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Abstract

An insufficient oxygen supply within the intratumoral environment, also known as
hypoxia, induces glioblastoma multiforme (GBM) invasion, stemness, and temozolo-
mide (TMZ) drug resistance. Long noncoding (Inc)RNAs have been reported to be
involved in hypoxia and GBM progression. However, their roles in hypoxic GBM
malignancy are still unclear. We investigated the mechanisms of hypoxia-mediated
IncRNAs in regulating GBM processes. Using The Cancer Genome Atlas (TCGA) and
data mining, hypoxia-correlated IncRNAs were identified. A hypoxia-upregulated
IncRNA, MIR210HG, locating in nuclear regions, predicted poor prognoses of patients
and modulated hypoxia-promoted glioma stemness, TMZ resistance, and invasion.
Depletion of hypoxic MIR210HG suppressed GBM and patient-derived cell growth
and increased TMZ sensitivity in vitro and vivo. Using RNA sequencing and gene set
enrichment analysis (GSEA), MIR210HG-upregulated genes significantly belonged to
the targets of octamer transcription factor 1 (OCT1) transcription factor. The direct
interaction between OCT1 and MIR210HG was also validated. Two well-established
worse prognostic factors of GBM, insulin-like growth factor-binding protein 2
(IGFBP2) and fibroblast growth factor receptor 1 (FGFR1), were identified as down-
stream targets of OCT1 through MIR210HG mediation in hypoxia. Consequently, the
IncRNA MIR210HG is upregulated by hypoxia and interacts with OCT1 for modulat-
ing hypoxic GBM, leading to poor prognoses. These findings might provide a bet-
ter understanding in functions of hypoxia/MIR210HG signaling for regulating GBM

malignancy.
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1 | INTRODUCTION

Glioblastoma multiforme (GBM), a grade IV glioma, is the most
common brain tumor and predominantly occurs in adults.!
Standard treatments for GBM are a combination of radiation
therapy with adjuvant chemotherapeutic temozolomide (TMZ)
after maximal surgical resection.? Despite these interventions,
the overall survival of GBM patients is only 15-31 months.! One
of the predominate factors that contributes to malignant fea-
tures and treatment resistance of GBM is hypoxia. Histologically,
pseudopalisading necrosis with surrounding hypoxia is frequently
presented in GBM tumor tissues.> The hypoxic environment in-
duces activation of crucial transcription factors including hypoxia-
inducible factor (HIF)-1a and HIF-2a, which drive glioma invasion,”
angiogenesis, stemness,® and TMZ resistance® through regulating
hypoxia-responsive genes. Besides protein coding genes, noncod-
ing RNAs, including micro (mi)RNA and long noncoding (Inc)RNAs,
are also recognized as crucial regulators involved in hypoxic glioma
malignancy. Although a wide array of miRNAs has been studied in
hypoxia-mediated GBM progression,’ the roles of IncRNAs in this
process are not fully understood.

IncRNAs, noncoding RNAs longer than 200 bp, participate
in a wide spectrum of cancer malignancies including drug re-
sistance, cancer stemness, migration, and invasion.”” Some In-
cRNAs have been reported to be involved in hypoxia-promoting
glioma progression. Comparing mesenchymal glioma stem cells
(GSCs) with proneural GSCs, Mineo et al'® identified HIF-1a-
antisense RNA 2 (HIF1A-AS2) as a mesenchymal GSC-enriched
IncRNA. Mechanistically, HIF1A-AS2 is associated with insulin-
like growth factor-2-binding protein 2 (IGF2BP2) and DHX9 to
maintain HMGA1 expression, which promotes glioma stemness
and survival under hypoxia.’® Another study took advantage of
a microarray of hypoxia-cultured U87-MG glioma cells to iden-
tify a hypoxia-induced IncRNA, protein disulfide isomerase fam-
ily A member 3 pseudogene 1 (PDIA3P1).}! PDIA3P1 functions
as a miRNA sponge to inhibit miR-124-3p expression, leading
to activation of the nuclear factor (NF)-kB pathway and mesen-
chymal transition.'* However, utilization of microarray data to
investigate hypoxia-associated IncRNAs might overlook other po-
tential candidates. Thus, we attempted to screen RNA sequencing
(RNA-Seq) data of glioma patients to pinpoint crucial hypoxia-
associated IncRNAs.

Through in silico analyses of The Cancer Genome Atlas (TCGA)
RNA-Seq data, a hypoxia-related IncRNA signature that defined
patients with distinct survival was identified. One of the hypoxia-
associated IncRNAs, MIR210HG, predicted a poor prognosis and
was strongly associated with activated hypoxia signaling across three
glioma cohorts. While a study indicated MIR210HG is a potential
marker for diagnosing gliomas,'? few studies explored the molecular
functions of MIR210HG in hypoxia-promoting glioma progression.
Therefore, in vitro and in vivo experiments were conducted in the
present study to delineate the function and role of MIR210HG in
hypoxic GBM malignancy.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

U-87 MG, U-118 MG, and patient-derived PDM-123 glioma cells
were purchased from the American Type Culture Collection (ATCC).
Detailed information on chemicals and reagents is available in

Supporting Information.

2.2 | Cellculture, gene transfection, and
transduction

U-87 MG and U-118 MG cells were maintained in DMEM con-
taining 10% FBS, 2.5 mmol/L GlutaMAX, 100 units/mL penicillin,
and 100 pg/mL streptomycin. PDM-123 cells were maintained in
NeuroCult NS-A basal medium with NS-A proliferation supplement,
20 ng/mL EGF, 20 ng/mL bFGF, and 2 ug/mL heparin using ultra-
low attachment culture dishes. To mimic a hypoxic environment in
glioma tissues, glioma cells were cultured in an Eppendorf® galaxy®
48R CO, chamber with 1% O,. The detailed methods for transfec-
tion assays are described in Supporting Information.

2.3 | TCGA, CGGA, and GSE7696 data analysis

To retrieve RNA-Seq data of TCGA (n = 152) and CGGA (n = 693) gli-
oma patients, we respectively queried the Xena UCSC (https://xena.
ucsc.edu/) and CGGA databases (http://cgga.org.cn/). The GSE7696
microarray (n = 80) was downloaded from the GEO database. RNA-
Seq data were normalized by RNA-Seq by expectation maximization
(RSEM) with log2 transformation. The microarray-detected gene in-
tensity was normalized by the robust multichip average (RMA) with
log2 transformation. Hypoxia activity was inferred based on hypoxia-
induced genes from Hallmark hypoxia using a single-sample gene set
enrichment analysis (ssGSEA). To quantify the degree of hypoxia in
each tumor tissue from GBM patients, we utilized the hypoxia gene
set obtained from the Hallmark database.’® A single-sample exten-
sion of GSEA was carried out to quantify the hypoxia score. This
method allowed us to transform the hypoxia-upregulated gene ex-
pression into an enrichment score in each patient. Specifically, the
hypoxia-induced genes were rank-normalized based on their expres-
sion within a patient. Then, the integral of the empirical cumulative
distribution functions (ECDFs) between hypoxia-induced genes and
the remaining genes was calculated. The enrichment score was ob-
tained by the difference between the ECDFs of the hypoxia-involved
genes and the remaining genes. The algorithm is listed below.
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For the hypoxia gene signature H of size N, and single sample S,
of the data set of N genes, the genes are ranked according to their ex-
pression from high to low: L ={r, r, ......r,}. The weighted ECDF of the
genes in the hypoxia P} and the remaining gene set P, are calculated
by Equations 1 and 2. The enrichment score ES(H,S) per patient was
obtained by Equation 3. Transcription activity of OCT1 in TCGA GBM
patients was inferred using an analytic rank-based enrichment analysis
(aREA). Briefly, gene expressions of well-annotated and experimentally
validated targets of OCT1 derived from Garcia-Alonso et al's’® study
were utilized to calculate OCT1’s transcription activity by an aREA. A
Pearson correlation analysis was conducted to evaluate associations
among hypoxia signaling, OCT1 transcription activity, and MIR210HG,
fibroblast growth factor receptor 1 (FGFR1), and insulin-like growth
factor-binding protein 2 (IGFBP2) gene expressions. Survival differ-
ences among groups were compared by a log-rank test. Raw counts
from TCGA GBM RNA-Seq data were used to perform a differentially
expressed gene (DEG) analysis to identify hypoxia-correlated IncRNAs
via the edgeR package. Unsupervised hierarchical clustering was per-
formed to evaluate whether differentially expressed IncRNAs could
define distinct hypoxia groups. The similarity within each patient was
evaluated by Pearson's correlation, and Ward's algorithm was applied
to cluster glioma patients. Associations between clusters and different

hypoxia activity groups were compared by chi-square tests.

2.4 | MIR210HG isoform expression analysis
The detailed methods for isoform analyses are described in

Supporting Information.

2.5 | TMZ treatment and cell viability assay
The detailed methods for 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetr

azolium bromide (MTT) assays are described in Supporting Information.

2.6 | Immunoblot assays
The detailed methods for immunoblot assays are described in
Supporting Information. The quantitative result of each gene is

shown below the immunoblotting image.

2.7 | RNA extraction and real-time reverse-
transcription quantitative polymerase chain reaction
(RT-PCR)

Trizol® was utilized to extract total RNA based on the manufactur-
er's instructions. Cytoplasmic and nuclear RNAs were isolated using

a cytoplasmic and nuclear RNA purification kit (cat. no. 21 000) pur-
chased from NORGEN. The detailed methods for RT-PCR assays are
described in Supporting Information (Table S1).

2.8 | Tumor sphere formation assay
The detailed methods for tumor sphere formation assays are de-
scribed in Supporting Information. After 2 weeks, each diameter

from 20 tumor spheres per well were counted for the quantitation.

2.9 | Softagar colony formation assay
The detailed methods for soft agar colony formation assays are de-

scribed in Supporting Information.

2.10 | Invivo xenograft study

The in vivo experiments including drug treatment, glioma xeno-
graft establishment, and animal care were approved by the Taipei
Medical University Laboratory Animal Care and Use Committee
(permit no.: LAC-2019-0114). The procedures strictly followed rec-
ommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (NIH Publications
no. 8023, revised 1978) and ARRIVE guidelines. The detailed
methods for in vivo xenograft assays are described in Supporting
Information.

2.11 | Immunohistochemistry (IHC)

The detailed methods for IHC assays are described in Supporting
Information.

2.12 | Invasion assay

The detailed methods for invasion assays are described in Supporting
Information.

2.13 | Next-generation sequencing

The detailed methods for next-generation sequencing are described
in Supporting Information.

2.14 | Gene set enrichment analysis (GSEA)

The detailed methods for GSEA are described in Supporting
Information.
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2.15 | RNA immunoprecipitation (RIP)

RIP was conducted using an EZ-Magna RIP™ RNA-binding protein
immunoprecipitation kit (cat. no. 17-701) according to the manu-
facturer's protocol. The detailed methods for RIP are described in
Supporting Information.

2.16 | RNA pulldown assay
The RNA pulldown assay was performed following procedures de-
scribed in Tsai et al's study.’® The detailed methods for RNA pull-

down assay are described in Supporting Information.

2.17 | Construction of the IGFBP2 and FGFR1
promoter reporter plasmids

The detailed methods for constructing plasmids are described in

Supporting Information.

2.18 | Chromatin immunoprecipitation (ChlP) assay
ChIP assays were performed according to the manufacturer's in-
structions (EZ-ChIP™, cat. no. 17-295; Millipore). The detailed meth-

ods for ChlP assays are described in Supporting Information.

2.19 | Constructions, RNA pulldown assay,
invasion, tumor sphere formation assay, and TMZ
treatment of deleted mutants of MIR210HG

The detailed methods for constructing deleted mutants and proto-
cols for all assays are described in Supporting Information.

2.20 | Statistical analysis

Data from at least three independent experiments were statisti-
cally calculated using Sigma Plot 12.5 (Systat Software) as the
mean =+ standard deviation (SD). Significant differences among

groups were determined using an unpaired t test, and P < .05 was

taken as statistical significance.

3 | RESULTS

3.1 | LncRNA MIR210HG is associated with
hypoxia and predicts a poor prognosis in GBM
patients

We designed a pipeline to identify the critical IncRNAs involved
in hypoxic GBM (Figure 1A). To quantify the degree of hypoxia in
each patient, transcriptome profiles were analyzed with RNA-Seq
data of TCGA GBM patients. An ssGSEA was applied to calculate
the hypoxia score based on expression levels of genes derived from
Hallmark hypoxia signaling. Higher hypoxic activity predicted a
worse GBM prognosis (hazard ratio [HR] = 3.015, P = .016). Using
different quartile points based on the hypoxia score, GBM patients
exhibited significantly different prognosis when divided into two
groups based on the first quartile cutoff. (Figure 1B). Thus, using
this criterion, the differentially expressed IncRNAs between these
two distinct survival groups were identified (Figure 1C, left panel).
In total, 97 upregulated and six downregulated IncRNAs (with a false
discovery rate [FDR] of <0.01 and absolute multiple of change of
>1.5) were found in the high hypoxia activity group (red color) com-
pared with the low one (blue color). To test whether these differen-
tially expressed IncRNAs could distinguish subgroups with different
hypoxia activities in TCGA GBM patients, unsupervised hierarchical
clustering was performed. Patients were divided into two classes la-
beled as clusters 1 and 2. Patients with high hypoxia activity were
enriched in cluster 2 with a chi-squared P-value of <.001 (Figure 1C,
right panel), suggesting that this IncRNA signature could identify
the patients with high or low hypoxia activity. Furthermore, levels
of seven IncRNAs showed significant positive correlations with hy-
poxia scores (Pearson correlation coefficient > .5; P-value < .001;
Figure 1D). To further pinpoint crucial IncRNAs involved in hypoxic
GBM malignancy, candidates were narrowed down according to
whether they exhibited a strong correlation with the hypoxia score
(Pearson correlation coefficient of >.6) and predicted a poor prog-
nosis (log-rank test P-value of <.01). Two IncRNAs, MIR210HG
and Inc-DLX2-4, were selected as crucial candidates (Figure 1E
and Figure S1). However, only the association of MIR210HG with

FIGURE 1 MIR210HG is significantly associated with hypoxic glioblastoma multiforme (GBM) malignancy and predicts a poor prognosis.
A, Flowchart demonstrated the pipeline for identifying the hypoxia-associated and survival-related long noncoding (Inc)RNA candidates.
DEIncRNA, differentially expressed IncRNAs; ssGSEA, single-sample gene set enrichment analysis. B, Higher hypoxia scores predicted

poor prognoses in The Cancer Genome Atlas (TCGA) GBM patients. Different quartile points with log-rank tests were used to categorize
patients into different subgroups. C, Heatmap showing differentially expressed IncRNAs between groups with different hypoxic activities.
The right panel indicates that patients with high hypoxia activity were enriched in cluster 2. D, Seven IncRNA levels showed significantly
positive correlations with hypoxia scores. Higher MIR210HG predicted poor prognoses in (E) TCGA GBM patients and was validated

with (F) GSE7696 and CGGA data. G, Five MIR210HG isoforms are listed in the Ensemble database. H, Three MIR210HG isoforms

showed significant correlations with hypoxia scores. Higher MIR210HG-203 levels were observed in (I) both TCGA and Cancer Cell Line
Encyclopedia (CCLE) data, (J) both normoxic U-87 MG and U118 cells, and (K) normoxic tumor cells compared with normal human astrocytes

(NHAs). Data are the mean =+ SD of three experiments. *P < .05
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poor survival could be validated using two other independent data-
sets, GSE7696 and CGGA (Figure 1F). Next, we further evaluated
whether MIR210HG expression levels in patients were correlated
with clinical backgrounds (Figure S2), MIR210HG levels were higher
in tumor versus normal tissues, IDH wild type versus mutation, and
mesenchymal versus other subtypes, but not correlate with age and
gender using TCGA data. Thus, we focused on the role of MIR210HG
in hypoxic GBM progression.

To identify the principal isoform of MIR210HG, the Ensemble
database was queried.’ In total, five isoforms of MIR210HG
have been described. Among these isoforms, MIR210HG-201,
MIR210HG-203, and MIR210HG-204 belong to transcript support
level 2 (TSL2), indicating that multiple expressed sequence tags
(ESTs) support their existence (Figure 1G). These three isoforms all
exhibited strong positive associations with the hypoxia score, espe-
cially MIR210HG-203 (Figure 1H). To further investigate expression
levels of these three isoforms in TCGA GBM patients and in glioma
cells of the Cancer Cell Line Encyclopedia (CCLE), MIR210HG-203
was the most abundantly expressed isoform (Figure 11). This finding
was also validated with U-87 MG and U118 cells (Figure 1J). The
normoxic endogenous levels of MIR210HG were also measured
with normal human astrocyte (NHA), U-87 MG, U118, and patient-
derived PDM-123 cells. Higher levels of MIR210HG existed in GBM
cells compared with NHA cells (Figure 1K). Thus, we mainly focused
on MIR210HG-203 for overexpression and knockdown experiments

in the present study.

3.2 | MIR210HG is involved in hypoxia-mediated
GBM malignancy

Endogenous MIR210HG expression was significantly upregulated
in 1% hypoxia-incubated GBM cells (Figure 2A) and downregulated
after HIF-1a depletions (Figure 2B), suggesting that MIR210HG
gene expression was dramatically enhanced by HIF-1a signaling
from normoxia to hypoxic environment. Then, overexpression
of MIR210HG in normoxia or MIR210HG depletion in hypoxia
with ASOs was respectively used to monitor the functions of
MIR210HG in GBM malignancy. MIR210HG overexpression in
normoxia significantly enhanced endogenous MIR210HG levels,
leading to higher glioma invasion, increasing colony formation and

sphere generation, elevating cancer stemness gene expressions
with serum-free cultured GBM cells, inducing TMZ resistance,
and upregulating epithelial-to-mesenchymal transition (EMT)
marker expressions (Figure 2C-M and Figure S3). By contrast,
MIR210HG depletion in hypoxia with ASOs significantly reduced
these effects. Depletion of MIR210HG in hypoxia-incubated
patient-derived PDM-123 cells also reduced sphere formation
(Figure 2N) and hypoxia-induced MIR210HG levels (Figure 20),
and enhanced TMZ cytotoxicity (Figure 2P). Using xenograft
experiments with MIR210HG small hairpin RNA (shRNA) stably
expressing U-87 MG cells, depletion of MIR210HG significantly
reduced the tumor volume and demonstrated a better response
to TMZ treatment compared with the controls in vivo (Figure 2Q).
By detecting Ki67 and HIF-1a levels, MIR210HG-depleted U-87
MG cells had slower proliferation rates compared with the con-
trols in hypoxic environments (Figure 2R,S). These results suggest
that hypoxia-inducible MIR210HG significantly promoted glioma
malignancy.

3.3 | OCT1isinvolved in hypoxia/MIR210HG-
promoted GBM malignancy

To explore MIR210HG-related genes, protein-coding genes cor-
related with MIR210HG expression in TCGA GBM patients were
calculated. Totally, 1336 genes exhibited significant positive correla-
tions with MIR210HG, and these genes were further divided into
hypoxia-associated and non-hypoxia-associated genes. Significantly
more positive correlations were observed between MIR210HG
and hypoxia-associated genes than with non-hypoxia-associated
genes (Figure 3A), suggesting that MIR210HG-related genes are
enriched in hypoxia signaling. Additionally, an RNA-Seq analysis
with MIR210HG-overexpressing U-87 MG cells was conducted
(Figure 3B). Overall, 1702 gene candidates were found to be sig-
nificantly upregulated (File S1). Combining data from MIR210HG-
related genes in TCGA GBM patients and upregulated genes in the
RNA-Seq analysis, 142 crucial candidates promoted by MIR210HG
were selected (Figure 3C and File S2). Using GSEA, these 142 genes
were found to be enriched in cancer malignancy-related pathways,
such as phosphatidylinositol 3-kinase (PI3K)/Akt signaling, and focal
adhesion (Figure 3D and Table S2).

FIGURE 2 MIR210HG is involved in hypoxic glioblastoma multiforme (GBM) malignancy. A, MIR210HG expression was upregulated
with 1% hypoxia incubation. B, The knockdown effects of HIF-1a on hypoxia-upregulated MIR210HG expression. MIR210HG levels were
measured using real-time PCR assays. Data are the mean + SD of three experiments. *P < .05. Overexpression in normoxia and knockdown
with antisense oligonucleotides (ASOs) in hypoxia of MIR210HG influenced GBM cell invasion (C and D), colony formation (E and D), sphere
formation (G and H), cancer stemness with serum-free cultured cells (I and J), temozolomide (TMZ) resistance (K and L), and epithelial-to-
mesenchymal transition (EMT) marker expressions (M). Data are the mean + SD of three experiments. *P < .05. The knockdown effects of
MIR-210HG on sphere formation (N), hypoxia-induced MIR210HG expression (O), and TMZ cytotoxicity (P) in patient-derived PDM-123
cells. Knockdown of MIR210HG in xenograft mice models reduced tumor volume and growth curves (Q) and Ki67 (R) levels and enhanced
TMZ cytotoxicity. *P < .05. Red arrows mean the TMZ treatment days. S, The hypoxia-inducible factor (HIF)-1a levels in mice tissues. Scale
bar: 100 pm. The values below the immunoblotting image are the quantitative results compared with control group
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Oct1 after pulling down the RNA protein complex. The schematic in
respectively named as DM-1 and DM-2. Scale bar means 100 pm

Itis well established that the intracellular distribution decides the
physiological functions of an IncRNA. According to the IncALTAS,
the relative concentration index of MIR210HG in several cell lines is
less than zero (Figure 3E), suggesting that MIR210HG is mainly ex-
pressed in nuclei. To further quantify intracellularly distributed lev-
els of MIR210HG, after cellular fractionation, GAPDH and U6 were
respectively used as markers for cytoplasmic and nucleus regions.
MIR210HG expression was significantly enriched in the nuclear

(L) showed the deleted sites of OCT1-binding locations in MIR210HG,

region (Figure 3F). Because MIR210HG was mainly located in nuclei,
we hypothesized that MIR210HG might be associated with transcrip-
tion factors regulating gene transcription. Thus, transcription factors
enriched in 142 MIR210HG-promoted genes were analyzed using
DAVID functional annotation tools (Figure 3G). OCT1 was iden-
tified as the top transcription factor. Overall, promoter regions of
53 MIR210HG-regulated genes contained predicted OCT1-binding
sites (Table S3). Using a GSEA, MIR210HG-upregulated genes were
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positively correlated with OCT1-predicted targets (Figure 3H). In
addition, OCT1 transcription activity was positively associated with
the hypoxia score (Figure 3l). Two putative binding sites were pre-
dicted in the MIR210HG-203 sequence using the TFBIND website
(Figure S4A). Through performing RIP assays, enriched MIR210HG
levels were found to be immune-precipitated using OCT1 antibodies
(Figure 3J). Moreover, hypoxia enhanced the association between
MIR210HG and OCT1 compared with the normoxia group. RNA pull-
down assays demonstrated that OCT1 was coprecipitated with an
in vitro-transcribed biotinylated MIR210HG transcript (Figure 3K).
Then, two OCT1-binding site-deleted MIR210HG mutants, re-
spectively named as DM-1 and DM-2, were synthesized and used
to further confirm the interaction between MIR210HG and OCT1
(Figure S4B). Only DM-1 reduced the ability to bind with OCT1 using
RNA pulldown assays (Figure 3L). Further, comparing with wild type
MIR210HG, overexpression of DM-1 did not show significantly posi-
tive effects on enhancing cell invasion (Figure 3M), increasing sphere
formation (Figure 3M), and reducing TMZ cytotoxicity (Figure 3N).
Finally, to confirm the roles of OCT1 in hypoxia/MIR210HG axis-
promoted glioma malignancy, cell invasion (Figure 4A), colony for-
mation (Figure 4B), and sphere formation assays (Figure 4C) were
conducted and stemness marker expression (Figure 4D), TMZ treat-
ment responses (Figure 4E), and EMT marker expressions (Figure 4F)
were measured. OCT1 depletion prevented MIR210HG-promoted
GBM malignancy in normoxia and also reduced hypoxia-enhanced
glioma progression. Consequently, MIR210HG associating with
OCT1 participated in hypoxia-regulated GBM progression.

3.4 | MIR210HG/OCT1 signaling regulates
FGFR1 and IGFBP2 expressions in hypoxia

To explore the relationships between MIR210HG and OCT1,
the endogenous OCT1 mRNA and protein levels in MIR210HG-
overexpressing and -depleted cells were measured. Neither
MIR210HG overexpression nor knockdown of MIR210HG affected
OCT1 mRNA and protein levels (Figure S5). Thus, we speculated that
MIR210HG might regulate OCT1 transcriptional activities but not en-
hance OCT1 gene expression. To investigate the roles of MIR210HG
in mediating OCT1 transcriptional regulation, we focused on gene
candidates that were upregulated in MIR210HG-overexpressing
cells and also belonged to OCT1 targets. Through survival analyses,
16 survival-associated candidates were identified. Among these
candidates, IGFBP2 and FGFR1 were reported to be highly involved
in GBM malignancy. Thus, we tested whether the MIR210HG/OCT1
axis could regulate these two genes in the hypoxic GBM process.
First, GBM patients with higher levels of these two genes exhib-
ited poor survival (Figure 5A and Figure Sé). Positive correlations
were also observed between these two genes and hypoxia scores
or OCT1 activities (Figure 5B). MIR210HG overexpression increased
IGFBP2 and FGFR1 gene expressions and protein levels in normoxia
(Figure 5C,D). By contrast, OCT1 knockdown significantly attenu-
ated MIR210HG-upregulated IGFBP2 and FGFR1 levels. Moreover,

hypoxia-promoted FGFR1 and IGFBP2 levels were decreased after
MIR210HG or OCT1 depletion (Figure 5E,F), suggesting that FGFR1
and IGFBP2 were upregulated through the MIR210HG/OCT1 axis
in hypoxic GBM.

Using JASPAR predictions,’® two and one putative OCT1-
binding sites were respectively located in FGFR1 and IGFBP2 gene
promoters (Figure 5G). To further confirm whether the effects of
MIR210HG on FGFR1 and IGFBP2 levels were transcriptionally reg-
ulated by OCT1, promoter reporter assays and ChIP-qPCR analyses
were respectively performed. MIR210HG overexpression in nor-
moxia enhanced both IGFBP2 and FGFR1 promoter activities, but
inhibition of OCT1 suppressed these effects (Figure 5H). Hypoxia-
induced IGFBP2 and FGFR1 promoter activities were respectively
reduced after knockdown of MIR210HG or OCT1 (Figure 5I).
Associations of OCT1 with promoter regions of IGFBP2 and FGFR1
increased in normoxic MIR-210HG-overexpressing cells according
to the ChIP-gPCR results (Figure 5J). Incidentally, only the F2 site
in FGFR1 promoter regions was the main binding region of OCT1.
Depletion of MIR210HG decreased hypoxia-enhanced associa-
tions of OCT1 with promoter regions of IGFBP2 and FGFR1 using
ChIP-gPCR (Figure 5K). Expression levels of these two genes also
decreased in MIR210HG-depleted cells compared with the controls
in vivo (Figure 5L-N), suggesting that hypoxia-induced MIR210HG
enhanced OCT1-regulating downstream genes in GBM malignancy.

4 | DISCUSSION

Emerging research has highlighted the prominent impacts of IncRNA
regulation in hypoxia-promoted cancer malignancies. The first evi-
dence demonstrating the potential roles of IncRNAs in response
to hypoxia was reported by Choudhry et al.' They performed an
RNA-Seq assay combined with ChlP-Seq to uncover various IncR-
NAs involved in HIF-1a- and HIF-2a-mediated transcriptions in hy-
poxic conditions.?’ In gliomas, different approaches have also been
taken to pinpoint hypoxia-mediated IncRNAs. Microarray screening
with hypoxia-cultured glioma cells revealed an IncRNA, PDIA3P1,
involved in the mesenchymal transition.!* An RNA-Seq analysis of
exosomes derived from hypoxia-cultured glioma stem cells identi-
fied that Linc01060 maintains c-Myc transcription activity through
translocating MZF1 into nuclei.?® However, few studies explored
clinically important hypoxia-associated IncRNAs in glioma patients.
The present study analyzed GBM RNA-Seq data from TCGA, and
103 IncRNAs showed tight associations with hypoxia activation.
Prominently, these hypoxia-associated IncRNAs defined glioma
patients with distinct survival. Among the hypoxia-associated IncR-
NAs, MIR210HG was found to be upregulated by hypoxia and indi-
cated poor prognoses in TCGA, CGGA, and GSE7696 data.
MIR210HG is transcribed from the ENSG00000247095.2 gene,
which is located on chromosome 11p15.5. The intron region of
MIR210HG contains the primary form of miR-210. Although miR-
210 is a well-characterized hypoxia-induced miRNAZ! and plays
crucial roles in glioma malignancy,??%* few studies have explored
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FIGURE 4 Knockdown of octamer transcription factor 1 (OCT1) significantly attenuates MIR210HG-regulated hypoxic GBM malignancy.
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the function of MIR210HG in hypoxia-mediated glioma progres-
sion. The present study demonstrated that MIR210HG is a hypoxia-
inducible IncRNA, and its expression is positively associated with

hypoxia activity in glioma patients. From a literature review, it was

reported that MIR210HG is upregulated in glioma tissues.’? In addi-

tion, MIR210HG was id

entified as regulating the EMT in non-small
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cell lung cancer?® and osteosarcomas.?® However, a direct link be-
tween MIR210HG and the mesenchymal transition as well as other
malignant features in glioma have not been confirmed until now. By
analyzing RNA-Seq data from MIR210HG-overexpressing U-87 MG
cellsand TCGA GBM patients, we showed that MIR210HG-regulated
genes were enriched in pathways related to the mesenchymal transi-
tion, including PISK/AKT, focal adhesion, and extracellular matrix in-
teractions. Functionally, MIR210HG was identified to be involved in
hypoxia-promoted anchorage-independent growth, stemness, inva-
sion, and TMZ resistance in glioma cells. These findings suggest that
MIR210HG is a crucial IncRNA participating in hypoxia-mediated
glioma malignancy.

OCT1 belongs to the Pit-Oct-Unc (Pit1, Oct1/2, Unc86) family
and shares similar in vitro DNA-binding specificity with its other fam-
ily members.?” It was shown that OCT1 maintains stem cell functions
in normal cells as well as tumor cells.?® OCT1 target genes, namely
Abcg2, Abcbl, Abcb4, and Aldhlal, are associated with stem cell
properties.?® Further, OCT1 downregulation decreases the frequen-
cies of tumor-initiating cells in breast and colon cancers.?® OCT1 was
also respectively linked to EMT activation and treatment resistance
in breast and prostate cancers.2?30 However, the functions of OCT1
in gliomas are still unclear. In our present study, OCT1 gene expres-
sion did not increase with hypoxia. However, MIR210HG was identi-
fied to be associated with OCT1 in nuclei. Moreover, the association
between MIR210HG and OCT1 increased with hypoxia, which aug-
mented OCT1's transcription activity of regulating expressions of its
targets. Functionally, OCT1 depletion attenuated MIR210HG- and
hypoxia-promoted glioma malignancy. Intriguingly, another study
identified a different mechanism that enhanced OCT1's transcrip-
tion activity upon hypoxia. They demonstrated that PER2, which
assembles repressor complexes at the promoter region of the OCT1-
binding site, was degraded under hypoxia.?? This leads to enhanced
transcription of OCT1 downstream targets, including TWIST1 and
Slug, in breast cancer stem cells.?? Given these findings, OCT1’s tran-
scription activity is increased through various mechanisms in can-
cers under hypoxia. In the future, a comprehensive ChIP-Seq analysis
with an antibody against OCT1 upon hypoxia is needed to further
understand its roles in hypoxia-mediated glioma progression.

Considerable evidence has confirmed the oncogenic roles of
FGFR1 and IGFBP2. FGFR1, a receptor tyrosine kinase, recog-
nizes fibroblast growth factors, leading to receptor dimerization.%!
Subsequently, intracellular receptor domains of FGFR1 are phos-
phorylated, which activates downstream effector molecules.3!
FGFR1 signaling promotes glioma malignancy in vivo by increasing
expressions of the stem cell transcription factors SOX2, OLIG2,
and ZEB.%? The AKT/mitogen-activated protein kinase (MAPK) and
RAC1/CDC42 pathways are also promoted by FGFR1 signaling in
inducing glioma proliferation and migration.*® IGFBP2, a secreted
protein, interacts with IGFs to promote IGF-regulated pathways.3*
IGFBP2 is highly expressed in 80% of glioma tissues and identified
as a significant prognostic marker in glioma patients.35 IGFBP2 was
linked to increasing migration, invasion, and TMZ resistance through
interacting with integrin p1 in gliomas.®® Additionally, IGFBP2
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coordinately regulates growth factors such as PDGFB to sustain gli-
oma malignancy.®” However, few studies indicate the roles of IGFBP2
and FGFR1 in glioma under hypoxia. We demonstrated that FGFR1
and IGFBP2 expressions were promoted by hypoxia/MIR210HG/
OCT1 signaling, which provides a novel regulatory mechanism that
contributes to aberrant expressions of these two oncogenes.

In summary, MIR210HG was identified as a crucial hypoxia-
regulated IncRNA that predicts poor prognosis and participates in
hypoxia-mediated glioma invasion, cancer stemness, and TMZ re-
sistance. MIR210HG is significantly associated with the OCT1 tran-
scription factor. Mechanistically, MIR210HG was also identified to
promote the transcription activity of OCT1, regulating expressions
of the oncogenes IGFBP2 and FGFR1. These findings shed light on

the development of novel mechanisms for GBM in the future.
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