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Background: Celastrol (Cela) was a natural compound that exerted anti-tumor activity in
many cancer cells. Nevertheless, the molecular mechanism behind the anti-tumor role of
Cela in non-small-cell lung carcinoma (NSCLC) remains to be clarified.

Methods: Flow cytometry was used to analyze cell cycle progression and apoptosis. Colony
formation assay and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay were used to analyze cell proliferation. Cell migration and invasion abilities were
assessed by transwell assays. Quantitative real-time polymerase chain reaction (QRT-PCR)
was implemented for the detection of RNA levels. Western blot assay was used for the
determination of protein levels. Dual-luciferase reporter assay was conducted to confirm the
interaction between microRNA-33a-5p (miR-33a-5p) and circular RNA SATB homeobox 2
(circ_ SATB2) or E2F transcription factor 7 (E2F7). Xenograft tumor assay was conducted to
test the roles of Cela and circ_ SATB2 in NSCLC progression in vivo.

Results: Cela hampered the malignant behaviors of NSCLC cells. Cela down-regulated
circ SATB2 level in NSCLC cells. Cela stimulation-induced suppressive influence in
NSCLC progression was alleviated by circ SATB2 accumulation. E2F7 interference over-
turned circ SATB2-mediated effects in Cela-stimulated NSCLC cells. MiR-33a-5p was
a target of circ SATB2, and E2F7 was verified as a target of miR-33a-5p. Circ SATB2
attenuated Cela-mediated effects through targeting miR-33a-5p in NSCLC cells. Cela-
mediated suppressive effect on tumor growth was partly attenuated by the overexpression
of circ_ SATB2 in vivo.

Conclusion: Cela suppressed NSCLC development through regulating circ_ SATB2/miR-
33a-5p/E2F7 signaling cascade.
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Introduction

Lung cancer is a common malignancy that affects the health of both men and
women globally."** Non-small-cell lung carcinoma (NSCLC) occupies the majority
of lung cancer cases.”* Due to the high metastasis and chemoresistance, the 5-year
survival rate of NSCLC patients remains dismal.>¢ It is urgently needed to identify
novel effective early diagnostic markers and therapeutic targets.

Celastrol (Cela) is a natural ingredient isolated from Tripterygium wilfordii, and
it has been identified to exert an anti-tumor activity in diverse cancers, including
NSCLC.”" Here, we identified a novel signal pathway by which Cela restrained the
progression of NSCLC. Non-coding RNAs (ncRNAs) comprise about 98% of
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human genome.'? Circular RNAs (circRNAs), microRNAs
(miRNAs) and long non-coding RNAs (IncRNAs) are both
ncRNAs, and circRNAs are ideal biomarkers for human
diseases because of their stable circular structure and cru-
cial regulatory functions.'"'? CircRNAs function via
diverse manners, including serving as miRNA sponges.'’
For instance, circ_0001649 blocked NSCLC development
by targeting miR-331-3p and miR-338-5p.'* As for
circRNA SATB homeobox 2 (circ_ SATB2), Zhang et al
that circ SATB2 accelerated NSCLC
development.'> However, the working mechanism of
circ SATB2
illustrated.
MiRNAs are small non-coding RNAs with about 22
nucleotides in length.'® MiRNAs have attached much
attention because of their abilities to function as oncogenes

demonstrated

in NSCLC progression remains to be

or tumor suppressors in cancers. Wang et al found that
circ CCDC66 accelerated NSCLC development through
targeting miR-33a-5p.'” However, the working mechanism
of miR-33a-5p and the functional association between
miR-33a-5p and Cela need to be clarified.

E2F transcription factor family was known to modulate
multiple cellular behaviors.'® E2F transcription factor 7
(E2F7) was known as a transcription repressor. E2F7 was
dysregulated in cancers, including cutaneous squamous
cell carcinoma,'® ovarian cancer’® and NSCLC.?! Wang
et al demonstrated that E2F7 was abnormally up-regulated
in NSCLC tissues, and miR-935 hampered the prolifera-
tion, migration and invasion of NSCLC cells via targeting
E2F7.2' Here, circ_ SATB2/miR-33a-5p/E2F7 axis was
firstly identified in NSCLC.

Cela suppressed the malignant behaviors of NSCLC
cells, and circ SATB2 expression was down-regulated
with Cela stimulation in NSCLC cells. Subsequently, we
further investigated if circ SATB2 was involved in the
suppressive role of Cela in NSCLC progression, and the
downstream molecules of circ SATB2 were explored.

Materials and Methods

Clinical Specimens

Forty-nine pairs of NSCLC tissues and adjacent non-tumor
tissues were collected from 49 NSCLC patients at The
Central Hospital of Enshi Tujia And Miao Autonomous
Prefecture. All these subjects had not received preopera-
tive chemotherapy, radiotherapy or other treatments. All of
the subjects had signed written informed consents prior to
the surgery, and the study protocol had gotten the

permission of the Clinical Research Ethics Committee of
The of Enshi Tujia And Miao
Autonomous Prefecture.

Central Hospital

Cell Culture

Five lung cancer cell lines (A549, H460, H1299, H226 and
H522; BeNa Culture Collection, Beijing, China) and
human bronchial epithelioid cell line 16HBE (BeNa
Culture Collection), which were adherent cell lines, were
cultured with Roswell Park Memorial Institute-1640 med-
ium (RPMI-1640, Gibco, Carlsbad, CA, USA) supplemen-
ted with 10% fetal bovine serum (FBS; Gibco) and 10%
penicillin/streptomycin at 37°C with 5% CO, under
saturation humidity.

Chemical and Treatment

Cela was obtained from Pie & Pie Technologies
(Shenzhen, China). NSCLC cells treated with 1 pM or 3
pM Cela for 24 h were used for functional analysis.

Cell Cycle Analysis

Transfected NSCLC cells were collected using cold phos-
phate buffer saline (PBS; Sangon Biotech, Shanghai,
China) and suspended in 70% ethanol solution at —20°C
overnight. RNase was used to digest RNA content, and the
DNA content was stained by propidium iodide (PI; Sigma,
St. Louis, MO, USA). The cell cycle distribution was
analyzed by flow cytometry.

Colony Formation Assay

NSCLC cells were seeded onto 6-well plates in triplicates
at the density of 150 cells/well. Cells were cultivated for at
least 2 weeks in the humidified incubator at 37°C with 5%
CO,, and the culture medium was replenished every 4
d. Colonies were fixed using 4% poly methanol (Sangon
Biotech) and then stained using crystal violet (Sangon
Biotech). The images were pictured, and the number of
colonies was counted with naked eyes.

3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide (MTT)
Assay

Logarithmic-phase NSCLC cells were transfected with
oligonucleotides or plasmids. After transfection for 0 d, 1
d,2dor3d, 10 uL Smg/mL MTT reagent (Sigma) was
added for 4 h. A total of 100 pL dimethylsulfoxide
(DMSO; Sangon Biotech) was added, and the 96-well
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plates were shaken to dissolve the formazan product. The
absorbance (570 nm) was measured using the auto-
microplate reader (Thermo Fisher Scientific, Waltham,
MA, USA).

Transwell Migration and Invasion Assays
Transwell migration assay was conducted using Transwell
pore  polycarbonate  membrane insert (Corning
Incorporation, Corning, NY, USA). NSCLC cells were
seeded into the upper chambers and cultured in serum-
free medium, while the lower chambers were filled with
culture medium added with 20% FBS (Gibco). NSCLC
cells migrated to the lower surface were immobilized
using methanol (Sangon Biotech) and stained using crystal
violet (Sangon Biotech). Magnification time: 100 x.
Transwell invasion assay was carried out using
Matrigel-coated chambers (Corning Incorporation) similar
to transwell migration assay. Magnification time: 100 x.

Cell Apoptosis Analysis

NSCLC cells were digested using 0.25% trypsin, and PBS
(Sangon Biotech) was used to wash these cells. Cell apop-
totic rate was analyzed using Annexin V-fluorescein iso-
thiocyanate (FITC)/Pl staining Kit (BD Biosciences,
Franklin Lakes, NJ, USA). Annexin V-FITC (5 pL) and
PI (5 pL) were added to simultaneously stain these cells. 1
x 10* NSCLC cells were analyzed via flow cytometry.

Quantitative Real-Time Polymerase Chain

Reaction (qRT-PCR)

Complementary DNA (cDNA) was synthesized using
ReverTra Ace qPCR RT Master Mix (Toyobo, Tokyo,
miRNA
(GenePharma, Shanghai, China). PCR reaction was con-
ducted using the SYBR Premix Ex Taq II Kit (Takara,
Tokyo, Japan). The relative expression of circ SATB2,

SATB2, miR-33a-5p and E2F7 was analyzed by the
7~AACH

Japan) or reverse transcription PCR kit

method and then normalized to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) or U6. Primer
sequences were shown in Table 1.

RNase R Digestion

Total RNA samples (2 pg) were incubated with RNase
R (6 U; Epicentre Technologies, Madison, WI, USA) for
30 min at room temperature. QRT-PCR was implemented
for the determination of circ SATB2 and SATB2
expression.

Table | Primers in qRT-PCR

Gene Direction | Sequence
Circ_SATB2 Forward 5-TGTGTCCCAAGCTGTCTTTG-3'
SATB2 Reverse 5-ACAAACTCGGCGTGTTCTTC-3'
MiR-33a-5p | Forward 5-AAGACTTGCCTGCGGAGCAG-3'
E2F7 Reverse 5-CAAACTCCTGGCACTTGGTT-3'
ué Forward 5-GTGCATTGTAGTTGCATT-3'
GAPDH Reverse 5-AACATGTACAGTCCATGGATG-3'
Forward 5-AGTTTAGGACTCCTGTGCCA-3’
Reverse 5-TAGTCTCTGGAGGTTCCTCA-3'
Forward 5-AGAGCCTGTGGTGTCCG-3'
Reverse 5-CATCTTCAAAGCACTTCCCT-3'
Forward 5-CATCACCATCTTCCAGGAGCG-3'
Reverse 5-TGACCTTGCCCACAGCCTTG-3’

Cell Transfection

Recombinant  plasmid  overexpressing  circ_ SATB2
(circ_SATB2; Ribobio, Guangzhou, China) and empty vec-
tor pLCDH-cir (Vector; Ribobio), recombinant lentiviral
plasmid stably overexpressing circ SATB2 (lenti-circ
_SATB2; Ribobio) and corresponding control (lenti-NC;
Ribobio), E2F7 interfering RNA  (si-E2F7;
GenePharma) and corresponding negative control siRNA
(si-NC; GenePharma), miR-33a-5p mimics (miR-33a-5p;
GenePharma) and matching control miRNA (miR-NC;
miR-33a-5p (anti-miR-33a-5p;
and matching (anti-miR-NC;
GenePharma) were transfected into NSCLC cells in loga-

small

GenePharma), inhibitor

GenePharma) control
rithmic growth phase using Lipofectamine 3000 reagent
(Invitrogen, Carlsbad, CA, USA).

Western Blot Assay

NSCLC cells were harvested using cold PBS buffer
(Sangon Biotech). Radioimmunoprecipitation assay buffer
(RIPA; Invitrogen) plus protease inhibitor cocktail was used
to disrupt the NSCLC cells. Protein supernatant in each
sample was removed into the new tube following high-
speed centrifugation. Protein samples were separated by
12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gel and transferred onto polyvinyli-
dene fluoride (PVDF) membrane (Bio-Rad, Hercules, CA,
USA). After blocking using 5% W/V skimmed milk, the
membrane was incubated with the primary antibodies over-
night at 4°C, including anti-B cell leukemia/lymphoma 2
(anti-Bcl-2; ab32124; Abcam, Cambridge, MA, USA), anti-
BCL2 associated X, apoptosis regulator (anti-Bax;
ab32503; Abcam), anti-Cleaved poly(ADP-ribose) polymer-
ase (anti-Cleaved PARP; ab32064; Abcam), anti-E2F7
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(ab56022; Abcam) and anti-GAPDH (ab8245; Abcam).
Subsequently, the membrane was incubated with the match-
ing horseradish-peroxidase (HRP)-labeled secondary anti-
body (Abcam). The protein bands were visualized by the
enhanced chemiluminescence (ECL) Detection System (GE
Healthcare, Chicago, IL, USA).

Bioinformatic Analysis

To investigate the interacted miRNAs with circ SATB2 or
the interacted mRNAs with miR-33a-5p, StarBase soft-
ware was used to analyze the complementary sites
between the target molecule and possible candidate
molecules.

Dual-Luciferase Reporter Assay

The partial fragment in circ SATB2 or the 3’ untranslated
region (3'UTR) of E2F7, containing the wild-type match-
ing sites with miR-33a-5p, was amplified and cloned into
pmirGLO vector (Promega, Madison, WI, USA) to gen-
erate circ SATB2-WT or E2F7-WT using Sacl (Takara)
and Xhol (Takara) enzymes. Furthermore, the complemen-
tary sequence in circ SATB2 or the 3'UTR of E2F7 was
altered and inserted into the pmirGLO vector (Promega) to
obtain circ SATB2-MUT or E2F7-MUT as the control.
A549 and H460 cells in 12-well plates were co-
transfected with miR-NC or miR-33a-5p and luciferase
plasmids. The activities of Firefly and Renilla were mea-
sured with the luminescent detection system (Tecan
Group, Mannedorf, Switzerland). The relative luciferase
activity was analyzed by using Renilla luciferase activity
as the control.

Xenografts in Nude Mice

BALB/c nude mice were purchased from Vital River
Laboratory Animal Technology (Beijing, China) with an
average weight of about 20 g, and these nude mice were
arbitrarily divided into 4 groups, 5 mice in each group.
A549 cells stably expressing circ SATB2 or control A549
cells (2 x 10° cells suspended using 200 uL PBS) were
injected into the mice. Nude mice in Cela treatment group
were treated with Cela (2 mg/kg) for 4 times per week.
Tumor volume was monitored every 5 d as
lengthxwidth®x0.5. Tumors were dissected after 32
d-injection, and the weight of tumors was recorded. The
expression of circ_ SATB2, miR-33a-5p and E2F7 mRNA
and protein was measured by qRT-PCR or Western blot
assay. All protocols in animal experiments were approved

by the Committee on the Ethics of Animal Experiments of

The Central of Enshi Tujia And Miao
Autonomous Prefecture. All animal procedures were con-

Hospital

ducted following the Guidelines for Care and Use of
Laboratory Animals of “National Institutes of Health”.

Statistical Analysis

GraphPad Prism 7.0 was used for statistical analysis.
Student’s #-test or one-way analysis of variance
(ANOVA) followed by Tukey’s test was used to compare
variables in two groups or multiple groups. The data were
represented as mean =+ standard deviation (SD). Linear
correlation was analyzed by Spearman correlation coeffi-
cient. P value of less than 0.05 was considered to indicate
the statistically significant difference.

Results

Cela Stimulation Suppresses Cell
Proliferation, Migration, Invasion and
Triggers Cell Apoptosis in NSCLC Cells

A549 and H460 cells were stimulated with different doses
(1 pM or 3 uM) of Cela for 24 h to investigate the
biological influences of Cela in the malignant phenotypes
of NSCLC cells. Cell proliferation was analyzed by flow
cytometry, colony formation assay and MTT assay. After 3
puM Cela treatment, cell number in GO/G1 phase was
notably increased, while the number of NSCLC cells in
S phase was significantly decreased (Figure 1A and B),
suggested that a high dose of Cela suppressed cell cycle
progression of NSCLC cells. The number of visible colo-
nies was decreased with the stimulation of 3 uM Cela
compared with control group or 1 uM Cela treatment
group (Figure 1C), which demonstrated that the prolifera-
tion ability of NSCLC cells was restrained after 3 uM Cela
stimulation. Through analyzing the cell proliferation curve
via MTT assay, we found that cell proliferation was
blocked with 3 uM Cela treatment (Figure 1D and E).
Subsequently, cell migration, invasion and apoptosis
were analyzed by transwell migration assay, transwell
invasion assay and flow cytometry. Both the numbers of
migrated and invaded NSCLC cells were reduced with 3
pM Cela treatment (Figure 1F and G), suggested that 3 pM
Cela suppressed the migration and invasion abilities of
NSCLC cells. Cell apoptosis of NSCLC cells was trig-
gered with Cela treatment, especially in 3 pM Cela treat-
1H). These
demonstrated that Cela restrained the proliferation and

ment group (Figure results together

metastasis while induced the apoptosis of NSCLC cells.
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Figure | Cela stimulation suppresses cell proliferation, migration, invasion and triggers cell apoptosis in NSCLC cells. (A and B) Cell cycle distribution in GO/GI, S or G2/M
phase was analyzed in A549 and H460 cells stimulated by | pM or 3 uM Cela via flow cytometry. (C) Colony formation assay was conducted to analyze the proliferation
ability of Cela-treated NSCLC cells. (D and E) MTT assay was performed for determination of proliferation ability in A549 and H460 cells stimulated with | pM or 3 uM
Cela. (F and G) Transwell migration and invasion assays were performed to analyze the metastasis ability of Cela-stimulated NSCLC cells. (H) Flow cytometry was carried
out to analyze the apoptotic rate (FITC*/PI*) of NSCLC cells stimulated with | uM or 3 uM Cela. *P<0.05.

Circ_SATB?2 is Highly Expressed in

NSCLC Tissues and Cell Lines

Circ_SATB2 expression was decreased in NSCLC cells
after 3 uM Cela treatment (Figure 2A). The expression
profile of circ SATB2 in NSCLC was explored. A total of
49 pairs of NSCLC tumor tissues along with adjacent
normal tissues were collected for the determination of
circ_ SATB2 expression. Compared with adjacent normal
tissues, circ SATB2 abundance was significantly enhanced
in NSCLC tumor tissues (Figure 2B). The expression of
circ SATB2 was analyzed in 16HBE and five lung cancer
cell lines (A549, H460, H1299, H226 and HS522).
Circ_ SATB2 expression was elevated in all five lung can-
cer cell lines when compared with human bronchial
epithelioid cell line 16HBE (Figure 2C), and A549 and
H460 cell lines were chosen for the following experiments
due to their higher expression of circ SATB2 than the
other three lung cancer cell lines. CircRNAs are character-
ized by covalently closed circular structure without 5’ or 3’
end. We tested if circ_ SATB2 was resistant to RNase R to
verify its stability, and its matching linear counterpart
(SATB2 mRNA) was used as the control. Circ_ SATB2
expression was unaffected with or without RNase
R digestion, while SATB2 mRNA level was significantly
reduced after RNase R digestion compared with Mock

group (Figure 2D and E). These findings suggested that
circ SATB2 was aberrantly expressed in NSCLC, and it
might be an important regulator for NSCLC progression.

Cela Suppresses NSCLC Progression
Through Reducing circ_SATB2

Expression

To investigate the role of circ SATB2 in Cela-treated
NSCLC cells, we treated A549 and H460 cells with
Cela (3 uM), Cela (3 uM) + Vector or Cela (3 uM) +
circ. SATB2. Prior to functional experiments, we firstly
measured the overexpression efficiency of circ SATB2
plasmid in NSCLC cells. Circ_ SATB2 plasmid transfec-
tion markedly increased the expression of circ SATB2 in
Cela-induced NSCLC cells, while SATB2 mRNA level
was unaffected in two groups (Figure 3A and B). The
distribution of NSCLC cells in GO/G1 phase was reduced
while there was an increased percentage of NSCLC cells
in S phase in circ SATB2 transfected group in Cela-
induced NSCLC cells (Figure 3C and D). The number
of colonies was reduced after Cela stimulation, and the
transfection of circ SATB2 partly regained the number of
colonies (Figure 3E). Cela stimulation-mediated inhibi-
tory effect on cell proliferation was partly overturned by
the addition of circ SATB2 overexpression plasmid via
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Figure 2 Circ_SATB2 is highly expressed in NSCLC tissues and cell lines. (A) qRT-PCR was applied for determination of circ_SATB2 expression in A549 and H460 cells
treated with | uM or 3 uM Cela. (B) Circ_SATB2 expression in NSCLC tissues (n=49) along with adjacent non-tumor tissues (n=49) was examined by qRT-PCR. (C) qRT-
PCR was implemented to analyze circ_SATB2 expression in NSCLC cell lines (A549 and H460) and human bronchial epithelioid cell line 16HBE. (D and E) RNA sample
isolated from A549 or H460 cells was digested with or without RNase R, and the expression of circ_SATB2 and its matching linear form (SATB2 mRNA) was analyzed by

qRT-PCR. *P<0.05.

MTT assay (Figure 3F and G). The results of flow cyto-
metry, colony formation assay and MTT assay together
demonstrated that Cela treatment impeded cell prolifera-
tion ability, and circ_ SATB2 overexpression recovered
the proliferation ability in Cela-induced NSCLC cells.
Migrated cell number was reduced after Cela treatment,
and circ_ SATB2 transfection largely rescued the number
of migrated NSCLC cells via transwell migration assay
(Figure 3H). Meanwhile, the invaded cell numbers in
four groups revealed a similar phenomenon to the
migrated cell numbers (Figure 3I). The results of trans-
well assays suggested that Cela-mediated suppression in
cell migration and invasion was partly overturned by
circ._ SATB2 overexpression. Cell apoptosis was analyzed
through counting apoptotic rate and measuring the
expression of pro-apoptotic proteins (Bax and Cleaved
PARP) and anti-apoptotic protein Bcl-2 via flow cytome-
try and Western blot assay. Cela-induced cell apoptosis
was partly attenuated by circ_ SATB2 transfection (Figure
3J). The abundance of pro-apoptotic proteins (Bax and
Cleaved PARP) was elevated by Cela treatment, and their
levels were reduced in Cela and circ_SATB2 co-treated
group (Figure 3K and L). Besides, Bcl-2 expression was
reduced with Cela treatment, and circ SATB2 transfec-
tion recovered its expression in NSCLC cells (Figure 3K
and L). Taken together, Cela-mediated suppression on

cell proliferation and metastasis and promotion in cell
apoptosis were based on the reduction of circ_ SATB2 in
NSCLC cells.

Circ_SATB2 Overexpression Alleviates
Cela-Induced Suppressive Effect in
NSCLC Progression Through
Up-Regulating E2F7

E2F7 mRNA level was found to be significantly up-
regulated in NSCLC tumor tissues (n=49) in comparison
with that in adjacent non-tumor tissues (n=49) (Figure 4A).
Given the results that circ SATB2 was up-regulated in
NSCLC tissues, we analyzed if there was a positive correla-
tion between the expression of circ SATB2 and E2F7. As
displayed in Figure 4B, there was a positive linear correla-
tion between the expression of circ SATB2 and E2F7. The
results of Western blot assay suggested that E2F7 protein
level was also increased in NSCLC tumor specimens com-
pared with normal specimens (Figure 4C). The expression
of E2F7 mRNA and protein was reduced in 1 uM and 3 uM
Cela treatment group compared with Control group, espe-
cially in 3 uM Cela treatment group (Figure 4D and E). The
levels of E2F7 mRNA and protein were both up-regulated
in two NSCLC cell lines compared with 16HBE cell line
(Figure 4F and G). To test if circ SATB2 functioned in
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Figure 3 Cela suppresses NSCLC progression through reducing circ_SATB2 expression. (A and B) The expression of circ_SATB2 and SATB2 was examined in Cela-
induced NSCLC cells transfected with Vector or circ_SATB2. (C-L) A549 and H460 cells were treated with Cela, Cela + Vector or Cela + circ_SATB2. (C and D) The
percentage of NSCLC cells in GO/GI, S or G2/M phase was analyzed via flow cytometry. (E) The number of colonies was analyzed in each group via colony formation assay
to assess the proliferation ability. (F and G) MTT assay was used to measure the proliferation ability of NSCLC cells. (H) Transwell migration assay was conducted to
determine the migration ability of NSCLC cells. (I) Cell invasion ability was evaluated by transwell invasion assay. (J) The apoptotic rate of NSCLC cells was analyzed via flow
cytometry. (K and L) The levels of pro-apoptotic proteins (Bax and Cleaved PARP) and anti-apoptotic protein Bcl-2 were examined in NSCLC cells via Western blot assay.

*P<0.05.

Cela-induced NSCLC cells through regulating E2F7, we
conducted rescue experiments through treating A549 and
H460 cells with Vector + Cela, circ SATB2 + Cela,
circ SATB2 + si-NC + Cela or circ SATB2 + si-E2F7 +
Cela. E2F7 mRNA and protein enrichment was elevated
with the overexpression of circ SATB2, and the co-
transfection with si-E2F7 decreased the mRNA and protein
abundance of E2F7 (Figure 4H and I). Circ SATB2 over-
expression-mediated promotion in cell cycle progression in
Cela-treated NSCLC cells was partly counteracted by the
silencing of E2F7 (Figure 4J and K). E2F7 knockdown
counteracted the promoting effect of circ SATB2 overex-
pression on the colony formation ability of Cela-treated
NSCLC cells (Figure 4L). MTT assay revealed that
circ SATB2 overexpression-mediated promotion in cell

proliferation was alleviated by the silencing of E2F7 in
Cela-treated NSCLC cells (Figure 4M and N). The motility
of NSCLC cells was promoted with the overexpression of
circ SATB2 in Cela-stimulated NSCLC cells, and cell
migration and invasion were restrained in Cela +
circ SATB2 + si-E2F7 group (Figure 40 and P). The
apoptotic rate was suppressed with the accumulation of
circ SATB2, and the introduction of si-E2F7 increased the
apoptotic rate again (Figure 4Q). Circ_ SATB2 overexpres-
sion decreased the expression of Bax and Cleaved PARP
while up-regulated the level of Bcl-2, and these effects were
partly overturned by the addition of si-E2F7 (Figure 4R
and S). These results suggested that circ SATB2 counter-
acted Cela-induced effects in NSCLC cells by enhancing
the expression of E2F7.
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Figure 4 Circ_SATB2 overexpression alleviates Cela-induced suppressive effect in NSCLC progression through up-regulating E2F7. (A) The mRNA expression of E2F7 in
NSCLC tumor specimens (n=49) and adjacent normal specimens (n=49) was examined by qRT-PCR. (B) The correlation between circ_SATB2 and E2F7 was analyzed via
Spearman correlation coefficient. (C) Western blot assay was conducted for examination of E2F7 protein in NSCLC tumor samples and adjacent normal samples. (D and E)
The abundance of E2F7 mRNA and protein was analyzed in A549 and H460 cells treated with | pM or 3 pM Cela via qRT-PCR and Western blot assay. (F and G) qRT-PCR
and Western blot assay were conducted to measure the levels of E2F7 mRNA and protein in A549, H460 and human bronchial epithelioid cell line |6HBE. (H-S) A549 and
H460 cells were treated with Vector + Cela, circ_SATB2 + Cela, circ_SATB2 + si-NC + Cela or circ_SATB2 + si-E2F7 + Cela. (H and I) The mRNA and protein levels of
E2F7 in NSCLC cells were examined by qRT-PCR and Western blot assay. (J and K) Cell cycle progression was analyzed by flow cytometry. The distribution of NSCLC cells
in different phases of cell cycle was analyzed. (L) Colony formation assay was used to analyze the proliferation ability of NSCLC cells. The number of colonies was counted
after 2-week incubation. (M and N) MTT assay was implemented to assess the proliferation ability of NSCLC cells. Cell proliferation curve was generated through
monitoring cell number after transfection for 0 d, | d, 2 d or 3 d. (O and P) Transwell migration and invasion assays were conducted to evaluate the migration and invasion
capacities of NSCLC cells. (Q) NSCLC cells in early stage and late stage of apoptosis were distinguished from normal or necrotic cells via flow cytometry, and the
percentage of apoptotic cells was analyzed. (R and S) The expression of Bcl-2, Bax and Cleaved PARP was examined in NSCLC cells by Western blot assay. *P<0.05.
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MiR-33a-5p is a Target of circ_SATB2,
and miR-33a-5p Also Binds to the 3'UTR
of E2F7 in NSCLC Cells

We conducted a bioinformatic analysis using StarBase
software to explore the underlying mechanism. MiR-33a-
5p was predicted as one of the targets of circ SATB2 via
StarBase software, and the complementary sites along with
the mutant sites with miR-33a-5p in circ SATB2 were
shown in Figure 5A. In circ SATB2-WT transfected
group, compared with miR-NC addition group, the trans-
fection of miR-33a-5p resulted in a significant reduction in
luciferase activity (Figure 5B and C), suggested that miR-
33a-5p bound to circ SATB2 in NSCLC
Furthermore, we constructed luciferase mutant plasmid
circ SATB2-MUT to confirm the binding sites between
circ SATB2 and miR-33a-5p. In circ SATB2-MUT
group, there was no significant comparison in luciferase

cells.

activity with the co-transfection of miR-NC or miR-33a-
Sp (Figure 5B and C), suggested that circ. SATB2 bound
to miR-33a-5p via it “CAAUGCA” sequence in NSCLC
cells. After overexpressing circ_ SATB2 in Cela-stimulated
NSCLC cells, miR-33a-5p expression was markedly
reduced (Figure 5D). With the increased doses of Cela,
the expression of miR-33a-5p was gradually up-regulated
in NSCLC cells (Figure 5E). The abundance of miR-33a-
5p was reduced in NSCLC cell lines and tissues compared
with 16HBE cell line and normal tissues (Figure 5F and
G). MiR-33a-5p expression was negatively correlated with
the level of circ SATB2 (Figure 5H). The interaction
between E2F7 and miR-33a-5p was also predicted by
StarBase software and the binding sequence is shown in
Figure 51. Compared with miR-NC and E2F7-WT co-
transfected group, miR-33a-5p transfection significantly
reduced the luciferase activity in E2F7-WT group
(Figure 5J and K), suggesting the target relationship
between E2F7 and miR-33a-5p. However, luciferase activ-
ity remained unchanged in E2F7-MUT group with the co-
transfection of miR-NC or miR-33a-5p (Figure 5J and K),
suggested that the sequence “AAUGCA” in E2F7 was the
only binding sequence between miR-33a-5p and E2F7 in
NSCLC cells. MiR-33a-5p overexpression resulted in
a notable up-regulation in miR-33a-5p expression, and
miR-33a-5p level was decreased with the transfection of
miR-33a-5p inhibitor (anti-miR-33a-5p) in Cela-treated
NSCLC cells (Figure 5L). MiR-33a-5p overexpression
reduced the mRNA and protein expression of E2F7, and
miR-33a-5p silencing caused a notable up-regulation in

E2F7 mRNA and protein expression in Cela-induced
NSCLC cells (Figure 5M and N). There was a negative
correlation between miR-33a-5p and E2F7 mRNA expres-
sion in NSCLC tissues (Figure 50). Overall, there was
targeted and negative interaction between miR-33a-5p and
circ SATB2 or E2F7 in NSCLC cells.

Circ_SATB2 Attenuates Cela-Induced
Suppressive Influences in the Malignant
Behaviors of NSCLC Cells Through
Sponging miR-33a-5p

A549 and H460 cells were treated with Cela, Cela +
Vector, Cela + circ._ SATB2, Cela + circ._ SATB2 + miR-
NC or Cela + circ SATB2 + miR-33a-5p. The expres-
sion of miR-33a-5p was reduced in Cela and
circ. SATB2 group, while miR-33a-5p overexpression
recovered its expression in NSCLC cells (Figure 6A).
Cela-induced reduction in E2F7 mRNA and protein
expression was counteracted by the overexpression of
circ. SATB2, and the mRNA and protein expression of
E2F7 was decreased with the addition of miR-33a-5p
(Figure 6B and C), suggested that E2F7 was regulated
by circ_SATB2/miR-33a-5p
NSCLC cells. Cell cycle progression was accelerated

axis in Cela-induced
with the overexpression of circ SATB2 in Cela-
induced NSCLC cells, and the addition of miR-33a-5p
suppressed the cell cycle progression in NSCLC cells
treated with Cela (Figure 6D and E). The results of
colony formation assay and MTT assay demonstrated
that circ SATB2-mediated promotion in cell prolifera-
tion in Cela-treated NSCLC cells was partly overturned
by the introduction of miR-33a-5p (Figure 6F-H). Cell
metastasis was accelerated with the overexpression of
circ. SATB2, and miR-33a-5p addition suppressed the
migration and invasion of Cela-induced NSCLC cells
again (Figure 61 and J). Circ_SATB2 overexpression-
mediated suppressive effect in cell apoptosis was
reversed by the addition of miR-33a-5p mimic in Cela-
induced NSCLC cells (Figure 6K). Circ_ SATB2 over-
expression reduced the levels of Bax and Cleaved PARP
while increased the level of Bcl-2, and these influences
were attenuated by the addition of miR-33a-5p in
NSCLC cells stimulated by Cela (Figure 6L and M).
These findings demonstrated that circ SATB2 acceler-
ated NSCLC progression through sponging miR-33a-5p
in Cela-treated NSCLC cells.
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Figure 5 MiR-33a-5p is a target of circ_SATB2, and miR-33a-5p also binds to the 3'UTR of E2F7 in NSCLC cells. (A) StarBase software revealed that miR-33a-5p could bind
to circ_SATB2 through their complementary sites shown in red. (B and C) Dual-luciferase reporter assay was conducted to verify the target relationship between miR-33a-
5p and circ_SATB2. (D) The expression of miR-33a-5p in Cela-induced A549 and H460 cells transfected with Vector or circ_SATB2 was analyzed via qRT-PCR. (E) The level
of miR-33a-5p in NSCLC cells treated with | uM or 3 uM Cela was analyzed by qRT-PCR. (F) MiR-33a-5p expression in NSCLC cell lines and |6HBE was assessed by qRT-
PCR. (G) MiR-33a-5p expression in 49 pairs of NSCLC tumor tissues and adjacent normal tissues was analyzed by qRT-PCR. (H) The linear correlation between the
expression of miR-33a-5p and circ_SATB2 was analyzed via Spearman correlation coefficient. (I) The target sites between E2F7 3'UTR and miR-33a-5p were predicted by
StarBase software and shown in red. (J and K) Dual-luciferase reporter assay was applied to confirm the target interaction between E2F7 and miR-33a-5p. (L) The
expression of miR-33a-5p in Cela-treated NSCLC cells transfected with miR-NC, miR-33a-5p, anti-miR-NC or anti-miR-33a-5p was measured by qRT-PCR. (M and N) The
levels of E2F7 mRNA and protein were examined in Cela-stimulated NSCLC cells transfected with miR-NC, miR-33a-5p, anti-miR-NC or anti-miR-33a-5p by qRT-PCR and
Western blot assay. (O) The linear correlation relationship between miR-33a-5p and E2F7 was analyzed by Spearman correlation coefficient. ¥P<0.05.

Cela-Mediated Inhibitory Influence in the
Growth of NSCLC Tumors is
Overturned by the Accumulation of

circ_SATB?2 in vivo

To confirm the roles of Cela and circ_ SATB2 in the progres-
sion of NSCLC in vivo, we conducted tumor xenograft assay.

Cela treatment suppressed the growth of NSCLC tumors by
analyzing the tumor growth curve and the weight of dissected
tumors (Figure 7A and B). Furthermore, the suppressive effect
of Cela was attenuated by circ_ SATB2 overexpression (Figure
7A and B), suggested that Cela suppressed NSCLC tumor
growth by decreasing the abundance of circ SATB2 in vivo.
The expression of circ. SATB2 and E2F7 mRNA and protein
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Figure 6 Circ_SATB2 attenuates Cela-induced suppressive influences in the malignant behaviors of NSCLC cells through sponging miR-33a-5p. (A-M) A549 and H460 cells
were treated with Cela, Cela + Vector, Cela + circ_SATB2, Cela + circ_SATB2 + miR-NC or Cela + circ_SATB2 + miR-33a-5p. (A=C) The expression of miR-33a-5p and
the levels of E2F7 mRNA and protein were examined by qRT-PCR and Western blot assay. (D and E) Cell cycle progression was analyzed by flow cytometry. (F-H) Cell
proliferation ability was assessed by colony formation assay and MTT assay. (I and J) The metastasis of NSCLC cells was analyzed by transwell migration and invasion assays.
(K) The apoptotic rate of NSCLC cells was analyzed by flow cytometry. (L and M) Western blot assay was conducted to measure the protein levels of Bcl-2, Bax and

Cleaved PARP in NSCLC cells. *P<0.05.

were decreased in Cela treatment group, and the overexpres-
sion of circ SATB2 recovered the expression of these mole-
cules (Figure 7C, E and F). Cela treatment up-regulated miR-
33a-5p expression, and miR-33a-5p expression was reduced in
Cela and lenti-circ SATB2 group (Figure 7D). These results
demonstrated that Cela suppressed NSCLC tumor growth
partly through down-regulating circ_ SATB2 in vivo.

Discussion
High metastasis and drug resistance remain two obstacles
for NSCLC therapy. Therefore, identifying novel targets

and effective drugs for NSCLC treatment are urgently
needed. Natural compounds are crucial sources for novel
therapeutic drugs.?? Cela is extracted from Tripterygium
wilfordii, and it exerts anti-tumor activity in various can-
cers, including NSCLC.*** Mou et al demonstrated that
Cela triggered the apoptosis of NSCLC cells.”
Nevertheless, the working mechanism of Cela in NSCLC
progression has not been fully understood. We found that
Cela exerted the anti-tumor activity in NSCLC through
targeting circ. SATB2/miR-33a-5p/E2F7 signaling
cascade.
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Figure 7 Cela-mediated inhibitory influence in the growth of NSCLC tumors is overturned by the accumulation of circ_SATB2 in vivo. (A) Tumor volume in four groups
was monitored every 5 d after injection for 12 d to generate tumor growth curve. (B) Tumors were dissected from mice after injection for 32 d, and the tumor weight was
calculated as lengthxwidth?x0.5. (C and D) The expression of circ_SATB2 and miR-33a-5p in tumor tissues was examined by qRT-PCR. (E and F) The mRNA and protein
levels of E2F7 in tumor tissues were determined by qRT-PCR and Western blot assay. *P<0.05.

Cela stimulation blocked cell cycle progression, colony
formation ability, proliferation and metastasis and trig-
gered cell apoptosis of NSCLC cells. Circ_ SATB2 expres-
sion was significantly reduced after Cela treatment.
CircRNAs are known to regulate the progression of
including NSCLC.
circ_0067934 knockdown restrained the proliferation,

many cancers, For instance,
migration and invasion of NSCLC cells, and high expres-
sion of circ_0067934 was associated with the dismal prog-
nosis of NSCLC patients.** Circ ZNF124 contributed to
NSCLC progression by targeting miR-337-3p/JAK2/
STAT3 signaling.> Zhang et al found that circ SATB2
accelerated NSCLC progression through acting as miR-
326 sponge to up-regulate FSCN1 expression.'” Here, we
found that circ SATB2 was highly expressed in NSCLC
tissues and cell lines. Subsequently, we investigated if
Cela

circ SATB2 expression. Cela stimulation-mediated sup-

suppressed NSCLC progression by reducing
pressive influences in the malignant behaviors of NSCLC
cells were all attenuated by the overexpression of
circ_ SATB2, suggested that circ SATB2 was an important
downstream molecule by which Cela exerted its anti-
tumor role.

The working mechanisms of circRNAs in cancers are
multiple. CircRNAs could function as miRNA sponges to
influence the levels of miRNA target genes.”**” Through
using bioinformatic software StarBase, we found that
circ. SATB2 had many miRNA-binding sites, demon-
strated that circ SATB2 might exert its oncogenic role
through acting as miRNA sponges. MiR-33a-5p was the

target of circ SATB2, and it was negatively regulated by
circ SATB2. Cela stimulation markedly up-regulated miR-
33a-5p expression in NSCLC cells. As a tumor suppressor,
miR-33a-5p was reported to be associated with the pro-
gression of many cancers. Yan et al found that miR-33a-5p
restrained the development of colorectal cancer through
targeting and suppressing MTHFD2.?® Guan et al found
that miR-33a-5p accumulation elevated the chemosensitiv-
ity of triple-negative breast cancer cells to doxorubicin.?’
Pan et al demonstrated that miR-33a-5p and miR-128-3p
were both down-regulated in lung cancer, and the expres-
sion of miR-33a-5p and miR-128-3p in whole blood might
be novel markers for the early diagnosis of lung cancer.*
Wang et al claimed that circCCDC66 accelerated the pro-
liferation, migration and invasion while suppressed the
apoptosis of NSCLC cells through targeting miR-33a-5p/
KPNA4 axis.'” Circ SATB2 overexpressing-mediated
influences in Cela-treated NSCLC cells were alleviated
by the addition of miR-33a-5p, that
circ. SATB2 counteracted Cela-mediated suppressive
effect in NSCLC progression through down-regulating
miR-33a-5p.

E2F7 is a member of E2F family, and E2F7 acts as
a transcription repressor to function. Accumulating works

suggested

demonstrated that E2F7 functioned as an initiator to mod-

ulate cell cycle progression, cell apoptosis and

differentiation.'®"*? Liu et al found that E2F7 expression
was elevated in estrogen receptor-positive breast cancer,
and the down-regulation of miR-26a and the elevation in
E2F7 expression elevated TAM resistance in MCF-7
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cells.>® Wang et al demonstrated that E2F7 abundance was
enhanced in NSCLC tissues, and miR-935 restrained
NSCLC progression through targeting and reducing E2F7
expression.”' E2F7 was confirmed as a target of miR-33a-
5p in NSCLC cells, and E2F7 silencing overturned
circ SATB2-mediated effects in Cela-treated NSCLC
cells, suggested that circ SATB2 functioned in Cela-
stimulated NSCLC cells through enhancing E2F7 expres-
sion. However, the potential mechanism by which E2F7
contributed to the malignant behaviors of NSCLC cells
remains to be clarified. E2F7 was involved in the regula-
tion of tumor metastasis and development through modu-
lating the process of epithelial-mesenchymal transition
(EMT) and PI3K/AKT signaling.****> Wang et al found
that miR-935 restrained the motility and proliferation of
NSCLC cells through reducing E2F7 expression and inac-
tivating AKT signaling.®' In future, the downstream path-
way behind E2F7-induced progression in NSCLC needs to
be deeply investigated. The regulatory relationship among
explored. Circ_ SATB2
enhanced E2F7 mRNA and protein expression by target-

these three molecules was
ing miR-33a-5p expression in NSCLC cells. Cela sup-
pressed NSCLC tumor growth, and the suppressive
activity of Cela in NSCLC was alleviated by the over-
expression of circ SATB2 in vivo. These findings further
suggested that Cela restrained NSCLC progression
through reducing circ SATB2 expression in vivo.

In conclusion, circ SATB2 counteracted Cela-mediated
inhibitory influence in NSCLC progression through target-
ing miR-33a-5p/E2F7 axis. Circ SATB2/miR-33a-5p/E2F7
axis may be potential target for NSCLC therapy.
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