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Abstract
Purpose Glioblastoma multiforme (GBM) is the most lethal brain tumor which is characterized of high
invasiveness and resistance to chemoradiotherapy. Forkhead box protein O1 (FOXO1) might play a key
role in multidrug resistance (MDR) and invasiveness of GBM, while the upstream and downstream
molecular mechanisms are not yet elucidated.

Methods The roles of FOXO1 and miR-506 in proliferation, apoptosis, migration, invasion, autophagy and
TMZ sensitivity were explored in U251 cell lines both in vitro and in vivo. The interaction between
FOXO1and miR-506 was also explored.

Results In this study, we found FOXO1/ miR-506 axis suppresses GBM cells invasion and migration, and
promotes chemosensitivity to temozolomide (TMZ) which was mediated by autophagy. FOXO1
upregulates miR-506 by binding to its promoter to enhance transcriptional activation. miR-506 could
down-regulate ETS1 expression by targeting its 3’-UTR. Interestingly, ETS1 promotes FOXO1 translocation
from nucleus to cytosol and further suppresses FOXO1-miR-506 axis in GBM cells. Consistently, both
miR-506 inhibition and ETS1 overexpression can rescue FOXO1 overactivation mediated TMZ
chemosensitivity in mouse models.

Conclusions These results demonstrate a negative feedback loop of FOXO1/miR-506/ETS1/FOXO1 in
GBM to regulate invasiveness and chemosensitivity, which might be a promising therapeutic target for
GBM.

Introduction
Glioblastoma multiforme (GBM, WHO grade IV glioma) is the most common and lethal malignant brain
tumor in adults with a dismal prognosis despite multimodality treatments, including surgery, radiotherapy
and chemotherapy(Lapointe et al. 2018; Louis et al. 2021). GBM is characterized of high invasiveness
with multiple lesions invasive dissemination as well as resistance to radiotherapy and
chemotherapy(Phillips et al. 2006). Temozolomide (TMZ) is a �rst-choice alkylating agent inducted as a
gold standard therapy for GBM(Lwin et al. 2013; Tomar et al. 2021). However, most GBM patients present
with local recurrence due to TMZ resistance and high-invasive capacity(De La Rosa et al. 2020; Lwin et al.
2013). Therefore, it is urgent to investigate the underlying mechanisms of TMZ resistance and high
invasiveness and �nd novel targets for GBM treatment.

Forkhead box protein O1 (FOXO1) belongs to the subfamily of the forkhead transcription factor. FOXO1 is
known to locate at the vital node of pathway of Receptor tyrosine kinases (RTK), which is closely related
to the RTK pathway phosphorylation and activity(TCGA 2008). In our previous study, we found that
inactivation of FOXO1 is closely related to poor prognosis of glioma(Chen et al. 2013). FOXO1 plays a
key role in multidrug resistance (MDR) and invasiveness of glioma(Chen et al. 2019), but the upstream
and downstream molecular mechanisms are not yet elucidated.
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MicroRNA, as a kind of non-coding and single-stranded RNA, plays a regulative role in gene expression.
The close relationships between microRNAs and cancers have attracted great attention. It was reported
that miR-506 was upregulated by FOXO1 in human embryonic kidney cell line(Singhal et al. 2013). High
expression of miR-506 suppressed metastasis of colorectal tumor(Wei et al. 2019), gastric tumor(Wang et
al. 2019) and nasopharyngeal tumor(Liang et al. 2019). Whether FOXO1-miR-506 axis involving in TMZ
resistance and high invasiveness of GBM has not been investigated.

As a member of E26 transformation-speci�c (ETS) family, ETS1 is reported being involved in cell
proliferation, survival, invasion, and associated with poor prognosis and therapy resistance in
cancers(Vishnoi et al. 2020). miR-506 has been demonstrated to inhibit EMT and angiogenesis in gastric
cancer by targeting ETS1(Li et al. 2015).

In this study, we aimed to explore whether a feedback loop of FOXO1/miR-506/ETS1/FOXO1 exists in
association with TMZ sensitivity and tumor invasion in GBM. Our results would bring a new idea for the
treatment of GBM to overcome TMZ resistance.

Materials And Methods

Cell lines and treatments
Human brain tumor cell lines of U251, SHG-44, U-87 MG (U87), A172 were purchased from the Cell Bank
of Chinese Academy of Sciences (Shanghai, China). Human Astrocytes (HA) were supplied by SciencCell
Research Laboratories (CA, USA). Cells of U251 and A172 were maintained in medium of Dulbecco's
modi�ed Eagle's medium (DMEM), SHG-44 in RPMI-1640, and U87 in MEM medium appended with 10%
Fetal bovine serum (FBS). All the above medium and FBS were supplied by GIBCO-Invitrogen (Grand
Island, NY). HA was cultured using astrocyte medium (SciencCell, CA, USA). All the cell lines were cultured
under the condition of 37℃with 5% CO2. Cells were transfected with FOXO1 over-expression (FOXO1-OE)
and negative control (NC) plasmids according to previous study(Chen et al. 2019). U251 was treated with
0-1500µM TMZ in 0.5% DMSO (Sigma, USA, T2577).

Quantitative real-time PCR (qRT–PCR) assay
Total RNA of cells was isolated using Trizol reagent or miRNeasy mini kit (invitrogen, USA) in our study.
The qRT–PCR reactions were carried out according to the product manual of All-in-One™ qRT-PCR
detection kit for miRNA (FulenGen, Guangzhou, China). During the PCR assay in real-time, iQ-5 (Bio-Rad)
was used as a monitor. The speci�c oligonucleotide primer of FOXO1 used is as follows: Forward primer
(5’-3’) CCGGAGTTTAGCCAGTCCAA and Reverse primer (3’-5’) CACGCTCTTGACCATCCACT. The speci�c
primers of miR-506 were purchased from FulenGen Co., Ltd. Cycling pro�le of PCR was denatured for
5min at 95˚C, then 40 cycles of annealing for 10sec at 95˚C, and extended for 45sec at 60˚C. For further
calculation, the average cycle threshold (Ct) was obtained from three independent experiments. The
method of 2−ΔΔCt was used to quantify the relative expression of genes.
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CCK8 assay
U251 cells (0.5 105/well) were plated in 96-well plates and cultured for 12h in 5% CO2 conditions. TMZ
with �nal concentrations of 0-1500µM were added to the cells for 48h. Concentrations 0 is that cells
treated with solvent as DMSO (0.5%) of TMZ. Cell Counting Kit 8 (Dojindo, Kumamoto, Japan) was used
to measure the cell viability according to the instructions. 50% inhibiting concentration (IC50) was
analyzed with GraphPad Prism 6.0 software.

Colonies formation assay
According to our previous study [2], 5×103 cells with/without transfecting as wells as treatment with �nal
concentration of 50 µM TMZ in 0.5% DMSO were planted in 6-well plates for 7 days incubation, followed
by �x with ethanol (70% v/v) and staining with crystal violet (0.5%) (Genemed, GMS10007). Visible
colonies were analyzed using ImageJ software.

Apoptosis assay by TUNEL staining and �ow cytometry
Apoptosis assay has been conducted with TUNEL staining kit (Roche, Switzerland) and AnnexinV-FITC/PI
cell apoptosis detection kit according to the manufacture’s instruction. Brie�y, the control cells, plasmids
of FOXO1 over expression (FOXO1-OE) or control vector (negative control, NC) plasmids or miR-506-3p
inhibitor (RiboBio, Guangzhou, China) transfected cells treated with/without �nal concentration of 50 µM
TMZ in 0.5% DMSO were allowed for TUNEL staining according to the instructions. Finally, the TUNEL-
positive cells were visualized and imaged with a �uorescence microscope (Leica, Germany).

For detection by �ow cytometry, cells were digested with 0.25% trypsin without EDTA, and then collected
by centrifuging at 1500rpm for 5min, followed by resuspending by PBS. 500ul binding Buffer was added
to resuspend the cells and 5ul AnnexinV-FITC mix, then 5ul PI were added and mixed. Avoidance reaction
at room temperature for 5-15min and then on-machine detection with �ow cytometry.

Western blotting
Total proteins of cells were isolated with protein extraction kit (KeyGEN BioTECH, China) according to the
product manual. Then the proteins were added to 15% SDS-polyacrylamide gels for separation. After that,
the blots were transferred to PVDF membranes (Millipore, USA). Then being blocked by 5% defatted milk,
the membranes in company with the primary antibody were incubated overnight. After being washed, the
membranes were incubated with the corresponding secondary antibody conjugated by horseradish
peroxidase (HRP) which was visualized by a system of enhanced chemiluminescence (ECL) (Pierce
Biotechnology, Rockford, IL). Anti-Tubulin (1:1000) (Abcam, UK), anti-LC3B (1:500) (Abcam, UK), anti-
Beclin-1(1:500) (CST, USA), anti-N-Cadherin (1:500) (Abcam, UK) and anti-E-Cadherin (1:500) (Abcam, UK)
were used as primary antibodies. Tubulin was used to normalize the results to correct for loading.

Migration and Invasion experiments
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Scratch assay experiments were performed to assess cells migration according to previous study(Chen et
al. 2019). Brie�y, U251 cells with/without transfection were cultured in 6-well plates for 24h and then
scratched followed another 48h- incubation. Pictures were taken at 0, 14h and 24h after scratch via a
microscope. Cell migration had been analyzed as the ratio of uncovered area at 48h to 0h is 100%.

Invasion of cells was performed by trans-well plates (Corning, USA) on the basis of the products’
recommendations. 25µL Matrigel (BD, USA) was added to the trans-well �lter insert (Corning, USA) to coat
the upper surface of a polycarbonate membrane, and then solidi�ed by incubation at 37℃ for 2h to serve
as the extra cellular matrix for cell invasion analyses. 1×105 cells were collected and re-suspended in
100µL DMEM medium without serum and then planted into the upper chamber of the plates. 500µl
DMEM containing 10% FBS was added to the lower chambers. After incubated for 24h, non-migrating
cells were scraped to remove from the top of the trans-well membrane. Cells invaded to the bottom of the
trans-well membrane were �xed for 20min by 500µl 4% Paraformaldehyde and then stained by crystal
violet. The absorbance values (OD) at 570nm acquired by a microplate reader was used to quantify the
numbers of migrated cells.

Transmission electron microscopy
After transfection or treated with miR-506 inhibitor and starvation for 12 hours, cells were harvested and
then �xed in a pH7.4 buffer comprised of sodium cacodylate(0.1M), paraformaldehyde (2.0%) and
glutaraldehyde (2.5%) at 4℃ for 12h. The cells were then washed by buffer and �xed by osmium
tetroxide (2.0%) at 25℃ for 1h, after that, the samples were washed by buffer and dH2O in proper order.
The sediment of cells was then under gradient ethanol dehydration series, and then in�ltration and
embedded in the EMbed − 812 (Electron Microscopy Sciences, 14900). Lead citrate was used to stain the
sections of cells and autophagy was observed under JEOL 1010 electron microscope. The digital camera
(Hamamatsu c4742-95) was used to capture the images of samples which were analyzed by proprietary
software.

Plasmids construction and Dual-Luciferase Reporter
Experiment
The wild and mutated 3’-UTR fragments of ETS1 (Fig. 5C) were ampli�ed and inserted into pGL3 Vector
of Luciferase (Promega, Madison, WI, USA) within the restriction sites of XbaI. MiR-506 mimics (Sangon)
combined with the pGL3 vector with the wild type or mutant 3'-UTR of ETS1 was co-transfected into U251
cells with Lipofectamine 3000 (Thermo Fisher Scienti�c) as per instruction. After being transfected for
48h, the luciferase activity of the cells was measured by a Renilla-Fire�y Luciferase Dual Assay Kit
(Thermo Fisher Scienti�c).

We �rstly predicated the putative binding sites of the miR-506 promoter region with FOXO1 by the online
system of http://jaspar.genereg.net/. According to the foregoing prediction (Fig. 5D), the promoter regions
of human miR-506 with different lengths were acquired by PCR ampli�cation from a template of genomic
DNA extracted from U251 cell (primer sequences are shown in supplementary material: Table SI). The
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fragments of ampli�cation were next interpolated into the regions between the sites of KpnI and HindIII in
the pGL3-basic vector (Promega) separately, and the obtained plasmids were considered as follows. The
region from − 1800 to -1bp of the fragment of the miR-506 promoter was designated as pGL3-F1, − 1230
to -1bp regions as pGL3- F2 as well as − 500 to -1bp as pGL3-F3. As for the assay of luciferase reporter,
the plasmids obtained aforementioned combined with pRL-TK vector expressed Renilla luciferase
(Promega) were co-transfected with Lipofectamine 3000 (Invitrogen) into U251 cells respectively on the
base of operation manual. After incubated for 12h, the cells were collected, and luciferase activity was
detected by the kit of dual luciferase assay (Promega) in the light of the products manual. The �re�y
luciferase activity was normalized by Renilla luciferase activity.

ChIP assay
Chromatin Immunoprecipitation (ChIP) assay were performed by a Kit of ChIP supplied by Merck-
Millipore (USA) according to the manufacturer’s instruction. Immunoprecipitation (IP) of chromatin DNA
was performed with anti-FOXO1 antibody (CST, USA) or normal rabbit IgG, followed by being washed and
DNA-protein-antibody cross-linked in turn. qPCR was performed to analyze the upstream of the mir-506
ATG initiation codon between − 1,800 and − 1231bp (p1), between − 1230 and − 501bp (p2), and between
− 500 and − 1bp (p3 or F3), which were predicted including FOXO1 binding motifs in the promoter of miR-
506. BPCR ampli�cation from − 2,221 to -3,146bp in the distal region was used as a negative control.
Primers for p1, p2, and p3 are listed in Table SI.

Electrophoretic mobility shift assay (EMSA)
EMSA was performed to explore miR-506 promoter binding with FOXO1 protein from U251 cells
transfected with FOXO1-OE. Two double-stranded DNA oligonucleotides contained 5'-
TTTTGTATATTTTGTGTGTTTTTT-3'. EMSA was performed according to the instructions of EMSA/Gel-
Shift Kit (Beyotime Biotechnology). In brief, 2 µl of labeled probes (1.75pmol/µl) was then incubated with
2 µl of nuclear protein of U251 cells with/without transfected with NC/FOXO1-OE (5 10µg/µl). Following
electrophoresis and gel-blotting, the EMSA glue was dried and visualized with x-rays as exposing for 20
min at room temperature.

Immuno�uorescence
After transfection, treated with miR-506 inhibitor and starvation for 12 hours, as well as treated
with/without 10ng/ml recombinant ETS1 protein(Abcam, UK), cells on the glass were �xed by 4%
paraformaldehyde and then incubated with primary antibody of LC3 (1: 200 ), LAMP2 (1:500) or
FOXO1(Abcam, UK) overnight at 4°C in the wet box. After being washed with TBST buffer, cells were
incubated with secondary antibody and incubated at 37°C in wet box for 90 min. DAPI Reagent was used
to stain nucleus. Cells were observed by �uorescence microscope and photographs were taken.

In vivo tumor formation experiment

40 female BALB/c nude mice (18 ± 2g, 6–8 weeks old) were injected with 2×106 U251 cells
subcutaneously. 7 days after inoculation, mice were randomly divided into 8 groups treated with FOXO1-
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OE or negative control (NC) Lentivirus (made according to our previous study(Chen et al. 2019)), miR-506
inhibitor or ETS1 protein accompanied with TMZ (10mg/kg i.g.) in 0.5% CMC-Na/sterile water or equal
volume of solvent for 2 weeks. The mice in all the groups were allowed to be fed generally for another 6
weeks. All care and handling of animals were performed according to the guidelines of the animal ethics
committee of Second Military Medical University (Shanghai, China). Tumor diameters of the animals
were detected as scheduled to calculate their volumes using the formula of length × ½width 2.

Immunohistochemistry
Tumor tissue from mice were �xed in 4% Paraformaldehyde (PFA) followed by being embedded and
sliced. Sections were depara�nized and hydrated and then incubated with Ki67 antibody overnight at
4℃, afterwards incubated with DAB labeled secondary antibody at 25 ℃.

After counterstained by hematoxylin, the sections were allowed to take photomicrograph (Olympus,
Japan).

Statistical analysis of data
All assays were performed in at least triplicate. The data is expressed as the mean ± SD of three samples.
GraphPad Prism 6.0 software was used for data analysis. The Student’s t test or Mann Whitney test of
non-parametric test was used to estimate the signi�cant differences between groups. It is considered
statistically signi�cant When the value of p < 0.05.

Results

miR-506 expression increased companied with FOXO1
overexpression
We �rstly explore the function of FOXO1 and miR-506 in GBM. To choose the most suitable cell lines of
GBM for further study, we detected miR-506-3p, miR-506-5p and FOXO1 expression in various GBM cells.
Both FOXO1 and miR-506 expression were downregulated in GBM cells of SHG-44, U251, U87, A172 and
U373 compared with that in normal glial cells (HA) (Fig. 1A-C). miR-506-3p and FOXO1 expression in
U251 and miR-506-5p and FOXO1 expression in A172 were lower than that in other GBM cells. Therefore,
U251 and A172 were chosen in the following study.

To explore the primary interaction of miR-506 and FOXO1, both U251 and A172 cells were transfected
with FOXO1 overexpression plasmids (FOXO1-OE) (Fig. 1D), and expression of miR-506 was checked by
qPCR. As shown in Fig. 1E-H, both miR-506-3p and miR-506-5p expression were upregulated in cells
induced by FOXO1-OE, especially miR-506-3p expression in U251 cells. For further investigation of
FOXO1-miR-506 axis in GBM, miR-506-3p and U251 cells were chosen in our following study.

FOXO1 enhances GBM chemosensitivity to TMZ which was
reversed by miR-506 inhibitor



Page 8/18

We then explored the effect of FOXO1 and miR-506-3p on GBM chemosensitivity to TMZ. Cell viability of
U251 cells pre-transfected with FOXO1-OE decreased signi�cantly compared with that of cells transfected
negative control (inhibitor NC and NC plasmid) under same TMZ treatment (p < 0.01) (Fig. 2A). Inhibition
of miR-506 attenuated the effect of FOXO1 on cell survival exposure to TMZ. Consistent with cell viability
assay, FOXO1-OE transfected cells under TMZ treatment showed poorer proliferation than other cells and
miR-506 inhibitor practically enhanced cell proliferation (Fig. 2B). The result of apoptosis assay indicated
that FOXO1-OE under TMZ treatment tended to increase apoptosis in U251 cells compared with those
only with TMZ treatment (Fig. 2D-F), while miR-506 inhibitor induced less apoptosis to antagonize
FOXO1-OE effect.

FOXO1 inhibited autophagy in GBM which was reversed by
miR-506 inhibitor
Autophagy is a conserved recycling system that occurs under stress conditions, including chemotherapy,
to maintain homeostasis through self-degradation(Cheng et al. 2018; Chun and Kim 2018; White and
DiPaola 2009). Upregulated autophagy has a signi�cant impact on chemoresistance in glioma
cells(Simpson and Gammoh 2020). We further explored the effect of FOXO1 and miR-506-3p on
autophagy of GBM cells. After transfected with FOXO1-OE plasmids or negative control (NC), or FOXO1-
OE and miR-506 inhibitor for 72h, U251 cells were collected and then �xed, embedded, and stained to
observe autophagy. Results under transmission electron microscopy (TEM) showed decreasing number
of multiple double-membrane enclosed autophagosomes in U251 cells pre-transfected by FOXO1-OE
compared with that in NC-transfected cells, cells transfected with FOXO1-OE and miR-506 inhibitor tended
to show more autophagosomes than only FOXO1-OE transfected cells (Fig. 3A). As shown in Fig. 3B, the
expression of LC3 co-localized with LAMP2 decreased signi�cantly in FOXO-OE cells compared with that
in NC cells, which suggested decreased autophagy. However, cells of FOXO1-OE treated with miR-506
inhibitor showed increased LC3 expression co-localized with LAMP2, the autophagy increased
accordingly.

Moreover, compared with the NC group, relative protein expression of LC3-II / LC3-I as well as Beclin-1
levels were decreased in FOXO1-OE transfected cells (Fig. 3C-E). FOXO1-OE and miR-506 inhibitor
transfected cells exhibited increased LC3-II / LC3-I and Beclin-1 expression. All the above results indicate
that overexpression of FOXO1 may inhibit autophagy in GBM cells through the regulation of miR-506.

FOXO1 inhibited migration and invasion of cells in GBM
which was reversed by miR-506 inhibitor
High-invasive capacity was another determinant of local recurrence in GBM(Lim et al. 2020; Vollmann-
Zwerenz et al. 2020). The role of FOXO1 and miR-506-3p on tumor invasiveness in vitro was further
investigated. Scratch assay and transwell were conducted to investigate migration and invasion of cells
in GBM. As shown in Fig. 4A-B, compared with U251 cells pre-transfected with negative control plasmids
(NC), cells pretreated with FOXO1-OE plasmids invaded less signi�cantly (p < 0.01), which was attenuated
by miR-506 inhibitor. Consistent with invasion assay, FOXO1-OE plasmids transfected cells of GBM
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exhibited much lower migration ability (Fig. 4C-D), and miR-506 inhibitor increased cells’ migration
opposite to FOXO1-OE.

EMT related proteins E-cadherin and N-cadherin play critical roles in GBM(Gao et al. 2021; Xu et al. 2018).
N-cadherin upregulation can mediate adaptive radioresistance in GBM(Osuka et al. 2021). We then
measured expression of E-cadherin and N-cadherin by western blotting, results in Fig. 4E indicated that
FOXO1-OE upregulated E-cadherin expression signi�cantly while downregulated N-cadherin expression of
U251 cells, cells transfected with miR-506-3p inhibitor companied with FOXO1-OE showed decreased E-
cadherin expression and increased N-cadherin expression. All above data suggested that FOXO1-OE may
inhibit GBM invasion through up-regulating miR-506-3p.

FOXO1 enhances miR-506 promoter transcriptional activity
to upregulate expression of miR-506
From bioinformatics analysis, we found there are binding sites of FOXO1 in miR-506 promoter (Fig. 5E).
To verify the correlation between FOXO1and miR-506, we further performed luciferase reporter assays to
expound whether the expression of miR-506 and FOXO1 was positively correlated at transcriptional level.
The putative sites of FOXO1 binding to miR-506 promoter were shown in Fig. 5E. For luciferase detection,
we constructed a series of luciferase reporter genes including different fragments of miR-506 promoter
which were then transfected into U251 cells separately. As shown in Fig. 5D, the pGL3-F1 construct
(containing the fragment − 1800 to -1) showed the highest luciferase activity among all the constructs
when the cells were transfected FOXO1-OE plasmids. Although the luciferase activity of constructs of F1
and F2 (containing the fragment − 1230 to -1) tend to decrease, the difference between F3 (containing the
fragment − 500 to -1) and the other two constructs was not signi�cant, construct pGL3 without miR-506
promoter fragments abolished FOXO1-OE induced luciferase activity. Results of ChIP assay showed that
the region of P3 (F3) may be more than the other two regions of F1 and F2 in miR-506 promoter
immunoprecipitated with anti-FOXO1(Fig. 5E-F). The results suggested that the region of P3 (F3) may
harbor a major regulatory element. Result of EMSA showed that 5'-TTTTGTATATTTTGTGTGTTTTTT-3'
(-288 to -311) may be the main binding sites of FOXO1 and miR-506 promoter (Fig. 5G). All the above
results indicated that FOXO1 upregulates miR-506 by binding to its promoter to enhance transcriptional
activation. Therefore, FOXO1 was important to enhance transcriptional activation of miR-506 promoter.

ETS1, miR-506 target, promotes FOXO1 translocation from
nucleus to cytosol to promote GBM growth
miR-506 has been demonstrated to inhibit EMT and angiogenesis in gastric cancer by targeting ETS1(Li
et al. 2015). From bioinformatics analysis, we found miR-506 may target 3’-UTR of ETS1(Fig. 5C). To
explore the correlation between miR-506 and ETS1, we performed luciferase reporter assays. ETS1 mRNA
expression in miR-506-3p mimic transfected cells decreased signi�cantly compared with that in cells
transfected with negative mimic (NC) (Fig. 5A), which was measured by qPCR in U251 cells. miR-506-3p
mimic induced luciferase activity decrease in 3’-UTR of ETS1 wild U251 cells (WT), but there was no
signi�cant difference in luciferase activity of cells with mutant 3’-UTR of ETS1 (Fig. 5B). The predicted
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site of 3’-UTR ETS1 binding with miR-506-3p was shown in Fig. 5C. miR-506 may target 3’-UTR of ETS1 to
regulate ETS1 expression. Moreover, ETS1 promotes FOXO1 protein exporting from nucleus to inhibit
transcriptional activity of FOXO1. As shown in Fig. 5H, FOXO1 protein mainly located in nucleus of U251
cells, while ETS1 treated cells showed most of FOXO1 protein in cytoplasm.

FOXO1 enhances the anti-tumor effect of TMZ in GBM in vivo through a feedback loop of miR-
506/ETS1/FOXO1

We further explored the role of FOXO1/miR-506/ETS1/FOXO1 loop in TMZ chemosensitivity in GBM in
vivo. As shown in Fig. 6A-B, tumor volumes of mice treated with FOXO1-OE signi�cantly decreased
compared with that of mice in NC. Both miR-506 inhibitor and ETS1 almost reversed the effect of FOXO1-
OE on tumor growth, which was similar to the corresponding test group with TMZ (Fig. 6C-D). The result
of Ki67 expression from immunohistochemistry assay showed that TMZ inhibited Ki67 expression
signi�cantly and FOXO1-OE strengthened the effect of TMZ. Moreover, miR-506 inhibitor or ETS1
attenuated the effect of FOXO1 on TMZ sensitivity (Fig. 6E). The expression of LC3 was also measured
by immunohistochemistry (Fig. 6E) and Beclin-1 expression was measured by western blotting (Fig. 6F),
results of which indicated that FOXO1-OE suppressed LC3 and Beclin-1 expression, both miR-506 inhibitor
and ETS1 almost reversed the effect of FOXO1-OE. The result of western blotting for apoptosis-related
protein Bcl2 demonstrated that FOXO1-OE promoted Bcl2 expression, which was inhibited by both miR-
506 inhibitor and ETS1 (Fig. 6F). It was worth noting that TMZ strengthened the expression of LC3,
Beclin-1 and Bcl2, which indicated TMZ promoting autophagy and apoptosis.

Discussion
As the most aggressive glioma, GBM is characterized of high invasiveness and low survival due to
multiple lesions invasive dissemination as wells as more resistant to radiotherapy and
chemotherapy(Paw et al. 2015; Phillips et al. 2006). For the �rst time, we found FOXO1-miR506 axis
suppresses invasiveness and promotes chemosensitivity to TMZ in GBM through a feedback loop of
miR-506/ETS1/FOXO1.

GBM has recently been divided into four different subtypes based on gene expression patterns and
clinical characteristics, including proneural, neural, classical and mesenchymal(Verhaak et al. 2010; Zhao
et al. 2021). GBM patients in the mesenchymal subgroup commonly have worse prognosis due to the
invasive spread of multiple lesions and much more resistance to adjuvant radiotherapy and
chemotherapy(Bhat et al. 2013). Similar to epithelial-mesenchymal transition (EMT), glial-mesenchymal
transition (GMT) was reported to associate with stem cell transformation, invasion, and resistance to
chemoradiotherapy(Mahabir et al. 2014; Matias et al. 2017; Yachi et al. 2018). We found that FOXO1-miR-
506 axis inhibits GBM migration and invasion. GMT related markers of E-Cadherin was decreased and N-
Cadherin was increased, which indicated that FOXO1-miR-506 axis could inhibit mesenchymal transition
of GBM.
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FOXO1 is at a convergence point of receptor tyrosine kinase (RTK) signaling(Jiang et al. 2018), which is
one of the three core pathways implicated in GBM(TCGA 2008). Our previous study demonstrated that
FOXO1 played a crucial role in GBM resistance to TMZ, BCNU, and CDDP(Chen et al. 2019). In this study,
we further clari�ed that FOXO1 promotes chemosensitivity via enhancing miR-506 promoter
transcriptional activity to upregulate expression of miR-506. The binding site of FOXO1 on miR-506
promoter was con�rmed via online prediction and dual luciferase reporter system. Moreover, miR-506-3p
binds to the sites of 3’-UTR of ETS1 which is involved in cell proliferation, survival, invasion, and
angiogenesis and associated with poor prognosis and therapy resistance in cancers(Vishnoi et al. 2020).
Further studies showed that ETS1 promoted FOXO1 protein exporting out of nucleus. Therefore, FOXO1
promotes TMZ chemosensitivity in GBM through a feedback loop of miR-506/ETS1/FOXO1, which was
con�rmed both in vitro and in vivo.

As a highly conserved recycling system that occurs under stress conditions, autophagy is critical in
maintaining cellular homeostasis by a series of proteins in which cells maintain homeostasis through
self-degradation. Autophagy has dual roles in tumor cell death and survival(Fan et al. 2022; Tomar et al.
2021; White and DiPaola 2009). Although autophagy acts as a tumor suppressor, conversely, it is a
mechanism to adapt stress response in tumor cells that helps in the survival of cancer cells during cancer
therapy. Autophagy often leads to tumor resistance and refractory cancer by protecting cancer cells
during chemotherapy. Upregulated autophagy has a signi�cant impact on motility, cell survival,
chemoresistance in glioma cells, and maintenance of GSCs(Simpson and Gammoh 2020). LC3 and
Beclin-1 are the main markers of autophagy. Compared with none TMZ treatment group, the expression
of LC3 and Beclin-1 were signi�cantly upregulated in the TMZ treatment group, which indicated that
autophagy could be involved in TMZ chemoresistance. FOXO1 could promote chemosensitivity to TMZ
by inhibiting autophagy and downregulation of Beclin-1 levels and LC3-II/ LC3-I expression, and miR-506
inhibitor and ETS1 overexpression could reverse the effect. These results highly indicated that FOXO1
could be a potential target to overcome TMZ chemoresistance in GBM.

In conclusion, we explored the role of a feedback loop of FOXO1/miR-506/ ETS1/FOXO1 in GBM cell
proliferation, apoptosis, migration, invasiveness, autophagy, and chemosensitivity to TMZ. Our results
manifested that FOXO1 suppresses GBM cell invasiveness and promotes chemosensitivity to TMZ
through enhancing miR-506 promoter transcriptional activity to upregulate expression of miR-506, which
down-regulates ETS1 expression by targeting its 3’-UTR while ETS1 promotes FOXO1 exporting out
nucleus to regulate its function. These �ndings provided evidence that FOXO1/miR-506/ ETS1/FOXO1
feedback loop might be a promising therapeutic target for GBM.
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Figures

Figure 1

FOXO1 and miR-506 expression measured by qPCR in human normal glial cell (HA) and GBM cells (SHG-
44, U251, U87, A172 and U373). (A) miR-506-3p expression in glial and GBM cells. (B) miR-506-5p
expression in glial and GBM cells. (C) FOXO1 mRNA expression in glial and GBM cells. ** p<0.01, vs. HA.
FOXO1 upregulates miR-506-3p expression in GBM cells. (D) A172 and U251 cells transfected with
negative control (pNC) and FOXO1 over expression plasmids (FOXO1-OE). (E-F) miR-506-3p and miR-506-
5p expression in A172 cells transfected with NC/ FOXO1-OE plasmids. * p<0.05, vs. A172 cells
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transfected with pNC. (G-H) miR-506-3p and miR-506-5p expression in U251 cells transfected with NC/
FOXO1-OE plasmids. ** p<0.01, vs. U251 cells transfected with pNC. 

Figure 2

FOXO1 enhances GBM chemosensitivity to TMZ which was reversed by miR-506 inhibitor. U251 cells
transfected with FOXO1-over expression (FOXO1-OE) or negative control plasmids (NC) with/without miR-
506-3p inhibitor companied with TMZ treatment. (A) CCK8 assayed the cell viability and cells survival
rate was analyzed. (B) Clone formation was analyzed, and colonies number was counted (C). (D-E) Cells
apoptosis was measured using Tunel staining and Tunel-positive cells were analyzed. (F-G) Cells
apoptosis was measured using Flow cytometer. ** p<0.01, vs. U251 cells. # p<0.05, ##p<0.01, vs. U251
cells transfected with NC and treated with TMZ. 

Figure 3
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FOXO1 inhibited autophagy in GBM which was reversed by miR-506 inhibitor. U251 cells transfected with
FOXO1-over expression (FOXO1-OE) or negative control plasmids (NC) with/without miR-506-3p inhibitor.
(A) Transmission electron microscopy images of U251 cells show multiple double-membrane enclosed
autophagosomes; a decreased number are observed in cells transfected with FOXO1-OE compared with
NC cells. (B) Immuno�uorescence assay of LC3 and LAMP2. There was less LC3 expression
accompanied with LAMP2 in FOXO1-OE cells compared with NC or normal U251 cells. miR-506 inhibitor
could reverse LC3 expression induced by FOXO1-OE. (C-E) The protein expression of Beclin-1 and LC3
was measured by western blotting. ** p<0.01, vs. NC. # p<0.05, ##p<0.01, vs. U251 cells transfected with
FOXO1-OE. 

Figure 4

FOXO1 inhibited migration and invasion of cells in GBM which was reversed by miR-506 inhibitor. U251
cells transfected with FOXO1-over expression (FOXO1-OE) or negative control plasmids (NC) with/without
miR-506-3p inhibitor. (A) Invasion ability of U251 measured using transwell. (B) Invasive U251 cells
stained using crystal violet quanti�ed by OD value at 570nm. (C) Migrated ability of U251 measured
using Scratches assay. (D) Wound healing was analyzed. (E-F) Protein expression of E-Cadherin and N-
Cadherin in U251 was measured by western blotting. ** p<0.01, vs. NC. # p<0.05, ##p<0.01, vs. U251 cells
transfected with FOXO1-OE.  

Figure 5

A negative feedback loop of FOXO1/miR-506/ETS1/FOXO1. (A) miR-506-3p mimic induced down
expression ETS1 measured by qPCR. ** p<0.01, vs. negative control mimic (NC). (B) Dual luciferase
reporter assays of miR-506-3p targeting to 3’-UTR of ETS1 in U251 cells. WT means wild 3’-UTR of ETS1
and MUT indicated mutant 3’-UTR of ETS1. ** p<0.01, vs. MUT. (C) Predicted binding site of miR-506-3p
and 3’-UTR of ETS1 by TargetScan. (D) A series of luciferase reporters containing different fragments of
miR-506 promoter region as (F1, PGL3-1800 to -1), (F2, PGL3-1230 to -1), (F3, PGL3-500 to -1), pRL-TK,
PLG3 basic and FOXO1-OE and negative control plasmids (NC) were transfected into U251 cells for
luciferase assays. ** p<0.01, vs.NC. # p<0.05, ## p<0.01 vs. pGL3 (FOXO1-OE). (E) The putative FOXO1
binding sites in miR-506 promoter region were predicted using an online system
(http://jaspar.genereg.net). (F) Chromatin DNA was subjected to immunoprecipitation (IP) with anti–
FOXO1 antibody (CST, USA) or normal rabbit IgG. The recovered DNA for the presence of FOXO1 binding
motifs at miR-506 promoter between –1,800 and –1231 bp (p1), between –1230 and –501 bp (p2) and
between –500 and–1 bp (p3 or F3) upstream of the miR-506 ATG start codon was analyzed by qPCR.
The distant regions of –3,221 to –3,146 bp was used as a negative control. (G) Electrophoretic mobility
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shift assays (EMSA) showed the binding sites of FOXO1 protein with miR-506 promoter. (H)
Immuno�uorescence assay of FOXO1 protein in U251 cells with/without ETS1 treatment. 

Figure 6

FOXO1 enhances the anti-tumor effect of TMZ in GBM in vivo through a feedback loop of miR-
506/ETS1/FOXO1. U251 were injected into nude mice subcutaneous and then intratumorally injected
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with FOXO1 OE virus, miR-506 inhibitor or ETS1 protein accompanied with TMZ (10 mg /kg, i.g.) or equal
volume of solvent on 7day post inoculation tumor cells for 2 weeks. All the animals were generally bred
for another 6 weeks. (A, C) General picture of tumor-bearing animals were taken on the end of
experimental observation (Total 8 weeks after inoculation). (B, D) Length and width of tumors were
measured to calculate tumor volume using length × width 2× ½. (E) Immunohistochemistry staining was
use to assay Ki67 and LC3. (F) The protein expression of Beclin-1 and Bcl2 was measured by western
blotting. ** p<0.01, vs. NC. # p<0.05, ##p<0.01, vs. U251 cells transfected with FOXO1-OE. N=3. 
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