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Abstract
Background:

Long noncoding RNAs (lncRNAs) can drive cancer progression. Here, we studied the role of a novel
lncRNA, LINC01956, in glioblastoma (GBM).

Methods:

RT-PCR assay was used to examine LINC01956 expression levels. Colony-formation, MTT, cell-cycle and
in-vivo tumorigenesis assays were used to examine the role of LINC01956 in 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 LINC01956 and FUS protein.ChIP
assay was used to examine HIF1-binding sites in the LINC01956 promoter.

Results:

The level of LINC01956 was elevated in GBM cell lines and tissues. LINC01956 downregulation
suppressed the migration and proliferation of GBM cells. M2 polarization of macrophages induced by
exosomes derived from glioma cells overexpressing LINC01956 further accelerated GBM progression.
Mechanistically, we found that FUS interacted with both LINC01956 and β-catenin. LINC01956 bound to
FUS and reduced its ubiquitination. LINC01956 evoked nuclear translocation of phosphorylated (p)-β-
catenin by recruiting FUS. Furthermore, under hypoxic conditions, LINC01956 was regulated by HIF-1α.

Conclusion:

Taken together, our data revealed for the �rst time that LINC01956 exerts protumor effects via FUS-
dependent activation of the WNT/β-catenin signaling pathway.

Background
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 common treatment for GBM patients. However, glioblastoma patients usually have a
poor prognosis, with a 5-year survival rate of less than 5% [2,3]. Hence, determining the mechanisms that
underlie the progression of glioblastoma and searching for new therapeutic drugs is imperative.

Long noncoding RNAs (lncRNAs), de�ned as noncoding transcripts >200 nucleotides in length, are
involved in diverse biological processes [4]. Recent documents have demonstrated that dysregulation of
lncRNAs is closely related to a variety of pathological conditions, including glioma [5].

Tumor-associated macrophages (TAMs) in�ltrate most solid tumors, which leads to cancer progression
[6]. TAMs are a subtype of protumoral macrophages with transcriptional and phenotypic characteristics
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distinct from those of M1 and M2 macrophages [7]. Depending on the polarization state, macrophages
can be converted into two main types, M1 and M2 [8]. Recently, it was reported that lncRNAs can affect
the polarization of TAMs [9].

Wnt/β‐catenin signaling is involved in the initiation and progression of various cancers, including glioma.
Wnt ligands secreted by glioma cells can activate Wnt/β‐catenin signaling in macrophages and thereby
induce M2 macrophage polarization [10].

  In the present study, we identi�ed LINC01956 as an onco-lncRNA in glioma. We explored the underlying
mechanism of LINC01956 in glioma cell invasion and M2 macrophage polarization.

Materials And Methods
Cell culture and sample collection

GBM cell lines were purchased from the Chinese Academy of Science (Shanghai, China). Cells were
maintained in DMEM supplemented with 10% fetal bovine serum (FBS) in a 37°C, 5% CO2 incubator.

GBM and normal brain tissue samples were obtained from patients at Zhujiang Hospital. Written
informed consent was obtained from all patients prior to the study. All experiments were performed in
accordance with the approved guidelines of the Institutional Research Ethics Committee of Southern
Medical University.

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.

MTT assay

First, GBM cells were seeded in 96-well plates and allowed to grow for 36 hours. Subsequently, the
medium was aspirated, and MTT solution was added to each well. After 30 minutes, 150 µL 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.

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 �uoride (PVDF) membranes. Subsequently, membranes were blocked
with 5% nonfat milk and incubated �rst with primary antibodies at 4°C overnight and then with HRP-
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conjugated secondary antibodies at room temperature for 1 hour. The levels of all proteins were
determined by using enhanced chemiluminescence reagents.

Chromatin immunoprecipitation (CHIP) assay

The ChIP assay was performed with a ChIP assay kit (Millipore, catalog: 17-371) as previously described
[11]. Enrichment of DNA fragments at the putative HIF1-binding sites in the LINC01956 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 Scienti�c, MA, USA). The probe targeting 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 analysis was used to identify the
proteins.

RNA immunoprecipitation (RIP) assay

The RIP assay was performed with a Magna RIPTM 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.

Immuno�uorescence (IF) staining

To carry out the IF assay, cells grown on sterile glass coverslips were �xed with 4% paraformaldehyde
and permeabilized with Triton X-100. Cells were incubated �rst with primary antibodies and then with
secondary antibodies. DAPI was used to counterstain nuclei. A Nikon eclipse Ti-E inverted �uorescence
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
immobilized on a streptavidin sensor. This assay was carried out as previously described [12].

Coimmunoprecipitation (co-IP) assay

The interactions among LINC01956, FUS and β-catenin were validated by a co-IP assay that was
described in a previous report [13].

Exosome isolation

To isolate exosomes, culture medium from glioma cells was centrifuged �rst at 500×g for 5 min and then
at 2000×g for 30 min. Subsequently, 2×PEG solution was mixed with the supernatant. Later, the mixture
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was centrifuged at 10,000×g for 1 h.

In vivo tumor growth experiment

Luciferase-expressing sh-LINC01956 cells and sh-ctrl cells were injected into the brain parenchyma of
nude mice using a previously described protocol [14]. 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
The expression level of LINC01956 is elevated in GBM tissues and associated with poor clinical outcome

The Cancer Genome Atlas (TCGA) database was used to investigate the expression of lncRNAs in glioma
and normal brain tissues (fold change>2, Supplementary Figure 1A). We examined the expression levels
of the top thirty lncRNAs that were signi�cantly increased in glioma tissues (Supplementary Figure 1 B)
by RT-PCR. We found that the expression level of LINC01956 was elevated in glioma tissues compared
with normal brain tissues (Figure 1A); therefore, we selected LINC01956 for further study. This �nding
was also con�rmed by using the GEPIA server (http://gepia.cancer-pku.cn/, which analyzes data from
TCGA and GTeX, Figure 1B). In addition, GBM patients with a high expression level of LINC01956 tended
to have poorer overall survival and disease-free survival rates than those with low expression levels of
LINC01956 (Figure 1C and D, data analyzed with GEPIA).

LINC01956 inhibition decreases GBM cell growth and invasion

GBM cell lines (U87 and U251) were used in this functional study. First, we established cells in which
LINC01956 was stably knocked down (sh-LINC01956) and a control cell group, namely, sh-ctrl (Figure
2A). Cell growth was examined by MTT and colony formation assays. As revealed by the MTT assay,
LINC01956 downregulation decreased cell viability (Figure 2B). In parallel, the colony formation assay
revealed that sh-LINC01956 cells formed smaller and fewer colonies than sh-ctrl cells (Figure 2C,
Supplementary Figure 1C). We further sought to determine whether LINC01956 affects the cell cycle
distribution. The frequency of GBM cells in G1 phase was signi�cantly higher than that in S phase when
LINC01956 was knocked down, as revealed by �ow cytometric analysis (Figure 2D, Supplementary Figure
1D). In parallel, G1/S cell cycle checkpoint proteins (e.g., cyclinD1 and CDK4) were downregulated in sh-
LINC01956 cells (Figure 2E). Together, these �ndings imply that LINC01956 promotes the transition from
G1 to S phase and thus promotes GBM cell growth in vitro.

The Boyden chamber assay showed that LINC01956 inhibition decreased the invasion ability of GBM
cells (Figure 2F, Supplementary Figure 1E). Subsequently, we analyzed the expression levels of epithelial-
mesenchymal transition (EMT)-related proteins by western blot analysis. Interestingly, LINC01956
downregulation inhibited N-cadherin and vimentin expression and elevated E-cadherin expression levels
(Figure 2G). These data suggested that downregulation of LINC01956 reversed the EMT phenotype.



Page 6/19

Subsequently, we sought to determine whether LINC01956 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 sh-ctrl-transduced cells (Figure 2H).
These �ndings indicate that downregulation of LINC01956 inhibits tumorigenesis of glioma cells in vivo.

LINC01956 promotes GBM cell progression via the WNT/β-catenin signaling pathway

We next performed RNA sequencing to examine the difference in transcript expression levels between sh-
ctrl and sh-LINC01956 cells (fold change>4, supplementary Table 1). Gene ontology analysis and KEGG
pathway enrichment analysis revealed that the WNT/β-catenin pathway was signi�cantly altered when
LINC01956 was downregulated (Supplementary Figure 2A-C). Western blot analysis revealed that
downregulation of LINC01956 decreased the levels of phosphorylated β-catenin and its downstream
targets (c-myc and cyclinD1, Figure 3A). The immuno�uorescence assay revealed that downregulation of
LINC01956 impaired the translocation of β-catenin into the nucleus (Figure 3B). In addition,
downregulation of LINC01956 markedly decreased TOP/FOP transcriptional activity (Figure 3C). These
data suggest that downregulation of LINC01956 suppresses WNT/β-catenin signaling pathway activity.

To examine whether the WNT/β-catenin pathway mediates the effect of LINC01956 on GBM cell
progression, we used LiCl (a key activator of the WNT/β-catenin pathway) to perform rescue experiments
in LINC01956-silenced cells. As expected, the suppressive effect of LINC01956 downregulation on cell
viability and proliferation was signi�cantly reduced in the context of LiCl addition (Figure 3 D-E). In
parallel, both the cell invasion ability and cell cycle distribution, which were affected by LINC01956
downregulation, were restored after WNT/β-catenin pathway activation (Figure 3F-G). Collectively, our
data suggest that the WNT/β-catenin pathway mediates the promotive effect of LINC01956 on GBM
development.

LINC01956 binds to FUS and reduces its ubiquitination

RT-PCR showed that LINC01956 is localized in both the cytoplasm and the nucleus (Supplementary
Figure 3A). The starBase database (http://starbase.sysu.edu.cn/starbase2/rbpLncRNA.php) was used to
identify interactions 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 Figure 3B). We focused on FUS because FUS participated in the regulation of GBM cell
progression [15]. We performed a series of experiments to con�rm the association between LINC01956
and FUS. We used SDS-PAGE to isolate proteins complexes pulled down with a probe targeting
LINC01956. Among the bands, that the band corresponding to FUS was present in the immunoblot of the
precipitate pulled down with the probe targeting LINC01956 and not in that pulled down with the control
probe (Supplementary Figure 3C). RNA pulldown and RIP assays revealed that LINC01956 directly
interacted with FUS in U87 and U251 cells (Figure 4A). Furthermore, we used a series of LINC01956
deletion mutants to map the FUS binding region. We found that LINC01956 mutant Δ3 bound to FUS as
e�ciently as full-length LINC01956, whereas the binding capacity of the other mutants was completely

http://starbase.sysu.edu.cn/starbase2/rbpLncRNA.php
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abolished (Figure 4B). Via an immuno�uorescence assay, we identi�ed colocalization of LINC01956 and
FUS in GBM cells (Figure 4C). We then demonstrated that the total protein level of FUS was decreased by
LINC01956 inhibition, while its mRNA level was not altered (Figure 4D). Subsequently, a cycloheximide
(CHX) chase assay was performed to examine whether LINC01956 can maintain FUS protein stability.
The half-life of the FUS protein was signi�cantly decreased to approximately 16 hours in cells with
LINC01956 downregulation, whereas it was greater than 24 hours in the control group, as revealed by
western blot analysis (Figure 4E). The ubiquitination assay revealed a signi�cant increase in
polyubiquitinated FUS protein in cells with LINC01956 downregulation (Figure 4F).

Taken together, these data suggest that LINC01956 binds to FUS and reduces its ubiquitination.

LINC01956 facilitates the translocation of β-catenin into the nucleus of GBM cells by recruiting FUS

The interaction between FUS and β-catenin was predicted by starBase (Supplementary Figure 3B). A co-IP
assay was performed to con�rm the interaction between FUS and β-catenin (Figure 5A). We then sought
to determine whether FUS mediates LINC01956’s effect on the WNT/β-catenin signaling pathway. The
two-step co-IP assay revealed that tagged β-catenin and FUS were both present in the anti-hemagglutin in
(HA)-precipitated complex enriched with LINC01956. Similarly, HA-β-catenin and FLAG-FUS coprecipitated
with LINC01956-FLAG but not with immunoglobulin G (IgG) (Figure 5B). These data suggest that β-
catenin, FUS and LINC01956 form a complex. In addition, we observed that overexpression of FUS
counteracted the decrease in the level of nuclear phosphorylated (p)β-catenin in sh-LINC01956 GBM cells
(Figure 5C). In parallel, the immuno�uorescence assay revealed that downregulation of LINC01956
inhibited nuclear translocation of β-catenin and that this effect was abrogated in the context of FUS
cotransfection (Figure 5D). Taken together, we speculate that LINC01956 leads to nuclear translocation
of activated β-catenin in cooperation with FUS.

Exosomal LINC01956 promotes M2 polarization of macrophages

Activation of the Wnt/β-catenin pathway contributes to M2 polarization; we thus sought to determine
whether LINC01956 affects M2 polarization. To this end, we evaluated the expression levels of
LINC01956, M1 markers, and M2 markers in unpolarized macrophages, LPS/INF-γ-induced M1
macrophages, and IL-4/IL-13-induced M2 macrophages. We observed elevated 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 (Figure 6A). This result indicates the successful polarization of
macrophages. Compared with that in M1 macrophages, the expression level of LINC01956 in M2
macrophages was elevated (Figure 6B). These data suggest that LINC01956 is involved in macrophage
polarization. Subsequently, we treated THP-1 cells with PMA for 24 hours, transfected them with si-ctrl or
si-LINC01956 and added IL-4 and IL-13 to induce polarization toward the M2 phenotype. In si-LINC01956
cells, the levels of M1 markers were markedly increased, and the levels of M2 markers were signi�cantly
decreased (Figure 6C). In contrast, LINC01956 overexpression led to the opposite result (Figure 6D). In
addition, when compared with supernatant from control cells, supernatant from pcDNA-LINC01956 cells
led to increased expression of M2 markers (Figure 6E).
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Subsequently, we explored the interactions between GBM cells and macrophages. Previous studies
demonstrated that lncRNAs can be transferred by exosomes and thereby regulate the tumor
microenvironment (TME) [16]. 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 (Figure 6F). Downregulation of
LINC01956 led to decreased levels of LINC01956 in the secreted exosomes (Figure 6G). These data
proved the existence of LINC01956 in exosomes. Subsequently, we cocultured unpolarized macrophages
with exosomes isolated from pcDNA-LINC01956 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
(Figure 6H). This �nding indicates that exosomal LINC01956 promotes M2 polarization.

Collectively, our �ndings suggest that LINC01956 can be transferred via exosomes, thereby promoting M2
polarization of macrophages.

LINC01956 was transcriptionally regulated by HIF-1α

under hypoxic conditions

Previous studies have demonstrated that a hypoxic TME might contribute to abnormal expression of
some lncRNAs, including in GBM. We sought to determine whether LINC01956 is a hypoxia-sensitive
lncRNA. We exposed GBM cells to hypoxia or normoxia for 48 h and revealed that HIF-1α and LINC01956
expression levels were elevated (Figure 7A and B) under hypoxic conditions. The e�ciency of HIF-1α
downregulation was examined by using western blotting (Figure 7C). Downregulation of HIF-1α
signi�cantly inhibited LINC01956 expression under both normoxic and hypoxic conditions. In addition,
downregulation of HIF-1α counteracted hypoxia-induced LINC01956 upregulation (Figure 7D). We then
explored whether HIF-1α regulates 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 identi�ed a putative HIF-1α response element (HRE) in the LINC01956 promoter region
(positions -367 to -372) (Figure 7E). To understand whether HIF-1α regulates LINC01956 expression via
this HRE, a vector carrying the wild-type LINC01956 promoter and a vector carrying the mutant
LINC01956 promoter were constructed. There was an increase in luciferase activity in cells cotransfected
with the pcDNA3-HIF-1α plasmid and wild-type LINC01956 promoter. Luciferase activity was impaired in
cells that were cotransfected with the pcDNA3-HIF-1α plasmid and mutant LINC01956 promoter (Figure
7F). Subsequently, a ChIP assay was carried out to con�rm that HIF-1α directly bound to the LINC01956
promoter (Figure 7G). Taken together, our �ndings imply that LINC01956 is regulated by HIF-1α.

Discussion
LncRNAs widely participate in regulating the initiation and progression of GBM and are useful diagnostic
biomarkers and therapeutic targets for GBM [17-21]. In our manuscript, we screened for abnormal
expression of lncRNAs in GBM by using the TCGA database. We identi�ed LINC01956 as a lncRNA that
was upregulated in GBM samples. Interestingly, we also found that LINC01956 could be used as a
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prognostic factor in GBM patients. The biological function assays revealed that downregulation of
LINC01956 suppressed cell growth and invasion. These data imply that LINC01956 may be an oncogene
in GBM.

The mechanisms by which lncRNAs affect tumorigenesis are complicated [22-25]. Recently, it was
reported that lncRNAs may exert their effects via speci�c interactions with functional proteins [26,27]. We
thus explored whether LINC01956 exerted its effects by binding with speci�c proteins. Via the starBase
database, we identi�ed FUS, and by using a co-IP assay, we con�rmed that LINC01956 directly interacted
with FUS. Interestingly, our study elucidated the mechanism of LINC01956 forming a complex with FUS
and β-catenin. This effect led to β-catenin nuclear translocation and thus activated Wnt/β-catenin
signaling in glioma cells. Abnormal Wnt/β-catenin signaling plays an important role in pathologies,
especially in human cancers [28,29]. Suppression of β-catenin inhibits multiple oncogenic targets in
human glioma cells [30]. In the present study, we revealed that downregulation of LINC01956 decreased
the activity of Wnt/β-catenin signaling in glioma cells. Our �ndings suggest that LINC01956 modulates
the Wnt/β-catenin signaling pathway and promotes glioma progression.

Recently, studies have focused on the TME, a complex community that includes cancer cells, cancer-
associated �broblasts (CAFs), and immune/in�ammatory cells [31]. TAMs, one of the most abundant
immune cell populations in various solid cancers, are strongly associated with cancer cell proliferation
and metastasis [32,33]. According to their different biological properties, macrophages can be classi�ed
into proin�ammatory (M1) and anti-in�ammatory (M2) macrophages [34]. TAMs, considered M2-like
macrophages, are strongly correlated with cancer progression, including in glioma [35]. Our �ndings
showed that LINC01956 was enriched in M2-like macrophages but not in M1-like macrophages or
unpolarized macrophages. In addition, downregulation of LINC01956 signi�cantly decreased the
expression of M2-like macrophage markers. These data imply that LINC01956 is involved in M2
polarization. Interestingly, the supernatant from LINC01956-overexpressing cells contributed to increased
expression of M2 markers, and this �nding prompted us to explore the underlying mechanism mediating
the communication between glioma cells and macrophages. Previous �ndings indicated that lncRNAs
can be transferred via exosomes to regulate the TME [36]. In parallel, our �ndings revealed that glioma
cell-derived exosomes promoted M2 polarization and thus exerted a tumor-promoting effect by
transporting LINC01956.

As a universal phenomenon in a series of cancers, hypoxia is closely associated with cancer progression
[37]. Previous studies have revealed that lncRNAs can be regulated by hypoxia via HIF-1α-mediated
transcriptional regulation [38,39]. A series of hypoxia-sensitive lncRNAs have been reported to be involved
in tumorigenesis and tumor metastasis [40,41]. Similarly, we found that LINC01956 was regulated by HIF-
1α under hypoxic conditions. Hypoxia elevated the expression level of LINC01956, while this effect was
abolished by downregulation of HIF-1α. HIF-1α usually regulates its downstream targets via HREs. Via the
JASPAR database, we identi�ed a potential HRE in the promoter region of LINC01956. In addition, we
identi�ed the regulatory effect of HIF-1α on LINC01956 transcription by ChIP and dual-luciferase reporter
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assays. Thus, our �ndings provide new evidence that supports the idea that LINC01956 acts as a link
between hypoxia and glioma progression.

Conclusions
Taken together, our data present the �rst evidence that LINC01956 is upregulated in GBM. LINC01956
plays an oncogenic role by forming a complex with FUS and β-catenin. Our data imply that the HIF-
1α/LINC01956/FUS/β-catenin axis is a potential therapeutic target for GBM.
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Figures

Figure 1

The expression level of LINC01956 was elevated in GBM tissues and associated with poor clinical
outcome. (A) RT-PCR assay was used to examine LINC01956 expression levels in GBM tissues and
normal brain tissues. (B)LINC01956 expression level was indicated in GBM tissues and normal brain
tissues, data from TCGA database. (C) GBM patients with high expression level of LINC01956 tend to had
poorer disease-free survival rate than those with low expression level of LINC01956. (D) GBM patients
with high expression level of LINC01956 tend to had poorer over-all survival rate than those with low
expression level of LINC01956.
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Figure 2

LINC01956 inhibition decreased GBM cell growth and invasion. (A) RT-PCR assay was used to examine
LINC01956 expression levels in sh-ctrl and sh-LINC01956 cells, respectively. (B) MTT assay was used to
examine cell viability. (C)The colony formation assay was used to measure cell colony formation ability.
(D)The �ow cytometry assay was used to examine cell cycle distribution. (E)Western blot assay was used
to examine protein expression levels. (F)Boyden assay was used to test cell invasion ability. (G)Western
blot assay was used to examine expression levels of E-cadherin, N-cadherin and Vimentin. (H)An
orthotopic glioma xenograft model was established to monitor LINC01956’s effect on cell growth in vivo.
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Figure 3

LINC01956 promoted GBM cell progression via WNT/β-catenin signaling pathway. (A)Western blot assay
was used to examine protein expression levels. (B) The immuno�uorescence assay was used to examine
β-catenin cellular position.(C)TOP/FOP �ash reporter assay was performed to examine β-catenin activity.
(D)MTT assay was used to examine cell viability. (E) Colony formation assay was used to measure cell
proliferative ability. (F) The �ow cytometry assay was used to examine cell cycle distribution. (G)Boyden
assay was used to test cell invasion ability.

Figure 4
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LINC01956 bound to FUS and reduced its ubiquitination. (A)The RNA pull-down and RIP assays were
performed to examine interaction between LINC01956 and FUS. (B) Bio-layer interferometry (BLI) analysis
of biotinylated-LINC01956 binding to FUS protein. (C)The immuno�uorescence assay was used to
examine cellular location of LINC01956 and FUS. (D)Down-regulation of LINC01956 decreased FUS
protein expression level(left panel). Down-regulation of LINC01956 did not affect FUS mRNA expression
level(right panel). (E) Cycloheximide (CHX) chase assay combined with western blot assay were used to
examine FUS protein stability. (F) Western blot assay was used to analyze ubiquitination of FUS protein.

Figure 5

LINC01956 facilitates the translocation of β-catenin into the nucleus of GBM cells through recruiting FUS
(A) The interaction between FUS and β-catenin was proved by co-IP assay. (B) The existence of the
complex containing LINC01956, FUS, and β-catenin was validated using two-step coIP assay. (C) Western
blot assay was used to examine protein expression levels. (D) The immuno�uorescence assay indicated
that down-regulation of LINC01956 inhibited nuclear translocation of β-catenin, which was abrogated in
the context of FUS con-transfection.
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Figure 6

Exosomal LINC01956 promoted M2 phenotype polarization in GBM cells (A) M1 macrophages-
associated genes and M2 macrophages-associated genes were examined by RT-PCR assay. (B)
LINC01956 expression level was examined in M1 and macrophages, respectively. (C) Down-regulation of
LINC01956 decreased M2 macrophages markers. (D) Over-expression of LINC01956 increased M2
macrophages markers. (E) Conditioned medium derived from LINC01956-overexpressing cells increased
the expression of M2 markers and LINC01956 in macrophages. (F) The western blot assay was used to
examine exosome-related proteins. (G) Agarose gel electrophoresis and RT-PCR assays were used to
detect the expression of LINC01956 in exosomes. (H) The expression of M2 markers and LINC01956 in
macrophages was examined after culture with the indicated exosomes.

Figure 7



Page 19/19

LINC01956 was transcriptionally regulated by HIF-1α under hypoxic conditions (A) and (B) The
expression levels of HIF-1α protein or LINC01956 were examined by western blot or RT-PCR assays after
culture under normoxia or hypoxia. (C) The e�ciency of HIF-1α down-regulation was examined by using
western blot. (D) HIF-1α down-regulation decreased the expression of LINC01956 under normoxia or
hypoxia condition. (E) The recognition motif of HIF-1α from the JASPAR database. (F) Luciferase activity
was examined with the dual-luciferase reporter assay system. (G) PCR gel showing ampli�cation of HIF-
1α-binding site after ChIP using antibody against HIF-1α.
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