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Abstract

Objective: The primary aim of our study was to explore the mechanisms through which long
non-coding RNA (IncRNA)-mediated sirtuin-1 (SIRTI) signaling regulates type Il alveolar epithe-
lial cell (AECII) senescence induced by a cigarette smoke-media suspension (CSM).

Methods: Pharmacological SIRTI activation was induced using SRT2104 and senescence-
associated IncRNA | (SAL-RNAI) was overexpressed. The expression of SIRTI, FOXO3a,
p53, p21, MMP-9, and TIMP-1 in different groups was detected by qRT-PCR and Western blotting;
the activity of SA-f§ gal was detected by staining; the binding of SIRT| to FOXO3a and p53 gene
transcription promoters was detected by Chip.

Results: We found that CSM increased AECII senescence, while SAL-RNAI overexpression and
SIRT| activation significantly decreased levels of AECII senescence induced by CSM. Using chro-
matin immunoprecipitation, we found that SIRT| bound differentially to transcriptional com-
plexes on the FOXO3a and p53 promoters.
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Conclusion: Our results suggested that INcRNA-SAL|-mediated SIRT | signaling reduces senes-
cence of AECIIs induced by CSM. These findings suggest a new therapeutic target to limit the
irreversible apoptosis of lung epithelial cells in COPD patients.
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Introduction

Chronic obstructive pulmonary disease
(COPD) is characterized by degradation
of pulmonary elastic tissue, destruction of
alveolar structure, and enlargement of the
air cavity. These factors play key
roles in the progressive decline of lung
function.! A recent study reported that
the prevalence of COPD in Chinese
individuals older than 20 years was 8.6%.”
Current therapies have minor effects on
maintenance of lung cells and preventing
long-term decline of pulmonary function
in patients with COPD. Senescence
and apoptosis of alveolar epithelial cells
in lung tissue are important pathogenic
characteristics of COPD.* > As progenitors
of type I alveolar epithelial cells, type II
alveolar epithelial cells (AECIIs) help main-
tain the normal structure and function
of alveoli.’ Prevention and treatment of
alveolar injury is fundamental for
COPD therapy.

Sirtuin-1 (SIRT1) is expressed in various
cells and acts as an NAD-+-dependent type
I1I histone/protein deacetylase.” SIRT1 can
deacetylate p53, forkhead box O (FOXO)
and other nonhistone proteins, playing an
important role in gene transcription, cell
senescence and  energy metabolism.®
SIRT1 was reported to interact with the
p53 gene promoter, inhibiting p53 activity

and reducing cellular senescence.’ Previous
work by us and other groups'®'! has shown
that SIRTI levels were decreased in the
lung tissues of patients with COPD, sug-
gesting that SIRTI-mediated cell senes-
cence may play a key role in the
development of COPD. Both FOXO3 and
p53 are transcription factors that have been
shown to modulate cellular senescence,'>!?
and expression of FOXO3a in the airway
tissues of COPD patients is correlated
with the level of cellular senescence.'*
Indeed, FOXO3a and p53 share regulatory
mechanisms and target genes in pancreatic
cancer cells,' while their levels and activi-
ties showed an inverse pattern in tissues
from patients with COPD.'°

Long non-coding RNA (IncRNA) is a
type of RNA found in eukaryotes.'®
LncRNAs are involved in regulating gene
expression at multiple levels and play
important roles in cellular senescence,
embryonic development and maintenance
of genomic stability.'”'® Our previous
study showed that the expression level of
senescence-associated IncRNA 1 (SAL-
RNAI) was low in senescent cells.'
However, the effects of SAL-RNA1 on
AECII senescence have not been investigat-
ed. AECII senescence promotes the
development of COPD; however, the mech-
anisms underlying cigarette smoke (CS)-
induced cellular senescence and the role of
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SIRT1 and/or IncRNAs in preventing
AECII senescence remain unclear. We
therefore hypothesized that SIRT1 protects
against CS-induced cellular senescence
through regulation of FOXO3 and pS53,
and that this signaling network regulates
senescence of AECIIs and development of
COPD. In the present study, we isolated
AECIIs in vitro and used these cells to
study the mechanisms of cell senescence
underlying COPD.

Materials and methods

Ethics statement

This study was approved by the
Ethics Committee of Zhejiang Provincial
People’s Hospital (Hangzhou, China).
Informed consent was obtained from
all patients.

Cell culture

The human lung tissues used for primary
human AECII isolation were collected
from patients who underwent lung surgery
at Zhejiang Provincial People’s Hospital
(Hangzhou, China) as  previously
described.’™® Lung tissue sections were
perfused with sterile saline solution.
Sections were treated with 25-35mL of
tissue digestion solution (containing 2-
3mL of 100 kU/mL trypsin and 300 pL of
elastase) for 50 minutes and then shaken
for 5 minutes with DNase [ (Sigma,
St. Louis, MO, USA) at 25°C. The sections
were perfused with an equal volume
of Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F-12;
Invitrogen, Carlsbad, CA, USA)
containing 10% fetal bovine serum (FBS;
HyClone, Logan, UT, USA) and DNase I
(10kU/mL) to terminate  digestion.
Tissue debris and nonadherent AECIIs
were removed by filtration. The cells were
resuspended in DMEM/F-12. Separation

solution was added and anti-CD14 magnet-
ic beads (Miltenyi, Bergisch Gladbach,
Germany) were used to separate macro-
phages. AECIIs were maintained in
DCCM-1 medium (Thermo  Fisher
Scientific, Waltham, MA, USA) containing
10% FBS and 1% penicillin—streptomycin—
glutamine (Thermo Fisher Scientific) at
37°C under a humidified atmosphere con-
taining 5% CO,.

Electron microscopy

After fixing AECIIs for at least 4 hours, the
cells were rinsed with phosphate-buffered
saline (PBS) three times and dehydrated in
a graded series of alcohol (50%, 70%, 80%,
90%, 95%, 100%, and 100% again;
15 minutes each). After drying, the coated
samples were placed into the scanning elec-
tron microscope for observation and the
images were collected.

Treatment with CS-media suspension
(CSM)

CS was dissolved in 50mL of DMEM
(Gibco, Thermo Fisher Scientific) and ster-
ilized using a 0.22-um pinhole filter. The
resulting CS-media suspension (CSM) was
used within 30 minutes. The remaining sam-
ples were stored in a —80°C freezer. This
solution was considered to represent 100%
CS extract (CSE) and diluted to the desired
concentration for each experiment in
DMEM containing 10% FBS. AECIIs
were plated in a six-well plate and cultured
at 37°C under a humidified atmosphere
containing 5% CO,. After cells had
attached to plates, the culture medium was
discarded. CSMs were washed three times
with PBS to eliminate the influence of
serum.

Lentivirus production and transduction

Recombinant lentiviral vectors encoding
green fluorescent protein (GFP) and
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IncRNAs were constructed by Hanheng
Biotech Co., Ltd. (Shanghai, China).
Lentiviral vectors encoding GFP alone
(LV-GFP) were prepared using the same
method as controls. AECIIs were seeded
in six-well plates. When confluency reached
between 70% and 80% after approximately
24 hours, AECIIs were transduced with len-
tiviruses at a multiplicity of infection (MOI)
of 20. Transduction efficiency was quanti-
fied via the percentage of GFP-positive cells
in immunofluorescence assays. The effects
of LV-SAL-RNAI1 on the expression of
SAL-RNAI were assess using reverse tran-
scription quantitative polymerase chain
reaction (RT-qPCR) analysis. The primers
used for SAL-RNA1 RT-qPCR are shown
in Table 1.

Administration of SRT2 104

SRT2104 was administered as described
previously.”’  Cells were cultured in
DMEM supplemented with 10% bovine
serum albumin and penicillin-
streptomycin. The cells were treated with
vehicle (0.1% dimethyl sulfoxide) or 3 pM
SRT2104 for 24 hours and collected for
subsequent assays.

Cell groups and treatments

Cells were randomly assigned to four
groups: group A (AECII control group),
group B (AECII senescence group), group
C (SIRT1 selective agonist SRT2104
group), and group D (LV-SAL-RNAI
transduction group). Cells in groups B

Table I. Primers used for reverse transcription and quantitative polymerase chain reaction in this study.

Genes Primers
RT-PCR SIRTI Forward: 5'-CGTCTTATCCTCTAGTTCTTGTG-3'
Reverse: 5'-ATCTCCATCAGTCCCAAATCC-3’
FOXO3a Forward: 5-GAACGTGGGGAACTTCACTGGTGCTA-3’
Reverse: 5-GGTCTGCTTTGCCCACTTCCCCTT-3/
p53 Forward: 5'-ATGAGCCGCCTGAGGTTGG-3'
Reverse: 5-CAGCCTGGGCATCCTTGAGT-3'
p2l Forward: 5'-TGGCACCTCACCTGCTCTG-3’
Reverse: 5-GTTTGGAGTGGTAGAAATCTGTCAT-3’
18SrRNA Forward: 5'-CAGCCACCCGAGATTGAGCA-3’
Reverse: 5'-TAGTAGCGACGGGCGGTGTG-3’
MMP-9 Forward: 5'-GAGTGGACGCGACCGTAGTTG-3’
Reverse: 5-CGTCTTGTACTGCTTGCCCAGGAAGA-3'
TIMP-1 Forward: 5'-CTTGGTTCCCTGGCGTACTC-3’
Reverse: 5-ACCTGATCCGTCCACAAACAG-3’
SAL-RNAI Forward: 5'-GGATCTATTTCCGGTGAATTCGCC
ACCAAGTAGAAATATGGTAAGGG-3'
Reverse 5-TCTAGAACTAGTCTCGAGAGTGGG
GGGTTGGTGGTGG-3'
qPCR p53 (promoter) Forward: 5'-CATTGTTGTATTCCTGAGTGCCTAT-3/

FOXO3a (promoter)

Reverse: 5'-AGGTCTTGCACCTCTTCTGCAT-3’

Forward: 5'-GGATCTATTTCCGGTGAATTCGCC
ACCAAGTAGAAATATGGTAAGGG-3’

Reverse 5'-TCTAGAACTAGTCTCGAGAGTGGG
GGGTTGGTGGTGG-3’

qPCR, quantitative polymerase chain reaction; RT-PCR, reverse transcription polymerase chain reaction; SIRT I, sirtuin-1;
FOX3a, forkhead box O3a; MMP-9, matrix metalloprotein 9; SAL-RNAI, senescence-associated IncRNA |; TIMP-1,

metallopeptidase inhibitor 1.
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(AECII senescence group) and C (SRT2104
group) were stimulated with 10% CSM.
Cells in group C (SRT2104 group) were
first incubated with SRT2104 and then
stimulated with CSM to stimulate AECIIs.
Cells in group D (LV-SAL-RNAI trans-
duction group) were first treated with
LV-SAL-RNAI and then stimulated
with CSM.

Senescence-associated P-galactosidase
(SA-B~gal) activity assay

CSM-treated AECIIs were fixed in 4%
paraformaldehyde (Beyotime Institute of
Biotechnology, Shanghai, China) for
20 minutes and washed twice with PBS.
SA-B-gal activity was assessed using an
in situ  P-galactosidase staining kit
(Beyotime Institute of Biotechnology)
according to the manufacturer’s protocol.
Five fields of view from each of three sec-
tions from each AECII sample were exam-
ined using a light microscope (Olympus
Corporation, Tokyo, Japan). SA-B-gal
activity was measured by the rate of conver-
sion of 4-methylumbelliferyl-f-D-galacto-
pyranoside (MUG) to the fluorescent
hydrolysis product 4-methylumbellifer-one
(4-MU) at pH 6.0. MUG, 5-bromo-4-
chloro-3-indolyl-B-D-galactopyranoside (X-
gal), and other chemicals were obtained
from Sigma—Aldrich. The assay was per-
formed as described previously.*

RT-qPCR

Cells were harvested for and RNA was iso-
lated using TRIzol reagent (Invitrogen)
according to the manufacturer’s instruc-
tions. The final RNA purity and concentra-
tion were determined using a
spectrophotometer. cDNA was synthesized
from the total RNA using PrimeScript™
RT with gDNA Eraser (TaKaRa Bio,
Otsu, Japan) according to the manufac-
turer’s protocol. The qPCR was performed

using a SYBR-Green qPCR kit (TaKaRa
Bio) and the Agilent MX3000P qPCR
system (Agilent Technologies, Santa Clara,
CA, USA). The thermocycling conditions
were as follows: initial denaturation at
95°C for 15 minutes, followed by 45 cycles
of denaturation at 95°C for 15 s, annealing
at 58°C for 15 s, and elongation at 72°C for
1 minute. The primer sequences are shown
in Table 1. All analyses were performed in
triplicate, and 18S RNA was used as a ref-
erence. Relative  RNA abundance was
quantified by the comparative 2 444
method.?

Western blotting

Proteins were extracted from AECIIs using
radioimmunoprecipitation assay buffer
(Beyotime Institute of Biotechnology).
Protein concentrations were measured
using a micro bicinchoninic acid protein
assay kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s protocol. The
protein lysates were separated by SDS-
PAGE and electrotransferred to polyvinyli-
dene  difluoride = membranes (EMD
Millipore, Billerica, MA, USA). The mem-
branes were blocked with Tris-buffered
saline containing 0.1% Tween-20 (TBS-T)
and 5% bovine serum albumin (Sigma-
Aldrich) for 2 hours at room temperature
and then incubated with primary antibodies
against p53 (#9282; 1:1000 in TBS-T; Cell
Signaling Technology, Danvers, MA,
USA), p21 (sc-397; 1:500 in TBS-T; Santa
Cruz Biotechnology, Dallas, TX, USA),
FoxO3a (#12829; 1:1000 in TBS-T; Cell
Signaling Technology), SIRTI (#2493;
1:1000 in  TBS-T; Cell Signaling
Technology) and B-actin (ab8227; 1:1000
in TBS-T; Abcam, Cambridge, UK) over-
night at 4°C. The membranes were subse-

quently incubated with  horseradish
peroxidase-conjugated goat anti-rabbit
immunoglobulin G (#35552; 1:5000 in
TBS-T; Thermo  Fisher  Scientific)
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secondary antibody for 1 hour at room tem-
perature on an orbital shaker. The blots
were developed using an electrochemilumi-
nescence  solution  (Thermo  Fisher
Scientific) and imaged using an UVP-
GDS8000 gel analysis system (UltraViolet
Products, Ltd., Cambridge, UK).
Western blotting experiments were repeated
three times.

Chromatin immunoprecipitation (ChlIP)

ChIP assays were performed using an EMD
ChIP chromatin immunoprecipitation kit
(Millipore, Bedford, MA, USA) following
the manufacturer’s instructions. Cells were
fixed with 1% formaldehyde at 20°C for 10
minutes and resuspended in 1 mL of sodium
dodecyl sulfate lysis buffer to obtain chro-
matin. The samples were homogenized
using a desktop sonicator at low settings
(amplitude 35%). The chromatin solution
was incubated with primary antibodies
and protein A/G agarose immunoprecipita-
tion reagent overnight at 4°C with rotation.
Human IgG was used as the negative con-
trol, and DNA (input) was used as the pos-
itive control. The samples were washed with
LiCl and Tris-ethylenediaminetetraacetic
acid buffers. Reverse crosslinking was per-
formed at 65°C overnight. DNA was puri-
fied using a DNA purification kit (Qiagen,
Valencia, CA, USA). DNA fragments were
eluted from the protein A/G agarose
reagent and precipitated. Finally, the puri-
fied DNA was used for RT-PCR amplifica-
tion with specific primers (Table 1).

Statistical analysis

Statistical analysis was performed using
SPSS version 21.0 (SPSS, Inc., Chicago,
IL, USA). Data were expressed as means
+ standard deviations. Differences among
multiple groups were assessed using one-
way analysis of variance and differences
between two groups were assessed using

the Student’s t-test. Values of p<0.05
were considered statistically significant.

Results

Isolation and characterization of AEClIIs

We successfully isolated and characterized
primary AECIIs from human lung tissue as
shown by electron microscopy (Figure 1).

Lentiviral transduction with SAL-RNA |

constructs upregulated the expression
of SAL-RNA| in AEClIs

Lentiviral transfection efficiency was
determined by fluorescence microscopy.
Green-colored cells indicated successful
transduction, and immunofluorescence
assays were used to measure GFP expres-
sion percentage (Figure 2). The effects of
LV-SAL-RNAI1 transduction (MOI 20) on
expression of SAL-RNA1 were assessed by
qRT-PCR. Forty-cight hours after transfec-
tion with LV-SAL-RNAI, the mRNA
abundance of SAL-RNA1 was significantly
increased compared with control cells
(p <0.05) (Figure 2). These results demon-
strated that LV-SAL-RNAI1 transduction
resulted in overexpression of SAL-RNAI1
in AECllIs.

Effects of different concentrations of CSM
on senescence in AECIIs

To study the effects of different CSM con-
centrations and stimulation times on
AECIIs, we treated AECIIs with CSM
(0%, 1%, 2.5%, 5%, 10%, or 20%) for
24, 48 or 72 hours. SA-B-gal activity was
assayed in AECIIs to determine whether
cellular senescence occurred in a dose-
dependent and time-dependent manner.
AECIIs showing blue color were considered
SA-B-gal positive and senescent. As concen-
tration of CSM increased and stimulation
time was prolonged, SA-fB-gal activity in
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Figure |. Type Il alveolar epithelial cells (AECIls) were successfully isolated and cultured from human lung
tissue, then characterized using the Public Test platform of Medical College of Zhejiang University under
transmission electron microscopy (a) AECII cells were cultured for 24 hours and then adhered to the well.
(b) The structures of concentric round lamellar bodies were observed by electron microscopy.

AECIIs significantly increased (Figure 3).
These results showed that CSM promoted
senescence of AECIIs in a time- and dose-
dependent manner.

SIRT| expression was decreased in
CSM-treated AECIIs

RT-qPCR was used to assess the effect of
CSM stimulation on SIRTI mRNA levels
in AECIIs. Treatment of AECIIs with 0%
to 10% CSM significantly decreased the
mRNA abundance of SIRT1 in AECIIs
compared with control cells in a dose-
dependent manner (Figure 4).

Effects of CSM on FOXO03a, p53, p21,
matrix metalloprotease (MMP)-9 and
tissue inhibitor of metalloprotease

(TIMP)-1 expression in AEClls

We also investigated the expression of
FOXO03a, p53, p21, MMP-9 and TIMP-1
in CSM-treated AECIIs. Expression of
FOXO03a, p53, p21, MMP-9 and TIMP-1
was assessed using western blotting and
RT-gPCR (Figure 5 and Figure ©0).

Compared with control AECIIs, FOXO3a
expression was downregulated by CSM at
the protein and mRNA levels. However,
p53 and p21 expression was increased sig-
nificantly following CSM treatment.
Accordingly, the MMP-9 mRNA and pro-
tein levels were significantly increased,
while the expression of TIMP-1 was
decreased (p < 0.05).

The SIRT| activator 2104 suppresses
p53 expression and rescues FOX03a
expression in CSM-treated AEClls

RT-qPCR and western blotting were used
to assess the effects of the SIRTI selective
activator 2104 on FOXO3a, p53, p2l,
MMP-9 and TIMP-1 expression. We phar-
macologically induced SIRTI activation
using SRT2104 in CSM-treated AECIIs.
As shown in Figure 5 and Figure 6,
SIRT! downregulated p53, p2l and
MMP-9  expression in CSM-induced
AECIIs compared with control AECIIs,
reflecting the increased senescence of
CSM-treated AECIIs. In contrast, the
expression of FOXO3a and TIMP-1 in
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Figure 2. Lentiviral transfection of type Il alveolar epithelial cells (AECIIs) with a senescence-associated
IncRNA | (SAL-RNAI) expression construct. A: Fluorescence images of AEClIs transduced with LV-SAL-
RNAI at a multiplicity of infection (MOI) of 20 are shown. B: The effects of LV-SAL-RNAI (MOI 20) on the
expression of SAL-RNAI| were assessed using quantitative real-time PCR. Data represent the means £
standard deviations of three samples from a single experiment representative of three independent
experiments. *p < 0.05 vs. the SAL-NC (negative control) group. Mock refers to blank control. GFP, green
fluorescent protein.
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Figure 3. Effects of different cigarette smoke-media suspension (CSM) concentrations and stimulation
times on type Il alveolar epithelial cells (AECIIs). AEClls were treated with different CSM concentrations
(0%-20%) or treated with 10% CSE for different durations (0—48 hours). Senescence-associated
p-galactosidase (SA-f-gal) activity was detected by staining. The cells were incubated with 4-methylum-
belliferyl-3-D-galactopyranoside fluorogenic substrate at 37°C. Aliquots were removed from the reaction
mixture over time (0—48 hours) and the fluorescence intensity of the hydrolysis product 4-methylumbellifer-
one was measured. Readings were divided by the total protein per assay to correct for differences in extract
concentration. SA-f-gal activity was increased in AEClls with increasing CSM concentration and prolonged

incubation time. Cells with blue-green staining indicated SA-f-gal-positive cells. Original magnification,
x200.
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Figure 4. Sirtuin-1 (SIRT1) expression is decreased in cigarette smoke-media suspension (CSM)-treated
type Il alveolar epithelial cells (AECIIs). AEClIs were treated with CSM (0%—10%) for 24 hours. Total RNA
was isolated, and SIRT| mRNA levels were assessed by quantitative real-time PCR. Data represent the
means =+ standard deviations of three samples from a single experiment representative of three independent
experiments. *p < 0.05 vs 0% CSE, **p > 0.05 vs 0% CSE.

SRT2104-treated AECIIs was significantly
upregulated, with no significant change in
SIRT1 expression.

Overexpression of SAL-RNA| upregulates
SIRT| expression and downregulates p53
expression

To investigate the effect of SAL-RNAT1 over-
expression on  CSM-induced AECII

apoptosis, we lentivirally transduced AECIIs
with a SAL-RNAI expression construct.
After 24 hours, we treated the cells with
CSM. After an additional 24 hours, we mea-
sured expression of SIRT1, FOXO3a, p53,
p21, MMP-9 and TIMP-1 in AECIIs by
western blotting and RT-qPCR. As shown
in Figure 5 and Figure 6, expression of
SIRT1 and FOXO3a was significantly
increased in  LV-SAL-RNAI-transduced
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Figure 5. The sirtuin-1 (SIRT1) activator SRT2104 suppresses p53 expression and rescues FOXO3a
expression in cigarette smoke-media suspension (CSM)-treated type Il alveolar epithelial cells (AEClls). The
AECIls were treated with SRT2104 and then stimulated with 10% CSM for 24 hours. Total RNA was
isolated, and the mRNA levels of SIRT, forkhead box O3a (FoxO3a), p53, p21, matrix metalloprotease
(MMP)-9, and tissue inhibitor of metalloprotease (TIMP)-| were assessed by quantitative real-time PCR.
Data represent the means = standard deviations of three samples from a single experiment representative of
three independent experiments. *p < 0.05 vs. senescent AEClls. Groups: A (AECII control group),

B (senescent AECII group), C (SIRTI selective agonist SRT2104 group) and D (LV-SAL-RNAI
transduction group).
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Figure 6. Overexpression of senescence-associated IncRNA | (SAL-RNAI) upregulates sirtuin-1 (SIRT1)
expression and suppresses p53 expression. AECIIs were transduced with the lentiviral vector LV-SAL-RNAI
and then treated with 0% cigarette smoke-media suspension (CSM) for 24 hours. Protein expression was
assessed by western blotting. Bar graphs show densitometric analysis of blotting for SIRT, forkhead box O3a
(FoxO3a), p53, p21, matrix metalloprotease (MMP)-9, and tissue inhibitor of metalloprotease (TIMP)-1.
Relative protein abundance was calculated using glyceraldehyde 3-phosphate (GAPDH) as the reference. Data
represent the means =+ standard deviations of three samples from a single experiment representative of three
independent experiments. *p < 0.05 vs. senescent AEClls. Groups: A (AECII control group), B (senescent
AECII group), C (SIRT| selective agonist SRT2104 group) and D (LV-SAL-RNAI transduction group).
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AECIIs compared with control cells, whereas
p53 and p2l expression was significantly
decreased. These data showed that overex-
pression of SAL-RNA1 downregulated p53
and p21 expression in CSM-treated AECIIs.
In addition, the antiapoptotic effect of
SIRT1 was substantially enhanced in SAL-
RNA1-overexpressing cells (p < 0.05).

SIRT| binds transcriptional complexes
on the FOX0O3a and p53 promoters
of AECIls

To explore whether SIRT1 was involved in
binding to transcriptional complexes on the
FOXO3a/p53 promoter and to study the
effects of CSM on SIRTI1, FOX3a and
p53 promoter binding to histones, we
assessed SIRT1 binding to the FOXO3a/
p53 promoter regions using ChIP. As
shown in Figure 7, the precipitated DNA
bands were mainly around 750 bp.
Binding of SIRTI to the FOXO3a
promoter was higher in control cells,
SRT2104-treated cells, and LV-SAL-
RNAI transduced cells, but lower in senes-
cent AECIIs. We further found that
binding of SIRTI to p53 was higher in
senescent AECIIs compared with control
cells, SRT2104-treated cells and LV-SAL-
RNAI-transduced cells (Figure 7). These
data indicated that SIRTI is involved in
binding transcriptional complexes on the
FOXO3a and p53 promoters of AECIIs.
Overexpression of SIRT1 and SAL-RNAI1
increased SIRT1 binding to the FOXO3a
promoter region. In contrast, CSM treat-
ment increased SIRT1 binding to the p53
promoter region.

Discussion

COPD is characterized by persistent airflow
limitations caused by massive inhalation of
harmful particles or gases.! Cigarette smok-
ing is a major risk factor for development of
COPD.** CS exposure also induces cellular

senescence and apoptosis of alveolar cells.*
Aging-associated SA-B-gal activity is con-
sidered an important biomarker of cellular
senescence.”” Primary AECIIs are notori-
ously difficult to isolate. In this study, we
successfully isolated and characterized pri-
mary AECIIs by electron microscopy. We
found that the activity of SA-B-gal in CSM-
treated AECIIs was significantly increased
in a dose- and time-dependent manner.
Taken together, our data showed that
AECII senescence increased with increasing
CSM concentration and stimulation time.
Further studies are needed to understand
the relationship between COPD and
AECII senescence.

SIRT1 is known as a longevity gene
because it is involved in deacetylation,
delaying apoptosis and improving metabo-
lism. The expression levels of SIRTI and
FOXO3a in the lung tissues of patients
with COPD were significantly downregu-
lated.!" Downregulation of SIRTI expres-
sion promoted dysfunction and cellular
senescence of endothelial progenitor cells
in the lung tissues of patients with
COPD.?® Thus, SIRTI-mediated cellular
senescence is involved in the progression
of COPD, but it remains unclear whether
SIRT1 protects against CS-induced alveolar
epithelial cell senescence. The current study
showed that SIRTI was substantially
decreased in CSM-treated AECIIs.
Furthermore, pharmacological activation
of SIRT1 by SRT2104 significantly reduced
AECII senescence induced by CSM.
Another study?’ found that SIRT1 expres-
sion was decreased in the lung tissues of
patients with COPD, leading to an increase
in the acetylation of TIMP-1. Nakamaru
et al.?® found that SIRT1 was a negative
regulator of MMP-9, and that SIRT1 activ-
ity contributed to an imbalance of TIMP-1/
MMP-9 and promoted lung tissue damage.
To clarify the effects of SIRT1 on AECII
senescence during COPD, we used RT-
gPCR and western blotting to assess
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Figure 7. Sirtuin-1 (SIRT1) is involved in transcription complex binding on the forkhead box O3a
(FOXO3a) and p53 promoters. Chromatin immunoprecipitation (ChlP) assays were performed with
chromatin prepared from type Il alveolar epithelial cells (AECIIs). Chromatin was immunoprecipitated with
normal rabbit IgG or antibody against SIRTI, and precipitated genomic DNA was analyzed by reverse
transcription-quantitative polymerase chain reaction for the FOXO3a and p53 promoter regions. Groups: A
(AECII control group), B (senescent AECII group), C (SIRT| selective agonist SRT2104 group) and D (LV-

SAL-RNAI transduction group).

SIRT1 and TIMP-1/MMP-9 mRNA and
protein expression. Our findings indicated
that SIRTI is an important regulator of
AECII senescence induced by CS, in agree-
ment with a previous study.? Thus, SIRT1
may protect against CS-induced alveolar
epithelial cell senescence. However, our
study did not consider the number of pas-
sages, which may be critical to our experi-
mental results. The human lung tissues used
in this study were mainly collected from the

elderly; in future studies, we hope to exam-
ine tissues from young healthy donors as a
comparison.

p53 is a tumor suppressor protein that
can induce cellular senescence by activating
p21 expression. pS3 is also deacetylated by
SIRTI. Preliminary research by our group
and others'®* has found that alveolar epi-
thelial cell senescence and hypoplasia occur
in the lungs of patients with COPD, as well
as in the lungs of rodents exposed to
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high-concentration oxygen. FOXO3a, a
transcription factor, is also regarded as a
nonhistone substrate of SIRT1. Recent evi-
dence® ? has shown that SIRTI deacety-
lates FOXO3a and affects its activity,
inhibiting ageing-associated gene expres-
sion and promoting cell  survival.
Moreover, Zhao et al.'’ reported that
FOXO03a and p53 interact to drive tumor
cell senescence. Interestingly, the expression
of FOXO03a in the airway tissues of COPD
patients was associated with cellular senes-
cence level.'* Thus, we investigated whether
SIRT1/FOX0O3a and SIRT1/p53 constitut-
ed a signaling network regulating AECII
senescence and COPD development. We
found that downregulation of SIRTI and
FOXO0O3a expression increased AECII
senescence following CSM exposure. The
selective SIRT1 activator SRT2104 reduced
levels of p53, p21, and MMP-9 in human
AECIIs but did not affect SIRT1 expres-
sion. Additionally, SRT2104 treatment
enhanced the expression of anti-aging
genes including FOXO3 and TIMPI. In
addition, we further demonstrated that
SIRT1 binds to the FOXO3 promoter
region, regulating SIRTI1 transcription.
These findings demonstrate that FOXO3
mediates the protective effect of SIRTI on
CSM-induced senescence and apoptosis.
However, further experiments are needed
to understand how SIRTI regulates the
interactions of FOXO3-dependent tran-
scriptional machinery with the promoters
of anti-aging genes. Repeating our experi-
ment with more donors would also be ben-
eficial. In addition, the mechanism of
interaction between the FOXO3a and p53
signaling pathways remains unclear and
requires further research.

IncRNAs are involved in the regulation of
various diseases including cancer, diabetes,
immune diseases, and Alzheimer’s dis-
ecase.** 37 However, few studies have shown
a specific relationship between IncRNAs and
COPD. Whether IncRNAs were directly

involved in the regulation of SIRTI expres-
sion was not known. Abdelmohsen
et al**first showed that decreased SAL-
RNALI levels resulted in downregulation of
SIRT1 and increased p21 and p53 protein
expression. Cellular senescence was also exac-
erbated by decreasing SAL-RNAI levels.
Thus, we investigated whether SAL-RNAI
plays a key regulatory role in AECII senes-
cence mediated by the SIRTI1 signaling net-
work. We showed for the first time that
SAL-RNA1  overexpression significantly
reduced cellular senescence induced by CSM
in AECIIs. Surprisingly, we found that over-
expression of SAL-RNAI promoted high
expression of SIRTI and FOXO3a and
reduced expression of aging-related genes.
Lentivirus-mediated SAL-RNA1 transduc-
tion was involved in the regulation of the
SIRT1/FoxO3a and SIRT1/p53
signaling pathways. However, we did
not assess purity and growth kinetics of LV-
SAL-RNAI, which needs to be verified by
further experiments

In conclusion, the present study demon-
strated that SIRT1 has a protective effect on
CS-induced senescence in AECIIs and
increases the expression of anti-aging genes
such as FOXO3a. In addition, treatment
with SRT2104 showed similar effects as
CSM  exposure on cellular senescence.
Together, these findings suggest that SIRT1
reduces CS-induced senescence and apoptosis,
which may ameliorate lung inflammation,
inhibit alveolar epithelial cell senescence and
delay the progression of COPD. Furthermore,
we found that overexpression of SAL-RNA1
resulted in decreased cellular senescence, indi-
cating that SAL-RNAI plays a vital role in
SIRT1 signaling -mediated cellular senes-
cence. Functional acetylation assays may
reveal the mechanisms through which
SIRT1 agonism and SAL-RNAI overexpres-
sion can affect progression of COPD.
Therefore, activation of SIRT1 by SRT2104
and upregulation of SAL-RNAI may be a
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potential therapeutic strategy for COPD
patients.
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