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SPI1-induced downregulation of FTO promotes
GBM progression by regulating pri-miR-10a
processing in an m6A-dependent manner
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As one of the most common post-transcriptional modifications
of mRNAs and noncoding RNAs, N6-methyladenosine (m6A)
modification regulates almost every aspect of RNAmetabolism.
Evidence indicates that dysregulation of m6Amodification and
associated proteins contributes to glioblastoma (GBM) pro-
gression. However, the function of fat mass and obesity-associ-
ated protein (FTO), an m6A demethylase, has not been system-
atically and comprehensively explored in GBM. Here, we found
that decreased FTO expression in clinical specimens correlated
with higher glioma grades and poorer clinical outcomes. Func-
tionally, FTO inhibited growth and invasion in GBM cells
in vitro and in vivo. Mechanistically, FTO regulated the m6A
modification of primary microRNA-10a (pri-miR-10a), which
could be recognized by reader HNRNPA2B1, recruiting the
microRNA microprocessor complex protein DGCR8 and
mediating pri-miR-10a processing. Furthermore, the tran-
scriptional activity of FTO was inhibited by the transcription
factor SPI1, which could be specifically disrupted by the SPI1
inhibitor DB2313. Treatment with this inhibitor restored
endogenous FTO expression and decreased GBM tumor
burden, suggesting that FTO may serve as a novel prognostic
indicator and therapeutic molecular target of GBM.

INTRODUCTION
Glioblastoma (GBM) is the most common primary malignant brain
tumor of the central nervous system and remains almost invariably
fatal because of its high growth rate and aggressive nature.1,2 A previ-
ous study divided GBM into three subtypes, proneural (PN), classical
(CL), and mesenchymal (MES), of which the MES subtype has the
worst prognosis, exhibiting complicated inter- and intratumoral het-
erogeneity.3 Although recent efforts have shown no significant effec-
tive and sufficient therapeutic strategies for the treatment of patients
with GBM,4 exploring other unidentifiedmolecular modulators could
contribute to our understanding of GBM malignancy and therapy
resistance to provide new insights into possible treatments.
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This is an open access article under the CC BY-NC-
As one of the most common post-transcriptional modifications of
mRNAs and noncoding RNAs, N6-methyladenosine (m6A)modifica-
tion regulates almost every aspect of RNA metabolism, such as
mRNA splicing, stability, translation, and microRNA (miRNA)
maturation,5–7 and its function is determined mainly by m6A regula-
tors called methyltransferase complexes (“writers”), demethylases
(“erasers”), and RNA-binding proteins (“readers”), playing an impor-
tant role in cellular proliferation, metabolism, and metastasis.8,9

Evidence is emerging that dysregulation of m6A modification and
associated proteins contributes to the self-renewal, tumorigenesis,
and radio-chemotherapy resistance of GBM stem cells.10–14 Fat
mass and obesity-associated protein (FTO), a member of the Fe(II)-
and a-ketoglutarate-dependent AlkB family, was reported to be the
first identified m6A “eraser,”15 and plays various roles in tumorigen-
esis in some tumors by regulating m6A modification of mRNAs; in-
hibiting tumor progression in liver cancer,16 colorectal cancer,17

and ovarian cancer18; and promoting tumor progression in leuke-
mia,19,20 presenting an opportunity for the development of effective
targeted therapeutics. In a research letter, Tao et al.21 reported that
FTO played a tumor-suppressive role in glioma by interacting with
FOXO3a to enhance its nuclear translocation independent of its
m6A demethylase activity. However, the specialized and systematic
mechanisms of the m6A modification regulated by FTO remain
largely unknown in GBM.
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Figure 1. Downregulated FTO expression correlated with poor prognosis of GBM patients

(A) Expression level of FTO in glioma patient tissues and normal brain tissues (NT) and (B) Kaplan-Meier survival curves of patients with high and low FTO expression in TCGA,

CGGA, REMBRANDT, Gravendeel, and Philips datasets; log rank tests were used to identify the significance of the differences. (C) GSEA formesenchymal signatures in FTO-

high compared with FTO-low expression GBM samples. NES, normalized enrichment score; FDR, false discovery rate. (D) IHC analysis of FTO protein expression in normal

tissue (NT) and glioma tissues with different WHO grades at 200� and 400�magnification. Scale bar, 50 mm. (E) Histogram representing statistical data of IHC. FTO-positive

(legend continued on next page)
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This study revealed that decreased expression of FTO in clinical spec-
imens correlated with higher grades of gliomas and poorer clinical
outcomes. We discovered that FTO inhibited GBM cell proliferation,
migration, and invasion both in vitro and in vivo. Moreover, we found
that FTO regulated m6A-mediated primary microRNA-10a (pri-
miR-10a) processing, which could be recognized by the reader
HNRNPA2B1, recruiting the core microprocessor complex DGCR8
and promoting the malignant progression of GBM. Furthermore,
we discovered that the transcriptional activity of FTO could be in-
hibited by the transcription factor SPI1, and this effect could be spe-
cifically interrupted by the SPI1 inhibitor DB2313 in GBM cells.
Treatment with this inhibitor restored the endogenous expression
of FTO and decreased GBM tumor burden. Our findings revealed
that the function of m6Amodification regulated by FTO is important,
and FTO may serve as a novel prognostic indicator and therapeutic
molecular target of GBM. Thus, restoring the endogenous expression
of FTO with the SPI1 inhibitor DB2313 may have therapeutic poten-
tial for GBM patients.

RESULTS
Downregulated FTO expression correlated with poor prognosis

of GBM patients

To explore FTO expression and its clinical significance in glioma pa-
tients, we analyzed FTO expression in The Cancer Genome Atlas
(TCGA) low-grade glioma (LGG), Chinese Glioma Genome Atlas
(CGGA), Repository for Molecular Brain Neoplasia Data (REM-
BRANDT), Gravendeel, Philips, and TCGA GBM microarray data-
sets. We discovered that FTO expression was lowest in GBM samples
compared with low-grade glioma and normal brain tissue samples
(Figure 1A). Kaplan-Meier survival analysis showed that glioma pa-
tients with low FTO expression had worse prognosis and shorter sur-
vival time than those with high FTO expression in all 6 datasets (Fig-
ure 1B). Additionally, FTO expression was lowest in the MES subtype
of GBM, which is a moremalignant GBM subtype, than in the PN and
CL subtypes. Gene set enrichment analysis (GSEA) also showed that
low FTO expression was strongly enriched in the MES-subtype gene
set3 (Figure 1C). To explore the association between FTO expression
and clinical characteristics (Table S1), we then compared FTO
expression levels in 522 primary GBM patients from TCGA grouped
by IDH1 status, CpG island methylated molecular phenotype
(G-CIMP) status, MGMT promoter status, age, and sex. As shown
in Figure S1A, the expression of FTO in IDH1 mutant samples was
higher than that in IDH1 wild-type (WT) samples. Regarding G-
CIMP status, FTO expression was higher in the G-CIMP group
than in the non-G-CIMP group. There was no significant correlation
between FTO expression and MGMT promoter methylation, age, or
sex. Moreover, univariate Cox regression analysis of the overall sur-
vival of GBM patients in the TCGA GBM dataset showed that low
ratio was defined as the ratio of FTO-positive cell nucleus count to the total cell nucleus

glioma tissue samples. GAPDH was used as control for normalization. (G) Protein expr

chymal (MES) subtypes. (H) Protein expression levels of FTO in normal human astrocyte

Comparisons between two independent samples and among multiple samples were

indicate at least three independent experiments, and data are shown as mean ± SD. *
FTO expression (hazard ratio [HR]: 0.863; p = 0.040) was an indepen-
dent factor associated with a poor prognosis of GBM patients. In
addition, in subsequent multivariate Cox regression analysis, FTO
expression (HR: 0.839; p = 0.024) remained a statistically significant
beneficial factor in GBM patients after adjustment for age, sex, molec-
ular subtype, and G-CIMP status (Figures S1B and S1C; Table S2).

Furthermore, immunohistochemistry (IHC) and western blot anal-
ysis of glioma clinical samples showed that FTO expression was lower
in high-grade glioma (Figures 1D–1F), consistent with the results of
the database analyses.We then tested the protein level in glioblastoma
stem cells (GSCs) and discovered that FTO expression was lower in
MES-subtype GSCs than in PN-subtype GSCs (Figure 1G). The pro-
tein level of FTO was lower in GBM cell lines than in normal human
astrocyte (NHA) cells (Figure 1H). Pearson correlation analysis
showed that FTO was negatively correlated with the proliferation
marker (PCNA) and malignant invasion markers (vimentin and
CD44) in all 5 glioma datasets (p < 0.0001; Figure S1D). Together,
these results suggested that decreased FTO expression was associated
with glioma malignancy and could be a potential prognostic marker
in GBM patients.

Overexpression of FTO inhibited growth,migration, and invasion

of GBM cells in vitro and in vivo

To evaluate the functional roles of FTO in GBM cells, three GBM cell
lines, U87MG, A172, and U118MG, which have relatively low FTO
expression compared with others, as previously detected (Figure 1H),
were transduced with overexpression lentivirus and negative control
lentivirus vectors. FTO overexpression efficiency was tested using
western blotting and real-time qPCR (Figures 2A and S2A). The pro-
liferation ability of GBM cells was decreased upon FTO overexpres-
sion, as determined by the CCK-8 and EdU assays (Figures 2B,
S2B, and S2C). Transwell assays showed that overexpression of
FTO inhibited both the migration and invasion abilities of GBM cells
(Figure 2C). Consistent with the results of Transwell assays, the three-
dimensional (3D) tumor spheroid invasion assay also showed that
overexpression of FTO decreased the ability of GBM cells to invade
adjacent areas (Figure 2D). Furthermore, overexpression of FTO
decreased the protein expression levels of PCNA, CD44, vimentin,
and other molecules closely related to tumor cell proliferation, inva-
sion, andmigration (Figure 2E). To determine whether FTO is impor-
tant for GSC self-renewal, we performed neurosphere formation and
extreme limiting dilution assays (ELDAs) in MES-subtype GSC267
cells, showing that overexpression of FTO significantly decreased
the neurosphere formation frequency of GSC267 cells (Figures 2F
and 2G). Moreover, western blot assays revealed that overexpression
of FTO reduced the expression of CD44 and YKL40 (Figure 2H), the
core markers of the MES subtype, confirming the inhibitory effect of
count in the same field (n = 3). (F) Western blot showing FTO protein expression in

ession levels of FTO in glioma stem cells (GSCs) of the proneural (PN) and mesen-

s (NHAs) and the glioma cell lines U87MG, U251, A172, LN229, U118MG, and P3.

performed using two-tailed t tests and one-way ANOVA, respectively. Error bars

p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 2. Overexpression of FTO inhibited growth, migration, and invasion of GBM cells in vitro and in vivo

(A) Expression levels of FTO in U87MG, A172, and U118MG cells after transduction with control lentivirus (ovNC) and FTO-overexpressing lentivirus (ovFTO). GAPDH was

used as control. (B) The proliferation capacity of U87MG and A172 cells transduced with lentivirus was assessed using CCK-8 assay. (C) Transwell assays of U87MG and

A172 cells. Representative images are shown. Scale bar, 50 mm. Histograms representing the number of migrating or invading cells. Data are presented asmean ± SD; n = 3.

(D) Three-dimensional tumor spheroid invasion assay of U87MG cells transduced with lentivirus. Images at 0, 24, 48, and 72 h are shown; scale bar, 200 mm. (E) Protein levels

(legend continued on next page)
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FTO on GSC self-renewal and malignant phenotypic transformation.
To clarify the function of FTO in GBM progression in vivo, FTO-
overexpressing and negative control U87MG-luc cells were implanted
into BALB/cmice in situ. Bioluminescent imaging displayed that FTO
inhibited tumor growth in vivo (Figure 2I). H&E staining showed a
smaller tumor volume and a rougher and more unclear border in
the FTO overexpression group compared with the normal control
(NC) group (Figure 2J). We showed that overexpression of FTO in
GBM cells reduced the survival of tumor-bearing mice (Figure 2K).

Knockdown of FTOpromoted growth, migration, and invasion of

GBM cells in vitro and in vivo

To further confirm the function of FTO inGBMcells, we silenced FTO
in LN229, U251, and P3 GBM cells using two distinct short hairpin
RNAs (shRNAs) targeting FTO (shFTO-1 and shFTO-2) (Figure 3A).
FTO depletion in GBM cells markedly promoted the proliferation, in-
vasion, and migration ability of GBM cells (Figures 3B–3D). Further-
more, western blot results showed that knockdown of FTO elevated
the protein expression levels of CD44, ZEB1, N-cadherin, PCNA,
vimentin, and mmp2 (Figure 3E). Moreover, knockdown of FTO
significantly promoted the neurosphere formation frequency andma-
lignant phenotypic transformation of GSCs 8–11 (Figures 3F–3H).
In vivo, FTO-knockdown and negative control LN229-luc cells were
implanted into BALB/c mice in situ. FTO-knockdown tumors dis-
played elevated tumor growth and invasiveness andprolonged the sur-
vival of tumor-bearing mice (Figures 3I–3K and S2D). Therefore,
these results supported the findings that FTO inhibited GBM malig-
nant progression in vitro and in vivo.

FTO regulated the maturation of miR-10a in an m6A-dependent

manner

Wei et al.22 found that FTO-mediated demethylation of m6A was
prominent in the cell nucleus, and our IHC analysis also showed
that FTO was localized primarily in the nucleus in GBM tissues (Fig-
ure 1D). We then examined the role of FTO in modulating m6A
modification. Overexpression of FTO led to markedly decreased
m6A levels in both U87MG and A172 GBM cells, while knockdown
of FTO in U251 and LN229 GBM cells showed the opposite results
(Figure 4A).

To determine the precise mechanism by which FTO regulates GBM
progression, we performed differential analysis of GBM samples
from TCGA and CGGA datasets on the basis of the median FTO
expression cut-off (Tables S3 and S4). Gene Ontology (GO) biological
of ZEB1, CD44, N-cadherin, PCNA, mmp2, and vimentin in U87MG, A172, and U118M

Representative images of tumor sphere formation of GSC267 cells transduced with le

limiting dilution assay of GSC267 cells transduced with lentivirus. Data represent mea

YKL40 in GSC267 cells transduced with lentivirus. b-Actin was used as control for norma

mice at day 12 after implantation. (J) H&E staining of xenograft sections from FTO-overe

1,000 mm (left) and 100 mm (right). (K) Survival analysis of nude mice orthotopically i

sequence or FTO (n = 5/group); log rank tests were used to identify the survival significan

multiple samples were performed using two-tailed t tests and one-way ANOVA, respecti

as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
process (BP) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses showed that downregulated genes in
the FTO high-expression group were significantly involved in cell
proliferation (such as the cell cycle and cell death), cell migration
(such as extracellular matrix organization, cell migration, and wound
healing), immune response (such as myeloid cell activation involved
in the immune response and leukocyte migration), and carcinogenic
activation pathways (Figure S3A, S3B, S4A, and S4B). To further
explore the biological behaviors among GBM samples with differen-
tial FTO expression, we used the gene set variation analysis (GSVA)
algorithm to estimate oncogene pathway enrichment scores for indi-
vidual samples (see Supplemental method). As shown in Figures S3C
and S4C, with increasing FTO expression, the cancer-promoting
signaling and immune infiltration pathways were significantly in-
hibited, accompanied by a decrease in the immune/stromal score
and an increase in tumor purity, which have been identified as a com-
mon theme in the MES-subtype signature3 and correlated with
increased intratumoral heterogeneity and treatment resistance. These
results suggest that FTO could affect not only the biological function
of tumor cells themselves but also the tumor microenvironment to
further promote the malignant progression of GBM.

miRNAs are involved in multiple cellular processes and are essential
for cell development, cell differentiation, and homeostasis, demon-
strating the powerful regulatory role of these small RNAs, and aber-
rant miRNA expression has been associated with many different dis-
eases, including tumor progression and immune disorder.23,24

Previously, Alarcón et al.25,26 found that m6A was enriched in
primary miRNA transcripts (pri-miRNAs), a subset of which (55
miRNAs; Table S5) could be recognized by the m6A reader
HNRNPA2B1 by recruiting the miRNA microprocessor complex
protein DGCR8 and thus regulating miRNA maturation. Therefore,
we wondered whether FTO could regulate pri-miRNA processing
in a HNRNPA2B1-dependent manner. We then performed miRNA
sequencing (miRNA-seq) and differential analysis to explore differen-
tially regulated miRNAs in 11 GBM tissues compared with 8 normal
brain tissues (Figure 4B; Table S6). We found that the expression of
miR-10a and miR-445, simultaneously regulated by m6A and
HNRNPA2B1, was significantly upregulated in GBM tissues (log2
fold change [FC] > 4, padj < 0.05; Figure 4C). In our miRNA
sequencing results, the expression of both miR-10a-3p and miR-
10a-5p was upregulated in GBM samples (Table S6). Our previous
study determined that hypoxia promoted the release of miR-10a-5p
into exosomes by GBM cells, stimulating the expansion and
G cells transduced with ovNC or ovFTO lentivirus. GAPDH was used as control. (F)

ntivirus and quantified by the diameter of spheres. Scale bar, 100 mm. (G) Extreme

n ± SD from three independent experiments. (H) Protein levels of FTO, CD44, and

lization. (I) In vivo bioluminescent imaging analysis of tumor growth in xenograft nude

xpressing or negative control U87MG cell tissues on the day of sacrifice; scale bars,

mplanted with U87MG cells transduced with lentivirus overexpressing the control

ce of the differences. Comparisons between two independent samples and among

vely. Error bars indicate at least three independent experiments, and data are shown
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Figure 3. Knockdown of FTO promoted growth, migration, and invasion of GBM cells in vitro and in vivo

(A) Expression levels of FTO in U251, LN229, and P3 cells transduced with control lentivirus (shNC) or FTO-knockdown lentivirus carrying two short hairpin RNA sequences

(shFTO-1 and shFTO-2). GAPDH was used as control. (B) The proliferation capacity of LN229 and U251 cells transduced with lentivirus was assessed using a CCK-8 assay.

(C) Transwell assays of LN229 and U251 cells. Representative images are shown. Scale bar, 50 mm. Histograms represent the number of migrating or invading cells. (D)

(legend continued on next page)
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immunosuppressive function of myeloid-derived suppressor cells
(MDSCs) in vivo and in vitro.27 It could also promote GBM progres-
sion by targeting myotubularin-related protein 3 (MTMR3),28 sug-
gesting that miR-10a, whose biogenesis mechanism is not clear, is
an important potential molecular target for GBM therapy. Thus, it
would be of great significance to elucidate the mechanism of its matu-
ration. Then, we tested whether FTO exerted its antitumoral effect by
regulating the expression of miR-10a in GBM cells. First, we found
that miR-10a-5p expression was significantly decreased in FTO-over-
expressing cells and significantly upregulated in FTO-knockdown
cells. Moreover, pri-miR-10a levels increased in FTO-overexpressing
cells and decreased in FTO-knockdown cells (Figures 4D and 4E).
The m6A RNA immunoprecipitation (MeRIP)-qPCR assay showed
that the m6A modification level of pri-miR-10a was significantly
decreased in FTO-overexpressing U87MG cells and increased in
FTO-knockdown LN229 cells (Figure 4F). Next, to verify the function
of HNRNPA2B1 in pri-miR-10a processing, we transfected small
interfering RNA (siRNA) of HNRNPA2B1 into GBM cells. Real-
time qPCR assays showed that knockdown of HNRNPA2B1
decreased miR-10a-5p expression and increased pri-miR-10a expres-
sion in GBM cells (Figure 4G). Next, a co-immunoprecipitation
(co-IP) assay showed that overexpression of FTO decreased the inter-
action between DGCR8 and HNRNPA2B1 (Figure 4H). Knockdown
of FTO enhanced the interaction of these two proteins (Figure 4I), but
it was not interrupted by RNase (Figure S5), suggesting that the inter-
action is induced at the protein-protein level, consistent with a previ-
ous study.26 RNA immunoprecipitation (RIP)-qPCR assays also
showed that HNRNPA2B1 could specifically bind to pri-miR-10a
(Figure 4J). To further demonstrate the essential role of m6A in the
regulation of pri-miR-10a processing, we predicted potential m6A
modification sites on 100 sequences upstream of pre-miR-10a using
the SRAMP (http://www.cuilab.cn/sramp) database.29 The results re-
vealed only a potential m6A site, “GAA[m6A]CU,” with high confi-
dence near the pre-miR-10a region (Figure S6). We then designed
“GAACU” WT and “GATCU” Mut pri-miR-10a dual luciferase re-
porter plasmids30–32 (Figure 4K). Thus, mutant pri-miR-10a resists
to the modification of m6A. The reporter plasmids were co-trans-
fected into GBM cells with siNC or siHNRNPA2B1 as indicated. As
expected, luciferase activity in WT pri-miR-10a transfected cells
increased when HNRNPA2B1 was silenced, while knockdown of
HNRNPA2B1 showed no effect on the expression of the mutant
pri-miR-10a-fused reporter (Figure 4L), suggesting that the modula-
tion of pri-miR-10a expression was under the control of
HNRNPA2B1-associated m6A modification. Meanwhile, compared
Three-dimensional tumor spheroid invasion assay of LN229 cells transduced with lentivi

ZEB1, CD44, N-cadherin, mmp2, PCNA, and vimentin in P3, LN229, and U251 cells tran

Neural sphere formation assay of GSCs 8–11 transducedwith shNC, shFTO-1, or shFTO

shFTO-1, or shFTO-2 lentivirus. (H) Protein levels of FTO and YKL40 in GSCs 8–11 transd

In vivo bioluminescent imaging analysis of tumor growth in xenograft nude mice at day

LN229 cell tissues on the day of sacrifice; scale bars, 1,000 mm (left) and 100 mm (r

transduced with shNC or shFTO lentivirus (n = 5/group); log rank tests were used to id

pendent samples and among multiple samples were performed using two-tailed t tests

experiments, and data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, a
with the WT group, mutation on the m6A consensus sequences
increased the expression of pri-miR-10a. In summary, pri-miR-10a
processing is regulated by FTO-mediated m6A modification and
recognized by HNRNPA2B1 through recruitment of the core micro-
processor complex DGCR8 (Figure 4M).

The inhibitory effects of FTO on GBM progression are reversed

by miR-10a

To confirm the role of miR-10a in GBM progression as a downstream
target of FTO, we first analyzed the expression correlation of FTO and
MTMR3, a target of miR-10a in GBM cells28, in the TCGA, CGGA,
REMBRANDT, Gravendeel, and Philips databases. As shown in Fig-
ure 5A, FTO was significantly positively correlated with MTMR3.
Then, we validated the expression of MTMR3 in GBM cells with
FTO overexpression or knockdown. As shown in Figures 5B–5F,
the mRNA and protein expression levels of MTMR3 were increased
in FTO-overexpressing GBM cells but decreased in FTO-knockdown
cells. The effect was reversed by miR-10a overexpression in FTO-
overexpressing GBM cells and miR-10a inhibition in FTO-knock-
downGBM cells. To further confirm that the observed FTO-mediated
phenotypes were mediated by the dysregulation of miR-10a expres-
sion, we performed functional rescue assays. As shown by the
CCK-8 and Transwell assays, FTO overexpression induced decreased
proliferation, migration, and invasion capacity in U87MG cells,
which could be reversed by miR-10a mimics transfection. Accord-
ingly, the increased proliferation, migration, and invasion capacity
in FTO-knockdown LN229 GBM cells could be rescued by suppress-
ing miR-10a expression (Figures 5G–5I). The IHC assay also demon-
strated that the MTMR3 protein level in FTO-overexpressing xeno-
graft samples was higher than that in ovNC samples (Figure 5J).
Furthermore, to confirm that the observed FTO-mediated phenotype
is mediated by dysregulated expression of the target MTMR3 down-
stream of miR-10a, functional rescue assays were performed. As
shown in Figures S7A–S7D, the decreased proliferation, migration,
and invasion capacity in FTO-overexpressing GBM cells could be
rescued by suppressing MTMR3 expression. In summary, these re-
sults confirmed that miR-10a is a downstream target of FTO and is
involved in GBM progression.

SPI1 inhibited the transcriptional activity of FTO

To explore why FTO expression was downregulated in GBM cells, we
predicted transcriptional regulators that might regulate FTO expres-
sion in brain tissues using the hTFtarget database (http://bioinfo.life.
hust.edu.cn/hTFtarget/), and the transcription regulatory factors
rus. Images at 0, 24, 48, and 72 h are shown; scale bar, 200 mm. (E) Protein levels of

sduced with shNC, shFTO-1, or shFTO-2 lentivirus. GAPDHwas used as control. (F)

-2 lentivirus. (G) Extreme limiting dilution assay of GSCs 8–11 transduced with shNC,

uced with shNC or shFTO lentivirus. b-Actin was used as control for normalization. (I)

6. (J) H&E staining of xenograft sections from FTO-knockdown or negative control

ight). (K) Survival analysis of nude mice orthotopically implanted with LN229 cells

entify the survival significance of the differences. Comparisons between two inde-

and one-way ANOVA, respectively. Error bars indicate at least three independent

nd ****p < 0.0001.
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Figure 4. FTO regulated the maturation of miR-10a in an m6A-dependent manner

(A) Quantification assay m6A levels in U87MG, A172, LN229, and U251 cells transduced with ovNC, ovFTO, shNC, shFTO-1, and shFTO-2 lentiviruses. (B) Volcano plots

showing the miRNA sequencing results of up- and downregulated miRNAs in GBM tissues compared with normal brain tissue (NT). (C) Venn plot displaying the significantly

upregulated miRNAs (log FC > 4, padj < 0.05) and miRNAs affected by METTL3 and HNRNPA2B1 simultaneously. Mature miR-10a-5p and pri-miR-10a expression levels in

(D) U87MG and A172 cells after transduction with ovNC and ovFTO lentiviruses or (E) LN229 and U251 cells after transduction with shNC, shFTO-1, and shFTO-2

(legend continued on next page)

Molecular Therapy: Nucleic Acids

706 Molecular Therapy: Nucleic Acids Vol. 27 March 2022



www.moleculartherapy.org
YY1, ZBTB33, and SPI1 had the three highest enrichment scores in
brain tissues (Table S7). Of these, only the expression of SPI1 was
significantly upregulated in GBM tissues, compared with normal brain
and LGG samples in TCGA and CGGA microarray datasets (Fig-
ure S8A), and patients with high SPI1 expression had poorer prognosis
than patients with low expression (Figure S8B). Moreover, univariate
Cox regression analysis of the overall survival of GBM patients in the
TCGA GBM dataset showed that high SPI1 expression (HR: 1.191;
p = 0.011) was an independent risk factor associated with the prognosis
of GBM patients. In addition, in subsequent multivariate Cox regres-
sion analysis, SPI1 expression (HR: 1.170; p = 0.032) remained a statis-
tically significant risk factor in GBM patients after adjustment for age,
sex, molecular subtype, andG-CIMP status (Figure S8C; Table S8). The
binding site of SPI1 on the FTO promoter was predicted by the hTFtar-
get database to be Chr16,53703677,53,704,387, in which the only bind-
ing motif “GGAA” of SPI1, predicted by the JASPAR database (http://
jaspar.genereg.net/matrix/MA0080.2/),33 which has been validated in
numerous studies,34–36 was identified near the transcription start site
(TSS) (Figure 6A).

We then performed differential analysis of GBM samples of TCGA
and CGGA datasets on the basis of the median SPI1 expression
cut-off (Tables S9 and S10). GO BP and KEGG enrichment analyses
showed that upregulated genes in the SPI1 high-expression group
were significantly involved in cell proliferation, cell migration, and
immune response-related terms, similar to the downregulated genes
in the FTO-high group (Figures S9A, S9B, S10A, and S10B). In addi-
tion, with increasing SPI1 expression, the cancer-promoting signaling
and immune infiltration pathways were significantly enriched,
accompanied by a decrease in immune/stromal score and an increase
in tumor purity (Figures S9C and S10C), estimated via the GSVA
algorithm, which was opposite to the FTO-regulated phenotype.

Furthermore, we found that FTO and MTMR3 expression was nega-
tively correlated with SPI1 expression in TCGA and CGGA datasets
(Figure 6B). We also confirmed that inhibition of SPI1 successfully
upregulated FTO and MTMR expression and downregulated CD44,
vimentin, and PCNA expression (Figures 6C and 6D). The chromatin
immunoprecipitation (ChIP)-qPCR assay showed that the FTO pro-
moter region was recognized by SPI1 (Figure 6E), and luciferase
promoter assays demonstrated that SPI1 knockdown relieved the in-
hibition of FTO expression (Figure 6F). Furthermore, the SPI1 bind-
ing site mutation in the FTO promoter canceled this transcriptional
regulation (Figure 6G). To further demonstrate that SPI1 inhibited
lentiviruses. (F) Detection of pri-miR-10a m6Amodification levels in control or FTO-overe

by MeRIP-qPCR assays. (G) Mature miR-10a-5p and pri-miR-10a expression levels in U

small interfering RNA HNRNPA2B1 1 (siHNRNPA2B1-1) and 2 (siHNRNPA2B1-2). (H) I

ovNC or ovFTO lentiviruses and used for co-immunoprecipitation with an anti-DGCR8 an

histogram represented relative HNRNPA2B1 enrichment level. (I) Co-immunoprecipita

shFTO-2 lentiviruses. Quantification histogram represented relative HNRNPA2B1 enrich

U87MG cells by immunoprecipitation with an anti-HNRNPA2B1 antibody followed by R

assay of U87MG cells. Cells were co-transfected with the wild-type (WT) or mutant (Mut)

10a mutation design. Comparisons between two independent samples and among

respectively. Error bars indicate at least three independent experiments, and data are s
the transcriptional activity of FTO, we conducted functional rescue
assays. As CCK-8 and Transwell assays showed, SPI1 knockdown
induced the inhibition of proliferation, migration, and invasion
capacity in GBM cells, which could be reversed by suppression of
FTO expression (Figures 6H and 6I).

The SPI1 inhibitor DB2313 blocked the transcriptional inhibition

of FTO

As SPI1 knockdown significantly upregulated the expression of FTO
and inhibited the malignant progression of GBM cells, we reasoned
that targeting SPI1 may provide a novel therapy for GBM. DB2313,
which harbors the amidine-benzimidazole-phenyl platform that pro-
vides excellent recognition for expanded AT sites, was selected as the
SPI1 inhibitor.36 The binding model between SPI1 and DB2313 i
shown in Figures 7A and 7B. Then, we tested the half maximal inhib-
itory concentration (IC50) of DB2313 in GBM cells in vitro (Fig-
ure S11A). According to the results, we chose 5 and 10 mg/mL
in vitro and 10 mg/kg/day in vivo for subsequent experiments. We
demonstrated that DB2313 restored FTO expression and inhibited
PCNA, CD44, and MTMR expression in the U118 and U87MG cell
lines (Figures 7C and S11B). After 10 mg/mL DB2313 treatment on
day 0, U118MG and U87MG cell proliferation, invasion, and migra-
tion were inhibited compared with those after DMSO treatment
in vitro, as shown by CCK-8 and Transwell assays (Figures 7D and
7E). The Molinspiration Cheminformatics database (http://www.
molinspiration.com) predicted that DB2313 had a low possibility to
penetrate the blood-brain barrier. Thus, we used subcutaneous xeno-
graft model to evaluate the therapeutic efficacy of DB2313 in vivo. The
results showed that DB2313 inhibited tumor burden significantly
(Figures 7F and 7G). We also evaluated the tumor proliferation and
invasion index in these solid tumors. The DB2313-treated tumors ex-
hibited increased FTO expression and decreased Ki67 and CD44
expression compared with the control group (Figure 7H). In sum-
mary, SPI1 inhibited FTO expression at the transcriptional level.
DB2313, which disrupts the interaction of SPI1 and FTO, may be a
potential novel GBM therapeutic method.

DISCUSSION
GBM, most of which is isocitrate dehydrogenase 1/2 (IDH1/2) wild-
type, is the most aggressive primary nervous system cancer, and
understanding its molecular pathogenesis is crucial to improving
the efficacy of GBM diagnosis and treatment.37–39 Dysregulation
of m6A-methylated mRNA can affect cancer initiation and progres-
sion.40,41 FTO, as a genuine m6A demethylase, has been suggested
xpressing U87MG cells and in shNC, shFTO-1, or shFTO-2 LN229 cells, as detected

87MG and LN229 cells after transfection with small interfering RNA control (siNC) or

nteraction between DGCR8 and HNRNPA2B1. U87MG cells were transduced with

tibody.Western blots for HNRNPA2B1, FTO, and DGCR8 are shown. Quantification

tion by anti-DGCR8 antibody in LN229 cells transduced with shNC, shFTO-1, and

ment level. (J) Detection of the abundance of pri-miR-10a binding to HNRNPA2B1 in

IP-qPCR assays. (K) Schematic of dual luciferase plasmid design. (L) Dual luciferase

reporter vectors and siNC or siHNRNPA2B1 as indicated. (M) Schematic of pri-miR-

multiple samples were performed using two-tailed t tests and one-way ANOVA,

hown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 5. The inhibitory effects of FTO on GBM progression are reversed by miR-10a

(A) Analyses of the correlation between the expression of FTO and MTMR3, a miR-10a target, in five datasets. Statistical analysis was determined using Pearson correlation

coefficient analyses. (B) MTMR3 mRNA expression in GBM cells transduced with FTO overexpression, knockdown, and the corresponding control lentiviruses. (C) Protein

expression of MTMR3, CD44, PCNA, FTO, and GAPDH in U87MG cells co-transduced with ovNC or ovFTO lentivirus and mimics NC or miR-10a-5p mimics as indicated.

(legend continued on next page)
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to play various functions in tumor progression.16,17,20 The specific
functions and molecular regulatory mechanisms of FTO in GBM
are still unclear. Our results revealed that m6A RNA modifications
regulated by FTO play a central role in regulating GBM progression.
First, we found that in glioma specimens, the degree of malignancy
increased with the downregulation of FTO expression and confirmed
that FTO significantly inhibited the proliferation, invasion andmigra-
tion of GBM cells in vitro and in vivo. Second, knockdown of FTO
significantly promoted the m6A modification of pri-miR-10a, which
was then recognized by HNRNPA2B1 and further promoted the
maturation of miRNA-10a by recruiting DGCR8, thus promoting
the malignant progression of GBM cells by targeting the tumor sup-
pressor protein MTMR3. Third, transcriptional activity of FTO could
be inhibited by the transcription factor SPI1, and SPI1 knockdown or
inhibition of transcriptional activity by DB2313 compound restored
FTO expression and prevented GBM tumor progression (Figure 7I).
To our knowledge, this is the first comprehensive study to show that
FTO modulates GBM progression by regulating m6A modification of
noncoding RNAs. Together, our findings demonstrate that FTO may
serve as a novel prognostic indicator and therapeutic molecular target
of GBM. Thus, restoring the endogenous expression of FTO with the
SPI1 inhibitor DB2313 may have therapeutic potential for GBM
patients.

Since 2017, studies on the mechanism linking m6A methylation and
oncogenesis in GBM cells have been continually reported and have
drawn inconsistent conclusions. Some studies have shown that knock-
down of METTL3 and METTL14, key components of the RNA meth-
yltransferase complex, dramatically promote human GSC self-renewal
and tumorigenesis, while inhibition of FTO suppresses tumor progres-
sion.42 In addition, inhibition of FTO by its specific inhibitor, MA2,
significantly suppressed progression of GBM cells.43 On the other
hand, several other independent research groups found that METTL3
could promote the malignant progression of GBM through different
molecular mechanisms, such as by enhancing SOX2 mRNA stabiliza-
tion,44 modulating nonsense-mediated mRNA decay (NMD) of
splicing factors and alternative splicing isoform switches,45 and
increasing the protein expression of ADAR1, a key adenosine-to-ino-
sine (A-to-I) RNA editing factor.46 The controversial conclusions
may be due to the samples used in these studies. These results indicate
that the function of m6A modifications in GBM should be further
investigated. Su et al.47 found that R-2-hydroxyglutarate (R-2HG),
which accumulates to high levels in IDH1/2mutant leukemia, inhibited
Quantification histogram represents relative protein expression. (D) LN229 cells were co-

5p inhibitor as indicated. Quantification histogram represents relative protein expression

with ovNC or ovFTO lentivirus and mimics NC or miR-10a-5p mimics as indicated. LN22

NC or miR-10a-5p inhibitor as indicated. (G) CCK-8 assay of U87MG cells transfecte

overexpression of LN229 cells transfected with inhibitor NC or (right) miR-10a-5p inhibito

transfected with mimics NC or miR-10a-5p mimics in the presence or absence of FTO

transfected with inhibitor NC or miR-10a-5p inhibitor in the presence or absence of FT

xenograft sections of nude mice. Scale bar, 50 mm. Comparisons between two indepen

and one-way ANOVA, respectively. Error bars indicate at least three independent exper

****p < 0.0001.
FTO, in turn decreasing the stability of MYC/CEBPA transcripts in an
m6A-dependent manner, leading to leukemia oncogenesis. In addition,
the authors showed that R-2HG can inhibit the proliferation of glioma
cell lines, suggesting that in low-grade IDH1/2 mutant gliomas, the
levels of FTO, kept low by R-2HG, result in an overall high level of
m6A methylation. These observations suggest that in low-grade gli-
omas with IDH1/2 mutations, FTO is kept low by R-2HG, leading to
a significant increase in overall m6A RNAmethylation and that among
gliomas, the tumors with high FTO and low MYC levels should be the
most sensitive to R-2HG therapy. Thus, a large number of mechanistic
studies should be performed to confirm whether this is the case in gli-
oma cells with that specific IDH mutation. In addition, another study
found that the expression of FTO was significantly upregulated in IDH
mutant glioma compared with IDH wild-type glioma by systematically
analyzing the expression of thirteen widely reported m6A RNA regula-
tors in 904 gliomas with RNA sequencing data from the Chinese
Glioma Genome Atlas (n = 309) and The Cancer Genome Atlas (n =
595) datasets.48 Somatic mutations in the IDH1/2 gene occur in
approximately 80% of grade II and III gliomas and secondary glioblas-
tomas (sGBMs) and are very rare in grade IV GBM patients. In our
study, we showed that FTO expression was negatively associated
with World Health Organization (WHO) grades of glioma in multiple
databases of glioma specimens and in our local tissues (Figure 1).
Moreover, the expression of FTO was significantly upregulated in
IDH-mutated glioma, and Cox analysis showed that FTO is a protec-
tive factor in GBM (Figure S1), consistent with previous reports.21,48

Using multiple GBM cell lines and GSCs, we also confirmed that
FTO is a GBM tumor suppressor protein in vivo and in vitro.

Functional enrichment analysis of the sequencing data of tumor spec-
imens fromTCGAandCGGAshowed that FTOnot only regulates the
biological functions of GBMcells themselves but also affects the tumor
microenvironment (Figures S3 and S4). As important regulatory mol-
ecules of biological processes,miRNAs affect almost every aspect of tu-
mors and the tumor microenvironment. During the initiation and
development of tumors, miRNA expression profiles of cancer cells
change significantly, in which the subsequent processing of pri-
miRNA is tightly regulated.49 m6A has been reported to be enriched
in pri-miRNA transcripts, marking them for recognition and process-
ing by DGCR8.25 In a follow-up study, the same group also found that
HNRNPA2B1 is a nuclear reader of the m6A mark, binds to m6A
marks in a subset of pri-miRNA transcripts (including pri-miR-
10a), interacts with DGCR8, and promotes pri-miRNA processing.26
transducedwith shNC, shFTO-1, or shFTO-2 lentivirus and inhibitor NC or miR-10a-

. RNA expression of (E) miR-10a-5p and (F) MTMR3 in U87MG cells co-transduced
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r in the presence or absence of FTO knockdown. (H) Transwell assay of U87MG cells

overexpression as indicated. Scale bar, 50 mm. (I) Transwell assay of LN229 cells

O knockdown. Scale bar, 50 mm. (J) IHC of MTMR3 expression in U87MG cells in

dent samples and among multiple samples were performed using two-tailed t tests

iments, and data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and
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Figure 6. SPI1 inhibited the transcriptional activity of FTO

(A) Predicted SPI1 DNA-binding sequences in the FTO promoter region. (B) The correlation between FTO and SPI1 and the correlation between SPI1 and MTMR3 in TCGA

and CGGA databases. Statistical analysis was determined using Pearson correlation coefficient analyses. (C) The relative mRNA expression of SPI1 (left) and FTO (right) in

GBM cells transfected with siNC, siSPI1, or siSPI1-2. (D) The protein expression of SPI1, FTO, MTMR3, N-cad, CD44, PCNA, and vimentin in GBM cells transfected with

siNC, siSPI1, or siSPI1-2. (E) ChIP-PCR of the FTO promoter region in GBM cells. (F) Relative FTO promoter luciferase activity in GBM cells transfected with siNC, siSPI1-1, or

siSPI1-2. (G) Relative FTO promoter luciferase activity in the indicated GBM cells with or without the mutation of the SPI1 binding motif. (H) Transwell assays of U87MG and

U118MG GBM cells transfected with siNC or siSPI1 in the presence or absence of FTO as indicated. Scale bar, 50 mm. (I) CCK-8 assays of U87MG and U118MG GBM cells

transfected with siNC or siSPI1 in the presence or absence of FTO as indicated. Comparisons between two independent samples and among multiple samples were

performed using two-tailed t tests and one-way ANOVA, respectively. Error bars indicate at least three independent experiments, and data are shown as mean ± SD.

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 7. The SPI1 inhibitor DB2313 interrupted the transcriptional inhibition of FTO

(A) The two-dimensional (2D) binding mode of SPI1 and DB2313. (B) The binding model of DB2313 on molecular surface of SPI1. DB2313 is colored in cyan, and the

molecular surface of SPI1 is colored in pale yellow (top); 3D binding mode of SPI1 and DB2313. DB2313 is colored in cyan, the surrounding residues in the binding pockets

are colored in yellow, and the backbone of the receptor is depicted as white cartoon with transparency (below). (C) Protein expression of FTO, MTMR3, CD44, PCNA, and

(legend continued on next page)
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Here, we explored the functions of FTO in miRNA maturation in
GBM cells and discovered that FTO regulated the maturation of
miR-10a in anm6A/HNRNPA2B1-dependent manner. It has been re-
ported that miR-10a-5p promotes GBM progression by targeting
MTMR3,28 which can interact with mTORC1 and suppress its activ-
ity.50 Therefore, our research demonstrated that FTO suppresses
GBM progression through the miR-10a-5p/MTMR3 axis, inhibiting
PI3k/akt/mTOR signaling and other carcinogenic pathways (Figures
S3 and S4). In addition, miR-10a-5p plays an important role in the gli-
oma tumor environment via exosome secretion, promoting MDSC
immunosuppressive functions.27 Numerous studies have also shown
that miR-10a can modulate metabolic reprogramming of other im-
mune cells and inflammation,51–54 suggesting the key role of miR-
10a in tumor progression and immunoregulation. Thus, clarifying
the mechanism of its biogenesis is of great importance in our search
for effective treatments.

We used database predictions to identify transcription factors that
lead to downregulation of FTO expression in GBM and found that
SPI1 expression was significantly upregulated in GBM. Patients
with high expression had a significantly poor prognosis and a negative
correlation with FTO expression. Intriguingly, further functional
enrichment analysis of the sequencing data of tumor specimens
fromTCGA and CGGA databases also showed that SPI1 not only reg-
ulates the biological functions of GBM cells themselves but also affects
the tumor microenvironment, a function opposite to that of FTO
(Figures S9 and S10). Further experiments proved that SPI1 is a tran-
scriptional suppressor of FTO, the knockdown of which could reverse
the expression of FTO and inhibit GBM progression. Therefore,
blocking the inhibition of endogenous FTO expression by SPI1 may
provide new clues and strategies for the treatment of patients with
GBM. SPI1, also called PU.1/Sfpi1, has been reported to regulate
tumorigenesis in various kinds of cancers.55,56 Specific transcriptional
activation or repression function of SPI1 is various under different
conditions. SPI1 can either activate or repress the transcription of
genes by interacting with chromatin modifiers or cross-talk with
other lineage-specific transcription factors.57 SPI1 was reported to
bind the methyl CpG-binding protein 2 (MeCP2) to repress genes
together with HDAC1-mSIN3a.58,59 Also, by forming complex with
HDACs, SPI1 induces transcriptional repression in several gene pro-
moters including the c-myc promoter.60 In leukemia differentiation,
it was reported that SPI1 stimulates target gene transcription together
with its coactivator c-Jun during myelopoiesis. Nevertheless, PU.1
blocks transcription by interacting with GATA-1 and inhibits histone
H3K9 acetylation.61 On the basis of the characteristics of the expres-
sion level of SPI1 in sequencing data of tumor specimens from TCGA
GAPDH in GBM cells treated with DMSO or DB2313. (D) CCK-8 assay of GBM cells trea

DMSO or DB2313 as indicated. Scale bar, 50 mm. (F) DB2313 (10 mg/kg/day) or veh

implantation of U87MG cells. (G) Tumor volumes and weights were measured from sa

immunofluorescence staining for FTO, Ki67, and CD44 in in xenograft sections fromU87

Scale bar, 50 mm. (I) Proposed model underlying the roles of FTO-mediated pri-miR-10a

among multiple samples were performed using two-tailed t tests and one-way ANOVA, r

shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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and CGGA databases and the results of our experiments, we found
that SPI1 functions as a transcription suppressor to FTO, opening a
new path for further understanding of the application of SPI1 inhib-
itor. DB2313, one of the heterocyclic diamidines, was demonstrated
to inhibit PU.1 function by targeting the DNA minor groove.36,62

In this research, we found that DB2313 can disrupt the suppressing
effect of SPI1 on FTO transcriptional activity and inhibit GBM cell
proliferation, migration and invasion, indicating that DB2313 can
be used as an anti-GBM tumor drug. However, one drawback of
this compound is that it needs to be further optimized to better cross
the blood-brain barrier. In recent years, pharmaceutical companies
and some academic institutions have increased their research efforts
to evaluate various non-invasive technologies for central nervous sys-
tem treatment, including receptor-mediated transcytosis and the use
of neurotropic viruses, nanoparticles, and exosomes, some of which
have entered clinical trials63 and may provide us with effective drug
delivery strategies in future work.

In summary, our work systematically revealed the tumor-suppressive
properties of FTO in GBM. Moreover, FTO inhibited growth, migra-
tion and invasion of GBM cells in vitro and in vivo. We demonstrated
that decreased FTO expression could induce the downregulation of
MTMR3 expression by modulating the processing of pri-miR-10a
in an m6A/HNRNPA2B1-dependent manner in GBM cells. Finally,
FTO was suppressed by SPI1 at the transcriptional level, and this pro-
cess could be interrupted by DB2313, whichmay have therapeutic po-
tential for GBM patients. Thus, our findings indicate that FTO and
SPI1 could serve as promising prognostic and treatment molecular
targets for GBM patients.

MATERIALS AND METHODS
Patient specimens and public clinical datasets

Tissues of gliomas, including WHO grade II and III gliomas and
GBM, were obtained from patients who were diagnosed with glioma
and underwent surgery in the Department of Neurosurgery of Qilu
Hospital at Shandong University. Normal brain tissue was obtained
from patients who underwent craniocerebral decompression treat-
ment for brain trauma. All participants provided written informed
consent, and the research was approved by the Ethics Committee
on Scientific Research of Shandong University Qilu Hospital
(approval number KYLL-2018-324).

The TCGA HG-UG133A platform microarray data and correspond-
ing clinicopathological parameters of GBM patients were obtained
from https://xena.ucsc.edu/public. The CGGA GBM transcriptome
data and corresponding clinicopathological parameters of GBM
ted with DMSO or DB2313 (10 mg/mL). (E) Transwell assay of GBM cells treated with

icle was intraperitoneally injected into mice (n = 5 per group) after subcutaneous

crificed mice and are shown as box-and-whisker plots. (H) Represented images of

MGGBM cell subcutaneous xenograft mice treated with DB2313 or matched group.

processing in GBM tumors. Comparisons between two independent samples and

espectively. Error bars indicate at least three independent experiments, and data are
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patients were obtained from the CGGA database (http://www.cgga.
org.cn/). The RNA sequencing transcriptome data for FTO, SPI1,
MTMR3, PCNA, vimentin, and CD44; the Kaplan-Meier survival
analysis data for FTO and SPI1 in TCGA, CGGA, REMBRANDT,
Gravendeel, and Philips datasets; and the correlation data for FTO
and SPI1 were downloaded from the GlioVis database (http://gliovis.
bioinfo.cnio.es/). The miRNA-seq sequencing data have been depos-
ited in Genome Sequence Archive (GSA) under accession number
CRA002339, to be releasedwhen the paper is published. The processed
data and basic association analyses will be made available in supple-
mentary data or from the corresponding author on reasonable request.

Cell culture

The glioma cell lines U87MG, U251, A172, LN229, andU118MGwere
obtained from the Type Culture Collection of the Chinese Academy of
Sciences. All cells were cultured in DMEM (Thermo Fisher Scientific)
containing 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-
streptomycin. All patient-derived GSC cell lines and neural progenitor
cell (NPC) were kindly donated by Dr. Frederick F. Lang and Dr.
Krishna P.L. Bhat (The University of Texas MD Anderson Cancer
Center, Houston, TX).64–66 The P3 cell line isolated from human
GBM tissue was kindly provided by Prof. Rolf Bjerkvig (University of
Bergen). P3 cells and GSCs were cultured as previously described.67,68

All cells were maintained in a humidified incubator with 5% CO2 at
37�C. The cells were routinely tested for mycoplasma contamination.

RNA extraction and real-time quantitative PCR

Real-time qPCR was performed as previously described.69 In brief, to-
tal RNA was extracted from cells using TRIzol (Thermo Fisher Scien-
tific) and reverse-transcribed using the ReverTra Ace qPCR RT kit
(FSQ-101; Toyobo). Quantitative PCR was conducted using TB
Green Premix Ex Taq (Takara) on a Roche Light Cycler 480 according
to the protocol. Primers used in this study are listed in Table S10. The
levels of miR-10a-5p and other RNAs were normalized to those of U6
and GAPDH respectively.

RNA interference transfection and lentivirus transduction

Human full-length FTO sequence and control sequence were cloned
into the GV492 lentiviral vector to construct lentiviruses for stable
overexpression (Genechem). Sequences of FTO knockdown
(shFTO-1, shFTO-2), and the scramble control (shNC) were cloned
into pLKD lentiviral vector to construct lentiviruses for FTO knock-
down (Obio). GBM cells were infected with lentiviruses at 50%
confluence after culture in 6-well plates. Stably transduced cells
were selected using puromycin (4 mg/mL) for 2 weeks. miR-10a-5p
mimics, inhibitor, and small interfering RNA targeting SPI1,
MTMR3, and HNRNPA2B1 were synthesized by BioSune (Shanghai,
China). Transfection was performed using the Lipofectamine 3000 kit
(L3000015; Invitrogen) following the manufacturer’s protocol. All
sequences are listed in Table S11.

Immunohistochemistry

Clinical tissue and nude mouse intracranial tumor implantation spec-
imens were embedded in paraffin, and IHC assays were performed as
previously described69 according to the manufacturer’s protocol for
primary antibodies. The following primary antibodies were used in
this research: anti-FTO (ab126605; Abcam), anti-CD44 (15675-1-
AP; Proteintech), and anti-vimentin (5741; Cell Signaling
Technology).
Western blot

Cell pellets were harvested and lysed using RIPA buffer containing 1%
protease and phosphate inhibitor cocktail (P8340; Sigma-Aldrich).
Western blotting was performed as previously described69 according
to the manufacturer’s protocol with primary antibodies overnight
and probing with secondary antibodies. Primary antibodies against
the following antigens were used: ZEB1 (3396; Cell Signaling Technol-
ogy; 1:1,000), PCNA (13110; Cell Signaling Technology; 1:1,000),
DGCR8 (ab191875; Abcam; 1:1,000), FTO (ab126605; Abcam;
1:10,000), MTMR3 (21336-1-AP; Proteintech; 1:1,000), SPI1 (PU.1;
2266; Cell Signaling Technology; 1:1,000), b-actin (60008-1-Ig; Pro-
teintech; 1:10,000), vimentin (5741; Cell Signaling Technology;
1:1,000), N-cadherin (13116; Cell Signaling Technology; 1:1,000),
YKL40 (ab77528; Abcam; 1:1,000), CD44 (15675-1-AP; Proteintech;
1:1,000), MMP2 (40994; Cell Signaling Technology; 1:1,000), and
GAPDH (ab8245; Abcam; 1:1,000).
Cell proliferation assays

We seeded 2000 GBM cells in 96-well plates and measured cell
viability using the Cell Counting Kit-8 (CCK-8; CK04; Dojindo,
Kumamoto, Japan) assay at 0, 24, 48, and 72 h according to the man-
ufacturer’s protocol. EdU assays were performed using an EdU assay
kit (C10310; RiboBio, Guangzhou, China) with GBM cells seeded in
24-well plates at 2 � 105 cells per well.
Transwell and 3D tumor spheroid invasion assays

Briefly, 2 � 104 GBM cells were used for the Transwell assay accord-
ing to previously described methods.70 A total of 2 � 105 GBM cells
were cultured in spheroid formation ECM for 72 h to generate tumor
spheroids and used for the 3D tumor spheroid invasion assay with a
96-well 3D spheroid BME cell invasion assay kit (3500-096-K;
Trevigen). Images were taken at 0, 24, 48, and 72 h using a Leica
microscope.
Neurosphere formation assay and extreme limiting dilution

assay

Glioma stem cells transduced by different lentiviruses were implanted
into 6-well plates at a density of 1,000 cells/well. After 2 weeks culture,
images were taken using a Leica microscope. The number of neuro-
sphere in the field under the microscope was used for quantification.
For extreme limiting dilution assay, glioma stem cells transduced by
lentiviruses were implanted in 96-well plates at a density of 1, 2, 4, 8,
16, 32, 64, and 128 cells/well. After 1 week culture, the number of
wells that developed neurosphere was recorded for analysis. Data
were analyzed using ELDA software (http://bioinf.wehi.edu.au/
software/elda/).71
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Luciferase reporter assay

Pri-miR-10a sequence was cloned into a Pmir-GLO dual luciferase
expression vector (GenePharma, Shanghai, China) containing Renilla
luciferase (R-luc) and firefly luciferase (F-luc). Then, “GAACU”was re-
placedby “GATCU” to formMut-pri-miR-10a reporter.30–32GBMcells
transfectedwith FTOpromoter region reporter vectorsWTpGL3-FTO
and Mut pGL3-FTO (GenePharma) were further co-transfected with
small interference sequences or negative control siRNA. The Dual
Luciferase Reporter kit (Promega) was used to examine luciferase activ-
ity according to the manufacturer’s protocol. The ratios of firefly and
Renilla luciferase activities were determined 48 h post-transfection.

Quantitative assay of relative m6A levels

We obtained total RNA of glioma cell lines transduced by lentiviruses
using TRIzol and performed an RNAm6A quantitative assay using an
EpiQuik m6A RNA Methylation Quantification Kit (colorimetric;
P-9005-48; EpiGentek) according to the manufacturer’s instructions.
The m6A level was tested first by OD450 and then compared with the
standard curve.

M6A RNA immunoprecipitation

MeRIP was performed using a Magna RIP Kit (17-10499; Millipore)
and anti-m6A antibody (202003; SYSY). In brief, cells transduced
with lentivirus were harvested and washed with cold PBS. The cells
were lysed with complete RIP lysis buffer on ice for 5 min. Lysates
were stored at �80�C. Magnetic beads were prepared for immuno-
precipitation, and antibodies were bound to the magnetic beads ac-
cording to the manufacturer’s instructions. After the RIP lysate was
thawed and centrifuged, 100 mL supernatant was removed and added
to each bead-antibody complex. The complex was incubated over-
night with rotation at 4�C. The complex was washed using a magnetic
separator and RIP wash buffer. The RNA was purified using Protein-
ase K and phenol:chloroform:isoamyl alcohol according to the in-
structions. The purified RNAs were resuspended in 10–20 mL of
RNase-free water for subsequent analysis. Real-time qPCR was used
for RNA quantification. Ten percent of the lysis products were used
for input and the rests were used for immunoprecipitation procedure.
Percentage of input was determined by comparing relative expression
level of pri-miR-10a in immunoprecipitation samples to 10 times of
the expression level in input samples, respectively.

Co-immunoprecipitation

After transduction with lentiviruses to stably overexpress or knock-
down FTO, GBM cells were used to perform co-IP using a Pierce
Co-Immunoprecipitation Kit (26149; Thermo Fisher Scientific)
according to the manufacturer’s protocol. In brief, immunoprecipita-
tion of DGCR8 was performed using an anti-DGCR8 antibody over-
night at 4�C. The next day, the complex was treated with RNase for
10 min at 37�C. Then, anti-HNRNPA2B1, anti-FTO, and anti-
DGCR8 primary antibodies were used for western blot analysis.

Chromatin immunoprecipitation

ChIP assays were performed using a ChIP kit from Merck Millipore
(17-295) according to the manufacturer’s instructions. DNA frag-
714 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
ments at the promoter region co-immunoprecipitated with SPI1
were quantified using qPCR.

Animal studies

BALB/cmale nudemice were 4 weeks old. GBM cells with stable over-
expression or knockdown of FTO and ovNCor shNCwere transduced
with lentivirus expressing luciferase. The cells were intracranially in-
jected at a density of 5� 105/10 mL into everymouse to form an ortho-
topic xenograft model. Coordinates of injection were 1 mm anterior
and 2.5mm right to the bregma, at a depth of 3.5mm (the right frontal
lobes of the mouse). Every 6 days, bioluminescence imaging (IVIS
Lumina Series III; PerkinElmer, Waltham, MA) was used to image
the mouse. At 8 days, we randomly chose 5 mice from each group to
euthanize them, and their brain tissues were fixed with paraformalde-
hyde for further study. Another 5 mice were used for survival time
analysis. For DB2313 (563801; MedKoo) anti-tumor research, male
nude mice were subcutaneously injected with 5 � 106 U87MG cells
suspended in 0.1mLPBS. After 7 days, mice were intraperitoneally in-
jected with DB2313 at density of 10 mg/kg/day dissolved in PBS sol-
vent containing 10% DMSO for 7 days. The other group treated
with vehicle only was set as the control group. Two weeks after glioma
cell injection,micewere euthanized for further research.All animal ex-
periments were approved by the guidelines of the Institutional Animal
Care and Use Committee of Qilu Hospital of Shandong University.

Immunofluorescence

For immunofluorescence study of tissues, sections were treated using
deparaffinization and antigen retrieval. After blocking with serum of
bovine or rabbit serum albumin for 30 min, the samples were incu-
bated with primary FTO antibodies (abca dies [9449; Cell Signaling
Technology; 1:500] and CD44 [15675-1-AP; Proteintech; 1:1,000])
for 2 h at room temperature or overnight at 4�C. The samples were
then incubated with species-appropriate horseradish peroxidase
(HRP)-labeled secondary antibodies for FTO and Ki67 primary anti-
bodies, and immunofluorescent-labeled secondary antibodies for
CD44 primary antibodies for 45 min at room temperature at a dilu-
tion of 1:500. DAPI (G1012; Servicebio) was used to mount cover-
slips. Then the slices were placed under the scanner (Pannoramic;
MIDI:3Dhistech) to capture the images.

Statistical analysis

Data are presented as mean ± SD unless otherwise specified. All ex-
periments related to cell culture were repeated at least three times.
Comparisons between two independent samples and among multiple
samples were performed using two-tailed t tests and one-way
ANOVA, respectively. Survival data for mice and humans were
analyzed by the Kaplan-Meier method. The Pearson correlation coef-
ficient and R2 values were used to analyze the correlations between the
expression of two genes in TCGA or other databases. p values < 0.05
were considered to indicate statistical significance. p values are indi-
cated as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. Data analysis
was carried out using GraphPad Prism version 8.0.2 forWindows. All
data processing with R packages was performed using R Studio
version 3.6.3 for Windows.
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Data availability

The miRNA sequencing data have been deposited in GSA under
accession number CRA002339. The processed data and basic associ-
ation analyses will be made available in supplementary data or from
the corresponding author on reasonable request.
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