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Radioresistance is a major challenge that largely limits the efficacy of radiotherapy in lung cancer. Gold nano-
particles (AuNPs) are emerging as novel radiosensitizers for cancer patients. Therefore, this study was designed
to explore the radiosensitizing effect and mechanism of AuNPs loaded with small interfering RNA (siRNA)-SP1
(AuNPs-si-SP1) on lung cancer. AuNPs-si-SP1 was prepared by the noncovalent binding between AuNPs and
siRNA-SP1. The adsorption capacity of AuNPs to siRNA-SP1 was analyzed by gel electrophoresis. The cell uptake
of AuNPs-si-SP1 was observed under a laser confocal microscopy. Silencing efficacy of AuNPs-si-SP1 was vali-
dated by RT-qPCR and Western blot analysis. Cell viability was determined by CCK-8 assay, radiosensitization by
plate colony formation assay, cell apoptosis and cell cycle by flow cytometry, and DNA double strand breaks by
immunofluorescence in the presence or absence of AuNPs-si-SP1 or GZMB. The downstream mechanism of SP1
was predicted by bioinformatics analysis, followed by verification by Western blot analysis. Subcutaneous
tumorigenesis in nude mice was established to verify the radiosensitization of AuNPs-si-SP1 and GZMB in vivo.
AuNPs-si-SP1 effectively absorbed SP1 siRNA and was highly internalized by A549 cells to reduce SP1 protein
expression. AuNPs-si-SP1 or GZMB overexpression promoted cells to G2/M phase, DNA double strand breaks,
and enhanced radiosensitivity. SP1 could repress GZMB expression in lung cancer cells. In vivo experiments
manifested that AuNPs-si-SP1 could inhibit the growth of solid tumor in nude mice to achieve radiosensitization
by inhibiting SP1 to upregulate GZMB. AuNPs-si-SP1 might increase the radiosensitivity of lung cancer by
inhibiting SP1 to upregulate GZMB.

Introduction

It was estimated by GLOBOCAN that there were 2.09 million new
cases (11.6% of total cancer cases) and 1.76 million deaths (18.4% of
total cancer deaths) of lung cancer in 2018 [1]. The high mortality rate
in lung cancer patients correlates to a common diagnosis at late stage
that precludes curative treatment, with a poor 5-year survival rate at
15% of all stages combined [2]. Approximately 80%—90% lung cancer
develops in smokers, so smoking is the major risk factor for lung cancer
[3]. Radiotherapy is a principle therapy for lung cancer, but radio-
resistance is a formidable challenge that largely limits the efficacy of
radiotherapy [4]. Therefore, it is strongly needed to decipher the
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molecular mechanisms behind radioresistance and elaborate novel
therapeutic targets for individualized radiotherapy for lung cancer.
Gold nanoparticles (AuNPs) consist of an inorganic core containing
gold which is typically surrounded by an organic monolayer [5]. AuNPs
are emerging as novel radiosensitizers for cancer patients because of
their synthetic versatility, unique chemical, electronic, and optical
properties, and high X-ray absorption [6]. AuNPs have been docu-
mented to exert anti-oncogenic activity in lung cancer [7]. More
importantly, AuNPs are widely recognized to be a comparatively reliable
small interfering RNA (siRNA) delivery strategy due to their biocom-
patibility and capacity to protect siRNA against degradation and
versatility offered by their tunable shape, size and optical properties [8].
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As a member of the 26 strong Sp/KLF family of transcription factors,
Specificity Protein 1 (SP1) is a paradigm of a ubiquitously expressed
transcription factor, which assumes a pivotal role in manipulation of the
expression of genes correlating to various cell processes in mammalian
cells [9]. Furthermore, a prior study detected that SP1 was overex-
pressed in liquid-based cells from bronchial brushings in patients with
lung cancer [10]. Notably, it was predicted by JASPAR database in our
research that there was a binding site between SP1 and granzyme B
(GZMB). Interestingly, a prior work manifested that GZMB over-
expression could increase the susceptibility of non-small cell lung cancer
(NSCLQ) cells to natural killer (NK) cell-mediated killing [11]. In this
context, we hypothesized that AuNPs-loaded siRNA-SP1 (AuNPs-si-SP1)
might participate in alleviation of lung cancer. Thus, this research was
designed to figure out whether AuNPs could load siRNA-SP1 and
whether AuNPs-si-SP1 could exert radiosensitive effect in lung cancer in
regulation of GZMB.

Materials and methods
Ethics statement

This study was performed with approval of the Ethics Committee of
Harbin Medical University Tumor Hospital by conforming to the
Declaration of Helsinki. All participants or their guardians provided
signed informed consent prior to enrollment. Animal experiments were
ratified by Animal Ethics Committee of Harbin Medical University
Tumor Hospital in strict accordance with the recommendations of the
Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health. Adequate measures were taken to mini-
mize suffering of the included animals.

Sample collection

Lung cancer tissues and adjacent normal tissues (5 cm away from the
cancer area) were collected from 40 patients who were confirmed as
lung cancer by histopathology in Harbin Medical University Tumor
Hospital. The patients did not receive any treatment (including radio-
therapy and chemotherapy) before operation. All the resected specimens
were taken from the non-necrotic bleeding area in the center of the
cancer tissue and the normal mucosa 5 cm distal to the cancer tissues.
The specimens were stored at —80 °C.

Sodium citrate (NazCgHsO702H,0) and Hoechst 33,342 were pur-
chased from Sigma-Aldrich Chemical Company (St Louis, MO, USA).
Tetrachlorogenic acid (HAuCl4e3H20) was obtained from Aurat (Mos-
cow, Russia). Fetal bovine serum (FBS), Dulbecco’s Modified Eagle
Medium (DMEM) medium, ethylene diamine tetraacetic acid (EDTA,
trypsin), and penicillin and streptomycin were attained from HyClone
Company (Logan, UT, USA). Cell counting kit (CCK)—8 was harvested
from Dojindo Molecular Technologies (Kumamoto, Japan). The 4,6-
Diamidino-2-Phenylindole (DAPI) was from Yeasen Company
(Shanghai, China). Annexin V-fluoresceinisothiocyanat (FITC)/propi-
dium iodide (PI) apoptosis detection kit was ordered from Shanghai
BestBio Biotechnology Co., Ltd. (Shanghai, China). Cell cycle detection
kit (PI and RNaseA) was acquired from MultiSciences (Lianke)
Biotechnology Corporate Limited (Zhejiang, China). siRNA-SP1, Cy5-
labeled siRNA-SP1 (Cy5-siRNA-SP1), and siRNA-GZMB were purchased
from Thermo Fisher Scientific Inc. (Rockford, IL, USA). Anti-SP1 anti-
body (ab227383) was bought from Abcam Inc. (Cambridge, UK). Anti-
GZMB (4275) antibody was got from Cell Signaling Technologies
(CST) (Beverly, MA, USA). Anti-p-actin antibody (1:10,000, BS6007M)
was from Bioworld Technology (St. Louis Park, MN, USA). Anti-yH2AX
antibody (05-636, 1:1000) was purchased from Merck KGaA (Darm-
stadt, Germany). CF-568 goat-anti-mouse immunoglobulin G (IgG)
(H+ L) secondary antibodies (1: 500, Cat20100, Lot16C11108) was
purchased from Biotium (Hayward, CA, USA).
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Synthesis and characterization of AuNPs-si-SP1

The (COONa) (CH2COOONa)2 x 3H5O solution (5mL, 38.8 mM)
was added to the stirring HAuCly x 3H20 (45 mL, 1 mm) boiling solu-
tion, stirred well for 20 min, and cooled down to room temperature.
After storage for 24 h, the solution was filtered through a filter with a
pore size of 45 pm. Based on that, the AuNP suspension was stored as a
concentration of 3.5 x 10°°M at 4°C (€260 =8.78 x 108 M1 cm’l).
The synthesized AuNP suspension (135 pL) was added into siRNA so-
lution (4 pL, 25 pM). The reaction mixture was stirred at 1000 rpm and
25°C for 24 h and centrifuged at 16,000 g and 25 °C for 30 min. Then,
the unbound siRNA was washed with sodium citrate. The washing
method was used in the whole experiment. The soliquid was diluted to 5
pL with sodium citrate.

The absorbance curves of AuNPs and AuNPs-si-SP1 were measured
respectively by a UV spectrophotometer (DU800, Beckman Coulter Inc.,
Chaska, MN, USA). Transmission Electron Microscope (TEM) (HT7700,
HITACHLI, Japan) and Malvern Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK) were used to evaluate the morphology, particle size
and potential of AuNPs-si-SP1. The adsorption capacity of AuNPs with
different mass ratios (0.2, 0.5, 1, 2, 3) to siRNA-SP1 was researched by
gel electrophoresis. In this experiment, the remaining siRNA in the su-
pernatant of each group was collected by centrifugation. The adsorption
capacity was evaluated by electrophoresis with pure siRNA as negative
control.

Cell culture

Human lung adenocarcinoma cell line A549 was purchased from
Shanghai Tongpai Biotechnology Co., Ltd. (Shanghai, China) as a
moderately radioresistant cell line. A549 cells were cultured in DMEM
containing 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin,
and placed in a 5% COs incubator at 37 °C. According to the experi-
mental needs, the cells were seeded in a laser confocal dish, a 96 well
plate or a 6 well plate separately.

Cell absorption in vitro

The 5’ end of the sense strand of SP1 siRNA was labeled with Cy5 dye
(excitation/emission at 649/670 nm) (Cy5-siRNA-SP1) to observe cell
uptake. A549 cells were cultured in a laser confocal dish (20 mm) with a
cell density of 5 x 10* cells per well for 24 h. The cells were treated with
siRNA-SP1 and AuNPs-si-SP1 (equivalent to 100 nm siRNA) respectively
for 12 h, and fixed with 4% paraformaldehyde (200 pL) at 4 °C for 10
min. Cells were stained with DAPI (10 pg/mL in PBS) for 10 min. Then,
cells were washed with PBS to remove the free dye. The cell uptake was
observed by a laser confocal microscopy (CLSM, Leica TCSNT1, Leica
Microsystems, Heidelberg, Germany) with 633 nm laser.

Reverse transcription quantitative polymerase chain reaction (RT-qgPCR)

Total RNA was extracted from cells by TRIzol (Invitrogen Inc.,
Carlsbad, CA, USA). According to the instructions, the total RNA was
reverse transcribed into cDNA by using TaqMan MicroRNA Assays
Reverse Transcription primer (4427975, Applied Biosystems, Carlsbad,
CA, USA)/PrimeScript RT reagent Kit (RR047A, Takara Holdings Inc.,
Kyoto, Japan). SP1 and GZMB primers were designed and synthesized by
Takara Holdings Inc. (Table S1). TagMan Multiplex Real-Time Solution
(4461882, Thermo Fisher Scientific Inc.) and ABI7500 quantitative PCR
instrument (7500, ABI, Foster City, CA, USA) were adopted for real-time
PCR detection. Relative quantitative method (Z’AACT method) was
employed to calculate the relative transcription level of target gene with
fB-actin as an internal reference. In addition, the follow-up experiments
also evaluated the expression of genes in lung cancer tissues and adja-
cent normal tissues according to the above procedures.
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Western blot analysis

The cultured cells were lysed with Radio-Immunoprecipitation assay
cell lysis buffer containing phenylmethylsulfonyl fluoride on ice for 10
min. After centrifugation at 14,000 rpm and 4 °C, the supernatant was
taken out. The protein concentration was determined by bicinchoninic
acid method (Pierce, Rockford, IL, USA). Then 4% concentrated gel and
10% separated gel were prepared, and protein was transferred to the
membrane after gel electropheresis. The membrane was sealed with 5%
skimmed milk powder at room temperature for 1 hour, and then probed
overnight with anti-SP1 antibody (ab227383, 1:10,000, Abcam Inc.) at
4°C. After that, the membrane was reprobed with horseradish
peroxidase-labeled rabbit secondary antibody (Invitrogen Inc., G-
21,234, 1:2000) for 1 hour at room temperature. The membrane was put
into electrogenerated chemiluminescence (ECL) reaction solution for
coloring at room temperature. The results were observed by a ChemiDoc
XRS system (Bio-Rad, Richmond, Cal., USA). The image J analysis
software was applied to quantify the protein band intensity with p-actin
(1:10,000, BS6007M) as an internal reference. Besides, the expressions
of SP1 and GZMB in different tumor tissues were gauged according to
the above methods.

CCK-8 assay for radiosensitizing effect of AuNPs-si-SP1 on cells

The killing ability of AuNPs-si-SP1 to A549 cells was studied by CCK-
8. Cell viability was measured after A549 cells were treated with
different concentrations of AuNPs-si-SP1 (0nM, 5nM, 10nM, and
20 nM) for 24, 48 and 72 h, respectively. Then the radiosensitizing effect
of AuNPs-si-SP1 on A549 cells was detected. A549 cells were cultured in
a 96 well culture plate (1 x 10* cells/well) for 24 h, and then AuNPs-si-
SP1 with different concentration gradients (0nM, 5nM, 10nM, and
20 nM) was added. After incubation for 24 h, X-ray irradiation was
performed for 20 min at a dose of 6 Gy (Varian 23EX linear accelerator,
6MV X-ray, 100cm SSD, plus 2cm equivalent). Fresh medium was
replaced and incubated for 24 h, and then 10 puL CCK-8 was supple-
mented to the culture plate. After incubation for 4 h, the absorbance at
450 nm was measured by a microplate reader (BioTek synergy H4).
Based on the above steps, the cell viability of subsequent AuNPs binding
with different siRNA was surveyed. By setting the optical density (OD)
value of untreated cells as blank and that of PBS as control, the cell
viability was calculated using the following formula: cell viability
(%) = [OD (sample) - OD (blank)]/[OD (control) - OD (blank)].

Cell colony-forming experiment for radiosensitizing effect of AuNPs-si-SP1
on cells

The experiment included four groups: radiotherapy group and
groups of AuNPs-si-SP1 with different concentrations (5 nM, 10 nM, and
20nM) in combination with radiotherapy. A549 cells in logarithmic
growth phase were irradiated at doses of 0Gy, 2Gy, 4Gy and 6 Gy
respectively. The cells were seeded in 6-well plates according to the dose
gradient. After overnight incubation, serum alone and serum containing
AuNPs-si-SP1 (5nM, 10 nM, and 20 nM) were added. After incubation
for 24 h, cells were irradiated according to different dose gradients.
After treatment, the cells were placed in the incubator to culture for
10-14 days with culture medium changed regularly. When the clone
cells visible to the naked eye appeared in the 6-well plate, the culture
was stopped. After discarding the culture medium, the cells were fixed
with pure methanol for 15 min. After staining with Gimsa staining so-
lution for 20 min, the staining solution was washed off and cells were
dried. The images were taken by a camera, and the number of clones
with 250 cells was observed and counted under the microscope. Ac-
cording to that, the cell activity of subsequent AuNPs combined with
different siRNA was estimated. The survival fraction was calculated and
the cell survival curve was drawn according to the following formula:
plating efficiency (PE) = (the number of clones in the control group/the
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number of inoculated cells) x 100%, and survival fraction (SF)=the
number of clones in the experimental group/(the number of inoculated
cells x PE).

The cell survival curve was fitted by single hit multi target model and
the effect of radiosensitization was expressed as sensitizer enhancement
ratio (SER), which was defined as the ratio of the mean inactive dose
(MID) of the radiotherapy group to that of the combined group, that is,
the area under curve (AUC).

Flow cytometry for cell apoptosis

The cell apoptosis was determined by an Annexin V-FITC/PI
apoptosis detection kit. A549 cells were seeded in 6-well plates with
2 x 10° cells/well. The experiment included four groups: control group
(untreated group), AuNPs-si-SP1 group (20 nM), radiotherapy group,
and combination group (AuNPs-si-SP1 + radiotherapy). After 24 h of
transfection, cells in group 3 and group 4 were irradiated at doses of
6 Gy. After treatment, the cells were cultured for 24 h. Subsequently, the
cells were centrifuged at 2000 rpm for 5 min. According to the kit in-
structions, the cells were resuspended in 200 pL binding buffer, added
with 5 pL Annexin V-FITC in the dark, mixed completely, and incubated
at 4°C in dark for 15 min. Then 10 pL PI was added, mixed, and incu-
bated at 4 °C for 5 min in dark. Finally, apoptosis was detected by a flow
cytometer (BD FACScalibur).

Flow cytometry for cell cycle distribution

In order to study whether AuNPs-si-SP1 can promote the trans-
formation of cells to G2/M phase, A549 cells in logarithmic growth
phase were seeded in 6-well plates at a density of 2 x 10° cells/well. The
cells were cultured overnight, and the old culture medium was discarded
after the cells adhered to the wall. Then culture medium encompassing
AuNPs-si-SP1 (20 nM) with the best sensitization effect and PBS were
added respectively. After 24 h of culture, the cells were collected. The
cells were dispersed after adding 1 mL PBS. The cell suspension was
slowly dropped into 3 mL pure ethanol, mixed with high-speed vortex,
and kept at 4 °C for 24 h. Before the test, cells were centrifuged, with the
ethanol supernatant discarded. Cells were added with 5mL PBS (room
temperature), and allowed to stand for 15 min, and then rehydrated.
Then cells were harvested by centrifugation, added with 1 mL DNA
staining solution, whirled for 5 - 10 s, and kept in dark for 30 min at
room temperature. The cell suspension was filtered using a 200-mesh
filter before operation, and each sample was analyzed for 10,000 cells.
Cell cycle was analyzed by cell cycle fitting software. The Modfit soft-
ware was adopted to analyze cell cycle, followed by drawing of cell cycle
distribution histogram.

Immunofluorescence staining

A549 cells were seeded on a cover glass. After treatment of the
control group, the AuNPs-si-SP1 group (20 nM), the radiotherapy group,
and the combination group (AuNPs-si-SP1 + radiotherapy) group, the
cells were fixed with 4% paraformaldehyde at 4 °C for 30 min, and then
permeabilized with 0.2% Triton X-100 for 10 min. The cells were probed
with anti-yH2AX antibody (05-636, Merck KGaA, Darmstadt, Germany;
1:1000) at 4 °C. Then the cells were incubated with CF-568 Goat-anti-
mouse IgG (H + L) secondary antibody (1:5000, Biotium, Hayward, CA,
USA; Cat20100, Lot16C11108) at room temperature and stained with
Hoechst 33,342 (1 pg/mL; Sigma-Aldrich Chemical Company). Finally,
the immunofluorescence images were obtained with a laser confocal
microscope (IX81; Olympus, Tokyo, Japan; 40 x).

Bioinformatics analysis

The lung cancer-related genes were retrieved through GeneCards
database (https://www.genecards.org/), Comparative Toxicogenomics
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Fig. 1. Characterization of AuNPs-si-SP1. A,
TEM images of AuNPs-si-SP1. The illustration
was an enlarged view of the sample. The scale
bar was equivalent to 100 nm. B, Zeta potential
distribution of AuNPs-si-SP1. Red and green
arrows indicated the major and minor peaks,
respectively. C, The absorption peaks of AuNPs
and AuNPs-si-SP1 characterized by the UV
spectrophotometer. The maximum absorption
peak of AuNPs (513nm, solid arrow) and
AuNP-si-SP1 (524 nm, dashed arrow). D, The
loading capacity of AuNPs with different mass
ratios (0.2, 0.5, 1, 2, 3) to siRNA-SP1 studied by
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Database (CTD) (http://ctdbase.org/detail.go?acc=C452899&type=ch
em), and Phenolyzer database (http://phenolyzer.wglab.org/). Totally
59 lung cancer candidate targets from the intersection of the results of
these databases were obtained by the jvenn tool (http://jvenn.toulouse.
inra.fr/app/example.html). The candidate targets underwent enrich-
ment analysis by Metascape (https://metascape.org/gp/index.html#/m
ain/stepl) to get the main transcription factors among the candidate
targets.

Lung cancer radiotherapy-related gene expression dataset GSE73095
was obtained from Gene Expression Omnibus (GEO) database (http
s://www.ncbi.nlm.nih.gov/geo/), including 3 lung cancer samples and
3 lung cancer samples after radiotherapy. The differentially expressed
genes (DEGs) with |logFC| > 1 and p < 0.05 were selected through R
language "limma" package with lung cancer samples as controls. The R
scripts used are shown in the Supplementary Material. The interaction of
DEGs was analyzed using STRING database (https://string-db.org/), and
then the gene interaction network was constructed by cytoscape v3.7.1.
GEPIA2 database (http://gepia2.cancer-pku.cn/#analysis) was utilized
to analyze the relationship between GZMB gene in lung adenocarcinoma
of The Cancer Genome Atlas (TCGA) and survival of patients. The
binding sites of transcription factor were gained from JASPAR database
(http://jaspar.genereg.net/).

Subcutaneous tumorigenesis in nude mice

Specific pathogen-free (SPF) grade female BALB/c nude mice (aged 5
weeks, weighing 18-20g) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China) for tumori-
genesis experiment. The animals were individually reared in SPF facil-
ities during the experiment.

Subcutaneous tumor model: PBS containing A549 cells (1 x 10°
cells/200 pL) was injected into the left side of female BALB/c mice. The
mice were arranged into four groups with 5 mice in each group,
including control group (PBS group), AuNPs-si-SP1 group (60 mg/kg),
radiotherapy group, combination group (AuNPs-si-SP1 + radiotherapy),
and AuNPs group. When the tumor volume of subcutaneous tumor
model reached about 100 mm?®, mice were injected with 100 uL PBS or
AuNPs-si-SP1 via tail vein. After 24 h, the tumor site was irradiated with

0.5

0.2

6 Gy X-ray for 20 min in radiotherapy groups. Subsequently, tumor size
and mice weight were monitored daily. The tumor volume was calcu-
lated as follows: (tumor length) x (tumor width)?/2 (unit: mm®). On the
20th day after irradiation, the mice were euthanized. The tumor tissues
of mice were photographed and weighed.

Hematoxylin-eosin (H&E) staining

The tumor tissue was fixed in 10% formalin buffer, embedded in
paraffin, and sectioned into 5 pm. After H&E staining, the morphological
damage was observed under a microscope.

TdT-mediated dUTP-biotin nick end-labeling (TUNEL) staining for
apoptosis

The TUNEL immunofluorescence kit (Millipore Corp., Billerica, MA,
USA) was used to assess cell apoptosis according to the manufacturer’s
protocols. Subsequent to nuclei staining with DAPI, the Olympus fluo-
rescence microscope (Olympus) was employed to image the tumor
sections.

Statistical analysis

SPSS 21.0 (IBM Corp. Armonk, NY, USA) was adopted for statistical
analysis. The measurement data were summarized by mean + standard
deviation, with p < 0.05 considered to be statistically significant dif-
ference. Firstly, the tests of normal distribution and homogeneity of
variance was carried out, which confirmed that data conformed to
normal distribution and homogeneity of variance. Unpaired t-test was
implemented for comparison between the two groups. One-way analysis
of variance (ANOVA) was applied for comparison among multiple
groups, followed by Tukey’s post-hoc test. The repeated measurement
ANOVA was utilized to compare the data at different time points, fol-
lowed by Bonferroni post-hoc test. Kaplan-Meier method was applied to
calculate the survival rate.
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Fig. 2. Cell uptake and gene silencing efficacy of AuNPs-si-SP1. A, Uptake of free siRNA and AuNPs-si-SP1 by A549 cells. The siRNA was labeled with Cy5 dye (Cy5-
siRNA-SP1) and incubated with the cells for 12 h. The cells were observed by the confocal microscope at 633 nm laser excitation. The nuclei were stained with DAPI
(blue). Scale bar =20 mm. B, The fluorescence intensity of siRNA in A549 cells analyzed by ImageJ software. * p < 0.05. C, The Venn map of lung cancer-related
genes by screening through GeneCards database, CTD database and Phenolyzer database. D, The pathway result map of enrichment analysis of lung cancer-related
genes screened by Metascape. E, Transcription factors from Metascape enrichment analysis of lung cancer-related genes. F, The Venn map of the intersection of
transcription factors obtained by enrichment analysis and lung cancer-related genes. G, Expression of SP1 mRNA in A549 cells after transfection analyzed by RT-
qPCR. * p < 0.05 compared with the control group. H, The expression of SP1 protein including [SP1 (90 kDa) and p-actin (42kDa)] in A549 cells detected by
Western blot analysis. * p < 0.05 compared with the control group. The data results were measurement data, which were expressed by mean + standard deviation.
One-way ANOVA or repeated measurement ANOVA was applied for comparison among multiple groups, followed by Tukey’s post-hoc test. The experiment was

repeated three times.

Results
Characterization of AuNPs-si-SP1 was observed

SP1 was overexpressed in a variety of tumors such as lung cancer
[10], which was an unfavorable prognostic factor for survival. SP1
siRNA was prepared to inhibit the expression of SP1 to study whether it
could affect the radiosensitivity of lung cancer, and further explore the
corresponding mechanism. However, pure siRNA could not be effec-
tively transfected into cells to achieve gene silencing effect. AuNPs
possess the advantages of small size, good biocompatibility, and low
cytotoxicity, which can effectively improve the accumulation of drugs in
tumor sites. Therefore, AuUNPs were chosen to combine with SP1 siRNA
through non covalent interaction to synthesize AuNPs-si-SP1 for sub-
sequent experiments. Under TEM images, AuNPs-si-SP1 was spherical
with a diameter of 12.78 +0.29 nm (Fig. 1A). The AuNPs-si-SP1 was
highly dispersed, arranged on the support film in the form of single
particles or short chains, and separated by a clear visible space of
2.11 + 0.23 nm. Importantly, even if some chains formed inconsistent
"patterns", there was always a certain space between the particles, which
clearly indicated the existence of siRNA layer. In addition, the charge of
the main part (=~ 90% of the average zeta potential) of AuNPs-si-SP1 was
—39.01 + 2.46 mV (The main peaks are shown in Fig. 1B). Besides, there
were particles with charge value of —105.27 +9.61 mV, which

accounted for 9-11% of the average zeta potential. The average poten-
tial value depended on the charge of the total siRNA molecules bound by
AuNPs, suggesting that a small number of AuNPs bound to a large
number of siRNA molecules. The UV-Vis absorption spectrum (Fig. 1C)
showed that there was a characteristic absorption peak of AuNPs at
513 nm, while the maximum absorption peak of AuNPs-si-SP1 was red
shifted at 524 nm, which might be due to the shift of surface plasmon
resonance after the adsorption of siRNA.

Next, the best mass ratio of AuNPs to siRNA-SP1 was optimized by
gel electrophoresis. As manifested in Fig. 1D, pure siRNA as control had
obvious fluorescence. On the contrary, the fluorescence gradually
decreased with the increase of mass ratio, indicating that AuNPs
absorbed more siRNA to reduce the remaining siRNA in the supernatant
after centrifugation. When the mass ratio exceeded 1, there was almost
no fluorescence in siRNA bands, which meant that there was a strong
binding affinity for siRNA. In addition, the loading rate of siRNA was
about 90% by calculating the fluorescence of Cy5-siRNA. The results of
the serum stability test and in vivo rapid clearance of si-SP1 and AuNP-si-
SP1 from kidney are shown in Figure S1.

AuNPs-si-SP1 could be internalized by A549 cells and be adopted for gene
silencing

In order to study the cell uptake ability of siRNA, A549 cells were
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Fig. 3. AuNPs-si-SP1 augments radiosensitization of A549 cells. A, CCK-8 results of A549 cells treated with different concentrations of AuNPs-si-SP1 for 24, 48 and
72 h. B, Colony formation assay to detect the number of clones of A549 cells after different treatments. C, Colony formation curve in colony formation experiment. D,
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followed by Bonferroni post-hoc test. The experiment was repeated three times.

incubated with pure siRNA-SP1 and AuNP-si-SP1 for 12 h to investigate
the uptake of si-SP1. The 5’ end of the sense strand of siRNA-SP1 was
labeled with Cy5 dye (excitation/emission at 649/670 nm) (Cy5-siRNA-
SP1) for visualization. The results showed that the amount of AuNP-si-
SP1 entering eA549 cells was 5.5 times more than that of free siRNA
(Fig. 2A-B). These results suggested that AuNPs could promote the up-
take of si-SP1 by cells.

At the same time, bioinformatics analysis was carried out to further
research the relationship between SP1 and lung cancer and the mech-
anism of downregulated SP1 in radiosensitivity. The lung cancer-related
genes were obtained by GeneCards database (the top 500 related genes),
CTD database (genes with inference Score > 130), and Phenolyzer
database (genes with Score > 0.3). The jvenn tool was employed to get
59 lung cancer candidate targets from the intersection of the results of
these databases (Fig. 2C). Based on the result of Metascape, the target
genes were mainly involved in the signal pathways such as Prostate
cancer, Hepatitis B, Endocrine resistance, Small cell lung cancer, and
EGFR tyrosine kinase inhibitor resistance (Fig. 2D). The target genes
were mainly manipulated by transcription factors such as TP53, RELA,
SP1, STAT3, NFKB1, and ESR1 (Fig. 2E). The top 20 transcription factors
screened were intersected with candidate target genes of lung cancer to
gain 11 transcription factors (Fig. 2F). Radiotherapy-related gene
expression dataset GSE73095 for lung cancer was gained by GEO
database. The differential analysis of GSE73095 was carried out, among
which SP1 was downregulated after radiotherapy (Table S2).

The knockout effect of AuNPs-si-SP1 complex was evaluated by
measuring SP1 gene silencing in A549 cells. RT-qPCR was performed to
verify the inhibitory effects of AuNPs-si-SP1 at different concentrations
(5nM, 10nM, and 20 nM) on the expression of SP1 in A549 cells, of

which 20nM had the strongest inhibitory effect on SP1 expression
(Figure S2), which was selected for the subsequent experiments.
Compared with the untreated controls, AuNPs-si-SP1 (equivalent to
20 nM siRNA) significantly inhibited the expression of SP1 mRNA and
downregulated SP1 mRNA by 75% (Fig. 2G). Free siRNA showed a slight
inhibition, and the expression of SP1 mRNA decreased by 17%. The
expression of SP1 protein in A549 cells treated with AuNPs-si-SP1 was
also significantly lower than that in untreated control A549 cells and
free siRNA-treated A549 cells (Fig. 2H). These results suggested that
gene silencing mediated by AuNPs-si-SP1 could effectively inhibit SP1
expression.

AuNPs-si-SP1 enhanced the radiosensitization of A549 cells

Based on the excellent gene silencing effect of AuNPs-si-SP1, the
radiosensitivity of A549 cells after inhibiting SP1 was further investi-
gated. The optimal transfection time was optimized by CCK-8 method.
A549 cells were treated with different concentrations of AuNPs-si-SP1
for 24 h, 48 h and 72 h, respectively. Then cell viability was
measured. It was displayed in Fig. 3A that different concentrations of
AuNPs-si-SP1 slightly reduced the survival rate of tumor cells, because
the down-regulation of SP1 mediated by AuNPs-si-SP1 inhibited the
proliferation of tumor cells. In addition, when AuNPs-si-SP1 was
transfected into A549 cells for 48 h and 72 h, there was no significant
difference in cell viability, so the co-transfection time was 48 h in the
next experiment.

The radiosensitization ability of AuNPs-si-SP1 was determined by
clonal survival assay, and the survival fraction was calculated. The cell
survival curve was drawn to explore the optimal X-ray radiation dose.
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Fig. 3B shows the degree of cell formation in each group. Compared with
the radiotherapy group, the AuNPs-si-SP1 + radiotherapy group had the
strongest inhibitory effect on cell formation, which was positively
correlated with the concentration of AuNPs-si-SP1. The cell survival
curve is shown in Fig. 3C. Radiotherapy obviously inhibited A549 cells
at 6 Gy compared with 0 Gy, 2 Gy, and 4 Gy, and A549 survival rate
decreased with the increase of radiation dose and concentration
(Fig. 3C, black line). However, when the cells were treated with AuNPs-
si-SP1 at different concentrations combined with radiotherapy, the
survival rate of A549 cells decreased potently, and the survival curve of
A549 cells moved down as a whole in contrast to the radiotherapy
group. Among them, 20 nM AuNPs-si-SP1 + radiotherapy showed the
best ability to inhibit cell survival, so 6 Gy radiation dose was selected
for subsequent experiments. Moreover, the SER of AuNPs-si-SP1 at
10nM and 20nM were 2.09 and 2.13 respectively, which further
improved the sensitivity efficiency compared with 5nM. Then, the
experiment was carried out with 20 nM AuNPs-si-SP1. It can be seen that
AuNPs-si-SP1 had obvious radiosensitization effect on A549 cells.
CCK-8 method was employed to evaluate the viability of X-ray
irradiated-cells after the cells were treated with different concentrations
of AuNPs-si-SP1 (Fig. 3D). The cell growth was inhibited by treating
with 10 nM AuNPs-si-SP1, and the survival rate was about 85.58% =+
2.06%. After irradiation alone, the cell survival rate abated to
82.05 £ 1.45%. Nevertheless, when the cells were treated with AuNPs-
si-SP1 + irradiation, the cell survival was decreased notably as
compared with the AuNPs-si-SP1 group. The inhibition rate ascended
with the increase of AuNPs-si-SP1 concentration. The killing rate of
5nM, 10nM, and 20nM AuNPs-si-SP1 combined with irradiation

increased respectively by 2.02, 2.44 and 3.08 times in comparison with
radiotherapy alone, which suggested that AuNPs-si-SP1 could promote
the killing effect of radiotherapy in a dose dependent manner.

Furthermore, Annexin V-FITC and PI double staining were employed
to detect apoptosis by flow cytometry. As shown in Fig. 3E, the number
of apoptotic cells treated with AuNPs-si-SP1 or radiotherapy alone was
higher than that of control cells. Importantly, the percentage of
apoptotic cells after treatment with AuNPs-si-SP1 combined with
radiotherapy increased by 13.33% compared with radiotherapy alone,
suggesting that AuNPs-si-SP1 (20 nM) could effectively promoted the
radiosensitivity of lung cancer cells.

AuNPs-si-SP1 enhanced radiosensitization of A549 cells by upregulating
GZMB

Based on the excellent radiosensitization effect of AuNPs-si-SP1, it
was necessary and beneficial to explore its mechanism. Fig. 4A indicated
that compared with control cells, A549 cells treated with AuNPs-si-SP1
or radiotherapy alone showed only a small amount of red fluorescence in
the nucleus. However, when cells were treated with AuNPs-si-SP1
combined with radiotherapy, more red fluorescence was observed,
most of which was overlapped with nuclear fluorescence. It clearly
showed that DNA double strand breaks (DSBs) induced by radiotherapy
were aggravated by the presence of AuNPs-si-SP1, and it also proved the
radiosensitization of AuNPs-si-SP1 in lung cancer cells.

Next, the effect of AuNPs-si-SP1 on cell cycle was studied. A549 cells
were arranged into two groups including the PBS group (the control
group) and the serum-free medium encompassing 20 nM AuNPs-si-SP1
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Fig. 5. Bioinformatics analysis demonstrates that SP1 may orchestrate GZMB in lung cancer. A, Heat map of DEGs in lung cancer radiotherapy gene expression
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cancer sample, and red indicated the sample after radiotherapy. E, Survival analysis of GZMB gene in lung adenocarcinoma of TCGA. The abscissa and ordinate
represented survival time and survival rate respectively. Red represented samples with high expression of GZMB and blue represented samples with low expression of
GZMB. F, The binding sites of transcription factor SP1 and gene GZMB predicted by JASPAR database. Kaplan-Meier method was used to count the survival rate of
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group. Then cell cycle was surveyed by PI staining. Cell cycle distribu- si-SP1 group was slightly lower than that in the control group, but no
tions of the control group and the AuNPs-si-SP1 group are shown in statistically significant difference was found in S phase between two
Fig. 4B respectively. The number of cells in G0/G1 phase in the AuNPs- groups. The sensitive phase of cells to irradiation is G2/M phase.
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Meanwhile, the G2/M ratio of A549 cells increased evidently after in-
cubation with AuNPs-si-SP1 for 24 h. Western blot analysis was per-
formed to determine the expression of G2/M block-related proteins
(CDK1, CDC25C, and CyclinBl) and apoptosis-related proteins
(Cleaved-PARP1, Cleaved-Caspase3, Caspase-8, and Cleaved-Caspase-9)
in the control group and AuNPs-si-SP1 group (Fig. 4C, D), which
revealed that compared with the control group, the protein expression of
CDK1, CDC25C and CyclinB1 was significantly reduced, while Cleaved-
PARP1, Cleaved-Caspase3, Caspase-8 and Cleaved-Caspase-9 levels
were increased in the AuNPs-si-SP1 group. Collectively, AuNPs-si-SP1
could promote the transformation of cells from S phase to G2/M phase
to enhance the radiosensitivity and apoptosis of A549 cells.
Bioinformatics analysis was performed to explore the mechanism of
downregulated SP1 to increase radiosensitivity. The gene expression
dataset GSE73095 for lung cancer before and after radiotherapy was
obtained from GEO database. The DEGs were screened, which gained 71
DEGs (Fig. 5A). The interaction of these 71 genes was analyzed to
construct the gene interaction network (Fig. 5B). The degree value of
each gene in the network was calculated (Fig. 5C). The results found that
the degree value of 7 genes was greater than 5. Among these 7 genes, the
differential expression of GZMB in GSE73095 dataset was the most

notable (Fig. 5D, Table S3), illustrating that GZMB was related to
radiotherapy. The survival analysis of GZMB in lung adenocarcinoma
samples collected by TCGA displayed that the overall survival rate of
patients with high expression of GZMB was strikingly higher than that of
patients with low expression of GZMB (Fig. 5E), which demonstrated
that GZMB could effectively improve the prognosis and survival of pa-
tients. The binding sites of transcription factor SP1 and gene GZMB were
predicted by JASPAR database (Fig. 5F). According to the above result,
SP1 could regulate GZMB to influence the prognosis, survival and
radiosensitivity of lung cancer patients.

The DNA binding ability of SP1 to gene GZMB detected by ChIP assay
is depicted in Fig. 6A. The amount of GZMB enriched in the SP1 group
was notably more than that in the IgG group. The mRNA and protein
expression and the killing effect of radiotherapy were analyzed through
RT-qPCR, Western blot analysis, and CCK-8 assay and plate cloning
experiment to verify the effect of SP1 on radiosensitivity by mediating
GZMB. At this time, AuNPs combined with different siRNA were selected
for the experiment. A549 cells were grouped into the control group, the
AuNPs-si-SP1 group, and the AuNPs-si-SP1 + AuNPs-si-GZMB group.
Lower mRNA expression of SP1 (Fig. 6B) and higher GZMB expression
(Fig. 6B, C) in the AuNPs-si-SP1 group were observed in contrast to the
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control group, suggesting that silencing SP1 could upregulate GZMB in
lung cancer cells. In comparison with the AuNPs-si-SP1 group, the
mRNA expression of SP1 in the AuNPs-si-SP1 + AuNPs-si-GZMB group
had no markedly change, but the expression of GZMB was remarkably
decreased. A549 cells in the control group, the AuNPs-si-SP1 group, and
the AuNPs-si-SP1 + AuNPs-si-GZMB group were irradiated at single dose
of 6 Gy X-ray. As reflected by CCK-8 assay, compared with the AuNPs-si-
SP1 + radiotherapy group, the cell survival rate in the AuNPs-si-
SP1 + AuNPs-si-GZMB + radiotherapy group was strikingly augmented
(Fig. 6D), indicating that simultaneous downregulation of SP1 and
GZMB could reduce the radiosensitivity of lung cancer cells. Subse-
quently, A549 cells in the AuNPs-si-SP1 group and the AuNPs-si-
SP1 + AuNPs-si-GZMB group were irradiated with different doses of X-
ray. The result of plate cloning experiment exhibited that with the in-
crease of radiation dose, the proliferation of cells in AuNPs-si-
SP1 + AuNPs-si-GZMB group decreased more slowly (Fig. 6E). After
simultaneous silencing SP1 and GZMB, the sensitivity of A549 cells to X-
ray irradiation dropped, indicating that down-regulation of GZMB
reversed the role of silencing of SP1. Collectively, SP1 silencing could
upregulate GZMB to strengthen the radiosensitivity of lung cancer cells.

AuNPs-si-SP1 enhanced the radiosensitivity of A549 subcutaneous tumor

In view of the excellent radiosensitization effect of AuNPs-si-SP1 in
vitro and its mechanism, the tumor growth retardation experiment was
carried out in subcutaneous tumor bearing mice. As for the Fig. 7A,
AuNPs-si-SP1 slightly delayed tumor growth compared with PBS or
AuNPs group. However, all radiation groups showed different degrees of
inhibition on tumor growth. Specifically, compared with radiotherapy
alone, the tumorigenicity of radiotherapy-treated nude mice injected
with AuNPs-si-SP1 was significantly reduced, showing the optimal anti-
tumor effect. It indicated that AuNPs-si-SP1 markedly increased radio-
sensitization of mice with lung cancer during radiotherapy.

As described in Fig. 7C, AuNPs-si-SP1 or radiotherapy alone could
inhibit tumor formation respectively. When AuNPs-si-SP1 combined
with radiotherapy, the weight of tumor was the lightest, which also
authenticated the radiosensitization effect of AuNPs-si-SP1. H&E stain-
ing (Fig. 7D) documented that the tumor cells in the PBS or AuNPs group
had obvious cellular atypia because cells were closely arranged with
large nucleus and few cytoplasm. In other groups, tumor cells were
relatively reduced and replaced by fibrous tissue, especially in AuNPs-si-
SP1 + radiotherapy group. TUNEL results (Fig. 7D) also depicted that
the number of red fluorescence was the largest in AuNPs-si-
SP1 + radiotherapy group, which caused severe tumor cell apoptosis,
further certificating its ideal radiosensitivity effect. The weight changes
of mice treated with different methods were observed, and no significant
weight changes were observed during the experiment (Fig. 7B). H&E
staining indicated that there was no obvious histopathological abnor-
mality and pathological changes in normal tissues of mice after injection
of AuNPs-si-SP1Q for 24 h (Figure S3). Meanwhile, the results of blood
analysis and biochemical tests stated that there was no obvious physi-
ological toxicity in mice treated with AuNPs-siRNA for 24 h (Figure S4).
Conclusively, there was no side effect using AuNPs-si-SP1.

The protein expression of SP1 and GZMB in solid tumors was
investigated to research the mechanism of AuNPs-si-SP1 increasing
radiosensitivity through GZMB. It could be seen from Fig. 7E that after
treatment with AuNPs-si-SP1 or radiotherapy alone, the expression of
SP1 protein in solid tumors was strikingly decreased, while the expres-
sion of GZMB protein was rose. In particular, AuNPs-si-SP1 + radio-
therapy group had decrease of the expression of SP1 and upregulation of
GZMB. Taken together, AuNPs-si-SP1 could increase the radiosensitivity
through the SP1/GZMB axis, and the system could be used as a radio-
sensitizer with excellent radiotherapy effect and low side effects.
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Discussion

Radioresistance usually occurs and causes failure of radiotherapy for
patients with lung cancer, so it is crucial to elucidate the mechanism of
radioresistance in lung cancer [12]. AuNPs have been widely employed
in biomedical fields including biosensing, diagnosis, and drug delivery
thanks to their unique optical, electronic, sensing, and biochemical
characteristics [13]. Moreover, AuNPs are able to a serve as a radio-
sensitizer in cancer radiation therapy [14]. In this context, our research
was implemented to investigate the role of AuNPs in radiosensitivity for
lung cancer via siRNA-SP1 delivery. Consequently, we observed that
AuNPs-si-SP1 decreased SP1 expression to upregulate GZMB, thus
facilitating radiosensitivity of lung cancer in vivo and in vitro.

Initially, our data demonstrated that AuNPs could load siRNA-SP1,
which were internalized by A549 cells, and that compared with free
siRNA-SP1, AuNPs-si-SP1 (equivalent to 100 nm siRNA) better sup-
pressed SP1 mRNA and protein expression. AuNPs act as multifunctional
therapeutics for cancer therapy through targeted delivery systems
(anticancer agents, nucleic acids, biological proteins, and vaccines)
[15]. Importantly, AuNPs possess the potential of targeted delivery of
therapeutic siRNAs because they are capable of protecting siRNA against
degradation [8]. For instance, a prior research exhibited that AuNPs
loaded with EpCAM siRNA were obviously internalized in the retino-
blastoma cells to downregulate EpCAM expression [16]. Another work
manifested that siRNA designed against an oncogene c-Myc could be
delivered by AuNPs into liver cancer cells to function as a candidate for
anti-liver cancer therapy [17]. Also, the research conducted by Labala
et al. elucidated that STAT3 siRNA-loaded AuNPs better reduced STAT3
protein expression and elevated cell apoptosis in B16F10 murine mel-
anoma cells in contrast to also STAT3 siRNA treatment [18]. These data
supported the delivery capacity of AuNPs for siRNAs into recipient cells.

Moreover, we also observed in our study that AuNPs-si-SP1
augmented radiosensitivity of lung cancer cells, accompanied by
decreased cell viability and survival but increased cell cycle arrest, cell
apoptosis and SER. It was widely recognized that AuNPs could be
applied for radio-enhancement [19]. Also, it has been identified that
AuNPs enhanced a multimodal synergistic cancer therapy strategy by
co-delivering  thermo-chemo-radio  therapy [20]. Besides,
radio-sensitization efficacy of AuNPs has been clarified in inhalational
nanomedicine of lung cancer treatment [21]. Furthermore, Pandey et al.
uncovered that AuNPs enhanced radio-sensitization of lewis lung cancer
cells by diminishing cell survival, which was coincident with our result
[22]. Notably, SP1 expression was high in lung cancer tissues, and that
SP1 silencing repressed lung cancer cell proliferation, and accelerated
cell cycle arrest and apoptosis [23]. A prior work ascertained depressed
NSCLC cell proliferation and metastasis and blocked cell cycle on G1
phase after SP1 silencing [24]. In the present study, we adopted 6 Gy
radiation. Consistently, 6 Gy radiation could achieve the killing effect at
a dose of 6 Gy [25, 26].

As a transcription factor, SP1 bind to promoter, DNA tracts, and
compete for binding of genes to repress gene expression [27]. The final
finding in our research was that SP1 acted as transcription factor to
suppress GZMB expression, thus repressing radiosensitivity of lung
cancer cells by elevating cell viability and survival but diminishing cell
cycle arrest, cell apoptosis and SER. SP1 elevation occurred in
liquid-based cells from bronchial brushings in patients with lung cancer
[10]. It was detected in a prior work that GZMB was upregulated in B16
melanoma cells after treatment with anti-PD-1 [28]. Moreover, it was
indicated by another research that GZMB upregulation caused the sus-
ceptibility of NSCLC cells to NK cell-orchestrated killing [11]. Impor-
tantly, GZMB downregulation was discovered to be associated with
progression-free survival of NSCLC patients [29]. In line with our
finding, a previous research unraveled that GZMB knockdown could
slow the Jurkat cell apoptosis during hand, foot, and mouth disease
[30]. Also, GZMB activated p53 to interact with Bcl-2 to enhance
cytotoxic lymphocyte-mediated apoptosis [31]. More importantly,
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Fig. 8. Radiosensitizing effect of AuNPs-si-SP1 on lung 721 cancer by up-regulating GZMB.

Carnevalli et al. found that chemotherapeutic agent 5-fluorouracil
(5-FU) treatment accelerated GZMB production in hematopoietic stem
cells (HSCs), and that GZMB-deficient mice were more resistant to serial
5-FU treatments by increasing proliferation [18].

Conclusions

This study, for the time, developed a novel nanocomposite
combining SP1 siRNA with AuNPs and investigated the radiosensitizing
potential of AuNPs-si-SP1 for lung cancer (Fig. 8). AuNPs-si-SP1 caused
upregulation of GZMB to slow cell viability and survival but accelerating
cell cycle arrest, cell apoptosis and SER. Both in vitro and in vivo ex-
periments unveiled that AuNPs-si-SP1 could facilitate radiosensitivity of
lung cancer and have a therapeutic potential for lung cancer.
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