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DNA nanoparticles targeting FOXO4 selectively
eliminate cigarette smoke-induced senescent lung
fibroblastsy
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The pathogenesis and development of chronic obstructive pulmonary disease (COPD) are significantly
related to cellular senescence. Strategies to eliminate senescent cells have been confirmed to benefit
several senescence-related diseases. However, there are few reports of senolytic drugs in COPD
management. In this study, we demonstrated elevated FOXO4 expression in cigarette smoke-induced
senescent lung fibroblasts both in vitro and in vivo. Additionally, self-assembled DNA nanotubes loaded
with single-stranded FOXO4 siRNA (siFOXO4-NT) were designed and synthesized to knockdown FOXO4
in senescent fibroblasts. We found that siFOXO4-NT can concentration- and time-dependently enter
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Accepted 20th September 2023 human lung fibroblasts (HFL-1 cells), thereby reducing FOXO4 levels in vitro. Most importantly, siFOXO4-
NT selectively cleared senescent HFL-1 cells by reducing BCLXL expression and the BCL2/BAX ratio,

DOI-10.1039/d3na00547] which were increased in CSE-induced senescent HFL-1 cells. The findings from our work present a novel

Open Access Article. Published on 05 October 2023. Downloaded on 1/11/2026 3:33:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/nanoscale-advances

Introduction

Chronic obstructive pulmonary disease (COPD) is one of the
leading causes of death, disability, and healthcare expenditures
worldwide.* It accounts for more than half of the morbidity
associated with chronic respiratory diseases, and its prevalence
is projected to rise due to an aging population.”> However, there
has been a persistent lack of significant advancements in the
types of drugs used to manage COPD. While bronchodilators
and mucolytics can alleviate symptoms, they do not effectively
halt the progression of the disease.’* Anti-inflammatory drugs,
such as inhaled corticosteroids and phosphodiesterase-4
inhibitors, provide benefits only to a small subset of individ-
uals with substantial airway inflammation.* Therefore, the
development of novel therapeutic drugs targeting the under-
lying pathogenesis of COPD is urgently needed.

Repeated cell division or various stressors can lead to an
irreversible arrest in the cell cycle, which is known as cellular
senescence.” Since senescent cells often retain metabolic
activity, they can impact the local tissue environment by
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strategy for senolytic drug development for COPD therapy.

releasing the senescence-associated secretory phenotype
(SASP).* Through autocrine, paracrine, and/or endocrine
mechanisms, SASP, in turn, can promote further senescence.”
The development of COPD is now recognized to be closely
associated with cellular senescence. Endothelial cells and
epithelial cells in the COPD lungs had increased DNA damage
foci® and exhibited various signs of senescence, such as elevated
senescence-related-p-galactosidase (SA-B-GAL) activity and
increased expression of p21°PYWaft and p16™%*2° Moreover,
COPD patients display heightened SASP expression, including
IL-1, IL-6, CCL2, and MMP9.1*11

Fibroblasts participate in tissue homeostasis and disease
development through the production of extracellular matrices
(ECMs).”> Following lung epithelium damage, fibroblasts
become activated and locally proliferate. These activated fibro-
blasts can then migrate to the injury sites and differentiate into
myofibroblasts, which possess contractile functions and the
ability to produce ECMs, thereby contributing to tissue repair.**
However, studies have revealed that primary fibroblasts derived
from the lungs of moderate to severe emphysema patients
exhibit significantly higher SA-B-Gal activity, indicating cellular
senescence in emphysema patients." Furthermore, research
has demonstrated that senescent fibroblasts from COPD lungs
display impaired migration and repair functions. Additionally,
these alterations in fibroblast function were found to be corre-
lated with lung function and emphysema severity.* Collectively,
the senescence of lung fibroblasts may contribute to the path-
ogenesis and progression of COPD.'*"”
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Once senescence occurs, cells show resistance to apoptosis.
Targeting anti-apoptotic pathways with subsequent clearance
by phagocytosis is the major strategy for the elimination of
senescent cells, which is also known as senolytic therapy.®
Various drugs, both existing and newly discovered, have been
found to reduce the accumulation of senescent cells. They
include Dasatinib, Quercetin, BCL2 inhibitors, UBX0101, heat
shock protein family inhibitors, and others."**' Preclinical
studies have demonstrated that these senolytic drugs can
effectively treat or improve senescent-associated diseases such
as osteoarthritis, Alzheimer's disease, and chronic kidney
disease.””* Given that the anti-apoptotic pathway patterns of
senescent cells vary across different cell types and inducing
factors,' the development of senolytic drugs specifically tar-
geting senescent cells associated with COPD is necessary.

Therapeutic RNA interference (RNAi) molecules possess high
selectivity in suppressing pathologically upregulated gene
function.”® Compared to traditional small-molecule and
monoclonal antibody drugs, RNAi drugs are relatively easy to
design and synthesize without the need for cellular expression
systems, complex protein purification, or refolding schemes. As
a result, their development entails reduced cost and time.***”
The Watson-Crick base-pairing properties of DNA make it ideal
for the design of nanostructures with a predictable size and
shape, enabling complete synthesis through self-assembly.”®
DNA nanostructures have found widespread application in drug
delivery due to their structural stability and biodegradable,
nonimmunogenic properties.> Moreover, the delivery of siRNA
using DNA nanostructures has been demonstrated to effectively
protect nucleic acids against enzymatic degradation, while
offering high biocompatibility and low toxicity.*® Lin et al. re-
ported that tetrahedral DNA nanostructures have a clearing
effect on senescent dermal fibroblasts by suppressing the
antiapoptotic protein BCL2 and upregulating BAX expression.**
However, it is still unclear how DNA nanostructures interact
with human lung fibroblasts and whether DNA nanostructures
carrying drugs can effectively clear senescent lung fibroblasts
for COPD therapy.

The FOX family is a class of transcription factors, which
contains 19 subgroups ranging from FOXA to FOXS.*> As
a member of the FOXO subgroup, FOXO4 is of great importance
to a number of cellular processes, including oxidative stress,
cell cycle, apoptosis, and cell homeostasis.*> FOXO4 is para-
doxically involved in apoptosis regulation. It was found that
FOXO04 induces apoptosis through up-regulating BIM, BAX and
BCL6.**"* However, the activation of FOXO4 with a low level of
oxidative stress could attenuated BCL6 and BIM-mediated cell
apoptosis.®® Recently, FOXO4 was proved to interact with p53 in
senescent cells and prevent the nuclear exclusion of active p53,
thereby inhibiting p53-mediated apoptosis.*®

In this study, we conducted a screening of a novel thera-
peutic target, FOXO4, in senescent fibroblasts induced by
cigarette smoke extract (CSE) using RNA-sequencing. We
subsequently validated the expression of FOXO4 in both sen-
escent fibroblasts and a mouse model of COPD. Furthermore,
a FOXO4 siRNA-loaded self-assembled DNA nanoparticle was
designed and synthesized for the selective elimination of
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Fig. 1 Schematic illustration of the elimination of cigarette smoke
induced senescent lung fibroblasts using FOXO4 siRNA-loaded DNA
nanoparticles.

senescent lung fibroblasts (Fig. 1). The potential of FOXO4 as
a molecular target for senescent fibroblasts in COPD, as well as
the efficacy of DNA nanostructures as carriers for siRNA-based
gene therapy, was further validated in vitro.

Materials and methods
Materials and reagents

DNA oligonucleotides, purified by HPLC, were obtained from
Sangon (Shanghai, China). FOXO4 siRNA (5-UCU UGC UAC AAA
GCC UAA GUG-3') and FOXO04 siRNA with Cy5 modification at
the 5™-end were purchased from Tsingke (Beijing, China). Poly-
acrylamide (19:1 for acrylamide: bisacrylamide), 10x Tris-
Acetic-EDTA (TAE) buffer and Stain-All were purchased from
Sangon (Shanghai, China). Lipofectamine™ 3000 were ob-
tained from Thermo Fisher (Springfield Township, NJ, USA).
Dulbecco's Modified Eagle Medium (DMEM), Opti-MEMT™
Reduced Serum Medium and fetal bovine serum (FBS) were
obtained from GIBCO (Shanghai, China). Senescence B-Galac-
tosidase Staining Kit (CST, #9860) was purchased from Cell
Signaling Technology (Danvers, MA, USA). Human inflamma-
tory CK CBA kits were obtained from BD bioscience (Shanghai,
China). Chlorpromazine, LY294002 and Nystatin were obtained
from MedChemExpress (Shanghai, China). The Calcein/PI
Assay Kit and Cell counting kit-8 (CCK8) were purchased from
Beyotime (Jiangsu, China). RNAiso Plus was obtained from
Takara (Beijing, China). The total RNA isolation kit was ob-
tained from Tiangen (Beijing, China). The PrimeScript™ RT
reagent Kit was obtained from Takara (Beijing, China). Hieff®
gPCR SYBR Green Master Mix was purchased from YEASEN
(Shanghai, China).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Antibodies are as follows: FOXO4 (Abmart, #T55892), FOXO4
(CST, #9472), p16™** (CST, #18769), p21°PWaf (Abmart,
#T55088), Vimentin (Abcam, #ab92547) and BAX (Abcam,
#ab32503), BCL-XL (Abmart, #T55050), BCL2 (Abmart, #T40056)
and B-TUBULIN (Abmart, #M20005). Secondary antibody
included goat anti-mouse and rabbit IgG (Abmart, #M21003).

CSE preparation

CSE was prepared by bubbling commercial -cigarettes
(Shanghai, China) into DMEM medium in accordance with
a previous report (draw of 10 mL and 1 cigarette per 3 min),
using a vacuum cigarette smoking pump.*” Each of the cigarette
contains 12 mg tar and 2.5 mg nicotine. The CSE solution was
adjusted to an OD(x320-a540) Of 0.9 to 1.2, and a pH of 7.4. Ster-
ilized CSE solution was obtained by filtering with a 0.22 uM
filter. One cigarette was first used to prepare a 100% concen-
tration of stock solution, which was then diluted to 2.5%
concentration in DMEM medium for 1 h before experiments.

Cell culture

Human lung fibroblasts (HFL-1 cells), provided by Stem Cell
Bank, Chinese Academy of Sciences (Shanghai, China), were
cultured in high glucose DMEM, containing a 1% penicillin and
streptomycin mixture and 10% FBS, and specifically used
between passages 3 and 5. The medium was changed daily. To
establish the CSE-induced senescent cell model, HFL-1 cells
were cultured with 2.5% concentration of CSE for 7 consecutive
days. The senescent cell model was identified by SA-B-GAL
staining, western blot, quantitative real-time PCR (qPCR) and
SASP detection.

Animal experimental protocol

All the mice (6 week-old, male, C57BL/6) were obtained from the
SLAC Laboratory Animals (Shanghai, China), and were bred in
the animal facilities at Zhongshan Hospital. In total, 10 mice
were randomly selected. The mice model of COPD was estab-
lished according to the protocol of our previous study.®” Briefly,
mice (n = 5) were exposed to 20 commercial cigarettes for 2 h,
twice a day, 6 days a week for 6 months. Age-matched mice that
were exposed to room air served as non-smoking controls. Lungs
of mice were used for western blot, immunohistochemistry (IHC)
and immunofluorescence (IF) staining. All animal experiments
were conducted in accordance with the “Laboratory animal
Guideline for ethical review of animal welfare” (People's Republic
of China National Standard GB/T 35892-2018) and the “Regula-
tions on the administration of laboratory animals of Zhongshan
Hospital, Fudan University”. All experimental protocols were
approved by the Animal Care and Use Committee of Zhongshan
Hospital (Approved number: B2021-217A).

Preparation of DNA nanoparticles

The computer program SEQUIN was used to design DNA
sequences, which are listed in Table S1.f The DNA strand
solutions were diluted with nuclease-free water and mixed in
10x TAE/Mg”" buffer (pH 8.0, 125 mM Mg”") at a molar ratio of
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1:3:3:3 (NT—l :NT-2:NT-3 :NT—4). To form DNA nanotubes,
the mixture was cooled as follows: 95 °C/5 min, 65 °C/15 min, 37
°C/15 min, and 22 °C/30 min. We screened out siFOXO04-2,
which could most efficiently inhibit FOXO4 expression in
HFL-1 cells, from three FOXO4 siRNA with different sequences
for subsequent synthesis (Table S2 and Fig. S1T). FOXO4 siRNA
(5-UCU UGC UAC AAA GCC UAA GUG-3') or Cy5 labeled FOXO4
siRNA was then added to the nanotube solution at a 6 : 1 molar
ratio. For the combination of siRNA and DNA nanotubes, the
mixture was incubated at 37 °C for more than 10 min.

Characterization of DNA nanoparticles

For native polyacrylamide gel electrophoresis (PAGE) charac-
terization, DNA nanoparticles were run on 6% polyacrylamide
gels on the electrophoresis unit at 120 V for 60 min in 1x TAE/
Mg>* running buffer. The gels were finally scanned after stain-
ing with Stain-All. For serum stability assay, nanoparticles were
incubated with 10% FBS for different times, and then detected
with 6% native PAGE.

Dynamic Light Scattering (Malvern, UK) was used to measure
the size distribution and zeta potential right after diluting the
DNA nanoparticle solution to a concentration of approximately
100 nM and 1000 pg L™, respectively.

For Atomic Force Microscope (AFM) imaging, siFOXO4-NT
was added dropwise onto a mica surface and was then
washed using Mg** solution (2 mM) and dried with compressed
nitrogen after 2 min of incubation. Subsequently, TAE/Mg>*
buffer was added onto the surface of the mica for AFM imaging
in liquid mode. DNA nanoparticles were imaged by using
a Multimode 8 AFM system (Bruker, USA). The mode and
parameters were set according to our previous research.?®

Cell uptake of DNA nanoparticles

Senescent HFL-1 cells were seeded on glass bottom dishes or 6-
well dishes overnight. These cells were incubated with different
concentrations of siFOXO4-NT-Cy5 in the presence of
Lipofectame-3000 for indicated times. For endocytosis pathway
detection, senescent HFL-1 cells were pre-exposed with different
endocytosis inhibitors for 30 min, including chlorpromazine
(10 pg mL™"), LY294002 (20 pg mL ") and nystatin (10 ug mL ™),
and then were treated with or without 100 nM siFOXO4-NT and
incubated for 6 h. Cells incubated with siFOXO4-NT in the
absence of inhibitors served as the positive control, and cells
transfected at 4 °C served as the negative control, while cells
incubated without siFOXO4-NT served as the blank control.
For Confocal Laser Scanning Microscope (CLSM) analysis,
HFL-1 cells were fixed with 4% paraformaldehyde for 15 min.
DAPI was used to stain cell nuclei. Images were obtained by
CLSM (Olympus, Tokyo, Japan). For the flow cytometry (FACS)
analysis, cells were removed by trypsinization and fixed in 200 pL
4% paraformaldehyde. FACS was used to measure the samples.
Flow Jo software (BD, Version 10.0) was used to analyse the data.

Live/dead staining assay

Calcein and Propidium Iodide (PI) probes were used to identify
live cells (green) and apoptotic cells (red), respectively. Treated
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senescent cells were stained with calcein/PI for at least 30 min.
Images were obtained by using a fluorescence microscope
(Olympus, Tokyo, Japan) with 488 and 514 nm excitation
channels.

Statistical analysis

Data are presented as means + standard deviation. Statistical
analysis was performed with Prism software (Version 8.0.2).
Student's t-test was applied for comparisons between two
groups. One-way analysis of variance (ANOVA) was used to
compare multiple group comparisons. All experiments were
performed at least three times. P < 0.05 was statistically
significant.

Results and discussion
FOXO04 is a potential target for clearing senescent cells

To develop senolytic reagents for COPD therapy, we established
CSE-induced senescent fibroblasts by treating human lung
fibroblasts 1 (HFL-1 cells) with 2.5% CSE for 7 days.* The
characteristics of lung fibroblast senescence included reduced
cell proliferation, flattened and enlarged morphology, and
increased p16™<*? expression and upregulated SA-B-GAL
activity.* In addition, previous studies have confirmed an
increase in SASP expression in COPD, including IL-1, IL-6, IL-8,
TGF-B, and MMP-9.'%'*'¢'” Similarly, we observed increased SA-
B-GAL activity (Fig. 2A) and protein expression of p21©PY/Waft
and p16™*? (Fig. 2B) in senescent HFL-1 cells in our study.
Furthermore, IL-6 and IL-8 secreted by CSE-exposed HFL-1 cells
were significantly higher compared to the control cells (Fig. 2C
and D). These findings provide sustained validation of cellular
senescence induced by CSE in HFL-1 cells.

Subsequently, RNA sequencing (RNA-seq) was conducted to
identify up-regulated anti-apoptotic genes in CSE-induced sen-
escent HFL-1 cells. Through differentially expressed genes
(DEGS) analysis, we obtained a total of 2329 upregulated genes
and 1963 downregulated genes in the senescent group (Fig. 3A).
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Fig. 2 Cigarette smoke induced cellular senescence in lung fibro-
blasts. HFL-1 cells were treated with 2.5% CSE for 7 days. (A) Repre-
sentative image of SA-B-GAL staining. Scale bar = 300 um. (B) Western
blot analysis of p21©PYWafl and p16'™“4? protein expression. (C) FACS
analysis of IL-6 and IL-8 concentration in the medium. *, P < 0.05; **, P
< 0.01; ***, P < 0.001.
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Interestingly, most of the known senolytic targets, such as
BCL2, BCL2L1, BCL2L2, MDM2, USP7, HSP90AA1, BIRC2, and
BIRC3, were not significantly upregulated in CSE-induced sen-
escent HFL-1 cells except for FOXO4.**** Next, gene ontology
analysis was performed on the upregulated DEGs in senescent
HFL-1 cells. Unfortunately, none of the enriched GO terms
related to “negative regulation of apoptosis” reached the
adjusted P-value threshold of <0.05 (Fig. S2t). Interestingly,
both the mRNA expression levels of FOXO4 (Fig. 3B) and its
protein expression (Fig. 3C) were found to be elevated in CSE-
induced senescent HFL-1 cells. DEG analysis of GSE151052
also revealed that FOXO4 expression was upregulated in the
lung tissue of COPD patients (Fig. S31). Consequently, we
decided to focus our study on FOXO4.

For further validation, we established a COPD mice model by
exposing the mice to cigarette smoke for 6 months, as per our
previous study.*” This exposure resulted in disrupted airway
epithelial structures and alveolar spaces, confirming COPD
development in the mice. We observed elevated p21¢P/Waft

© 2023 The Author(s). Published by the Royal Society of Chemistry
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expression in smoking-exposed mice lungs, indicating the
presence of senescent lung tissues in COPD mice and sup-
porting the potential of senotherapeutic strategies for COPD
treatment. Furthermore, compared to the control group, we
noticed increased FOXO4 protein expression in the smoking-
exposure group (Fig. 3D). Immunohistochemistry (IHC) assay
also revealed higher expression of FOXO4 in the lung inter-
stitium of smoking-exposed mice (Fig. 3E). Using dual immu-
nofluorescence staining, we determined that FOXO4 co-
localized with vimentin, a cytoplasmic intermediate filament
protein expressed in various mesenchymal cells, including
fibroblasts.*® This co-localization indicated that FOXO4 was
predominantly located in the interstitial area of the smoking-
exposed lung (Fig. 3F). These findings strongly support the
potential of targeting FOXO4 to eliminate cigarette-induced
senescent lung fibroblasts as a treatment approach for COPD.

Design and characterization of FOXO4 siRNA loaded DNA
nanotubes

In this study, we utilized single-stranded FOXO4 siRNA (anti-
sense, siFOXO04) loaded onto a DNA self-assembled nano-
structure, as previously described.”” Four unique DNA strands,
designed using the computer program SEQUIN, were mixed in
specific molar ratios to form a six-helix bundle DNA nanotube
(NT) through self-assembly. This nanotube was capable of
carrying six copies of siFOXO4 through DNA-RNA hybridization
(Fig. 4A). The characterization of siFOXO4-NT was performed as
follows: the native PAGE gel analysis demonstrated a clear and
distinct band at the expected position for both the nanotube
and siFOXO4-NT, indicating high assembly yields (Fig. 4B). The
siFOX04-NT nanoparticles exhibited a hydrodynamic diameter
of approximately 18.11 nm (Fig. 4C). The surface zeta potential
of siFOX04-NT in TAE/Mg”* buffer was determined to be —15.6
+ 6.27 mV, which is well consistent with previous research
results (Fig. 4D).*® Furthermore, atomic force microscopy (AFM)
imaging of the siFOXO4-NT nanoparticles revealed a relatively
uniform appearance with good dispersion (Fig. 4E). To evaluate
the physiological stability of siFOXO4-NT, the nanoparticles
were mixed with 10% FBS and incubated at 37 °C for different
time intervals. Analysis using native PAGE showed that
siFOXO4-NT remained intact up to 6 h (Fig. 4F). The cytotoxicity
of DNA nanotube solution in CSE-induced senescent HFL-1
cells is presented in Fig. S4.7 The IC50 of DNA nanotubes was
found to be 1457 nM after 62 h incubation, indicating high
biosafety.

Cellular uptake and effect of siFOXO4-NT on senescent HFL-1
cells

The capacity of nanoparticles to enter cells is one of the main
factors influencing the therapeutic effect.** Nanoparticles can
interact with the extracellular matrix or cell membrane, and
subsequently enter the cell mainly by endocytosis.*® Previously,
a similar six-arm DNA nanotube was utilized to deliver mTOR
siRNA. It was shown that this siRNA-loaded nanotube effectively
inhibited mTOR expression in pulmonary smooth muscle cells
after being internalized through endocytosis.*”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To assess the cellular uptake of siFOXO4-NT, the FOXO4
siRNA labelled with Cy5 was introduced into the DNA nanotube
for drug tracking. The results of cellular uptake observed by
CLSM in CSE-induced senescent HFL-1 cells showed a signifi-
cant enhancement in red fluorescence produced by siFOXO4-
NT-Cy5. The fluorescent particles were predominantly located
around the cell membrane after 3 hours and 6 hours of incu-
bation. After a 12 hour incubation, a large proportion of red
fluorescent particles appeared in the cytoplasmic and peri-
nuclear region (Fig. 5A). Moreover, a significant increase of
fluorescence intensity was observed with increasing concen-
trations of siFOXO4-NT-Cy5 (Fig. 5B). FACS analysis also
demonstrated dose-dependent uptake of siFOXO4-NT-Cy5 by
senescent HFL-1 cells (Fig. 5C). Endocytosis is an energy-
consuming process that can be inhibited at low temperatures.
In this study, FACS analysis showed the inhibition of the
endocytosis of senescent HFL-1 cells against siFOXO4-NT-Cy5
by 4 °C incubation.** Additionally, the internalization of
siFOXO04-NT was also found to be inhibited by endocytosis
inhibitors, including chlorpromazine, LY294002 and nystatin,
which inhibit clathrin-mediated endocytosis, macropinocytosis
and caveolae-mediated endocytosis, respectively (Fig. 5D).*
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Fig. 5 Cellular uptake of siFOXO4-NT in CSE-induced senescent
HFL-1 cells. HFL-1 cells were pre-treated with 2.5% CSE for 7 d. (A)
Representative images of the intracellular distribution of 100 nM
SiFOXO4-NT-Cy5 in senescent HFL-1 cells at the indicated incubation
times. Red: siFOXO4-NT-Cy5; Blue: nuclei. Scale bar = 40 pum. (B)
Representative images of the cellular uptake of siFOXO4-NT-Cy5 with
various doses by senescent HFL-1 cells after 12 h incubation. Red:
SiFOXO4-NT-Cy5; Blue: nuclei. Scale bar =40 pm. (C) FACS analysis of
the cellular uptake of siFOXO4-NT-Cy5 with various doses by sen-
escent HFL-1 cells after 12 h incubation. (D) FACS analysis of the
cellular uptake of 100 nM siFOXO4-NT-Cy5 after 6 h incubation with
no inhibitor, LY294002, chlorpromazine, nystatin, and siFOXO4-NT-
Cy5 at 4 °C, and blank. * P < 0.05; ** P < 0.01; *** P < 0.001.

Subsequently, the effect of siFOXO4-NT on FOXO4 expres-
sion in CSE-induced senescent HFL-1 cells was evaluated. Both
naked FOXO4 siRNA and siFOXO4-NT were able to reduce the
expression level of FOXO4, with siFOXO4-NT showing a greater
effectiveness than naked FOXO4 siRNA (Fig. 6A and B). As ex-
pected, it was also observed that FOXO4 expression decreased
with increasing siFOXO4-NT incubation time (Fig. 6C and D)
and concentration (Fig. 6E and F).

Taken together, these results confirm that siFOXO4-NT can
be efficiently endocytosed by CSE-induced senescent HFL-1
cells mainly through a clathrin-dependent pathway, leading to
the intracellular delivery of siRNA and subsequent silencing of
FOXO04 expression.

siFOXO04-NT selectively eliminates CSE-induced senescent
HFL-1 cells

Subsequently, calcein/PI staining was used to detect cell
activity. In comparison to the group without siFOXO4-NT
treatment, there was an increased number of PI-stained cells
observed in CSE-induced senescent HFL-1 cells after 64 hours of

siFOXO04-NT incubation. However, siFOXO4-NT had no
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Fig. 6 The effect of siFOXO4-NT on CSE-induced senescent HFL-1
cells. HFL-1 cells were pre-treated with 2.5% CSE for 7 d. (A) gPCR
analysis of the expression of FOXO4 mRNA. CSE-induced senescent
HFL-1 cells were incubated with negative control siRNA (NC), 16.7 nM
DNA nanotube, 100 nM FOXO4 siRNA, and 100 nM siFOXO4-NT for
24 h, respectively. (B) Western blot analysis of the expression of FOXO4
protein. CSE-induced senescent HFL-1 cells were incubated with NC,
16.7 nM DNA nanotube, 100 nM FOXO4 siRNA, and 100 nM siFOXO4-
NT for 36 h, respectively. (C) and (D) gPCR and western blot analysis of
the FOXO4 mRNA and protein expression after senescent HFL-1 cells
were incubated with 100 nM siFOXO4-NT at various incubation time
points. (E) and (F) gPCR and western blot analysis of the FOXO4 mRNA
and protein expression after CSE-induced senescent HFL-1 cells were
incubated with various doses of siFOXO4-NT for 24 h or 36 h. * P <
0.05; ** P < 0.01; *** P < 0.001.

apparent effect on the cell activity of HFL-1 cells not exposed to
CSE (Fig. 7A). Based on the representative images in Fig. 7B and
C, it is suggested that siFOXO4-NT can selectively eliminate
CSE-induced senescent HFL-1 cells in a dose- and time-
dependent manner. CCK8 assay was then used to evaluate the
effect of siFOXO4-NT on the growth of CSE-induced senescent
HFL-1 cells. The IC50 of siFOXO04-NT was found to be 157.7 nM
after 62 h incubation (Fig. S57).

Notably, although the senolytic strategy has been shown to
be beneficial in many cases, the elimination of senescent
pulmonary endothelial cells through intraperitoneal injection
of FOXO4-DRI or oral ABT-263 has been recently confirmed to
worsen pulmonary hemodynamics in pulmonary hypertension
mouse models.”” These results demonstrate the significant side
effects on pulmonary vessels associated with in vivo application
of senolytic drugs. For our strategy to control senescent lung
fibroblasts in COPD therapy, pulmonary delivery of senolytic
drugs may help avoid direct effects of senolytic drugs on
pulmonary vessels. Compared to systemic administration,
pulmonary administration has been shown to be more accept-
able to patients and reduces drug clearance in the liver and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 siFOXO4-NT selectively eliminates CSE-induced senescent
HFL-1 cells. (A) Calcein/PI staining of normal and CSE-induced sen-
escent HFL-1 cells after 64 h incubation with or without 100 nM
siFOXO4-NT. Red: apoptotic cells; Green: living cells. Scale bar = 400
um. (B) and (C) Calcein/PI staining of CSE-induced senescent HFL-1
cells with siFOXO4-NT incubation. Red: apoptotic cells; Green: living
cells. Scale bar = 400 pm.

kidneys.*** Moreover, delivering drugs directly to the lungs can
also protect RNAi drugs from degradation by RNA enzymes in
the blood.** Remarkably, senescent cells, which are currently
believed to be involved in disease pathogenesis, may have
unknown beneficial functions. Thus, the indiscriminate elimi-
nation of senescent cells may lead to side effects. Previous
studies have revealed the protective influence of senescent
endothelial cells against liver and pulmonary vascular remod-
eling.>*® Therefore, the roles of senescent cells in COPD path-
ogenesis, especially the beneficial ones, remain to be elucidated
through future studies. Additionally, specific modifications of
the drug itself or coated nanocarriers will help identify target
cells and enable precise delivery of senolytic drugs, thereby
avoiding off-target effects on normal cells or other senescent
cells.

siFOXO04-NT selectively eliminates CSE-induced senescent
HFL-1 cells through promoting apoptosis

Apoptosis resistance is one of the main characteristics of sen-
escent cells.? In this study, CSE-induced senescent HFL-1 cells
exhibited higher expression of BCLXL and a higher BCL2/BAX
ratio compared to HFL-1 cells without CSE treatment. This

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

A Ctrl Sen

> oo
o o

C
]

SiIFOX04-NT
w
o

siIFOXO4-NT

Nanotube
siFOX04
Nanotube
siFOX04

N
N

[+
b
X
N
o

o

BCL2

BCL2/BAX protein expression

=3
=3

BCLXL
B-TUBULIN

B SiFOX04-NT for 36 h ("M)
Ctrl Sen

25 50 100 0 25 50 100

~
=3

o
o

£

o

BCL2

o
o

BCLXL

BCL2/BAX protein expression

o
o

0 25 50 100
siFOXO4-NT for 36 h (nM)

B-TUBULIN

C siFOX04-NT 100 nM (h)
Ctrl Sen
6 12 24 36 0 6 12 24 36

£

10.
BCL2 oo

o
o

BCLXL

S
BCL2/BAX protein expression

o
o

0 6

12 24 36
SiIFOX04-NT 100 nM (h)

B-TUBULIN

Fig. 8 siFOXO4-NT selectively eliminates CSE-induced senescent
HFL-1 cells through downregulation BCLXL and the BCL2/BAX ratio.
(A) Western blot results of BAX, BCL2 and BCLXL protein expression.
The control and CSE-induced senescent HFL-1 cells were incubated
with NC, 16.7 nM DNA nanotube, 100 nM FOXO4 siRNA, and 100 nM
siFOXO4-NT for 36 h, respectively. (B) and (C) Western blot results of
BAX, BCL2 and BCLXL protein expression and semi-quantitative
analysis of the BCL2/BAX ratio in normal HFL-1 cells and CSE-induced
senescent HFL-1 cells with siFOXO4-NT incubation. * P < 0.05; **, P <
0.01; *** P < 0.001; A P < 0.05 versus the normal HFL-1 cell group.

suggests that senescent HFL-1 cells are resistant to apoptosis
(Fig. 8A). Both naked FOXO4 siRNA and siFOXOA4-NT signifi-
cantly decreased BCLXL expression and the BCL2/BAX ratio in
senescent HFL-1 cells. However, for HFL-1 cells without CSE
treatment, the effect of FOXO4 siRNA and siFOXO4-NT on the
BCL2/BAX ratio was negligible. These results indicate that
reducing FOXO4 expression through FOXO4 siRNA or siFOX04-
NT can promote apoptosis in CSE-induced senescent HFL-1
cells without affecting normal HFL-1 cells. Furthermore, the
ability of siFOXO4-NT to promote apoptosis in senescent HFL-1
cells was dependent on siFOXO4-NT concentration and the
duration of incubation (Fig. 8B and C).

Conclusions

In summary, our study screened and identified FOXO4 as
a therapeutic target for eliminating senescent fibroblasts in
COPD therapy. We further demonstrated that silencing FOXO4
promotes apoptosis in HFL-1 cells through the BCLXL-BAX
signaling pathway. Additionally, as far as we know, the selec-
tive removal of CSE-induced senescent fibroblasts using a self-
assembled DNA nanomaterial is reported for the first time.
The DNA nanomaterial exhibited excellent properties, including
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higher cellular uptake efficiencies and specific clearance of
senescent cells. This study demonstrates that utilizing DNA
nanomaterials for the elimination of senescent lung tissue cells
may be a novel strategy for COPD therapy.
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