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Glioma is the most common primary malignant intracranial
tumor. Owing to highly aggressive invasiveness and metastatic
properties, the prognosis of this disease remains poor even with
surgery, radiotherapy, and chemotherapy. Rutin is a glycoside
natural flavonoid that modulates microglia inflammatory
profile and improves anti-glioma activity. Here, a glycoside
flavonoid was extracted and named purple sweet potato delphi-
nidin-3-rutin (PSPD3R). In an experiment using the subcu-
taneous xenograft model of human glioblastoma (GBM) and
alamar blue assay, we found that PSPD3R suppressed the gli-
oma proliferation both in vitro and in vivo. Flow cytometry
assay and transmission electron microscopy observation re-
vealed that PSPD3R stimulated glioma cell autophagy and
apoptosis. High-throughput microRNA (miRNA) sequencing
showed that PSPD3R substantially affected the miRNA expres-
sion of U251 cells. Acridine orange staining and immunoblot-
ting indicated that PSPD3R regulated autophagy via Akt/Creb/
miR-20b-5p in glioma cells. Luciferase reporter assays showed
that autophagy-related gene 7 (Atg7) mRNA was the target
gene of miR-20b-5p. The downregulation of miR-20b-5p in-
hibited glioma proliferation in vivo. In summary, PSPD3R
regulated autophagy in glioma via the Akt/Creb/miR-20b-5p/
Atg7 axis. This work unraveled the molecular mechanism of
PSPD3R-induced autophagy in glioma and revealed its poten-
tial as a therapeutic agent for glioma treatment.
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INTRODUCTION
Glioma is the most common primary intracranial malignant tumor,
with extraordinarily high mortality and mean survival of less than
14 months.1 Its current treatment is the traditional surgical resection
combined with fractionated radiotherapy and adjuvant chemo-
therapy with temozolomide.2 Owing to its rapid and infiltrative
growth, complete surgical removal is usually not possible. Glioma
cells are prone to develop resistance to chemotherapy and radio-
therapy; hence, the prognosis remains poor.3 Therefore, the classical
treatments must be urgently extended to alternative therapy,
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including natural products such as flavonoids, terpenoids, cannabin,
and so on.4

Natural products for glioma therapy mainly consist of polyphenolic
compounds that have been widely recognized and could effectively
pass through the blood-brain barrier.5,6 In vitro and in vivo studies
on glioma models revealed that these compounds exhibit anti-tumor
effects by modulating angiogenesis, migration, invasion, prolifera-
tion, apoptosis, and chemoresistance signaling pathway.7 For
example, resveratrol could cross the blood-brain barrier and influence
the central nervous system, thus suppressing oxidative stress and neu-
roinflammation and inducing the apoptosis of glioma cells to inhibit
their proliferation.8 Curcumin exerts an anti-tumor effect by inducing
excessive autophagy in A172 human glioblastoma (GBM) cells9; pine
bark polyphenolic extract could attenuate amyloid-b and -tau mis-
folding in the model system of Alzheimer’s disease neuropathology.10

To date, research on glioma-related compounds has only focused at
the phenotypic level, and their molecular mechanisms are rarely re-
ported. Therefore, the theoretical basis for combining immuno-
therapy with chemotherapy or targeted therapy in glioma is lacking,
and natural products have not been clinically applied. Understanding
the glioma-regulating mechanism of natural products from the
molecular biology point of view could aid in discovering diagnostic
biomarkers and specific therapeutic targets and expanding new alter-
native therapies.11
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Flavonoids,12 a polyphenol natural product widely existing in na-
ture, have an antioxidant effect for the treatment of cardiovascu-
lar and cerebrovascular diseases, tumors, and inflammation. It
has been reported that part of these nature products has no sub-
stantial cytotoxicity13 and can pass though the blood-brain bar-
rier to ameliorate neurodegenerative diseases.14 Rutin, a flavo-
noid glycoside, is present in Chinese medicinal materials, such
as Sophora flavescens,15 citrus sinensis peel,16 and grape wastes.17

It has been reported that rutin can regulate microglial inflamma-
tion and inhibit glioma growth,18 especially in recurrent cases.19

Since Ipomoea batatas Lam20 has rich nutritional components
including anthocyanidins, polysaccharides, plant proteins, vita-
mins, mineral elements, and rutin, we tried to extract these com-
pounds from medicinal purple sweet potato "Ningzishu No. 4."
In previous work, we found that anthocyanin extract from pur-
ple sweet potato exacerbates mitophagy to ameliorate pyroptosis
in Klebsiella pneumoniae infection.21 Therefore, we speculated
that rutin extracted from purple sweet potato also had an effect
of treating glioma.

In this study, a flavonoid glycoside was extracted and named purple
sweet potato delphinidin-3-rutin (PSPD3R). PSPD3R was found to
inhibit the proliferation of glioma cells and induce their excessive
autophagy and apoptosis by regulating microRNAs (miRNAs)
in vitro and in vivo. Further study on the underlying molecular mech-
anism confirmed that PSPD3R inhibited the phosphorylation of pro-
tein kinase B (PKB/AKT) pathways and the dephosphorylation of cy-
clic adenosine monophosphate (cAMP) response element-binding
protein (Creb), downregulated miR-20b-5p, and increased auto-
phagy-related gene 7 (Atg7) expression and LC3-II conversion, all
of which eventually led to the excessive autophagy and apoptosis of
glioma cells. These findings provide a theoretical basis for the subse-
quent research and clinical application of PSPD3R.

RESULTS
PSPD3R inhibited glioma cell growth in vitro and in vivo

First, alamar blue assay was used to test and compare the growth of
two human gliomas cells (U251 and A172) with that of several normal
control cells (BV2, MHS, MLE-12, human umbilical vein endothelial
cells [HUVECs], and rat astrocyte [AST] cells) following PSPD3R
treatment to investigate the anti-cancer effect of PSPD3R on glioma
cells. The results showed that PSPD3R exhibited a growth-inhibitory
effect on glioma cells but was nontoxic to normal cells. Treatment of
100 mM PSPD3R caused a massive glioma cell death and left virtually
no survivors but almost had no effect on normal cells (Figure 1A).
PSPD3R remarkably inhibited the cell viability of gliomas cells in a
dose- and time-dependent manner, and treatment with 100 mM
PSPD3R almost suppressed the growth of gliomas cells within 48 h
(Figure 1B). Alamar blue assay was also used to screen the 50% lethal
dose (LD50) of drug concentrations in vitro. The results showed that
the PSPD3R-treated glioma cells achieved the LD50 in 50 mM after
24 h (revised Figure 1B, red arrow). Therefore, 50 mM was selected
as the final concentration in cell culture medium and 24 h as the
appropriate treatment time for the following experiments. Clono-
genic survival and EdU proliferation assays were employed to further
verify the inhibition effect of PSPD3R on the proliferation of glioma
cells. The number of cell clones in PSPD3R-treated U251 and A172
cells was substantially reduced compared with that in the control
group, indicating that the proliferation ability of glioma cells
was significantly inhibited by PSPD3R (Figure 1C). This finding
was further confirmed by the EdU proliferation assay, which
revealed a significant reduction in the number of EdU-incorporating
live cells among the PSPD3R-treated U251 and A172 cells
(Figure 1D).

The establishment of orthotopic xenograft tumors was attempted in
the beginning of this study. However, some mice died within
10 days after being inoculated with glioma cells in brain, probably
due to intracranial pressure change, resulting in missed data. Thus,
the subcutaneous xenogeneic model of Professor Mu and colleagues22

was adopted. This model was also used by Professor Bu and col-
leagues23 in their study of lung cancer treatment, implying that the
conclusion obtained using this model was credible. According to
the results of the present experiments, the subcutaneous xenogeneic
model was relatively stable (Figure S1). Therefore, an implanted sub-
cutaneous GBM was established by injecting U251 and A172 cells
into Balb/c nude mice, which were then treated with 1 (low dose)
or 5 (high dose) mg/kg PSPD3R every 2 days24 to validate whether
the in vitro anti-tumor effect of PSPD3R is also evident in vivo (Fig-
ure 2A). The xenografts in the PSPD3R-treated mice grew more
slowly than those in the placebo-treated control mice. Meanwhile,
the anti-tumor effect of PSPD3R at low doses was weaker than that
at high doses (Figure 2A). From a macroscopic view, the tumor size
was reduced in the PSPD3R-treated mice compared with that in the
control group (Figure 2B). Consistently, the tumor weight of
PSPD3R-treated mice was significantly lower than that of the control
mice (Figure 2C). In general, a high-dose PSPD3R treatment is more
efficient in inhibiting tumor than a low-dose treatment. The xeno-
grafts were further stained for Ki67, a marker widely used in assessing
the proliferative fraction in cancers, to clarify the role of PSPD3R in
proliferation inhibition. The xenografts of PSPD3R-treated mice
showed less Ki67 staining than those of the control mice
(Figures 2D and S2A). These findings collectively revealed that
PSPD3R inhibited the growth of GBM in vitro and in vivo.

PSPD3R stimulated glioma cell autophagy and led to apoptosis

Autophagy is a double-edged sword for cancer cells that either fa-
vors their survival or induces their death under certain stress.25

This process has been recently reported as a potential therapy
for malignant glioma.26 In this work, PSPD3R was proposed to
inhibit glioma cell growth by inducing autophagy. Apoptosis, nec-
roptosis, and pyroptosis are major cell-death modalities. Flow cy-
tometry assay was used to explore which type of glioma cell death
is mediated by PSPD3R. The results showed that the number of
apoptotic cells increased after treatment with PSPD3R, indicating
that this metabolite induced the apoptosis of glioma cells
(Figures 3A and S2B). After the glioma cells were treated with
the combination of autophagy inhibitor 3-methyladenine (3-MA)
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Figure 1. PSPD3R had no toxicity to normal cells but remarkably inhibited the proliferation of gliomas cells in a dose- and time-dependent manner

(A) U251, A172, BV2, MHS, MLE-12, HUVEC, and rat AST cells were incubated in the presence of PSPD3R at different concentrations (0, 6.25, 12.5, 25, 50, or 100 mM) for

48 h, respectively. Cell viability was assessed by alamar blue assay at a wavelength of 530 nm. (B) Anti-cancer activity of PSPD3R. U251 and A172 cells were respectively

treated with different concentrations of PSPD3R (0, 6.25, 12.5, 25, 50, or 100 mM) for 12, 24, or 48 h, and cell viability wasmeasured by alamar blue assay. (C) U251 and A172

cells were cultured in the indicated concentrations of PSPD3R for 14 days. The cells were stained with Giemsa stain, and cell clone number was counted. (D) U251 and A172

cells were incubated in the presence of PSPD3R in the indicated concentrations for 24 h. Representative images were provided as indicated; scale bar, 200 mm. Proliferating

glioma cells were labeled with EdU fluorescent dye (red), while blue fluorescence indicates DAPI (blue). Cell viability was assessed by EdU incorporation assays. Data are

presented as mean ± SD from three independent experiments. t test for two experimental group comparisons; *p < 0.05; **p < 0.01; ***p < 0.001.
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and PSPD3R, the number of apoptotic cells decreased compared
with that in the group treated with PSPD3R alone (Figures 3A
and S2B). These data suggested that autophagy might be associated
with the death of the treated glioma cells. The ultra-structures of
autophagy in glioma cells were then observed by transmission elec-
tron microscopy to further confirm whether PSPD3R stimulates
autophagy. The results showed that the number of autophago-
somes was higher in the PSPD3R-treated glioma cells (U251 and
A172) than in the control glioma cells (Figures 3B and S2C), indi-
cating that PSPD3R inhibited glioma cell growth by inducing
autophagy.

The formation of acidic vesicular organelles (AVOs) is an indicator
of an autophagic process.27 Thus, acridine orange (AO) was used to
stain the PSPD3R-treated glioma cells to further study the auto-
phagy induced by PSPD3R. Similar with the results of flow cytom-
etry assay, cytoplasmic AVO formation was quickly observed in the
PSPD3R-treated cells compared with that in the control cells and
3-MA/PSPD3R-combined-treated cells (Figures 3C and S2D). This
316 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
finding further revealed that PSPD3R induced autophagy in glioma
cells.

Immunoblotting assay was used to determine LC3-II conversion after
the glioma cells were combined treated with 3-MA and PSPD3R (Fig-
ure 3D). PSPD3R induced the accumulation of LC3-II in glioma cells,
but the combination treatment of PSPD3R with 3-MA inhibited the
accumulation of LC3-II in the treated glioma cells. Alamar blue assay
was then applied to verify the viability of the glioma cells after being
treated with 3-MA and PSPD3R (Figure 3E), and the results were
coincident with the immunoblotting. In summary, PSPD3R induced
glioma cell apoptosis via autophagy.

PSPD3R significantly affected the miRNA expression of U251

glioma cells

miRNAs are associated with human tumorigenesis by regulating the
expression of oncogenes or tumor-suppressor genes.28 Owing to the
relatively high cost of miRNA microarray analysis of miRNAs, which
is commonly used to predict underlyingmolecularmechanism, precise



Figure 2. PSPD3R inhibited glioma cell growth in vivo

(A–C) 1 � 107 of U251 or A172 cells per mouse were subcutaneously inoculated in the back of Balb/C mice. 1 or 5 mg/kg of PSPD3R was administered by intraperitoneal

injection every 2 days. Mice were sacrificed on day 14, and tumors were excised, photographed, measured, and weighted. (D) Ki67 expression in tumor xenografts was

examined by immunohistochemical (IHC) staining. Representative images were provided as indicated; scale bar, 100 mm. Data are presented as mean ± SD from three in-

dependent experiments. t test for two experimental group comparisons; **p < 0.01; ***p < 0.001.
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molecular experiments must be conducted to confirm the subsequent
proof. Therefore, only a representative cell line, U251, was selected
for the prediction of properties. High-throughput miRNA sequencing
analysis was performed on control versus PSPD3R-treated U251 cells
to investigate the effects of PSPD3Ron themiRNAexpression of glioma
cells. Among the 76 miRNAs detected with altered expression levels
(Figures 4A and 4B), 72 genes were upregulated, and 4 genes were
downregulated. Quantitative real-time polymerase chain reaction
(PCR) analysis was performed to validate the high-throughput
sequencing data both in U251 and A172 cells. Four downregulated
genes and the two most significantly changed genes were chosen and
verified to be related to autophagy. In particularly, miR-20b-5p showed
the highest change both inU251 andA172 cells. In summary, the quan-
titative real-time PCR data were in accordance with the results of high-
throughput sequencing analysis in U251 cells (Figure 4C).

PSPD3R regulated autophagy in glioma cells via miR-20b-5p

Given that PSPD3R induces autophagy in glioma cells and regulates
miR-20b-5p expression, it could control autophagy in glioma cells via
miR-20b-5p. Transmission electron microscopy was performed to
examine the ultra-structures of cell autophagy to investigate whether
miR-20b-5p regulates this process. As shown in the representative
images of autophagosomes, the number of glioma cells (U251 and
A172) transfected with miR-20b-5p inhibitor (20b-5p-in) was higher
than that of glioma cells with nonspecific inhibitor (NS-in) (Fig-
ure 5A). This finding directly proved that miR-20b-5p inhibited auto-
phagy in glioma cells.
Various approaches were applied to verify the functionality of miR-
20b-5p in PSPD3R-treated glioma cells. First, AO staining assay
was performed to detect the formation of AVO in cells. Cytoplasmic
AVO formation was quickly observed in PSPD3R and nonspecific
mimic (NS-m)-treated cells compared with the other groups
(Figure 5B).

Second, the conversion of endogenous LC3 puncta and LC3-I to LC3-
II (lipidated LC3-I) was analyzed by confocal microscopy observation
to investigate the formation of autophagosome membranes in the
PSPD3R- and miR-20b-5p-mimic-treated glioma cells. LC3 puncta
accumulation was found increased in the PSPD3R- and NS-m-treated
cells compared with that in the other groups (Figure 6A).

Finally, immunoblotting assay was conducted to test LC3-II conver-
sion in PSPD3R- and miR-20b-5p-mimic-treated glioma cells. LC3-II
conversion was significantly increased in the PSPD3R- and NS-m-
treated cells (Figure 6B).

All three experiments indicated that PSPD3R induced glioma cell
autophagy; however, the treatment with miR-20b-5p mimic inhibited
autophagy in the PSPD3R-treated glioma cells.

PSPD3R induces autophagy in glioma cells through the Akt/

Creb signaling pathway

Akt is extensively involved in the regulation of various functions,
such as cell survival, proliferation, migration, metabolism, and
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Figure 3. PSPD3R inhibited glioma cell growth by inducing autophagy, but the addition of 3-MA reversed the effect of PSPD3R on glioma cells

(A) U251 and A172 cells were treated with 3-MA in the presence or absence of PSPD3R (50 mM) for 24 h, then the apoptosis was measured by flow cytometry assay. (B) The

autophagy ultra-structure of glioma cells or xenografts was observed by transmission electron microscope. Red arrows, autophagosomes. Scale bar, 0.5 mm. (C) U251 and

A172 cells were treated with 3-MA in the presence or absence of PSPD3R (50 mM) for 24 h, then cells stained with acridine orange. Autophagosome formation of glioma cells

were observed by confocal microscope. Orange puncta were acidic vesicular organelles (AVOs). Scale bar, 10 mm. (D) LC3 expression level was measured by immunoblot-

ting. (E) Cell viability measured by alamar blue assay of glioma cells treated as in (A). Data are presented asmean ± SD from three independent experiments. One-way ANOVA

(Tukey’s post hoc); ***p < 0.001.

Molecular Therapy: Oncolytics
angiogenesis.29 Akt is also a central node of many signaling pathways,
among which the inhibition of Akt phosphorylation suppresses cell
proliferation, one of the pathways of anti-cancer effect.30 Drugs can
inhibit the proliferation of cancer cells by inducing autophagy.31

Considering our previous study on autophagy (Figure 3), we believed
that the autophagy signaling pathway regulated by Akt also plays an
important role in inhibiting the proliferation of glioma cells. The
pathway in this study would be supplemental to the Akt anti-cancer
signaling pathway, and several pathways work together to inhibit the
proliferation of cancer cells.

miR-20b-5p was found to be downregulated after PSPD3R treat-
ment; however, the signal pathway that changed its expression in
318 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
the PSPD3R-treated glioma cells remains unclear. miR-20b-5p
was previously thought to be relevant to the VEGF/Akt/PI3K
pathway;32 whether it is regulated by PSPD3R via the Akt pathway
remains unknown. Thus, further confirmatory experiments are
warranted.

Immunoblotting assay was first used to validate if miR-20b-5p is
regulated by PSPD3R via the Akt pathway. The results showed that
PSPD3R repressed Akt phosphorylation and significantly increased
LC3-II conversion in U251 and A172 cells (Figure 7A). CA-Akt
plasmid (used for constitutive expression of active Akt) was tran-
siently transfected into glioma cells to constitutively activate Akt.
As a result, PSPD3R-induced Akt/Creb inhibition and LC3-II



Figure 4. PSPD3R significantly affected the miRNA expression of glioma cells U251

(A) Heatmap of miRNAs in PSPD3R-treated U251 cells by high-throughput sequencing. (B) Volcano plot of miRNA expression profile of PSPD3R-treated U251 cells by

miRNA microarray analysis. Red, upregulated genes; green, downregulated genes. (C) The miRNAs levels of U251 and A172 cells were measured by quantitative real-

time PCR after treatment with PSPD3R for 24 h. Data are presented as mean ± SD from three independent experiments. t test for two experimental group comparisons;

**p < 0.01; ***p < 0.001.
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conversion were recovered (Figure 7B). This finding indicated that
PSPD3R affected glioma cells though the Akt pathway.

Although no evidence suggests its relationship to miR-20b-5p, Creb is
highly expressed in various malignant tumors and thus is considered
a proto-oncogene and transcriptional factor.33 Hence, miR-20b-5p
might be regulated by the transcriptional factor Creb in glioma cells.
Additional experiments were needed to further validate this hypoth-
esis. First, immunoblotting assay was used to validate whether
PSPD3R regulates Creb, and the results confirmed that this metabo-
lite repressed Creb phosphorylation (Figure 7A). Furthermore, after
the overexpressed Creb plasmid was transiently transfected into gli-
oma cells, the PSPD3R-induced LC3-II conversion was recovered
(Figure 7C). Creb short hairpin RNA (shRNA) plasmids (sh-Creb)
were also transiently transfected into glioma cells to inhibit Creb
expression. This finding revealed that LC3-II conversion was upregu-
lated (Figure 7D), indicating that Creb directly regulated autophagy
in glioma cells.
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Figure 5. miR-20b-5p inhibitor promoted autophagy in glioma cells, while overexpression of miR-20b-5p inhibited autophagy in PSPD3R-treated glioma

cells

(A) U251 and A172 cells were transfected with miR-20b-5p inhibitor (20b-5p-in), then the autophagy ultra-structure of glioma cells was observed by transmission electron

microscope. Red arrows, autophagosomes. Scale bar, 0.5 mm. (B) U251 and A172 cells were transfected with miR-20b-5p mimic (20b-5p-m) or nonspecific control-mimic

(NS-m), then cells were incubated with DMSO or PSPD3R (50 mM) for 24 h. After cells were stained with acridine orange, autophagosome formation of cells was observed

under a confocal microscope. Orang puncta were AVOs. Scale bar, 10 mm. Data are present as mean ± SD from three independent experiments. One-way ANOVA for mul-

tiple comparisons, or t test for two experimental group comparisons; **p < 0.01; ***p < 0.001.
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AO staining assay was also used to identify if PSPD3R induces auto-
phagy in glioma cells through Creb. The overexpressed Creb plasmid
was first transiently transfected into glioma cells, which were then
stained with AO. Cytoplasmic AVO formation was quickly observed
in the PSPD3R- and vector-treated cells compared with the other
groups (Figures 7E and S2E), thus confirming that PSPD3R induced
autophagy in glioma cells through Creb.

Quantitative real-time PCR assay was then applied to detect whether
Creb alters the expression of miR-20b-5p. sh-Creb plasmids were
transiently transfected into glioma cells to inhibit Creb expression.
The result showed that miR-20b-5p expression was suppressed in
sh-Creb-transfected groups, implying that miR-20b-5p was regulated
by Creb (Figure 7F).
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All these results provided further evidence that PSPD3R induced
autophagy in glioma cells through the Akt/Creb signaling pathway.

PSPD3R promotes autophagy by regulating miR-20b-5p/Atg7

pathway in glioma cells

miRNAs regulate gene expression and eventually affect the expression
of their target gene(s). miRanda (Database: http://www.microrna.org)
was used to predict miRNA target sites and revealed that Atg7 mRNA
was the target gene of miR-20b-5p. Thus, PSPD3R increased the Atg7
expression of glioma cells possibly by regulating miR-20b-5p.

Quantitative real-time PCR assay was then applied to detect whether
PSPD3R-treated cells alter the expression of miR-20b-5p and Atg7
mRNA in U251 and A172 cells at different time points. Within 4 h,

http://www.microrna.org/


Figure 6. PSPD3R induced glioma cell autophagy, but overexpression of miR-20b-5p reversed the effect of PSPD3R on glioma cells

(A) U251 and A172 cells were cotransfected with GFP-RFP-LC3 plasmid and 20b-5p-m or NS-m for 24 h, then cells were incubated with DMSO or PSPD3R (50 mM) for 24 h.

LC3 puncta were detected by confocal microscope. Scale bar, 10 mm. (B) U251 and A172 cells were transfected with 20b-5p-m or NS-m, then cells were incubated with

DMSO or PSPD3R (50 mM) for 24 h. LC3 expression was measured by immunoblotting of glioma cells. Cells lysates were collected and then performed for immunoblotting of

LC3 lipidation. Data are presented as mean ± SD from three independent experiments. one-way ANOVA for multiple comparisons; ***p < 0.001.
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the miR-20b-5p levels were significantly decreased, whereas the Atg7
mRNA levels were significantly increased, in PSPD3R-treated glioma
cells (Figure 8A). This result revealed that PSPD3R regulated the
expression levels of miR-20b-5p and Atg7 mRNA and that miR-
20b-5p had a negative relationship with Atg7 mRNA. Moreover,
the mRNA expression of Atg7 was downregulated by miR-20b-5p
mimic in U251 and A172 cells (Figure 8B), implying that miR-20b-
5p can regulate Atg7 mRNA.

Luciferase assays were used to ensure whether Atg7 mRNA is the
direct target of miR-20b-5p. The 3ʹ UTR region of Atg7 was cloned
to generate psiCHECK2-Atg7-3ʹ UTR plasmid, and the bind sites be-
tween miR-20b-5p were mutated to generate psiCHECK2-Atg7-3ʹ-
UTR-mutant (Mut) plasmid (Figure 8C). The results showed that
miR-20b-5p significantly decreased the luciferase activity of
psiCHECK2-Atg7-3ʹ UTR-plasmid-transfected cells and had limited
effects on the luciferase activity of psiCHECK2-Atg7-3ʹ UTR-Mut-
transfected cells (Figure 8D). Therefore, Atg7 mRNA was the direct
target gene of miR-20a-5p, and the target site was in the 3ʹUTR region
of Atg7 mRNA.

The suppressive effect of PSPD3R on glioma cells was validated
in vivo. First, U251 and A172 cells were transfected with lentiviral
miR-20b-5p inhibition construct (LV-20b-5p-in) or control LV vec-
tor (LV-C). The cells transfected with LV constructs were selected by
puromycin and were subcutaneously inoculated in mice. The xeno-
grafts in LV-20b-5p-in-transfected mice grew more slowly than those
in LV-C-transfected mice (Figure 8E). From a macroscopic view, the
tumor size was smaller in the LV-20b-5p-in-transfected mice than in
the LV-C-transfected group (Figure 8F). Consistently, the tumor
Molecular Therapy: Oncolytics Vol. 26 September 15 2022 321
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Figure 7. PSPD3R induces autophagy in glioma cells through the Akt/Creb signaling pathway

(A) U251 and A172 cells were treated with the indicated concentrations of PSPD3R for 24 h. Atg7, phosphorylation of Creb and Akt, and LC3 expression were measured by

immunoblotting. (B) U251 and A172 cells were transfected with a constitutively active Akt plasmid (CA-Akt) for 24 h and were then treated with 50 mM PSPD3R for another

24 h. Cell lysates were collected and performed for immunoblotting of Akt phosphorylation, Creb phosphorylation, and LC3 lipidation. (C) U251 and A172 cells were trans-

fected with overexpression-Creb plasmid in the presence or absence of PSPD3R (50 mM) for 24 h, and then cell lysates were collected and performed for immunoblotting of

Creb and LC3 lipidation. (D) U251 and A172 cells were transfected with Creb shRNA plasmids (sh-Creb), and then cell lysates were collected and performed for immuno-

blotting of Creb and LC3 lipidation. (E) U251 and A172 cells were transfected with overexpression-Creb plasmid in the presence or absence of PSPD3R (50 mM) for 24 h, and

then cells stained with acridine orange. Autophagosome formation of glioma cells were observed by confocal microscope. Scale bar, 10 mm. (F) U251 and A172 cells were

transfected with sh-Creb plasmid or shNC, then the expression of Atg7 mRNA was measured by quantitative real-time PCR. Data are presented as mean ± SD from three

independent experiments. t test for two experimental groups comparisons; ***p < 0.001.
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weight of the LV-20b-5p-in-transfected mice was significantly lower
than that of the LV-C-transfected mice (Figure 8G). These data
showed that downregulating miR-20b-5p could inhibit the prolifera-
tion of glioma cells in vivo.

Transmission electron microscopy was used to examine the xeno-
grafts from glioma-bearing mice to confirm whether miR-20b-5p
regulates autophagy in vivo. As shown in the images, the autophago-
somes were more abundant in the xenografts of the LV-20b-5p-in-
transfected mice than in the xenografts of the LV-C-transfected
322 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
mice (Figure 8H). This finding confirmed that the downregulated
miR-20b-5p inhibited autophagy in vivo.

DISCUSSION
In this study, PSPD3R was found to promote glioma autophagy to
apoptosis. The related molecular mechanisms were analyzed in detail
for the first time (Figure 8I). In vitro, PSPD3R inhibited glioma cell
proliferation and promoted apoptosis (Figure 1). This metabolite
also suppressed glioma xenograft growth in vivo (Figure 2) and pro-
moted glioma apoptosis through excessive autophagy (Figure 3).



Figure 8. PSPD3R promotes autophagy by regulating miR-20b-5p/Atg7 pathway in glioma cells

(A) The expression of miR-20b-5p and Atg7 mRNA in U251 and A172 cells were measured by quantitative real-time PCR after treatment with the indicated concentrations of

PSPD3R within 1, 2, or 4 h (B) U251 and A172 cells were transfected with 20b-5p-m or NS-m, then the expression of Atg7 mRNA was measured by quantitative real-time

PCR. (C) The wild-type and mutation of psiCHECK2-Atg7-30-UTR and its bind sites with miR-20b-5p. (D) U251 and A172 cells were transfected with Atg7-30-UTR-wild-type
or mutant (Mut) plasmid for 6 h and further transfected with 20b-5p-m or NS-m. Luciferase assays were performed, and the luciferase activities were measured at 560 nm by

a luciferase reporter gene assay kit. (E–G) U251 and A172 cells were transfected with lentiviral miR-20b-5p inhibition construct (LV-20b-5p-in) or control lentiviral vector

(legend continued on next page)
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First, compared with that in the control glioma cells, the number of
autophagosomes was higher in the PSPD3R-treated glioma cells as
observed under a transmission electron microscope (Figure 3B). Sec-
ond, AO test revealed abundant acidic vesicles in the PSPD3R-treated
glioma cells (Figure 3C). Third, LC3- II conversion was increased in
PSPD3R-treated glioma cells, as detected by western blot (Figure 3D).
However, the addition of 3-MA reversed the effect of PSPD3R on gli-
oma cells (Figure 3).

PSPD3R also significantly affected the miRNA expression of glioma
cells U251 (Figure 4) and regulated autophagy in glioma cells via
miR-20b-5p (Figures 5 and 6). Immunoblotting showed that nuclear
transcription factor Creb could regulate miR-20b-5p (Figure 7).
Finally, data of both luciferase and quantitative real-time PCR assays
revealed that Atg7 is the target gene of miR-20b-5p (Figure 8).

This study confirmed that PSPD3R promoted glioma apoptosis by
inducing excessive autophagy. Current reports on the biological
activities of rutin in China and abroad mainly focus on its anti-in-
flammatory,34 anti-diabetes,35 antioxidant,36 neuroprotective,14 and
anti-tumor37 activities and the nano preparations of antibacterial
and anti-allergy particles from this compound.38 Only two studies
showed that rutin can increase the cytotoxicity of chemotherapy
drugs by inhibiting autophagy. Professor Ma and colleagues39 found
that rutin can attenuate doxorubicin-induced cardiotoxicity by
reducing autophagy and apoptosis. Professor Zhang and colleagues40

found that rutin can also increase the cytotoxicity of temozolomide in
GBM by inhibiting autophagy. However, the present results were con-
trary to these two reports. Here, PSPD3R promoted glioma apoptosis
through excessive autophagy (Figures 1, 2, and 3). According to our
literature review, this difference can be attributed to the following rea-
sons. First, autophagy is a double-edged sword that can act as a pro-
tective mechanism to maintain normal cell function in physiological
conditions.41 However, excessive autophagy induced by nutritional
deficiency, DNA damage, or hypoxia could lead to cell death.42 In pre-
vious studies, rutin reduced autophagy to increase the toxicity of
chemotherapy drugs. In the present work, rutin alone was applied
to promote glioma cell apoptosis through excessive autophagy. In
addition, the same drug might have different effects on cells in
different organs or cell lines. Rutin was applied to treat mouse cardiac
tissues in Ma’s study39 and was used to treat glioma cells in the cur-
rent work. Similarly, berberine can play an anti-inflammatory role in
liver and an anti-tumor role in the digestive system.43 The autophagy-
related signaling pathways are mainly ROS/JNK and Akt/mTOR for
glioma cells44 and IGF-1/Akt and Akt/mTORC1 signaling pathways
for myocardial cells.45 Therefore, differences in signaling pathways
might also lead to variations in drug functions. Third, different com-
pounds may have varying cancer-suppressing mechanisms. The com-
pound used in Zhang’s study is troxerutin, whose main constituents
(LV-C), and stable cells were selected by puromycin. Then, 1� 107 of the stable cells wer

sacrificed on day 14, and tumors were excised, photographed,measured, and weighted

electron microscope. Red arrows, autophagosomes. Scale bar, 0.5 mm. (I) Proposed

presented as mean ± SD from three independent experiments. t test for two experime
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are flavones. Its molecular formula is C33H42O19, and its molecular
weight is 742.68. The structure of troxerutin is a double bond between
C-2 and C-3. Meanwhile, PSPD3R was extracted and purified from
purple sweet potato. Its molecular formula is C30H26O14, and its mo-
lecular weight is 610.519. The main constituents of PSPD3R are an-
thocyanidins without a carbonyl group in position 4. In conclusion,
the current study provides new treatment ideas for patients with
glioma.

For the first time, this study revealed that PSPD3R induced autophagy
in glioma cells by regulating the transcription factor Creb. As a tran-
scription factor, Creb is highly expressed in various tumors and
involved in tumor proliferation, survival, and metastasis; hence, it
was considered an important proto-oncogene.33 However, the rela-
tionship between rutin and Creb in glioma has not been reported.
In this work, rutin promoted autophagy through the AKT/Creb
signaling pathway in glioma cells. At present, only two relevant re-
ports about Creb in glioma are available. Zheng and colleagues re-
ported that Creb knockdown inhibited the proliferation and migra-
tion of U251 glioma cells; however, the signaling pathways involved
were not investigated.46 Shupeng and colleagues47 found that miR-
433-3p suppressed cell growth and enhanced chemosensitivity by tar-
geting Creb in human glioma; however, this work focused on the
importance of miRNA. Creb is only a target protein of miR-433-3p.
In addition, the above two studies failed to discuss the importance
of Creb as a transcription factor in glioma-suppressor mechanisms.
In the current work, PSPD3R promoted the autophagy of glioma cells
by inhibiting the expression of Creb. In turn, Creb overexpression
completely reversed the autophagy promoted by PSPD3R (Figure 6).
The signaling pathway and downstream target genes involving Creb
were also determined. In particularly, Creb regulated autophagy via
miR-20b-5p in glioma. These conclusions might encourage further
research on the relationship between Creb and miRNA and broaden
the therapeutic targets in glioma.

In this work, we reported that PSPD3R promoted autophagy by
reducing miR-20b-5p in glioma cells (Figures 4, 5, 6, and 7). Natural
products from the plants in the “affinal drug and diet” have been used
as a part of anti-cancer therapy in glioma.4 Rutin, a safe anti-cancer
drug without side effects, has been studied in recent years. Most of
the reports were related to apoptosis and the autophagy signaling
pathway;48 however, the molecular mechanism of rutin, especially
in miRNA regulation, was poorly investigated. The current work pio-
neered the discovery of miR-20b-5p function in glioma. Only a few
studies reported the function of miR-20b-5p in other cancer types.
For example, Qiu and colleagues proved that, in myocardial cells, cir-
cular RNA HIPK3 (circHIPK3) regulated the autophagy and
apoptosis of hypoxia/reoxygenation-stimulated cardiomyocytes
through the miR-20b-5p/Atg7 axis.49 Tang and colleagues found
e subcutaneously inoculated in the right upper back of Balb/C nudemice. Mice were

. (H) The autophagy ultrastructure of tumor xenografts was observed by transmission

model for the role of PSPD3R in regulating the autophagy in glioma cells. Data are

ntal groups comparisons; *p < 0.05; **p < 0.01; ***p < 0.001.
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that long noncoding RNAHOTAIR regulated autophagy through the
miR-20b-5p/Atg7 axis in hepatic ischemia/reperfusion injury in
the liver.50 Study in breast cancer indicated that rutin restrained the
growth and metastasis of mouse breast cancer cells by regulating
the miRNA-129-1-3p-mediated calcium signaling pathway.51 Among
these three reports about miR-20b-5p, the last two were consistent
with the current result, that is, rutin plays an anti-cancer role by regu-
lating miRNA. However, none of the above studies emphasized the
function of rutin on regulating miRNA in glioma. The present find-
ings were discovered in glioma cells, in which PSPD3R increased
the expression of Atg7 mRNA by downregulating miR-20b-5p to in-
crease autophagy and promote apoptosis (Figure 8). Therefore, the
miR-20b-5p/Atg7 axis can be used as a new strategy for the treatment
of glioma. Further research might provide a new target gene for the
diagnosis and treatment for glioma.

In conclusion, PSPD3R induced the excessive autophagy of glioma
cells and led to cell apoptosis by inhibiting AKT phosphorylation, de-
phosphorylating Creb, downregulating miR-20b-5p, and eventually
increasing Atg7 expression and LC3-II conversion.

These results provide novel insights into rutin treatment for glioma.
Compared with immunotherapy, PSPD3R is cheaper and easier to
obtain, thus relieving the economic pressure on patients. Further
investigation on the potential mechanism of PSPD3R in glioma will
provide a pharmacologic theoretical basis for its clinical application.

MATERIALS AND METHODS
Mice

Male Balb/c nude mice at 8 weeks of age were purchased from Beijing
Charles River Laboratory Animal (Beijing, China) and bred in a spe-
cial pathogen-free room. All studies were approved by the Institu-
tional Animal Care and Treatment Committee of Xuzhou Medical
University. Animal experimental procedures, including treatment,
care, and endpoint choice, followed the guidelines of animal research
for reporting in vivo experiments and were performed with random-
ization. For the establishment of a subcutaneous glioma model,
1 � 107 U251 or A172 cells were suspended in saline solution and
inoculated on the right upper back of each mouse. When the tumor
volumes reached approximately 100 mm3, the mice were randomized
into three groups: one group was injected intraperitoneally with
200 mL of saline solution, and the remaining two groups were admin-
istered with 1 or 5 mg/kg PSPD3R every 2 days. All mice were eutha-
nized after 2 weeks for analysis. Tumor tissues were isolated and
immediately frozen in liquid nitrogen or fixed in 4% paraformalde-
hyde (VICMED, Xuzhou, China).

Cell culture

Human glioma cell lines U251, human glioma cell lines A172, mouse
normal neuroglial cell line BV2, MH-S murine alveolar macrophages
(AMs), mouse lung epithelial cells MLE-12, and HUVECs were ob-
tained from American Type Culture Collection (ATCC, Manassas,
VA, USA). All cell lines were cultured in accordance with the
ATCC guidelines and used within 6 months. Primary cultures of
rat AST were obtained from neonatal SD rats according to a protocol
used previously.52 U251, A172, and BV2 cells were maintained in
DMEM/high-glucose medium (HyClone, Logan, UT, USA), MLE-
12 cells were maintained in DMEM/F-12 medium (HyClone), and
MH-S and HUVECs were maintained in RPMI 1640 medium (Hy-
Clone). All media were supplemented with 100 U/mL penicillin-
streptomycin (Beyotime, Shanghai, China) and 10% serum (Clark
Bioscience, Richmond, VA, USA) and placed in a humidified incu-
bator at 37�C under 5% CO2 atmosphere (Xuzhou Xinhong Special
Gas, Xuzhou, China).53

Assays for cell viability

Cell viability was determined by alamar blue (Sigma-Aldrich, St.
Louis, MO, USA) assay. The cells were plated at 1 � 104 cells per
well of 96-well microtiter plates with 200 mL complete culture me-
dium and treated with indicated PSPD3R concentrations for 12, 24,
or 48 h at 37�C in a humidified chamber. Treatment with each
PSPD3R concentration was replicated in four wells. After incubation
in a humidified incubator for specified times at 37�C, each well was
added with alamar blue reagent (200 mL, 0.125 mg/mL in PBS) and
incubated for 4 h. Fluorescence intensity was recorded on a micro-
plate reader (Synergy 2; BioTek, Winooski, VT, USA) at 530 nm
wavelength. The effect of PSPD3R on growth inhibition was assessed
as the inhibition percentage of cell growth, in which vehicle-treated
cells were taken as 100% viable. Half maximal inhibitory concentra-
tions (IC50) values were determined from three independent
experiments.

Clonogenic assay

The cells were plated at a low density and incubated with increasing
PSPD3R concentrations. At the end of the growth period, the cells
were fixed with methyl alcohol, stained with Giemsa stain (Solarbio,
Beijing, China), and photographed to estimate their proliferation
relative to that of untreated cells.54

EdU for cellular viability

Cell viability was determined by EdU (RiboBio, Guangzhou, China)
assay.23 The cells were plated at 1 � 104 cells per well in 96-well mi-
crotiter plates with 100 mL complete culture medium and treated with
designated PSPD3R concentrations (0, 25, 50, and 75 mM) for 24 h at
37�C in a humidified chamber. Treatment with each PSPD3R con-
centration was replicated in three wells. After incubation, the cells
were fixed with 4% paraformaldehyde for 30 min and then exposed
to Apollo staining reaction solution. Nuclei were stained with
Hoechst33342 Staining Solution, and images were captured using a
DM5000 fluorescence microscope (Leica, Buffalo Grove, IL, USA).

Immunohistochemistry

Immunohistochemical analysis was performed as previously
described.23 Tumor tissues from three independent mice were fixed
in 4% paraformaldehyde for 2 h and embedded in paraffin following
a routine histologic procedure. Tissue blocks were then cut into 4 mm
slices, dewaxed, rehydrated, autoclaved for antigen retrieval, blocked
with 3% bovine serum albumin (BSA; Beyotime) for 3 h, and finally
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incubated with rabbit polyclonal antibodies (Abs) against Ki67 (Pro-
teintech, Wuhan, China) and Alexa Fluor 488-conjugated goat anti-
rabbit secondary Ab (Proteintech). Ki67 was detected in tumor tissues
using EXPOSE Rabbit Specific HRP/DAB Detection IHC kit (Abcam,
Cambridge, UK). Ki67-positive cells were captured under a BX41 mi-
croscope (magnification, �400; Olympus BX43) and counted
randomly in six areas per slide.

Flow cytometry

The cells were harvested, washed twice with PBS, and resuspended in
Annexin-V FITC/PI solution (KeyGEN, Nanjing, China) for
apoptosis analysis. At least 10,000 live cells were analyzed on a flow
cytometer (FACS Canto II, BD, Franklin Lakes, NJ, USA). Data
were examined with FlowJo software.55

Transfection of plasmids, mimic, inhibitors, and LV constructs

miR-20b-5p mimic (20b-5p-m; used for overexpression of miR-20b-
5p); NS-m (negative control of 20b-5p-m); 20b-5p-in (used for inhib-
iting expression of miR-20b-5p); NS-in (negative control of 20b-5p-
in); sh-Creb plasmids (used for inhibiting expression of Creb);
negative control of shRNA plasmids (sh-NC; negative control of
sh-Creb); overexpressed Creb plasmids (oe-Creb; used for overex-
pression of Creb); empty vector (vector; negative control of oe-
Creb); CA-Akt (used for constitutively expression of active Akt);
green and red fluorescence protein-tagged LC3 plasmid (LC3-GFP-
RFP; used for expression of LC3 with fluorescence); and pcDNA3.1
plasmids (empty vector; negative control of LC3-GFP-RFP) were ob-
tained from Sangon Biotech. LV miR-20b-5p inhibition construct
(LV-20b-5p-in; used for inhibiting expression of miR-20b-5p) and
LV-C were obtained from Shanghai Genechem (Shanghai, China).
U251 and A172 cells were transfected with plasmids or LV constructs
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) or
HitransG Transfection Reagent (Genechem, Shanghai, China) in
accordance with the manufacturer’s instructions.

AO staining

AO staining was performed to evaluate autophagy.56 AO (Sigma-Al-
drich) was dissolved in PBS containing 5% FBS (10 mM). U251 and
A172 cells were treated with or without PSPD3R, 3-MA (Solarbio),
miR-20b-5p-m, or oe-Creb plasmid at certain concentrations for
24 h and then incubated with AO at 37�C for 5 min. The cells were
then washed three times by PBS and then observed under an Olympus
FV10i confocal microscope (FV10-ASWViewer software). Data were
presented as mean ± SD from three independent experiments.

LC3 puncta observation

U251 and A172 cells were transfected with RFP-GFP tandem fluores-
cent-tagged LC3 (RFP-GFP-LC3) for 24 h and then treated with
50 mM PSPD3R for another 24 h.57 Nuclei were stained with DAPI
(Beyotime) to detect the formation of endogenous LC3 puncta in cells
using an Olympus FV10i confocal microscope. The obtained images
were treated with FV10-ASW Viewer software (scale bar, 10 mm).
Data were presented as mean ±SD from three independent
experiments.
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Transmission electron microscope observation

First, the cells were treated with PSPD3R or transfected with 20b-5p-
in, harvested, fixed in 2.5% glutaraldehyde (Zhongjingkeyi Technol-
ogy, Kaifeng, China) and 4% paraformaldehyde overnight, added
with 1% osmium tetroxide (Zhongjingkeyi Technology), and dehy-
drated in a series of graded ethanol and acetone (China National
Pharmaceutical Group, Beijing, China). The samples were then rinsed
and added with 812 epoxy resins (Zhongjingkeyi Technology). Ultra-
thin sections (70 nm thickness) were prepared using a Leica EM UC7
microtome after polymerization and stained with 3% lead citrate
(Zhongjingkeyi Technology) and 2% uranyl acetate (Zhongjingkeyi
Technology). Finally, autophagy in cells was observed by a transmis-
sion electron microscope (Tecnai G2 T12; Hillsboro, OR, USA).

Immunoblotting

Rabbit polyclonal Abs against phosphorylated form of Phospho-Creb
(#AF3189) were purchased from Affinity Biosciences (Zhenjiang,
China). Mouse monoclonal Abs against the total form of Creb (#sc-
186) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Rabbit polyclonal Abs against the phosphorylated form
of Phospho-Akt (#4060) were acquired from Cell Signaling Technol-
ogy (Danvers, MA, USA). Rabbit polyclonal Abs against LC3
(#14600-1-AP), mouse monoclonal Abs against Atg7 (#67341-1-Ig),
and mouse monoclonal Abs against b-actin (#66009-1-Ig) were
bought from Proteintech.

The samples derived from cells and tumor homogenates were lysed in
whole-cell lysates (KeyGEN), separated by electrophoresis on 10% or
12.5% SDS-polyacrylamide gel electrophoresis, and transferred to
nitrocellulose filter membranes (ExCell Bio, Shanghai, China). Pro-
teins were detected using primary Abs at a concentration of 1:1,000
and incubated overnight. Specific interaction with the primary Abs
was detected using corresponding secondary Abs conjugated to IR-
Dye 800CW Goat (polyclonal) anti-rabbit immunoglobulin G (IgG;
H+L) (VICMED) or IRDye 800CW goat (polyclonal) anti-mouse
IgG (H+L) (VICMED). Gel bands were observed by the enhanced
chemiluminescence Odyssey CLX laser imaging scan system (LI-
COR, Lincoln, NE, USA) and quantified by ImageJ software. Data
were presented as means ± SD from three independent immunoblot-
ting assays.58 Phosphorylated and total protein levels were deter-
mined and quantified by three successive immunoblotting
experiments.

Quantitative real-time PCR

After treatment, total RNAs were isolated from cells using the Trizol
reagent (Vicmed) in accordance with the manufacturer’s protocol.
RNA concentration was measured using the enzyme standard instru-
ment (Spectrophotometer OD-1000 nanodrop; OneDrop, Shanghai,
China). For RNA measurement, cDNA was synthesized using
FastKing cDNA reagent kit (TIANGEN, Beijing, China) and miRcute
plus miRNA first-strand cDNA kit (TIANGEN) and analyzed by
SYBR green methods with SuperReal PreMix Plus (SYBR Green)
(TIANGEN) and miRcute plus miRNA qPCR kit (TIANGEN). The
program was as follows: 95�C for 15 min, followed by 40 cycles of
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95�C for 10 s and 60�C for 20 s. The following primer sequences were
used:

Atg7: 50-GAGCAAGCCCGCAGAGATGTG-30 (forward),

50-TCCCAAAGCAGCATTGATGACCAG-30 (reverse);

has-miR6132: 50-CAGCAGGGCTGGGGATTGCA-30 (forward);

has-miR4492: 50-TATATAGGGGCTGGGCGCGCG-30 (forward);

has-miR-20b-5p: 50-CGCGCAAAGTGCTCATAGTGCAGGTAG-30

(forward);

has-miR-338-5p: 50-CGCGCAACAATATCCTGGTGCTGAGTG-30

(forward);

has-miR-3911: 50-CCTGTGTGGATCCTGGAGGAGGCA-30 (forward);

has-miR-503-5p: 50-CGTAGCAGCGGGAACAGTTCTGCAG-30

(forward).

The expression of target transcript was calculated by 2-
OOCT

method.59 GADPH and U6 were used as the loading control for
mRNA and miRNA, respectively.

Luciferase reporter assays

Wild-type (WT) psiCHECK2-Atg7-3ʹUTR reporter plasmid and psi-
CHECK2-Atg7-3ʹ UTR reporter plasmid with a Mut at the miR-20b-
5p binding site were purchased from Guangzhou Geneseed Biotech.
The reporters and miR-20b-5p-m were cotransfected into U251
and A172 cells using Lipofectamine 3000. The cells were harvested
and lysed after 24 h of transfection. Luciferase intensity was then
measured with Dual-Lumi Luciferase Reporter Gene Assay kit (Beyo-
time) in accordance with the manufacturer’s instructions.60

miRNA microarray analysis

U251 cells were plated in 6-well microtiter plates and treated with or
without PSPD3R. The total RNA was then extracted using Trizol re-
agent (VICMED) following the manufacturers’ guidelines. miRNA
isolation and high-throughput miRNA profiling were performed by
CapitalBio Technology (Beijing, China). Microarray data were
analyzed using Affymetrix GeneChip Command Console software.
The significantly differentially expressed miRNAs between control
and PSPD3R-treated groups were selected using ANOVA and a
two-tailed t test according to the following criteria: fold change >2
or %2 and p <0.05.61

Statistical analysis

Experiments were performed in triplicate and independently repeated
at least three times. Statistical analysis was carried out using
GraphPad Prism 7 software. Data are shown as mean ± SD. Statistical
differences were evaluated by one-way ANOVA (Tukey’s post hoc
test) for multiple comparisons or by two-tailed Student’s t test for
two experimental group comparisons. Differences were accepted as
significant at p <0.05.
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The data of this research are available from the corresponding author
upon request.
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