p300/miR-451b/RhoA axis as a potential
therapeutic target for CSE-induced injury in COPD.
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