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miR-7/SP1/TP53BP1 axis may play a pivotal
role in NSCLC radiosensitivity
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Abstract. MicroRNA-7 (miR-7) has been identified as a tumor
suppressor in non-small cell lung cancer (NSCLC) and a
radiosensitivity regulator. Numerous studies have revealed that
specific protein 1 (SP1) plays a critical role in the tumorigen-
esis of various types of cancers and regulates radiosensitivity
and tumor suppressor p53-binding protein 1 (TP53BP1),
which plays an essential role in DNA repair. However, it is
not clear whether miR-7 has a regulatory effect on SP1 and
TP53BP1 in NSCLC. In the present study it was revealed that
miR-7 directly binds to the 3'UTR of SP1, thereby suppressing
SP1 expression to regulate radiosensitivity. Overexpression
of miR-7 and SP1 and knockdown of miR-7 and SP1 were
performed using lentiviral transfection. Protein and mRNA
abundance of SP1 and TP53BP1 were determined using
western blotting and RT-qPCR, respectively, while miR-7
binding to SP1 was validated using a luciferase reporter assay.
Biological function analysis indicated that miR-7 negatively
regulated SP1 and inhibited cell proliferation, migration, and
invasion when combined with radiation. It was also revealed
that the expression of TP53BP1 was positively regulated by
SP1 or negatively regulated by miR-7. In conclusion, SP1 was a
target of miR-7, and the decreased expression of SP1 resulting
from miR-7 overexpression in NSCLC was vital for improving
radiosensitivity in NSCLC cells. Moreover, SP1 expression
was detected in 95 paired NSCLC and adjacent normal tissues,
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and it was determined that SP1 was significantly upregulated
in NSCLC tissues and that its upregulation was correlated with
the degree of tissue differentiation. Thus, SP1 and/or miR-7
may be potential molecular targets in NSCLC radiotherapy.

Introduction

Lung cancer accounts for nearly 20% of cancer-related deaths
worldwide, and the high incidence and mortality of lung
cancer, with 2.1 million new cases and 1.8 million deaths
in 2018, indicate the importance of etiological and therapeutic
research (1). In all lung cancer cases, non-small cell lung
cancer (NSCLC) accounts for approximately 80% of the
cases (2). Radiotherapy, as a critical treatment for inoperable
and postsurgical NSCLC patients, has been the main focus in
the past decades (3).

MicroRNA (miR) functions as either a tumor suppressor or
oncogene due to its direct involvement in cancer initiation and
progression through regulation of the expression of essential
cancer-related genes (4-6). MicroRNA-7 (miR-7) has been
identified as a tumor suppressor in several human cancers.
In studies with 41 and 128 pairs of cancer and adjacent
tissues, Xiong et al (7) and Su et al (8), respectively, revealed
that miR-7 was decreased in NSCLC. miR-7 also increased
the radiosensitivity of human cancer cells by enhancing the
epidermal growth factor receptor (EGFR) signaling pathway.
Lee et al revealed that targeting the miR-7-EGFR network
overcame the resistance of X-ray radiotherapy (9). EGFR is
expressed in various normal tissues, such as the skin, lung,
liver and colon, and the potential pan-effects of EGFR targets
require the identification of additional methods by which
to regulate radiosensitivity (10). Thus, it is highly valuable
to identify more miR-7 target genes as therapeutic targets.
However, the regulatory mechanisms of miR-7 and its target
genes remain unclear in the radiosensitivity of NSCLC.

Specific protein 1 (SP1) has been revealed to play
critical roles in tumorigenesis, promote the repair of DNA
double-strand breaks (DSBs) and regulate the radiosensitivity
of tumors (11). Following SP1 silencing, cells were revealed to
be more sensitive to DNA damage, and the foci degradation of
v-H2AX was delayed (12). In addition, SP1 silencing has been
revealed to result in abnormal chromosome accumulation,
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suggesting that SP1 plays a vital role in DSB repair because
SP1 often accumulates at damaged sites of DNA (13). Multiple
genes involved in the cell cycle, differentiation, and onco-
genesis are regulated by the SP1 protein (14). In lung cancer
cells, SP1 overexpression influenced the chemotherapeutic
resistance by upregulating the expression of the ATP-binding
cassette transporter G2 (ABCG2) (15). Tumor suppressor
p53-binding protein 1 (TP53BP1) participates in the cellular
response to DNA damage and plays an essential role in DNA
repair (16,17) Ward created a TP53BP1-deficient mouse
model and found that mice lacking TP53BP1 were sensitive to
radiation. Yang et al confirmed that the suppression of BMI-1
(B-cell-specific Moloney murine leukaemia virus integration
site-1) increased the radiosensitivity of esophageal carcinoma
through regulation of TP53BP1 (18). As a transcription regu-
lator, SP1 is involved in the regulation of downstream gene
expression, and the binding sites of SP1 were predicted to be
within the promoter region of TP53BP1 (http://genexplain.
com/transfac/) (19). However, SP1 has not been investigated in
the radioresistance of NSCLC. Additionally, it remains unclear
whether miR-7 has a regulatory effect on SP1 and TP53BP1
in NSCLC.

Herein, it was hypothesized that miR-7 increased radiosen-
sitivity in NSCLC by downregulating SP1 and TP53BP1.

Materials and methods

Cell lines. A549 and SK-MES-1 cells were purchased from the
Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences, China. In addition, 293T cells were obtained from
Dr Yu Tao, a researcher from China Medical University. A549
(adenocarcinoma) cells were grown in F-12 medium, and
SK-MES-1 (squamous carcinoma) cells were grown in MEM
medium. Additionally, 293T cells were grown in DMEM
medium. All cells were grown at 37°C in a humidified atmo-
sphere of 5% CO,. All the media contained 10% fetal bovine
serum (FBS), and were obtained from Gibco; Thermo Fisher
Scientific, Inc.

Tissue collection. The Biomedical Ethics Committee
of the Fourth Affiliated Hospital of China Medical
University approved the present study (Institutional Review
Board-approved protocol no. 2014-039). All relevant patients
provided written informed consent, and the collection of
specimens was performed according to the Declaration
of Helsinki. In total, 95 matched paraffin sections and 8
pairs of NSCLC tissues and adjacent normal tissues (=5 cm
from the NSCLC tissue) were obtained from patients
who received surgical resection at The Fourth Affiliated
Hospital to China Medical University from May 2008 to
June 2018. All patients provided informed consent and
did not undergo radiotherapy or chemotherapy before the
operation. The age of the patients ranged from 31-76 years
old, with a median age of 63+8.96 years, including
24 females and 71 males. Staging was performed according
to the UICC/AJCC (8th edition) TNM staging system for
lung cancer (20). Organizational credit types were deter-
mined according to the standards provided by the World
Health Organization (2015) (21). The selection criteria were
as follows: i) all paraffin specimens were NSCLC with a
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definite pathological diagnosis after operation; and ii) all
samples had complete clinical data.

RNA extraction, reverse transcription-quantitative PCR
(RT-qPCR) for miRNA expression, and mRNA expression.
Total RNA from tissues and cells was extracted with the Eastep
Super Total RNA Extraction Kit (Promega Corporation).
Every step was performed on ice and according to the protocol
of the kit. The 175 mg/ml tissue lysate was prepared from the
tissue preserved in liquid nitrogen. We collected 3-5x10° cells
or 150 pl tissue lysate from the logarithmic growth period into
an EP tube. Then, 300 x1 RNA lysate was added to the EP tube,
which was followed by centrifugation at 12,000 x g for 5 min at
4°C.The upper liquid was absorbed and added to a new EP tube,
followed by the addition of anhydrous ethanol, mixing, and the
addition of the mixture to the centrifugal column/collection
tube. The sample was set aside and centrifuged at 12,000 x g,
for 5 min at 4°C, according to the described steps, the filtrate
was discarded, and 50 1 DNA enzyme I incubation liquid was
added to the centrifugal column. The sample was incubated on
ice for 15 min, followed by the addition of 600 x1 RNA to the
centrifugal column and centrifugation twice. The centrifuga-
tion column was moved to the elution tube, and 10-30 pl of
nuclease-free water was added to the center of the centrifugal
column membrane and allowed to sit on ice for 2 min. It was
then centrifuged at 12,000 x g for 1 min at 4 °C to obtain
RNA. The purity and concentration of the A260/A280 ratio of
RNA detected using a spectrophotometer was between 1.9-2.1,
and the concentration was higher than 0.1 pg/ul. For miRNA
expression, total RNA (1-3 ug) was converted to cDNA using
the Hairpin-it microRNA and U6 snRNA Normalization
RT-PCR Quantitation Kit (Shanghai GenePharma Co., Ltd.).
For each sample, quantitative PCR (QPCR) was performed in
triplicate on an ABI 7500 thermocycler (Applied Biosystems;
Thermo Fisher Scientific, Inc.) after reverse transcription. For
mRNA expression, the total RNA (0.5 ug) was converted to
cDNA for each sample using the Primer Script RT Reagent Kit
(Takara Biotechnology Co., Ltd). In each sample, RT-qPCR
was performed in triplicate with SYBR Premix Ex Taq II
(Takara Biotechnology Co., Ltd). The sequences of the oligo-
nucleotide primers are summarized in Table I. The primer
oligonucleotides were purchased from Takara Biotechnology
Co., Ltd. gPCR for miRNA, thermocycling conditions were
as follows: 95°C for 3 min and 40 cycles at 95°C for 12 sec,
and 62°C for 40 sec. qPCR for mRNA thermocycling condi-
tions were as follows: 95°C for 30 sec and 40 cycles at 95°C
for 5 sec, and 60°C for 34 sec. All data were analyzed using
2-48C method (22)

SPI expression and the correlation with TP53BPI.
UALCAN (23) (http://ualcan.path.uab.edu/) was used to obtain
SP1 transcript and protein expression data of lung adenocar-
cinoma (LUADC) and lung squamous cell cancer (LUSCC).
The GEPIA database (24) (http://gepia.cancer-pku.cn) was
used to collect correlation data between SP1 and TPS3BP1 in
LUADC, LUSCC, and lung tissues.

miRNA target prediction. Putative target genes of miR-7
were identified using five miRNA databases: TargetScan (25)
(http://www.targetscan.org/mamm_31/); PicTar (26)



Bzl SPANDIDOS
7] .§, PUBLICATIONS

Table I. The sequences of oligonucleotide primers.

Gene Oligonucleotide primers

miR-7 F: 5'-ACGTTGGAAGACTAGTGATTT-3'
R: 5'-TATGGTTGTTCTGCTCTCTGTCTC-3'
U6 F: 5'-ATTGGAACGATACAGAGAAGATT-3'

R: 5'-GGAACGCTTCACGAATTTG-3'

SP1 F: 5-GACTAGGGCTGCAAGTAGTGAGGA-3'
R: 5-GGAAACTGGAGCACTGGGTAGAC-3'

TP53BP1 F: 5-AGCAGGAGCTGGCTATATCCTTGA-3'
R: 5-GACAATGCTGATCCGCAATTAGAA-3'

GAPDH  F: 5-TCCTGTGGCATCCACGAAACT-3'

R: 5'-GAAGCATTTGCGGTGGACGAT-3'

miR-7, microRNA-7; SP1, specific protein 1; TP53BP1, tumor
suppressor pS3-binding protein 1; F, forward; R, reverse.

(https://pictar.mdc-berlin.de); RNAhybrid (27) (https://bibiserv.
cebitec.uni-bielefeld.de/rnahybrid/); miRanda (28) (http://
www.microrna.org/microrna/home.do); and miRbase (29)
(http://www.mirbase.org).

Luciferase assay. The pGL3-conSP1-3'-UTR-Wtl
(1152-1159), pGL3-conSP1-3'-UTR-Wt2 (4319-4325), pGL3-
con-SP1-3'-UTR-Mutl, and pGL3-con-SP1-3'-UTR-Mut2
reporter plasmids, as well as the control Renilla luciferase
pRL-TK vector were purchased from Genomeditech.
The LV-hsa-miR-7 and negative control CON238
(Ubi-MCS-SV40-EGFP-IRES-puromycin) were used to
establish miR-7-overexpressing and control 293T cells. The
reporter plasmids were transfected into 293T cells with
Lipofectamine 2000 (Thermo Fisher Scientific,Inc). After48 h,
the cells were collected, lysed and centrifuged in 12,000 x g,
and the supernatant was collected. The Dual-Luciferase
Reporter Assay System (Promega Corporation) was used to
perform the luminescence analysis.

Lentivirus transfection. LV-hsa-miR-7 (miR-7), negative
control CON238 (Ubi-MCS-SV40-EGFP-IRES-puromycin),
LV-hsa-miR-7-inhibitor (miR-7-inhibitor) and negative control
CON137 (hU6-MCS-Ubiquitin-EGFP-IRES-puromycin) were
designed and synthesized by Shanghai GenePharma Co.,
Ltd. The LV-shRNA against SP1 mRNA (sh-SP1), control
pGMLV-SC5 RNAi (U6-CMV-EGFP-PGK-Puromycin),
LV-SPl-overexpression, and overexpression control
PGMLV-4931 (CMV-MCS-3Flag-PGK-Puromycin) were
designed and synthesized by Genomeditech. The manufac-
turer's protocol was followed to transfect the cells when the
confluence rate was 30-50%. The transfection efficiency was
detected using fluorescence microscopy. Western blotting or
real-time PCR were used to measure the expression efficiency.
RNA was extracted 24 h later and total proteins 48 or 72 h
later after transfection. The target sequence of short hairpin
RNA for miR-7 was: 5-“TTCTCCGAACGTGTCACGT-3'
Furthermore, the sequences of the oligonucleotide primers for
hsa-miR-7 were as follows: Forward (F), 5'-GAGGATCCC
CGGGTACCGGCCAAGCAAACTTCTCATTTCTC-3' and
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reverse (R), 5'-“-CACACATTCCACAGGCTAGGGAATTGA
AAGTTGTTAATATTTG-3'". The target sequence of short
hairpin RNA for SP1 was: 5-GCGTTTCTGCAGCTACCT
TGA-3'and the sequences of the oligonucleotide primers for SP1
were as follows: F, 5-CCGCTCGAGGCCACCATGAGCG-3'
and R, 5-CCGGAATTCgtGAAGCCATTGCCACTGATA
TTAATGG-3'

Cell proliferation assay. Cells were seeded in a 96-well plate
(2,000 cells/well). Two groups were established, namely the
irradiated and non-irradiated groups, and each group had five
replicates. After adherence, cells were subjected to irradiation
with 2 Gy, as well as at 0, 24, 48, and 72 h after irradiation,
or with 2, 4, 6, and 8 Gy at 24 h after irradiation, after which
10 ul of the Cell Counting Kit-8 (CCK-8) reagent (Dojindo
Molecular Technologies, Inc.) was added to each well followed
by a 1- to 4-h incubation and determination of the absorbance
at 450 nm on a microplate reader. Cell survival was calculated
according to the following formula: Cell viability = (OD value
in the irradiation group - OD of blank)/(OD in the non-irra-
diation group - OD of blank). A cell proliferation curve was
generated based on the results.

Clonogenic assay. Exponential growth phase A549 cells
were seeded into six-well plates at 300, 500, 800, 1,200, and
2,000 cells/well in triplicate. The cells were irradiated with a
single dose of radiation (0, 2,4, 6, and 8 Gy) (Varian 2300EX at
adose rate of 5 Gy/min; 6 MVX; SSD, 100 cm; Varian Medical
Systems) separately after 24 h. Then, the incubated cells were
allowed to undergo colony formation at 37°C in a 5% CO,
atmosphere. After incubation for ~14 days, 20% methanol and
0.5% (v/v) crystal violet were added to the plates for 20 min
at room temperature to fix and stain the colonies. The cells
were observed under a dissecting light microscope (magni-
fication, x100), and the colonies containing >50 cells were
counted. The survival fraction (SF) were calculated as follows:
SF = (number of colonies/number of cells plated); . qi.eo/(NumMber
of colonies/number of cells plated), . i;radgiaea (30) The SF in each
group was also analyzed using GraphPad Prism 5.0 (GraphPad
Software, Inc.) as previously described (31).

Wound-healing assay. Cell migration was measured using the
wound-healing assay. Cells (0.5x10° cells/well) were seeded
into six-well plates, and when the confluency of the cells was
optimal, a line was generated through the entire center of the
well by scraping the cells with a 10-x1 tip. The cells were then
cultured in medium with 2% FBS for 48 h. Light microscopic
images (magnification, x100) of the cultures were obtained at
0, 24, and 48 h, and then the open wound area was assessed
using ImagelJ software (version 1.52q; National Institutes of
Health). The open wound areas at 0 h in each group were used
as the reference point, and the wound area at 24 and 48 h was
divided by the area at O h, and the resulting relative wound
areas were compared.

Transwell invasion assay. Cells were seeded into 6-well plates
(0.5x10° cells/well), and two groups, namely the irradiation
group and non-irradiation group, were established according
to the experimental requirements. After adherence, the cells
were irradiated with O and 2 Gy, and the culture medium was
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Table II. Expression of SP1 protein in carcinoma and adjacent tissues.

Cancer Adjacent normal
Cancer type N Low High Low High P-value®
NSCLC® 95 36 59 67 28 <0.001
LUAD® 49 17 32 32 17 <0.001
LUSC* 46 19 27 35 11 0.002

"McNemar test. "The approximate P-value of the McNemar test was calculated according to Chi square distribution. ‘The exact P-value of
the McNemar test was calculated according to binomial distribution. Bold indicates statistical significance. SP1, specific protein 1; NSCLC,
non-small cell lung cancer; LUADC, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

replaced with serum-free medium for 12 h. Cells were then
digested, washed, and suspended in complete medium, and
the cell density was adjusted to 1x10*/ml. Matrigel (50 pl;
BD Bioesciences) was added to the upper chambers of the
24-well 8-ym Transwell plates (Corning-Costar; Corning,
Inc.). Suspended cells (200 ul/well) were then added to the
upper chamber, and 700 yl of medium containing 10% FBS
was added to the lower chamber. Cells were incubated at
5% CO, and 37°C. After 48 h of culture, the medium was
discarded, and the cells were fixed with 20% methanol and
stained with crystal violet 0.5% (v/v) for 20 min at room
temperature. After washing the cells, images were obtained
using a light microscope (magnification, x400), and the results
were analyzed.

Western blot analysis. Protein was extracted from the cells.
Cells were lysed in RIPA buffer (Thermo Fisher Scientific, Inc.)
containing a protease and phosphatase inhibitor cocktail and
incubated at 4°C for 30 min. Cells (5x10°) and RIPA buffer were
added to the EP tube and mixed evenly; the mixed solution was
placed onice for S min to lyse the cells, followed by centrifugation
at 13,000 x g for 10 min at 4°C. The supernatant was removed to
a new EP tube. To extract the protein from the tissue, first the
tissue was cut into small pieces, the RIPA buffer was added, and
the tissue was disrupted with an ultrasonic homogenizer. The
mixture was placed on ice for 15 min for complete lysis and
then centrifuged at 13,000 x g for 10 min at 4°C and removal of
the supernatant to a new EP tube. A BCA kit (Thermo Fisher
Scientific, Inc) was used for protein quantification. Additionally,
50 pg protein was subjected to 10% SDS-PAGE at a constant
120 V, 120 mA current and transferred to a polyvinylidene
fluoride (PVDF) membrane (EMD Millipore). The membranes
were blocked in 5% (w/v) bovine serum albumin (BSA;
Sigma-Aldrich; Merck KGaA) for 2 h at room temperature and
incubated at 4°C overnight with primary antibodies against SP1
(1:2,000 dilution; cat. no. HO0006667-M05; Novus Biologicals,
Ltd.), TP53BP1 (1:1,000 dilution; product code ab172580;
Abcam) and GAPDH (1:2,000 dilution; product code ab8245;
Abcam) On the following day, membranes were incubated with
anti-mouse (SP1 and GAPDH) or anti-rabbit (TP53BP1) IgG
HRP-labeled secondary antibodies (1:10,000 dilution; product
codes ab205719 and ab205718, respectively; Abcam) for 1 h at
room temperature. Chemiluminescent detection was performed
using the SuperSignal West Pico Chemiluminescent Substrate

(product no. NCI5079; Thermo Scientific, Inc.). ImagelJ soft-
ware (version 1.52q; National Institutes of Health) was used for
densitometric analysis.

Immunohistochemical (IHC) staining. All paraffin specimens
were cut into 4-ym serial sections to generate 3 pieces per
sample. Sections were attached to the anti-slipping slides and
processed in a thermostat (60°C) for 60 min. Two sections
were used for immunohistochemical staining, and one section
was used as a negative control. IHC staining was performed
by a two-step procedure, the paraffin-embedded sections were
deparaffinized using xylene and rehydrated using a series
of solutions of decreasing alcohol concentrations. Sections
were placed in boiling citrate buffer for antigen retrieval, and
3% H,0, was used to block endogenous peroxidase activity.
The primary antibody against SP1 (1:200 dilution; product
code ab124804; Abcam) was used to incubate sections over-
night at 4°C. The following day, the sections were washed
and incubated with rabbit specific IHC polymer detection kit
HRP/DAB (product code ab209101; Abcam) at room tempera-
ture for 10 min, followed by hematoxylin counter-staining
for 30 sec. Images were obtained using a light microscope
(magnification, x100). Pathologists performed a blinded
assessment of the THC staining. Brownish-yellow granular
precipitates in the nuclei were considered positive. The
following scoring system was used: 3, >60% of tumor cells
were stained as positive; 2, 41 to 60% of tumor cells were
stained positive; 1, 11 to 40% of tumor cells were stained posi-
tive; and 0, <10% of tumor cells were stained positive. If the
score was equal to 3, the grade of specimen was classified as
overexpression of SP1 (32).

Statistical analysis. The mean + SEM from two or three
independent experiments was used to express the data, and
GraphPad Prism 5.0 software (GraphPad Software, Inc.)
and SPSS 20.0 software (IBM Corp.) were used to perform
statistical analyses. ANOVA was used for multigroup compari-
sons, and multiple comparisons between two groups were
performed using analysis of variance and least significant
difference (LSD) post hoc tests (Figs. 4D and E and 6D and E).
Multiple comparison between two groups were performed
using Tukey's test (Figs. 2C, 3A and 5A). To determine the SP1
expression differences between tumor tissue and non-tumor
tissue, McNemar's test was used to analyze the data in Table II.
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Table III. Associations between SP1 expression and clinicopathologic parameters of NSCLC patients.

SP1 expression

Parameters No. of cases Low High P-value®
Sex Male (n=71) 27 44 0.963
Female (n=24) 9 15
Age (years) <60 (n=28) 10 18 0.821
>60 (n=67) 26 41
Smoking No (n=29) 9 20 0441
NSCLC Yes (n=66) 27 39
No (n=24) 9 15 0.769
LUAD Yes (n=25) 8 17
No (n=5) 0 5 0.041
LUSC Yes (n=41) 19 22
Pathology LUAD (n=49) 17 32 0.533
LUSC (n=46) 19 27
Differentiation Low (n=32) 5 27 0.002
NSCLC High (n=63) 31 32
LUAD Low (n=21) 4 17 0.040
High (n=28) 13 15
LUSC Low (n=11) 1 10 0.016
High (n=35) 8 17
T stage T1+T2 (n=71) 28 43 0.635
T3+T4 (n=24) 8 16
Lymph node Negative (n=52) 17 35 0.292
Positive (n=43) 19 24
TNM stage I+II (N=67) 24 43 0.643
T (N=28) 12 16

“Fisher's exact probability. Bold indicates statistical significance. SP1, specific protein 1; NSCLC, non-small cell lung cancer; LUADC, lung

adenocarcinoma; LUSC, lung squamous cell carcinoma.

To determine the associations between SP1 and clinicopatho-
logical features, Fisher's exact test was used to analyze the data
in Table III. A paired t-test was used to compare tumor vs.
adjacent normal tissue (Fig. 1). An unpaired Student's t-test was
conducted to compare two groups (Figs. 2B and D, 3B, 4A-C,
5B and C, 6A-C and 7, except 7E). Spearman's test was used to
analyze the correlation coefficient (Fig. 7E). A P-value <0.05
was considered to indicate a statistically significant difference

Results

Expression and clinical characteristics of SP1 in NSCLC.
SP1 expression information obtained from UALCAN revealed
that SP1 was highly expressed in NSCLC tissues compared
with normal samples. (Fig. 1A). We detected SP1 expression
in 8 pairs of matched NSCLC and paracancerous tissues by
western blotting. SP1 expression in cancer tissues was mark-
edly higher than in paracancerous normal tissues (Fig. 1B).
Furthermore, SP1 expression in 95 pairs of paraffin-embedded
NSCLC tissues was detected by IHC and the results revealed
that the expression of SP1 in NSCLC was significantly higher
than that in normal tissues (Fig. 1C). The expression of SP1 in

NSCLC (LUAD, LUSC or together) was significantly higher
than that in paracancerous tissues (Table II).

According to SP1 expression, 95 patients with NSCLC
were divided into low and high groups. The results revealed
that the expression of SP1 was correlated with the degree of
tumor differentiation (LUAD P=0.040, LUSC P=0.016 and
NSCLC P=0.002) and with smoking the status in LUSC
(P=0.041) (Table III).

SPI emerges as a target of miR-7. Through bioinformatics anal-
ysis, SP1 was predicted as a target of miR-7 in all five databases
(miRanda, TargetScan, PicTar, miRbase and RNAhybrid). It was
also determined that miR-7 expression was low (Fig. 1D) and
SP1 expression was high (Fig. 1A-C) in NSCLC tumor tissue
compared to normal tissue. The predicted binding site between
miR-7 and the 3'UTR of SP1 included the following bases:
1152-1159 and 4319-4325 (Fig. 2A). The wild-type (WT-3'UTR)
and mutant (MT-3'UTR) sequences of the SP1 3'UTR were
cloned into a luciferase plasmid, and the generated plasmids
were transfected into 293T cells to investigate whether the
3'UTR of SP1 was a functional target of miR-7. As anticipated,
miR-7 suppressed the luciferase activity of SP1 WT-3'UTR, but
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Figure 1. SP1 is upregulated and miR-7 is downregulated in NSCLC tissues. (A) SP1 transcript expression in LUSC, LUAD, and normal tissues and SP1 protein
expression in LUAD tissues and normal tissues. (B) SP1 expression was examined in 8 cases of NSCLC tissues and adjacent normal tissues by western blotting.
N indicates normal tissues and C indicates cancer tissues. (C) SP1 expression was examined in 95 cases of NSCLC tissues and adjacent non-cancer tissues by
IHC staining. The brown granules in the image are strongly positive in the nucleus (magnification, x100). (D) miR-7 expression in primary NSCLC tissues and
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matched adjacent lung tissues.
LUSC, lung squamous cell carcinoma; IHC, immunohistochemical.

it did not affect the luciferase activity of SP1 MUT-3'UTR. These
results indicated that miR-7 directly acted on the 3'UTR of SP1,
thereby playing a negative role in regulating the expression of
SP1 (Fig. 2B). At the first transfection, the cells of the trans-
fected NC group were compared with the blank cells, and the
expression levels of miR-7 (Fig. 2C) and SP1 (Figs. 2D and 3A)
were examined. No statistical differences in the expression of
miR-7 were found compared with the control blank, and no
difference in the expression of SP1 in terms of both mRNA and
protein levels was identified. A549 and SK-MES-1 cells were
transfected with miR-7 and miR-7 inhibitor, and the transfection
efficiency was assessed by qPCR (Fig. 2C). The SP1 expression
was assessed by qPCR (Fig. 3A) and western blotting (Fig. 3B).
Western blotting and qPCR analyses revealed increased expres-
sion of SP1 in miR-7-depleted cells and decreased expression
of SP1 in miR-7-overexpressing cells at the protein and mRNA
levels. All data indicated that SP1 is a downstream target of
miR-7 in NSCLC cells.

miR-7 increases the radiosensitivity of NSCLC by suppressing
tumor cell growth, migration and invasion. The role of
miR-7 in the radiosensitivity of NSCLC cells was explored.
miR-7-overexpressing A549 cells had decreased clone forma-
tion compared with control cells after irradiation (Fig. SI).
The survival fractions of miR-7-overexpressing A549
cells were markedly decreased after irradiation (Fig. 4A,
SER=1.54). In contrast, inhibition of miR-7 increased the

P<0.001. SP1, specific protein 1; miR-7, microRNA-7; NSCLC, non-small cell lung cancer; LUADC, lung adenocarcinoma;

survival fraction (Fig. 4A, SER=0.89). The CCK-8 assay
(Fig. 4B and C), wound-healing assay (Fig. 4D), and Transwell
invasion (Fig. 4E) assays revealed that miR-7-overexpressing
cells had decreased viability, migration ability, and invasion
ability compared with control cells after irradiation. These
findings indicated that miR-7 enhanced radiosensitivity in
NSCLC cells.

Knockdown of SPI by shRNA increases the radiosensitivity
of NSCLC by suppressing tumor cell growth, migration, and
invasion. The role of SP1 in the radiosensitivity of NSCLC
cells was investigated. SP1-expressing and sh-SP1 lentiviral
vectors were transfected into A549 and SK-MES-1 cells, and
the transfection efficiency was assessed by qPCR (Fig. 5A) and
western blotting (Fig. 5B). At the first transfection, the cells of
the transfected NC group were compared with the blank cells,
the expression levels of SP1 (Fig. SA and C) were examined.
No statistical differences in the expression of SP1 in terms of
mRNA and protein levels were found. SP1-knockdown A549
cells had decreased clone formation compared with control
cells after irradiation (Fig. S2). The survival fractions of
SP1-knockdown A549 cells were markedly decreased after
irradiation (Fig. 6A, SER=1.59). In contrast, overexpression
of SP1 significantly increased the survival fraction (Fig. 6A,
SER=0.88). The CCK-8 (Fig. 6B and C), wound-healing
(Fig. 6D), and Transwell invasion (Fig. 6E) assays revealed
that sh-SP1 cells had decreased viability, migration ability, and
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invasion ability compared with control cells after irradiation.
The aforementioned findings indicated that the depletion of
SP1 enhanced radiosensitivity in NSCLC cells.

miR-7 suppresses the expression of the DNA repair protein
TP53BPI by downregulating SP1. A549 and SK-MES-1 cells
were transfected with miR-7, miR-7 inhibitor, SP1, and sh-SP1,
and TP53BP1 expression levels were then assessed. The mRNA
and protein expression levels of TP53BP1 were decreased after

overexpression of miR-7 or downregulation of SP1 in both A549
and SK-MES-1 cells compared with control cells. TP53BP1
expression increased with the inhibition of miR-7 or the over-
expression of SP1 (Fig. 7A-D). The correlation between SP1
and TP53BP1 in LUAD, LUSC, and lung tissues from GEPIA
revealed that SP1 was correlated with TP53BP1 in lung cancer
tissue (Fig. 7E). These finding indicated that the miR-7-induced
increase in radiosensitivity may occur, in part, through the inhi-
bition of SP1 and subsequent reduction of TP53BP1 expression.
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Discussion

Radioresistance is a major issue in radiotherapy, which is a
primary method for treating malignant tumors, however, the
underlying reasons remain poorly understood. Numerous
studies supported that miRNAs mediate the radiosensitivity
of cancer cells by regulating target genes. In nasopharyngeal
carcinoma cells, miR-210 has been revealed to negatively
regulate radiosensitivity (33). In human cervical carcinoma
cells, miR-218 was revealed to promote radiation-induced
apoptosis, increasing the radiosensitivity (34). miR-214
promoted radiosensitivity by inhibiting autophagy that was
mediated by autophagy-related gene 12 (ATG12) in colorectal
cancer (35). In recent years, several studies have demonstrated
that miR-7 plays an antitumor role in tumorigenesis, including
pancreatic (36), lung (7), thyroid (37), and gastric cancer (38).
Concurrently, miR-7 has been revealed to reduce the levels of
EGFR and AKT by activating the EGFR/PI3K/AKT signaling
pathway, which delays radiation-induced DNA DSBs and
increases the radiosensitivity of A549 cells, laryngeal squamous

cell carcinoma SQ20B cells, breast cancer MDA-MB-468
cells and malignant glioma U251 and U87 cells (9).

The present results revealed that miR-7 combined with
radiation had a significant inhibitory effect on NSCLC
cell proliferation, migration and invasion. miR-7 increased
radiosensitivity in NSCLC, suggesting that miR-7 may be a
potential target for assisting NSCLC radiotherapy. Notably, it
was revealed that miR-7 directly targeted SP1, which led to
changes in the expression of SP1 downstream genes, such as
TP53BP1, in NSCLC cells.

SP1 has been revealed to be aberrantly expressed and acti-
vated in tumor tissues, and to participate in the regulation of
cancer cell biological functions, such as proliferation, invasion,
and angiogenesis (39). SP1 may promote cancer progression by
altering the expression of other genes. For instance, Liu et al
reported that SP1 binds to the promoter region of IncRNA
SNHGI4, resulting in the overexpression of IncRNA SNHG14
in clear cell renal carcinoma (40). Zhang et al revealed that the
SP1-induced upregulation of the IncRNA LUCATI1 promoted
cervical cancer cell proliferation, migration and invasion (41).
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SP1 is also a microRNA target gene involved in the regulation
of radiosensitivity. Kang et al validated SP1 as a target gene of
miR-24 and found that the miR-24/SP1 pathway was involved
in the regulation of cell viability and radiosensitivity of naso-
pharyngeal carcinoma cells (42). In their study, however, the
expression of SP1 in human nasopharyngeal carcinoma was
not studied, and they used transient transfection to overexpress
the microRNA and knock down SP1. In the present study, SP1
expression was detected in NSCLC tissue and transfected
cells with lentivirus to obtain stably transfected cell lines.

In the present study, SP1 was upregulated in NSCLC tissue
and was related to the differentiation degree of tumor tissue.
Additionally, SP1 has been revealed as a target of the DNA
damage response pathway and may play a role in modulating
the cellular response to DNA damage (11). It has been reported
that SP1 is involved in DSB repair through a mechanism that
is independent of its sequence-directed transcriptional effects.
SP1 is rapidly recruited to the region immediately adjacent to
sites of DNA DSBs. Cells are more sensitive to DNA damage
when SP1 is depleted as they show a delayed resolution of
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v-H2AX foci with an accumulation of chromosomal abnor-
malities, suggesting that SP1 plays a role in DSB repair (12).
Proliferation, migration and invasion are important for
tumorigenesis, and play a vital role in influencing tumor recur-
rence and metastasis (43-45). Radiation affects tumor cells in
numerous aspects, including cell proliferation, colony forma-
tion, apoptosis rate, cell invasion, as well as other biological
responses (46,47). The inhibition of tumor cell proliferation,
migration and invasion by radiotherapy is of great value for
controlling the progression of tumor cells (47,48). Therefore, to
investigate the role of miR-7 and SP1 combined with radiation
in cell proliferation, migration and invasion, cell proliferation,
clonogenic, scratch wound healing and Transwell invasion
assays were performed. Overexpression of miR-7 or depletion

of SP1 inhibited the proliferation, migration, and invasion of
NSCLC, which was enhanced by combination with irradiation.

Overexpression of miR-7 and silencing of SP1 had the
same radiosensitization effect. Therefore, miR-7 may increase
the X-ray sensitivity of NSCLC cells through the negative
regulation of SP1.

DSB repair is an essential protective pathway for the
genome to maintain stability after external injury, and it is
also the main pathway for the restoration of cancer cells after
radiotherapy and the main factor affecting the radiosensitivity
of tumor cells (49,50). TP53BP1 is one of the critical regula-
tory proteins in DNA DSB repair, and it plays an essential role
in regulating damage repair balance and maintaining genomic
stability (51,52).
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In the present study it was demonstrated that the binding
sites of miR-7 were in the 3'UTR of SP1 and that SP1 was
directly downregulated by miR-7. Upregulated/downregulated
miR-7 and SP1 were evaluated to ascertain whether they
could regulate radiosensitivity. It was revealed that the
radiosensitivity was increased by upregulation of miR-7 or
downregulation of SP1. The results illustrated the relationship
of miR-7 and SP1 with radiosensitivity. Especially after miR-7
was upregulated/downregulated, the mRNA and protein
expression of SP1 inversely changed following miR-7 expres-
sion. The consequential results, such as clonogenic formation,
proliferation, migration and invasion, were all altered following
the transfection. However, we did not perform rescue experi-
ments, which is a limitation of our study.

Concurrently, the binding sites of SP1 were predicted in
the promoter region of TP53BP1, and PCR and western blot
experiments confirmed the positive regulation of SP1 on
TP53BP1. Therefore, it was concluded that the overexpres-
sion of miR-7 decreases the expression of SP1, downregulates
the transcription of TP53BP1, reduces TP53BP1 protein, and
increases the radiosensitivity of NSCLC.

miR-7 was revealed to increase the radiosensitivity of
human cancer cells. The present study focused not only on
miR-7 but also on SP1. As a transcription factor, SP1 alters
the expression of downstream genes. The analysis of SP1 and
TP53BP1 in LUAD and LUSC from GEPIA revealed that
SP1 was correlated with TP53BP1 in lung cancer tissue. SP1,
as a member of the SP transcription factor family, contains
a special zinc finger DNA-binding domain. This zinc finger
DNA-binding domain binds to the promoter and enhancer
regions at the sites with GC boxes, thereby regulating numerous
housekeeping genes (53). SP1 may regulate TP53BP1 by
binding to the zinc finger domain. Binding sites of SP1 were
predicted in the promoter region of TP53BP1, and PCR and
western blot experiments confirmed the positive regulation of
TP53BP1 by SP1. However, we did not perform a luciferase
reporter assay to verify the SP1-binding sites on TP53BP1,
which is a limitation of the present study.

In conclusion, it was revealed that miR-7 directly targeted
SP1 to increase radiosensitivity in NSCLC. Moreover, SP1
reduced radiosensitivity, in part, through the regulation of
TP53BP1. The results revealed that the miR-7/SP1/TP53BP1
axis may play a pivotal role in NSCLC radiosensitivity.
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