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Abstract

Background An increasing number of studies have focused on ailanthone (aila) due to its antitumor activity.
However, the role of ailanthone in glioblastoma(GBM) has not been investigated before. This study aims to explore the
biological function and the underlying mechanism of ailanthone in GBM.

Methods The microarray analysis was used to screen out down-stream long non-coding RNAs (IncRNAs) targeted

by ailanthone. Real-time PCR(RT-PCR) assay was used to examine LINCO1956 expression levels. Colony-formation,
Methylthiazolyldiphenyl-tetrazolium bromide(MTT), cell-cycle, organoids culture and in-vivo tumorigenesis assays
were used to examine cell growth in vitro and in vivo. Boyden assay was used to examine cell invasion ability in

vitro. RNA immunoprecipitation and RNA-protein pull-down assays were used to examine the interaction between
LINCO1956 and FUS protein. Chromatin Immunoprecipitation(ChlP) assay was used to examine HIF 1-a-binding sites in
the LINCO1956 promoter.

Results Ailanthone decreased GBM cell growth in vitro and in vivo via inducing ferroptosis. Ailanthone treatment
exhibited blood-brain barrier(BBB) permeability and specifically targeted the tumor area. LINCO1956 was identified as
a down-stream target of Ailanthone. LINC01956 exerted as an onco-IncRNA in GBM. M2 polarization of macrophages
induced by exosomes derived from glioma cells overexpressing LINCO1956 accelerated GBM progression.
Mechanistically, we found that LINCO1956 bound to FUS and reduced its ubiquitination. LINCO1956 evoked nuclear
translocation of phosphorylated (p)-B-catenin by recruiting FUS. Furthermore, under hypoxic conditions, LINCO1956
was regulated by HIF-1a. Ailanthone decreased the expression of LINCO1956 via suppressing HIF-1a.

Conclusion Taken together, our data revealed for the first time that ailanthone regulated HIF-1a/LINC01956/FUS/B-
catenin signaling pathway and thereby inhibited GBM progression.
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Introduction

High-grade glioma, also called glioblastoma (GBM), is a
kind of brain cancer characterized by diffuse invasion and
resistance to treatment [1]. Currently, a combination of
neurosurgery, radiotherapy and chemotherapy is a com-
mon treatment for GBM patients. However, glioblastoma
patients usually have a poor prognosis, with a 5-year sur-
vival rate of less than 5% [2]. Despite various therapeutic
interventions being developed to tackle GBM, the over-
all survival rate remains disappointingly low. Thus, the
urgent need to discover effective therapeutics capable of
improving the prognosis for GBM patients is undeniable.

Long noncoding RNAs (IncRNAs), defined as noncod-
ing transcripts >200 nucleotides in length, are involved in
diverse biological processes [3]. Recent documents have
demonstrated that dysregulation of IncRNAs is closely
related to a variety of pathological conditions, including
glioma [4].

Tumor-associated macrophages (TAMs) infiltrate
most solid tumors, which leads to cancer progression [5].
TAMs are a subtype of pro-tumoral macrophages with
transcriptional and phenotypic characteristics distinct
from those of M1 and M2 macrophages [6]. Depend-
ing on the polarization state, macrophages can be con-
verted into two main types, M1 and M2 [7]. Recently, it
was reported that IncRNAs can affect the polarization
of TAMs [8]. Our previous studies have demonstrated
that Wnt/p-catenin signaling is involved in the initiation
and progression of various cancers [9, 10]. Wnt ligands
secreted by glioma cells can activate Wnt/p-catenin sig-
naling in macrophages and thereby induce M2 macro-
phage polarization [11].

Traditional Chinese Medicine(TCM), widely used
in cancer treatment for a long time, has shown signifi-
cant improvements in therapeutic efficacy. Recently,
documents have found that TCM can affect TAMs and
thereby inhibits tumor progression [12]. The ailanthone
is a main active compound extracted from the stem barks
of Ailanthus altissima (Mill.) and possesses various ben-
eficial properties such as anti-tumor. However, the role of
ailanthone in GBM has not been investigated.

In the present study, we find that ailanthone exhib-
its remarkable anti-cancer effects against GBM. We
observe that ailanthone is able to significantly decrease
the expression of LINC01956(an onco-IncRNA ) in GBM
cells. This substantial decrease in LINC01956 expres-
sion played a crucial role in inhibiting GBM progression.
We manage to identify the HIF-1a/LINC01956/FUS/B-
catenin signaling pathway as the primary target through
which ailanthone exerted its anti-cancer actions.
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Materials and methods

Reagents, cell culture and sample collection

Ailanthone was purchased from Dasfbio (Nanjing,
China). The concentrations of used Ailanthone in treat-
ing U87 and U251 were 0.42umol and 0.57pmol, respec-
tively, according to the IC50 of Ailanthone. GBM cell
lines were purchased from the Chinese Academy of Sci-
ence (Shanghai, China). Cells were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) in a
37 °C, 5% CO, incubator.

GBM and normal brain tissue samples were obtained
from patients at People’s Hospital of Shanxi Province
and Zhujiang Hospital. Written informed consent was
obtained from all patients prior to the study. All experi-
ments were performed in accordance with the approved
guidelines of the Institutional Research Ethics Commit-
tee of People’s Hospital of Shanxi Province and Southern
Medical University.

Culture of organoids

The fresh glioma tissues were collected and cultured in
advanced Dulbecco’s modifed Eagle’s medium (DMEM)/
F12, which contained 1% penicillin streptomycin. Subse-
quently, the glioma tissues were diced into approximately
2-3-mm sections, followed by digested at 37 °C for 1 h by
trypsin. Then the digested tissues were filtered via 70 um
filter and the suspension was centrifuged. The cell pellet
was resuspended in Matrigel, followed by plated in pre-
warmed (37 °C) 24-well culture plates. The growth rate of
organoids was monitored on the indicated times.

Organoid imaging and growth evaluation

Organoid images were taken weekly or biweekly using an
Olympus CKX53 inverted cell culture microscope (Shin-
juku, Tokyo, Japan) at magnifications of 4x, 10x, and 20x.
Organoid growth was assessed using two images taken
approximately 14 days into culture, prior to passaging.
Growth was categorized into three groups: group ‘~’
indicated no significant growth, group 4+ represented
one to five organoids per well, and group “++ denoted
more than five organoids per well.

RT-PCR analysis

To carry out RT-PCR analysis, total RNA was isolated
from GBM cells by using TRIzol reagent (Invitrogen).
Subsequently, this RNA was transcribed into cDNA
by using HiScript II Q-RT SuperMix. Primers used for
LINCO01956 were: forward 5-GCCACGTTCATTGCAC
AGTT-3,Reverse5’-TCACTTTGCACCACAATGCG-3.
Primers used for GAPDH were: forward 5-GGAGCGA
GATCCCTCCAAAAT-3;Reverse5-GGCTGTTGTCAT
ACTTCTCATGG-3!
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MTT assay

First, GBM cells were seeded in 96-well plates and
allowed to grow for 36 h. Subsequently, the medium was
aspirated, and MTT solution was added to each well.
After 30 min, 150 pL of DMSO was added to each well,
and the absorbance was read at an OD of 590 nm.

Colony formation assay

GBM cells were seeded into 6-well culture plates and
allowed to grow for two weeks. Subsequently, these cells
were washed with phosphate-buffered saline (PBS) and
stained with Giemsa solution.

Lentivirus transfection

The lentiviral vectors for LINC01956 down-regulation
with target sequence (5-CACCGCACAGTTTCGAT
TTGTTTAGCGAACTAAACAAATCGAAACTGTG
C-3’) were designed and synthesized. U87 and U251 cells
were infected according to the manufacture’s protocol.
The lentiviral shRNA control plasmid was added with a
scrambled control sequence (ACAGAAGCGATTGTTG
ATC), which was basically mismatched.

Western blot analysis

To extract protein, RIPA buffer was used to lyse GBM
cells. Then, proteins were separated by SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF) mem-
branes. Subsequently, membranes were blocked with
5% nonfat milk and incubated first with primary anti-
bodies at 4 °C overnight and then with HRP-conjugated
secondary antibodies at room temperature for 1 h. The
primary antibodies used in the study were listed as fol-
lowings: x-CT (abcam, Lot NO.ab307601), GPX4(abcam,
Lot NO.ab125066), FTH(abcam, Lot NO.ab75972),
TFRC(abcam, Lot NO.ab182793), cyclinD1(abcam,
Lot NO. ab134175), CDK4(abcam, Lot NO. ab108357),
E-cadherin(abcam, Lot NO. ab40772), FUS(abcam,
Lot NO. ab243880), CD63(abcam, Lot NO. ab134045),
HSP70(abcam, Lot NO. ab2787), HIF-1a(abcam, Lot NO.
ab51608), GAPDH(abcam, Lot NO. ab8245), anti-HA
tag(abcam, Lot NO. ab236632), anti-FLAG tag(abcam,
Lot NO. ab205606), N-cadherin(Cell Signaling Technol-
ogy, Lot NO. #13116), Vimentin(Cell Signaling Technol-
ogy, Lot NO. #5741), phospho-B-Catenin(Cell Signaling
Technology, Lot NO. #9561) and c-myc (Cell Signaling
Technology, Lot NO. #13987). All the concentrations of
the antibodies used in the study were 1:1000. The levels
of all proteins were determined by using enhanced che-
miluminescence reagents.

Chromatin immunoprecipitation (CHIP) assay

The ChIP assay was performed with a ChIP assay kit
(Millipore, catalog: 17-371) as previously described
[13]. Enrichment of DNA fragments at the putative
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HIF1-binding sites in the LINCO01956 promoter was
assessed by RT-PCR.

RNA-binding protein pulldown assay

The RNA-binding protein pulldown assay was performed
with a Pierce™ Magnetic RNA-Protein Pull-Down Kit
(Thermo Fisher Scientific, MA, USA). The probe target-
ing LINC01956 was obtained from RiboBio, Guangzhou,
China. Protein was eluted from the beads and separated
with SDS-PAGE. Subsequently, the protein bands on the
gel were subjected to silver staining. Western blot analy-
sis was used to identify the proteins.

RNA immunoprecipitation (RIP) assay

The RIP assay was performed with a Magna RIP™ RNA-
Binding Protein Immunoprecipitation kit (Millipore,
Billerica, MA). The primary antibody against FUS was
purchased from Santa Cruz (CA, USA). RT-PCR analysis
was used to identify coprecipitated RNAs.

Immunofluorescence (IF) staining

To carry out the IF assay, cells grown on sterile glass cov-
erslips were fixed with 4% paraformaldehyde and per-
meabilized with Triton X-100. Cells were incubated first
with primary antibodies and then with secondary anti-
bodies. DAPI was used to counter stain nuclei. A Nikon
eclipse Ti-E inverted fluorescence microscope was used
to acquire images.

Biolayer interferometry (BLI)

An Octet system (ForteBio, Fremont, CA) was used to
carry out BLI. Biotin-labeled LINC01956 was immobi-
lized on a streptavidin sensor.

Coimmunoprecipitation (co-IP) assay

The interactions among LINC01956, FUS and B-catenin
were validated by a co-IP assay that was described in a
previous report [14].

Exosome isolation

To isolate exosomes, culture medium from glioma
cells was centrifuged first at 500xg for 5 min and then
at2000xg for 30 min. Subsequently, 2XPEG solution was
mixed with the supernatant. Later, the mixture was cen-
trifuged at 10,000xg for 1 h.

BBB permeability assay

Intracranial xenografts of U87 cells (1x10°) in mice were
administered ailanthone intravenously. Brain tumor and
normal brain tissues were collected at various intervals
post-injection.
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ROS assay

The generation of reactive oxygen species (ROS) was
assessed utilizing a ROS assay kit (catalog number).
n0.S0033S; Beijing Solarbio Science & Technology Co.,
Ltd.) following the manufacturer’s protocol. GBM cells
were cultured in 6-well plates and exposed to ailanthone
for 24 h. Afterward, 10 pM DCFH-DA was introduced
to each well and incubated in the dark for 20 min. The
cells were washed three times with serum-free medium,
digested, and then transferred to a 96-well plate at a con-
sistent density. Fluorescence intensity was recorded using
a BioTek Instruments microplate reader at 488 nm excita-
tion and 525 nm emission wavelengths. Fluorescence was
directly observed using a fluorescence microscope.

Identification of markers associated with ferroptosis
Intracellular concentrations of Fe?*, lipid peroxidation
(LPO), malondialdehyde (MDA), glutathione (GSH), and
catalase (CAT) were measured using the Fe’* assay kit.
no.A039-2-1), LPO assay kit (cat.no.A106-1-1), MDA
assay kit (cat.no.A003-1-1), GSH assay kit (cat.no.A061-
1-2) and CAT assay kit (cat.no.A007-1-1), respectively,
according to the manufacturer’s protocols. The kits
were sourced from Nanjing Jiancheng Bioengineering
Institute.

TEM(transmission Electron microscope) assay

Transmission electron microscopy (TEM) was employed
for the ultrastructural examination of mitochondria.
Cells, either treated with ailanthone or left as con-
trols, were exposed to 5 uM erastin or not, then fixed
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in 2.5% glutaraldehyde in 0.1 M PBS (pH 7.4) at 4 °C for
2.5 h. They were subsequently washed three times with
0.1 M PBS and postfixed in 1% OsO4 for 2 h at 4 °C.
The samples were dehydrated using an ethanol gradient
and embedded in Spurr’s resin. Ultrathin sections were
stained with uranyl acetate or lead citrate and analyzed
using a JEOL 1200EX transmission electron microscope.

In vivo tumor growth experiment

The care of animals was carried out in accordance with
the approved guidelines of the Institutional Research
Ethics Committee of Shanxi Medical University and
Southern Medical University. Luciferase-expressing sh-
LINCO01956 cells and sh-ctrl cells(1x10°) were injected
into the brain parenchyma of nude mice using a previ-
ously described protocol [15]. Glioma xenografts were
monitored at 7 and 21 days after cell injection via an IVIS
Spectrum Live Imaging System (Caliper Life Sciences,
Mountain View, CA).

Results

Ailanthone inhibited GBM cell growth in vitro and in vivo
This study initially examined ailanthone’s inhibitory
impact on GBM cell growth. We first conducted ailan-
thone susceptibility tests on GBM cell lines(U87 and
U251). The IC50 of ailanthone on US87 cell line was
0.42umol, while on U251 cell line was 0.57umol(Fig. 1A).
Subsequently, we sought to determine whether ailan-
thone had an effect on cell growth in vivo. To this end,
U87 and U251 were injected into the brains of nude mice
to establish an orthotopic glioma xenograft model. We
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Fig. 1 Ailanthone inhibited GBM cell growth in vitro and in vivo. (A) GBM cell viability was analyzed via MTT assay. (B) PDX models were established with
brain parenchyma inoculation of nude mice with U87 and U251 cell lines. Cell lines were pre-treated with DMSO(control group) or ailanthone. (C) GBM
cells were implanted intracranially into nude mice. Mice were injected i.v. with control (n=5) or 150 ng/g ailanthone (n=5) daily, the Mantel-Cox log-rank
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further verified the effect of ailanthone on GBM PDX
models and found that it also had a good inhibitory effect
in vivo(Fig. 1B). Interestingly, nude mice treated with
ailanthone exhibited prolonged survival times when com-
pared with the control group (Fig. 1C). In order to better
simulate the anti-cancer effect of ailanthone in GBM, we
established personalized patient-derived organoid (PDO)
models to further investigate ailanthone’s effect on GBM
cells. As revealed in Fig. 1D, ailanthone treatment sig-
nificantly suppressed the glioma cell growth in two PDO
models.

Taken together, these data suggested that ailanthone
inhibited GBM cell growth in vitro and in vivo.

Ailanthone promoted ferroptosis in GBM cells

The fast-growing studies of ferroptosis in cancer have
boosted a perspective for its usage in cancer therapeutics.
A recent report documented that ailanthone induced fer-
roptosis in non-small cell lung cancer lewis cells [16].
We then asked whether ailanthone inhibited GBM cell
death by inducing ferroptosis. ROS accumulation is a
key indicator of ferroptosis; thus, ROS levels in GBM
cells exposed to varying concentrations of ailanthone
were measured using the fluorescent dye DCFH-DA. The
results obtained by fluorescence microscopy(Fig. 2A) and
a fluorescent microplate reader (Fig. 2B) revealed that
the red fluorescence intensity increased while treated
by ailanthone. Ferroptosis is primarily characterized
by iron overload and redox imbalance.The intracellular
Fe?" concentration was measured with an iron assay kit.
As demonstrated in Fig. 2C, the intracellular Fe?* con-
tent increased with treated with ailanthone.The impact
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of ailanthone on ferroptosis was examined by evaluating
the intracellular redox state with reagent kits.The study
found that ailanthone treatment led to increased con-
centrations of LPO (Fig. 2D) and MDA (Fig. 2E), whereas
GSH (Fig. 2F) and CAT (Fig. 2G) levels decreased.

Furthermore, the protein levels of four genes related to
ferroptosis(xCT, GPX4, FTH, and TFRC) were assessed.
Western blot assay results revealed that ailanthone
decreased the protein expression levels of xCT, GPX4
and FTH while increasing the protein expression level
of TERC in GBM cells (Fig. 2H). Taken together, these
results demonstrated that ailanthone induced ferroptosis
in GBM cells.Transmission electron microscopy (TEM)
analysis further revealed that ailanthone-treated cells
contained shrunken mitochondria with elevated mem-
brane density, a typical morphologic feature of ferropto-
sis (Supplementary Fig. 1A).

Ailanthone treatment demonstrated blood-brain barrier
permeability and selectively targeted the tumor region

We analyzed concentration of ailanthone in the tumor
area by using intracranial xenograft mouse model. Inter-
estingly, the concentration of ailanthone reached its peak
just 10 min after intravenous injection of ailanthone,
with a measured value at 108 ng/g of tissue. Notably, the
concentration in the tumor area was found to be as least
twice as high as that in the nontumor area, indicating that
ailanthone specifically targets the tumor area (Fig. 2I).
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Fig. 2 Ailanthone promoted ferroptosis in GBM cells. (A) Relative fluorescence intensity of ROS in GBM cells treated by ailanthone under a fluorescence
microscope. (B) Relative fluorescence levels of ROS in GBM cells treated by ailanthone, as detected by fluorescent enzyme label. (C)-(G) Colorimetry detec-
tion of the levels of Fe?*, LPO, MDA, GSH and CAT in GBM cells treated with ailanthone. (H) Western blot analysis of ferroptosis-associated proteins xCT,
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Ailanthone inhibited LINO1956 expression levels in GBM
cells

Previous studies have revealed that IncRNAs are involved
in the progression of GBM cells, so we hypothesized that
some IncRNAs might take part in the ailanthone treat-
ment. We used Arraystar Human IncRNA array to find
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the IncRNAs that may be regulated by ailanthone. It was
found that ailanthone can regulate the expression of a
series of IncRNAs, among which LIN01956 had a more
pronounced response to ailanthone (Fig. 3A). To bet-
ter understand the clinical relevance of these identified
LncRNAs, we analyzed their impact on patient survival
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using GEPIA (Gene Expression Profiling Interactive
Analysis) (http://gepia.cancer-pku.cn/), a widely-used
tool that integrates data from the TCGA databases.
LIN01956, a IncRNA which was highly associated with
GBM patients, caught our attention.

We then used RT-PCR assay to examine ailanthone’s
effect on LIN01956 expression. It was found that ailan-
thone treatment decreased LIN01956 expression level in
both U87 and U251 cell lines(Fig. 3B).

The expression level of LINC01956 was elevated in GBM
tissues and associated with poor clinical outcome

We then asked whether LINC01956 was involved in the
progression of GBM. We found that the expression level
of LINC01956 was elevated in glioma tissues compared
with normal brain tissues (Fig. 3C). This finding was also
confirmed by using the GEPIA server (http://gepia.canc
er-pku.cn/, which analyzes data from TCGA and GTeX,
Fig. 3D). In addition, GBM patients with a high expres-
sion level of LINC01956 tended to have poorer overall
survival and disease-free survival rates than those with
low expression levels of LINC01956 (Fig. 3E and F, data
analyzed with GEPIA). The time ROC analysis was car-
ried out to compare the predictive accuracy and risk
score of LINCO01956 for OS and DEFS in glioma by using
the TCGA database. In the OS analysis, LINC01956
expression level could predict the prognosis of glioma
patients at 1, 3 and 5 years, and its AUC under the ROC
curve was 0.75, 0.808 and 0.725, respectively (Supple-
mentary Fig. 1B). In the DFS analysis, AUC under the
ROC curve was 0.75, 0.805 and 0.734, respectively (Sup-
plementary Fig. 1C). These data fully implicated that
LINCO01956 could be an ideal marker for predication of
OS and DEFS in glioma.

Page 7 of 16

Correlation of LINC01956 expression levels with
clinicopathological features in glioma

We then analyzed the correlation of LINC01956 expres-
sion levels with clinicopathological features in glioma
by mining the data from TCGA. It was found that
LINC01956 expression levels increased gradually with
the glioma WHO grades. Glioma patients with WHO
grade 4 had the highest expression level of LINC01956
than other patients (Supplementary Fig. 1D). In addi-
tion, LINC01956 expression level was highly expressed
in glioblastoma patients, when compared with that in
other histological types (Supplementary Fig. 1E). We also
found that LINC01956 expression level was decreased in
IDH mutant patients when compared with that in IDH
wild type patients (Supplementary Fig. 1F). Interestingly,
LINC01956 expression level was significantly associ-
ated with patient treatment outcome. In glioma patients
with poor outcome(progressive disease), the LINC01956
expression level was significantly higher than that in
those patients with clinical benefit (complete response,
partial response and stable disease) (Supplementary
Fig. 1G). In the univariate analysis, WHO grade, 1p/19q
codeletion, IDH status, histological type andLINC01956
expression level affected the prognosis of glioma patients
(all p<0.05).Furthermore, multivariate cox regression
showed that the above characteristics were also indepen-
dent risk factors for unfavorable OS of glioma (Table 1).

LINC01956 inhibition decreased GBM cell growth and
invasion

Firstly, genes coexpressed with LINC01956 (|logFC|>1,
Padj<0.05) were selected to perform gene enrichment
analysis, followed by GO term analysis. The biologi-
cal process (BP) analysis showed positive regulation of
cell cycle process, positive regulation of cell cycle phase

Table 1 Univariate and multivariate analysis of clinicopathological factors that correlate with OS of glioma patients

Characteristics Total(N) Univariate analysis Multivariate analysis

Hazard ratio (95% Cl) Pvalue Hazard ratio (95% Cl) Pvalue
WHO grade 634
G2 223
G3&G4 411 5.642 (3.926-8.109) <0.001 1.842 (1.203-2.822) 0.005
1p/19q codeletion 688
codel 170
non-codel 518 4428 (2.885-6.799) <0.001 1.796 (1.075-3.000) 0.025
IDH status 685
WT 246
Mut 439 0.117 (0.090-0.152) <0.001 0.320 (0.219-0.468) <0.001
LINC01956 695
Low 348
High 347 3.648 (2.805-4.745) <0.001 2.120(1.559-2.883) <0.001
Histological type 695
Astrocytoma&Oligoastrocytoma&Oligodendroglioma 527
Glioblastoma 168 9.114 (7.008-11.853) <0.001 2.733(1.961-3.808) <0.001
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transition, epithelial cell proliferation and positive regu-
lation of cell-cell adhesion. The cellular component
(CC) analysis showed that spindle, spindle microtubule
and collagen-containing extracellular matrix were sig-
nificantly enriched. The molecular fuction (MF) analysis
showed that growth factor activity, chemokine activity,
cytokine receptor binding and cytokine activity were
significantly enriched. In the KEGG analysis, we found
that cell cycle, cell adhesion molecules and focal adhe-
sion were significantly enriched (Supplementary Fig. 2A).
These data implicated that LINC01956 may participate
in cell signaling functions that regulate proliferation and
invasion of glioma.

Based on the above findings, we then performed bio-
logical function assay to analyze LINCO01956’s function
on glioma cell proliferation and invasion. GBM cell lines
(U87 and U251) were used in this functional study. First,
we established cells in which LINCO01956 was stably
knocked down (sh-LINC01956) and a control cell group,
namely, sh-ctr]l (Fig. 4A). Cell growth was examined by
MTT and colony formation assays. As revealed by the
MTT assay, LINC01956 downregulation decreased cell
viability (Fig. 4B). In parallel, the colony formation assay
revealed that sh-LINCO01956 cells formed smaller and
fewer colonies than sh-ctrl cells (Fig. 4C, Supplemen-
tary Fig. 2B). We further sought to determine whether
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LINCO01956 affects the cell cycle distribution. The fre-
quency of GBM cells in G1 phase was significantly higher
than that in S phase when LINC01956 was knocked
down, as revealed by flow cytometric analysis (Fig. 4D,
Supplementary Fig. 2C). In parallel, G1/S cell cycle
checkpoint proteins (e.g., cyclinD1 and CDK4) were
downregulated in sh-LINCO01956 cells (Fig. 4E). Together,
these findings imply that LINC01956 promotes the tran-
sition from G1 to S phase and thus promotes GBM cell
growth in vitro. The Boyden chamber assay showed that
LINCO01956 inhibition decreased the invasion ability of
GBM cells(Fig. 4F, Supplementary Fig. 2D). Subsequently,
we analyzed the expression levels of epithelial-mesenchy-
mal transition (EMT)-related proteins by western blot
analysis. Interestingly, LINC01956 downregulation inhib-
ited N-cadherin and vimentin expression and elevated
E-cadherin expression levels (Fig. 4G). These data sug-
gested that downregulation of LINCO01956 reversed the
EMT phenotype.

Subsequently, we sought to determine whether
LINCO01956 has an effect on cell growth in vivo. To this
end, luciferase-expressing U87 cells transduced with sh-
ctrl or sh-LINC01956 were injected into the brains of
nude mice to establish an orthotopic glioma xenograft
model. We observed that the growth of sh-LINC01956-
transduced cells was significantly slower than that of
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sh-ctrl-transduced cells (Fig. 4H). These findings indicate
that downregulation of LINC01956 inhibits tumorigen-
esis of glioma cells in vivo.

LINC01956 promoted GBM cell progression via the WNT/f3-
catenin signaling pathway
We next performed RNA sequencing to examine the dif-
ference in transcript expression levels between sh-ctrl
and sh-LINCO01956 cells (fold change>2, supplemen-
tary Table 1). Gene ontology analysis, KEGG pathway
enrichment and Gene Set Enrichment Analysis (GSEA)
analysis revealed that the WNT/B-catenin pathway was
significantly altered when LINC01956 was downregu-
lated (Supplementary Fig. 3A-B). Western blot analysis
revealed that downregulation of LINCO01956 decreased
the levels of phosphorylated p-catenin and its down-
stream targets (c-myc and cyclinD1, Fig. 5A). The immu-
nofluorescence assay revealed that downregulation of
LINCO01956 impaired the translocation of B-catenin into
the nucleus (Fig. 5B, supplementary Fig. 3C). In addition,
downregulation of LINC01956 markedly decreased TOP/
FOP transcriptional activity (Fig. 5C). These data suggest
that downregulation of LINC01956 suppresses WNT/[3-
catenin signaling pathway activity.

To examine whether the WNT/B-catenin pathway
mediates the effect of LINC01956 on GBM cell progres-
sion, we used LiCl(a key activator of the WNT/B-catenin
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pathway) to perform rescue experiments in LINC01956-
silenced cells. As expected, the suppressive effect of
LINC01956 downregulation on cell growth and invasion
were significantly reduced in the context of LiCl addi-
tion (Fig. 5D-G). Collectively, our data suggest that the
WNT/B-catenin pathway mediates the pro-motive effect
of LINC01956 on GBM invasion.

LINC01956 bound to FUS and reduced its ubiquitination

RT-PCR showed that LINC01956 is localized in both
the cytoplasm and the nucleus (Supplementary Fig. 4A).
The starBase database (http://starbase.sysu.edu.cn/sta
rbase2/rbpLncRNA.php) was used to identify interac-
tions between LINC01956 and potential RNA-binding
proteins (RBPs). Among these RBPs, we found that there
were three RBPs (FUS, NOP56 and TIA1) that interacted
with LINC01956 (Supplementary Fig. 4B). We focused
on FUS because FUS participated in the regulation of
GBM cell progression. We performed a series of experi-
ments to confirm the association between LINC01956
and FUS. We used SDS-PAGE to isolate proteins com-
plexes pulled down with a probe targeting LINC01956.
Among the bands, that the band corresponding to FUS
was present in the immune blot of the precipitate pulled
down with the probe targeting LINC01956 and not in
that pulled down with the control probe (Supplemen-
tary Fig. 4C). RNA pull-down and RIP assays revealed
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that LINCO01956 directly interacted with FUS in U87
and U251 cells (Fig. 6A). Furthermore, we used a series
of LINC01956 deletion mutants to map the FUS bind-
ing region. We found that LINC01956 mutant A3 bound
to FUS as efficiently as full-length LINC01956, whereas
the binding capacity of the other mutants was completely
abolished (Fig. 6B). Via an immunofluorescence assay,
we identified colocalization of LINC01956 and FUS in
GBM cells (Fig. 6C).We then demonstrated that the total
protein level of FUS was decreased by LINC01956 inhi-
bition, while its mRNA level was not altered (Fig. 6D).
Subsequently, a cycloheximide (CHX) chase assay was
performed to examine whether LINC01956 can maintain
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FUS protein stability. The half-life of the FUS protein
was significantly decreased to approximately 16 h in cells
with LINC01956 downregulation, whereas it was greater
than 24 h in the control group, as revealed by western
blot analysis (Fig. 6E). The ubiquitination assay revealed
a significant increase in polyubiquitinated FUS protein in
cells with LINC01956 downregulation (Fig. 6F).

Taken together, these data suggest that LINC01956
binds to FUS and reduces its ubiquitination.
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LINC01956 facilitated the translocation of B-catenin into
the nucleus of GBM cells by recruiting FUS

The interaction between FUS and [-catenin was pre-
dicted by starBase (Supplementary Fig. 4D). The co-IP
assay was performed to confirm the interaction between
FUS and B-catenin. The co-IP assay revealed that tagged
HA-B-catenin and FLAG-FUS coprecipitated with
LINCO01956-FLAG but not with immunoglobulin G (IgG)
(Fig. 7A). These data suggest that B-catenin, FUS and
LINCO01956 form a complex. In addition, we observed
that overexpression of FUS counteracted the decrease in

A ColP
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the level of nuclear phosphorylated (p)p-catenin in sh-
LINC01956 GBM cells (Fig. 7B). In parallel, the immu-
nofluorescence assay revealed that downregulation of
LINCO01956 inhibited nuclear translocation of B-catenin
and that this effect was abrogated in the context of FUS
cotransfection (Fig. 7C). Taken together, we speculate
that LINC01956 leads to nuclear translocation of acti-
vated -catenin in cooperation with FUS.
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Exosomal LINC01956 promoted M2 polarization of
macrophages

The tumor-infiltrating lymphocytes may affect prognosis
of various of cancer, including glioma. We then explored
the association between LINC01956 and 24 immune-
cell subsets in glioma by means of ssGSEA with Spear-
man r. The data were present in supplementary Fig. 3D.
Among the analysis, the significant correlation between
LINCO01956 and infiltration levels of macrophages caught
our attention. Because activation of the Wnt/p-catenin
pathway contributes to M2 polarization; we thus sought
to determine whether LINC01956 affectsM2 polariza-
tion. To this end, we evaluated the expression levels of
LINCO01956, M1 markers, and M2 markers in unpolarized
macrophages, LPS/INF-y-induced M1 macrophages, and
IL-4/IL-13-induced M2 macrophages. We observed ele-
vated expression of M1-associated genes (CD80, MCP-1
and iNOS) in M1 macrophages and of M2-associated
genes (CD206 and MRC-2) in M2 macrophages (Fig. 8A).
This result indicated the successful polarization of mac-
rophages. Compared with that in M1 macrophages, the
expression level of LINC01956 in M2 macrophages was
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elevated (Fig. 8B). These data suggest that LINC01956is
involved in macrophage polarization. Subsequently,
we treated THP-1 cells with PMA for 24 h, transfected
them with si-ctrl or si-LINC01956 and added IL-4 and
IL-13 to induce polarization toward the M2 phenotype.
In si-LINCO01956 cells, the levels of M1 markers were
markedly increased, and the levels of M2 markers were
significantly decreased (Fig. 8C). In contrast, LINC01956
overexpression led to the opposite result(Fig. 8D). In
addition, when compared with supernatant from control
cells, supernatant from pcDNA-LINC01956 cells led to
increased expression of M2 markers (Fig. 8E).
Subsequently, we explored the interactions between
GBM cells and macrophages. Previous studies demon-
strated that IncRNAs can be transferred by exosomes
and thereby regulate the tumor microenvironment
(TME) [17]. We hypothesized that LINC01956 may be
transferred in this way. We isolated exosomes from the
supernatants of cultured GBM cells and measured the
levels of the exosome-related proteins CD63, HSP70, and
HSP90 by western blot analysis (Fig. 8F). Downregula-
tion of LINCO01956 led to decreased levels of LINC01956
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in the secreted exosomes (Fig. 8G). These data proved
the existence of LINC01956 in exosomes. Subsequently,
we cocultured unpolarized macrophages with exosomes
isolated from pcDNA-LINCO01956 control cells. The
expression levels of the M2 phenotype markers CD206
and MRC-2 were elevated in the pcDNA-LINC01956
group but not in the control group (Fig. 8H). This find-
ing indicated that exosomal LINC01956 promoted M2
polarization.

Collectively, our findings suggested that LINC01956
could be transferred via exosomes, thereby promoting
M2 polarization of macrophages.

LINC01956 was transcriptionally regulated by HIF-1a
under hypoxic conditions

Previous studies have demonstrated that a hypoxic
TME might contribute to abnormal expression of some
IncRNAs, including in GBM. We sought to determine
whether LINCO01956 was a hypoxia-sensitive IncRNA.
We exposed GBM cells to hypoxia or normoxia for 48 h
and revealed that HIF-la and LINCO01956 expression
levels were elevated (Fig. 9A and B) under hypoxic con-
ditions. The efficiency of HIF-la downregulation was
examined by using western blotting (Fig. 9C). Down-
regulation of HIF-1a significantly inhibited LINC01956
expression under both normoxic and hypoxic conditions.
In addition, downregulation of HIF-la counteracted
hypoxia-induced LINC01956 upregulation(Fig. 9D). We
then explored whether HIF-la regulated LINC01956
by binding to its promoter. Via UCSC and JASPAR
bioinformatics software, we analyzed the 1-kb region
upstream of the transcription start site of LINC01956
and identified a putative HIF-la response element
(HRE) in the LINC01956 promoter region (positions
—367 to -372) (Fig. 9E). To understand whether HIF-1a
regulates LINC01956 expression via this HRE, a vector
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carrying the wild-type LINC01956 promoter and a vec-
tor carrying the mutant LINC01956 promoter were con-
structed. There was an increase in luciferase activity in
cells cotransfected with the pcDNA3-HIF-la plasmid
and wild-type LINCO01956 promoter. Luciferase activity
was impaired in cells that were cotransfected with the
pcDNA3-HIF-1a plasmid and mutant LINC01956 pro-
moter (Fig. 9F). Subsequently, the ChIP assay was car-
ried out to confirm that HIF-1a directly bound to the
LINCO01956 promoter (Fig. 9G). Taken together, our find-
ings implied that LINC01956 was regulated by HIF-1a.

Ailanthone regulated LINC01956 expression via HIF-1a
We performed molecular docking analysis using the data-
base Home for researchers(https://www.dockeasy.cn/).
Figure 10A showed the binding model of Ailanthone and
HIF-1q, in which the binding sites exhibited good ste-
reocomplementarity. With the use of western blot assay,
we found that Ailanthone treatment decreased HIF-la
expression level (Fig. 10B). We observed that Ailanthone
treatment decreased LINC01956 expression level, which
was counteracted by overexpression of HIF-1a (Fig. 10C).
These data implicated that Ailanthone regulated
LINCO01956 expression via HIF-1a.

Ailanthone regulated cell growth, invasion and M2
polarization of macrophages via LINC0O1956
The above findings revealed that Ailanthone regu-
lated LINC01956 expression via HIF-1a, we thus asked
whether Ailanthone affected GBM cell growth, invasion
and M2 polarization of macrophages via LINC01956.
Our findings revealed that Ailanthone inhibited GBM
cell growth, invasion and M2 polarization of macro-
phages, while overexpression of LINC01956 could coun-
teract these effects (Supplementary Fig. 5A-D).
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One way ANOVA

Taken together, our data revealed that Ailanthone reg-
ulated cell growth, invasion and M2 polarization of mac-
rophages via LINC01956.

Discussion

Recent studies have shown that a growing body of Chi-
nese herbal medicines exhibit significant antitumor
properties with minimal adverse effects. Ailanthone
is a prominent quassinoid derived from the Chinese
botanical species Ailanthus altissima, known for its doc-
umented anti-proliferative properties on a variety of can-
cer cell lines. However, the effect of Ailanthone on TME
in GBM is still poorly investigated.

LncRNAs widely participate in regulating the initia-
tion and progression of GBM and are useful diagnostic
biomarkers and therapeutic targets for GBM [18, 19].
In our manuscript, we screened for IncRNAs that regu-
lated by Ailanthone in GBM by using IncRNA array. We
identified LINC01956 as a IncRNA that was inhibited by
Ailanthone in GBM cells. Interestingly, we also found
that LINC01956 could be used as a prognostic factor in
GBM patients. The biological function assays revealed
that downregulation of LINC01956 suppressed cell inva-
sion. These data imply that LINC01956 may be an onco-
gene in GBM.

The mechanisms by which IncRNAs affect tumorigene-
sis are complicated [20, 21]. Recently, it was reported that
IncRNAs may exert their effects via specific interactions
with functional proteins [22]. We thus explored whether
LINCO01956 exerted its effects by binding with specific

proteins. Via the starBase database, we identified FUS,
and by using a co-IP assay, we confirmed that LINC01956
directly interacted with FUS. Interestingly, our study elu-
cidated the mechanism of LINC01956 forming a com-
plex with FUS and p-catenin. This effect led to -catenin
nuclear translocation and thus activated Wnt/B-catenin
signaling in glioma cells. Abnormal Wnt/p-catenin sig-
naling plays an important role in pathologies, especially
in human cancers [23]. Suppression of B-catenin inhibits
multiple oncogenic targets in human glioma cells [24].
In the present study, we revealed that downregulation
of LINC01956 decreased the activity of Wnt/B-catenin
signaling in glioma cells. Our findings suggest that
LINCO01956 modulates the Wnt/p-catenin signaling path-
way and promotes glioma progression.

Recently, studies have focused on the TME, a com-
plex community that includes cancer cells, cancer-asso-
ciated fibroblasts (CAFs), and immune/inflammatory
cells [25]. TAMs, one of the most abundant immune cell
populations in various solid cancers, are strongly associ-
ated with cancer cell proliferation and metastasis [26].
According to their different biological properties, mac-
rophages can be classified into proinflammatory (M1)
and anti-inflammatory (M2)macrophages [27]. TAMs,
considered M2-like macrophages, are strongly corre-
lated with cancer progression, including in glioma [28].
Our findings showed that LINC01956 was enriched in
M2-like macrophages but not in M1-like macrophages
or unpolarized macrophages. In addition, downregula-
tion of LINC01956 significantly decreased the expression
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Fig. 11 Ailanthone could be explored as a promising agent in the field of
GBM therapy via targeting the HIF-1a/LINCO1956/FUS/B-catenin axis

of M2-like macrophage markers. These data imply that
LINCO01956 is involved in M2 polarization. Interestingly,
the supernatant from LINCO01956-overexpressing cells
contributed to increased expressionof M2 markers, and
this finding prompted us to explore the underlying mech-
anism mediating the communication between glioma
cells and macrophages. Previous findings indicated that
IncRNAs can be transferred via exosomes to regulate the
TME [29]. In parallel, our findings revealed that glioma
cell-derived exosomes promoted M2 polarization and
thus exerted a tumor-promoting effect by transporting
LINCO01956.

As a universal phenomenon in a series of cancers,
hypoxia is closely associated with cancer progression
[30]. Previous studies have revealed that IncRNAs can
be regulated by hypoxia via HIF-la-mediated tran-
scriptional regulation [30]. A series of hypoxia-sensitive
IncRNAs have been reported to be involved in tumori-
genesis and tumor metastasis [31]. Similarly, we found
that LINC01956 was regulated by HIF-1a under hypoxic
conditions. Hypoxia elevated the expression level of
LINCO01956, while this effect was abolished by down-
regulation of HIF-1a. HIF-1a usually regulates its down-
stream targets via HREs. Via the JASPAR database, we
identified a potential HRE in the promoter region of
LINC01956. In addition, we identified the regulatory
effect of HIF-1a on LINC01956 transcription by ChIP
and dual-luciferase reporter assays. Thus, our find-
ings provide new evidence that supports the idea that
LINCO01956 acts as a link between hypoxia and glioma
progression.

Our data further demonstrated that Ailanthone
directly bound to HIF-1a and decreased HIF-1a expres-
sion level. Ailanthone regulated LINC01956 expression
level via HIF-1a. Finally, we observed that Ailanthone
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could regulated cell growth, invasion and M2 polariza-
tion of macrophages by regulating LINC01956.

Conclusion

Taken together, these data provided a better understand-
ing of Ailanthone in regulating cell growth, invasion and
TME in GBM. Our data implied that Ailanthone could be
explored as a promising agent in the field of GBM ther-
apy via targeting the HIF-1a/LINC01956/FUS/B-catenin
axis (Fig. 11).
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