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Abstract

The discovery of long noncoding RNAs (IncRNAs) has improved the understanding
of development and progression in various cancer subtypes. However, the role of
IncRNAs in temozolomide (TMZ) resistance in glioblastoma multiforme (GBM) re-
mains largely undefined. In this present study, the differential expression of IncRNAs
was identified between U87 and U87 TMZ-resistant (TR) cells. IncRNA XLOC013218
(XLOC) was drastically upregulated in TR cells and was associated with poor prognosis
in glioma. Overexpression of XLOC markedly increased TMZ resistance, promoted
proliferation, and inhibited apoptosis in vitro and in vivo. In addition, RNA-seq analysis
and gain-of-function or loss-of-function studies revealed that PIK3R2 was the poten-
tial target of XLOC. Mechanistically, XLOC recruited specificity protein 1 (Sp1) tran-
scription factor and promoted the binding of Spl to the promoters of PIK3R2, which
elevated the expression of PIK3R2 in both mRNA and protein levels. Finally, PIK3R2-
mediated activation of the PISK/AKT signaling pathway promoted TMZ resistance
and cell proliferation, but inhibited cell apoptosis. In conclusion, these data highlight
the vital role of the XLOC/Sp1/PIK3R2/PI3K/AKT axis in GBM TMZ resistance.
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1 | INTRODUCTION

Glioblastoma multiforme (GBM) is a devastating primary malignant
tumor in the central nervous system (CNS) associated with poor
prognosis despite advancements in surgery, radiation, and chemo-
therapy.! Temozolomide (TMZ), an oral agent with high bioavailabil-
ity and excellent capability in crossing the blood-brain barrier, has
few side effects and is now the first-line chemotherapy agent for gli-
oma.z* However, acquired TMZ resistance has limited its treatment
benefits.>® Therefore, there is an urgent need to explore the mech-
anisms of the developing resistance and to seek new approaches to
overcome TMZ resistance in GBM.

LncRNA is a class of RNAs with over 200 nucleotides lacking
protein-coding capacity, and it possesses extensive biological func-
tions, including regulatory functions such as gene expression and
protein stability in various physiological and pathological processes.
Recently, emerging studies have shown that long noncoding RNAs
(IncRNAs) participated in the regulation of chemoresistance in var-
ious cancers, including glioma.7'10 However, the role of IncRNAs in
TMZ resistance has not been fully explored.

In our previous study, IncRNA and mRNA microarray analy-
sis was performed between U87 parent and U87 TMZ-resistant
(UB7TR) cells. Among 2692 differentially expressed IncRNAs (fold
change >2.0, FDR <0.05), IncRNA XLOC013218 (XLOC) with 750
base pairs (bp) showed remarkable upregulation, which piqued our
interest. Furthermore, we found that XLOC expression was pos-
itively correlated with the grade of glioma, and recurrent glioma
patients showed increased expression of XLOC when compared
with primary glioma. Importantly, high XLOC expression predicted
a poorer prognosis. However, much is unknown about the role of
XLOC and the underlying mechanisms in TMZ resistance of GBM.

Numerous studies have reported that the phosphatidylinositol
3-kinase/Akt (PISK/AKT) signaling pathway is associated with cel-
lular transformation, tumorigenesis,** cancer progression, and drug
resistance? in various types of cancer, including glioblastoma.®®
In our current study, pathway enrichment analysis of GSE100736
(GEO database, https://www.ncbi.nlm.nih.gov/geo/) showed that
the PI3K/AKT signaling pathway was activated in U251 TR cells
when compared with U251 cells. Furthermore, expression profiling
of U251 V-XLOC and U251 V-NC by RNA-seq also indicated activa-
tion of the PIBK/AKT signaling pathway. PIK3R2 (p85p) is known as
phosphoinositide-3-kinase regulatory subunit 2 and is implicated in
the activation of the PI3K/AKT pathway.!*'®> Moreover, PIK3R2 was
remarkably upregulated when XLOC was overexpressed in U87 and
U251 cells. However, whether the PIK3R2-mediated PI3K/AKT sig-
naling pathway participates in XLOC regulation of TMZ resistance in
glioma or the mechanisms of XLOC in regulation of PIK3R2 expres-
sion is not fully understood.

In the present study, we found that IncRNA XLOC promoted
TMZ resistance and cell proliferation while inhibiting cell apoptosis
by targeting the PIK3R2-mediated PIBK/AKT signaling pathway in
an Spl-dependent manner in glioma. Data obtained from GBM cell
lines, xenografts, and clinical samples consistently provided detailed

information on the mechanisms. Thus, our research shed light on the
characterization of XLOC as the potential therapeutic target to over-

come TMZ resistance in glioma.

2 | MATERIALS AND METHODS

2.1 | Clinical specimens

All 128 human glioma tissue samples were obtained from patients
in the Department of Neurosurgery, Zhujiang Hospital, Southern
Medical University. Glioma surgical specimens, including 73 grade
IV (48 primary GBM and 25 recurrent GBM), 28 grade lll, 15 grade
Il, and 12 grade | samples, were respectively confirmed and classi-
fied by two pathologists.16 In addition, 10 non-neoplastic brain tis-
sues (as normal control brain) from epileptogenic patients and their
relevant clinical information were also collected. All samples were
immediately placed in liquid nitrogen after surgical resection. All
procedures were performed with ethical approval from the Clinical
Biobank Centre at Zhujiang Hospital of Southern Medical University
(approval number 2020-YBK-001-02), with informed consent ob-
tained from individuals or their family to utilize the resected tissue
for research.

2.2 |
(RACE)

5" and 3’ rapid amplification of cDNA ends

RACE was performed with 5-RACE system and 3’-RACE system kit
(Invitrogen) according to the manufacturer's instructions. The RACE
PCR products were separated on an agarose gel. Then, the bands
were cloned into pGM-T vector (TIANGEN Biotech) and sequenced.
The primers used are listed below (GSP: gene-specific primer):

5-RACE: cDNA GSP: GGCCACGCGTCGACTAGTAG;

PCR GSP: CACCTGCACCTCCTCCGTGTTG;

Nest PCR GSP: ATGTCAATGTCGGCACCCACTG;

3’-RACE: GSP1: CGAAAGCGACAAGGCCGTGATCCCGAAAGC;

GSP2: CAGTGGGTGCCGACATTGACATTC.

2.3 | RNA-seq analysis

Total RNA was extracted from U251 cells after being transfected
with V-NC or V-XLOC using TriReagent (Sigma-Aldrich) according
to the manufacturer's instructions. HISAT2 (http://daehwankimlab.
github.io/hisat2) was used to map RNA-seq reads to the Human
Genome Ensemble GRCh38 with default codes. Raw read counts
were imported into R (version 4.1), and differential expression anal-
ysis was performed using R package of DESeq2 (version 1.32.0).7
Differentially expressed genes were selected with fold change >2
and FDR <0.05 by R package edgeR (version 3.34.0)*® and were
subsequently subjected to Gene Ontology (GO) analysis using the
Ingenuity Pathway Analysis (IPA) software (QIAGEN).
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2.4 | Fluorescence in situ hybridization (FISH)

The subcellular localization of XLOC in GBM cells was detected
according to the manufacturer's protocol provided by the FISH kit
(C10910, RiboBio Tech). In short, after being fixed with 4% para-
formaldehyde for 10 minutes, cells were permeabilized in PBS with
0.5% Triton X-100 on ice for 5 minutes and incubated with prehy-
bridization buffer at 37°C for 30 minutes. Cells were hybridized with
20 uM using Cy3-labeled RNA of XLOC FISH probe mix in a moist
chamber overnight at 37°C. After being washed with PBS, the cells
were stained with DAPI for 10 minutes and sealed prior to fluo-
rescence detection with Carl Zeiss LSM 700 confocal microscopes
(Zeiss). The probes against XLOC were synthesized by RiboBio.

2.5 | Nucleocytoplasmic separation

Nuclear and cytoplasmic extraction reagents (ThermoFisher) were
used for nuclear-cytoplasm separation, and RNA was extracted for
RT-PCR. Briefly, 5 x 10° cells were resuspended in 0.6 ml resuspen-
sion buffer for 15 minutes incubation, followed by homogenization.
After centrifugation, the cytoplasmic fraction was acquired from the
supernatant content, whereas the remaining nuclear pellet was lysed
again using nuclear isolation buffer and RNase-free H,0O as a nuclear
fraction. XLOC expression was determined by gPCR with GAPDH as
cytoplasmic control and U1 as nuclear control. The primers used are
shown in Tables S1 and S4.

2.6 | RNA-pulldown and mass spectrometry
(MS) assay

Antisense nucleotide probes to the XLOC sequence were generated
to detect XLOC. Information of probes are presented in Table S2.
RNA probes were transcribed in U251 cells using MEGAscript
T7 transcription kit (Ambion) and were labeled using pierce RNA
3’ end biotinylation kit (Life Technology). Then, RNA probes were
treated with TURBO DNase (Life Technology) and were purified
using RNeasy MiniKit (QIAGEN). A GBM cell nuclear pellet was
resuspended and homogenized with RIP buffer. RNA probes were
incubated with nuclear extract for 1 hour at RT, followed by incuba-
tion with Dynabeads Myone Streptavidin C1 (Life Technologies) for
1 hour. The primer sequences are listed in Table S3. XLOC associated

proteins were identified by MS or Western blotting.

2.7 | RNA-binding protein immunoprecipitation
(RIP) Assay

Binding of XLOC to the transcription factor Spl protein was as-
sessed using a RIP kit (Millipore Corporation). Cells were lysed on
ice and the supernatant was obtained and incubated with mag-
netic bead-antibody. Magnetic beads were washed six times with

RIP wash buffer. The sample was digested with proteinase K to
extract RNA for subsequent PCR analysis. Antibody against Sp1
(Abcam) and IgG (Millipore Corporation) were used for RIP assay.
Immune-precipitate RNAs were isolated and analyzed by reverse
transcription PCR and quantitative PCR. Quantitative PCR primers
are presented in Table S4. Total RNAs (input controls) and 1gG were
used to verify that the detected signals were a result of RNAs spe-

cifically binding to Sp1.

2.8 | ChIP-PCR assay

The chromatin immunoprecipitation (ChlIP) experiment was per-
formed with a kit (Millipore Corporation) following the manufactur-
er's protocol. Antibodies against Sp1 were purchased from Abcam.
Specific primers for potential binding sites (BS): BS 1, BS 2, BS 3, BS
4, and BS 5 are presented in Table S5.

2.9 | Dual-luciferase reporter assay

To explore the effect of XLOC and Sp1 on PIK3R2 promoter activity,
the BS 4 sequence of PIK3R2 promoter was subcloned downstream
of the luciferase reporter gene to create pGL3-PIK3R2 pro-wild-
type (Wt) plasmid. To test the binding specificity, the corresponding
mutant was created with changed region BS to create pGL3-PIK3R2
pro-mut-type (Mut) plasmid. Then, the plasmids were cotransfected
with V-NC, V-XLOC, V-Sp1, or sh-Spl into U251 cells, and lucif-
erase activity was measured using luciferase assay kit (K801-200,
BioVision Inc). The relative luciferase activity was measured as fire-

fly fluorescence/Renilla fluorescence.

2.10 | Invivo studies

Four- to five-week-old female BALB/c nude mice were obtained
from the Laboratory Animal Center, Southern Medical University. To
study the role of XLOC in TMZ resistance, the mice were randomly
divided into four groups (n = 6 per group) (U87 V-NC, U87 V-XLOC,
U87TR sh-NC, U87TR sh-XLOC), and 5 x 10° cells were subcuta-
neously implanted into the flanks of nude mice. Tumor volume was
calculated using the following formula: volume = 0.5 x (length) x
(width)?. For the intracranial xenograft model, the mice were ran-
domly divided into four groups (n = 6 per group) (U87 V-NC, U87 V-
XLOC, U87TR sh-NC, U87TR sh-XLOC), and 5 x 10° cells expressing
luciferase were injected into the right cerebrum of mice. Intracranial
xenograft bioluminescence was determined every week. For TMZ
treatment, mice were injected intraperitoneally once every 3 days
with TMZ (5 pg/g). The time to death of each mouse was recorded,
and the brains were harvested for further analysis. All animal work
was approved by the Animal Experiment Ethics Committee of
Zhujiang Hospital in accordance with the Institutional Animal Care
and Use Committee Guidelines (approval number LAEC-2020-072).
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2.11 | Statistical analysis

Statistical analyses were performed using SPSS 24.0 software. The
data between the two groups were analyzed by either one-way
analysis of variance (ANOVA) followed by Tukey's post-hoc test or
Student's t test. Survival curves were estimated using the Kaplan-
Meier method and compared statistically using the log-rank test.
The experiments were repeated three times independently. P values
<0.05 were considered statistically significant. All data were pre-

sented as the mean + standard deviation (SD).

3 | RESULTS

3.1 | XLOC expression is elevated in TR cells and is
associated with poor prognosis and tumor recurrence
for GBM

To identify the potential IncRNA that may influence TMZ resist-
ance, U87TR and U251TR cell lines were established by gradually
increasing the dose of TMZ treatment within 6 months as described
in our previous study,19 and microarray analyses were performed
to compare IncRNA differential expression profiles between U87
and U87TR cells (Figure 1A). As indicated by IncRNA microarray,
XLOC was dramatically upregulated in U87TR cells, which was
further identified by qRT-PCR (Figure 1C). Importantly, 5-and 3'-
RACE assays demonstrated that the full length of XLOC transcript
was 750 bp (Figure 1B), which was consistent with the sequence
of Inc-FBXL12-1:2 (https://Incipedia.org/). In addition, glioma cell
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lines, such as SHG44, U87, U118, U251, and A172 cells, showed
higher XLOC expression than normal human astrocyte (NHA) cells
(Figure 1D). Moreover, the expression of XLOC was significantly
upregulated in glioma when compared with normal brain tissues
(Figure S1A) and was especially increased with advanced glioma
grade (Figure 1E). In the TCGA database, patients with high-grade
glioma (GBM) had higher expression of XLOC compared with normal
patients (Figure S1B). Importantly, recurrent GBM patients who un-
derwent at least 6 months of TMZ treatment had much higher XLOC
levels (Figure 1F). Additionally, Kaplan-Meier analysis showed that
patients with higher XLOC expression were more likely to have poor
overall rates of survival (Figure 1G), which were further validated by
TCGA data analysis (Figure S1C). Taken together, these data suggest
that XLOC upregulation indicated TMZ-resistance and correlated

with poor prognosis in glioma.

3.2 | XLOC confers TMZ resistance, facilitates cell
proliferation, and inhibits cell apoptosis

Specific short hairpin RNA target XLOC (sh-XLOC) or sh-NC were
transfected into U87TR and U251TR cells to knock down XLOC ex-
pression, whereas for stable XLOC overexpression, U87 and U251
cells were transfected with V-XLOC (virus-IncRNA XLOC) or V-NC
(virus-negative control), respectively (Figure S1D, E). CCK-8 assay
showed that overexpression of XLOC in U87 and U251 cells signifi-
cantly promoted TMZ resistance with higher IC, values (Figure 2A)
and increased cell viability (Figure 2B) when compared with V-NC
groups with TMZ (50pg/ml) treatment. Conversely, decreased cell
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IncRNA XLOC013218 (XLOC) upregulation correlates to temozolomide (TMZ) resistance and poor prognosis in glioma. A,

Experiment design to investigate the role of IncRNAs in glioblastoma multiforme (GBM) TMZ resistance. B, Agarose gel electrophoresis
showed the PCR products amplified from 5’ RACE and 3’ RACE of XLOC. C, XLOC expression level in TMZ-resistant (TR) cells and their
parent cells. D, Expression levels of XLOC in normal human astrocyte (NHA) cells and glioma cells (SHG44, U87, U118, U251, and A172). E,
XLOC expression in high-grade gliomas (WHO IlI-1V) and low-grade gliomas (WHO II). F, XLOC expression in primary and recurrent GBM
tissues. G, 73 GBM patients were classified into two groups (XLOC-low, n = 36; XLOC-high, n = 37) based on median value of XLOC; Kaplan-
Meier overall survival analysis of GBM patients based on XLOC expression. Data are presented as the mean + SD of three independent

experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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viability with lower IC,, values were observed after knockdown
of XLOC in U87TR and U251TR cells (Figure 2C, D). In addition,
EdU-positive cells were significantly increased in V-XLOC groups
(Figure 2E). In contrast, XLOC knockdown led to significantly de-
creased EdU-positive cellsin TR cells (Figure 2F). Consistently, colony-
forming ability was significantly promoted by XLOC (Figure 2G).
Additionally, the rate of apoptosis was significantly decreased in
V-XLOC groups when compared with V-NC groups with TMZ treat-
ment in parent cells (Figure 2H). However, in TR cells, knockdown of
XLOC significantly increased the rate of apoptosis (Figure 2H). These
data collectively indicated that XLOC promoted TMZ resistance, fa-
cilitated cell proliferation, and inhibited cell apoptosis.

3.3 | PIK3R2 s the potential target of XLOC

To determine the subcellular localization of XLOC, RNA in situ hy-
bridization (RNA-1SH) was conducted. XLOC was mainly located
in the cytoplasm in parent cells, but there was higher XLOC ex-
pressed in the nuclei of TR cells (Figure 3A, Figure S1F). Moreover,
(A) (©) (E)
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the nuclear and cytoplasmic fractions of glioma cells were sep-
arated, and gRT-PCR assays were subsequently performed.
Consistently, the results confirmed this nuclear and cytoplasm
distribution (Figure 3B).

To gain insight into the molecular mechanisms underlying the
promoted TMZ resistance by XLOC in glioma, we performed RNA
sequencing (RNA-seq) in U251 V-XLOC and V-NC cells. We iden-
tified 137 genes with significant change in expression (fold change
>2.0, FDR <0.05). Of note, PIK3R2 was dramatically upregulated
(Figure 3C). Additionally, pathway enrichment analysis of GEO da-
tabase (GSE100736) showed that the PI3K/AKT signaling pathway
was involved in the acquisition of TMZ resistance in U251 cells
(Figure 3D). Moreover, PIK3R2 was upregulated in TR cells when
compared with parent cells (Figure 3E, G), and overexpression of
XLOC increased PIK3R2 expression in both mRNA and protein levels
(Figure 3F, H), which was further confirmed by immunofluorescence
(IF) staining (Figure 3l). In contrast, weak PIK3R2 immunostaining
activity was observed in the sh-XLOC group (Figure 3l). Recurrent
GBM tissues showed high expression of PIK3R2 (Figure 3J).

Furthermore, positive correlation was observed between XLOC and
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IncRNA XLOC013218 (XLOC) confers temozolomide (TMZ) resistance, facilitates cell proliferation, and inhibits cell apoptosis.

A, TMZ sensitivity of U87 and U251 cells after V-NC or V-XLOC transfection. B, Cell viability of U87 and U251 V-NC or V-XLOC cells treated
with TMZ (50 ug/ml) for 24, 48, 72, 96, and 120 h. C, TMZ sensitivity of U87TR and U251TR cells after sh-NC or sh-XLOC transfection.

D, Cell viability of U87TR and U251TR sh-NC or sh-XLOC cells treated with TMZ (50 pg/ml) for 24, 48, 72, 96, and 120 h. E-H, EdU cell
proliferation assays (E) (scale bar, 50 pm), colony formation assay (F), and flow cytometric apoptosis assays (G, H) of XLOC-overexpressed
cells, XLOC-knockdown cells, and their control cells. Data are presented as the mean + SD of three independent experiments. *p < 0.05
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PIK3R2 expression (R = 0.5222) (Figure 3K), which was further iden-
tified by TCGA analysis (R = 0.35) (Figure S1G). These results indi-
cate that PIK3R2 is a potential target of XLOC in GBM cells.

3.4 | PIK3R2 knockdown reverses the enhanced
TMZ sensitivity and promotes the cell survivability
effect of XLOC

To further explore whether PIK3R2 is involved in the effect of
XLOC or not, sh-PIK3R2 were transfected into cells stably overex-
pressing XLOC (U87 and U251 V-XLOC) (Figure 4A). Knockdown of
PIK3R2 significantly decreased the sensitivity of GBM cells to TMZ
with lower IC,, values (Figure 4B) and suppressed cell viability with
TMZ (50ug/ml) treatment when compared with the control groups
(Figure 4C, D). Moreover, the percentage of EdU cells was decreased

in sh-PIK3R2 groups (Figure 4E, F). Consistently, colony-forming abil-
ity was significantly inhibited by PIK3R2 knockdown (Figure 4G).
However, knockdown of PIK3R2 promoted apoptosis with TMZ treat-
ment (Figure 4H). Taken together, these data indicated that XLOC con-
ferred TMZ resistance and promoted cell survival by targeting PIK3R2.

3.5 | XLOC affects PIBK/AKT signaling pathway-
related genes

Enrichment analysis of KEGG pathways identified PI3K/AKT sign-
aling might be regulated by XLOC (Figure 5A). Therefore, PI3K/Akt
signaling pathway-related gene expression was explored. The results
indicated that overexpression of XOLC upregulated p110p expression
and the ratio of p-PDK1/PDK1, p-Akt/Akt, p-mTOR/mTOR, and p-
p70s6K/p70s6K, but inhibited phosphorylation of GSK3 (Figure 5B).
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In addition, the ratio of p-elF4EBP1/elF4EBP1 and CyclinA2,
CyclinD1, and Bcl-2 expression were increased, whereas the ratio of
C-Cas3/Cas3 and Bax expression were decreased (Figure 5C).

PIK3R2 knockdown significantly suppressed the phosphoryla-
tion of Akt and mTOR, as well as the expression of p110f when com-
pared with the sh-NC-treated group (Figure 5D, E). Furthermore,
IF staining showed higher levels of p110p expressed in the V-
XLOC group, while p110f immunoreactivity was weaker in the sh-
PIK3R2 group when compared with the sh-NC group (Figure 5F). In
summary, XLOC confers TMZ resistance, promotes cell proliferation,
and inhibits cell apoptosis by upregulating PIK3R2 expression, which
further activates the PIBK/AKT signaling pathway.

3.6 | XLOC interacts with Sp1 to regulate
PIK3R2 expression

To explore the mechanisms underlying XLOC-mediated upregula-
tion of PIK3R2, RNA pulldown and silver-staining assays were con-
ducted. We observed a specific band at 75-100 kDa (Figure 6A), and
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the MS analysis identified the major protein in this SDS/PAGE band
as Sp1 (Figure 6B). To validate this prediction, RNA pulldown and RIP
analysis were conducted, and the results confirmed that XLOC spe-
cifically binds to Sp1 (Figure 6C, D). PIK3R2 expression was signifi-
cantly reduced in the sh-Sp1 group compared with the sh-NC group
(Figure 6E). Moreover, Sp1l expression positively correlated with
PIK3R2 expression in clinical specimens (R = 0.4791) (Figure S1H).
However, no significant difference was observed regarding Sp1 ex-
pression between V-NC and V-XLOC groups (Figure 6E).

Analyzing the promoter sequence of PIK3R2 gene using UCSC
Genome Browser revealed five potential BS (BS1 to BS5) to Sp1l.
ChlIP assays showed that Sp1 preferentially binds to BS4, but not to
BS1, BS2, BS3, or BS5 (Figure 6F). Amplification products in the Sp1
antibody-enriched samples obtained by RT-qPCR using primers for
BS4 were significantly higher in the V-XLOC group compared with
the V-NC group (Figure 6G). The mutation at the BS4 was performed
using a QuikChange site-directed mutagenesis kit (Agilent), and the
mutation loci of BS4 were validated by sequencing (Figure S1l, J).
Moreover, dual-luciferase assay showed that either Sp1l or XLOC

failed to stimulate luciferase activity (Fluc/Rluc) when BS4 was
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FIGURE 4 IncRNA XLOC013218 (XLOC) enhances temozolomide (TMZ) resistance, facilitates cell proliferation, and inhibits cell apoptosis
through PIK3R2. A, PIK3R2 expression after cotransfection with V-XLOC and sh-PIK3R2 or their control. B, TMZ sensitivity of cells after
transfection with V-XLOC and sh-PIK3R2 or their control. C-D, Cell viability after cotransfection with V-XLOC and sh-PIK3R2 or their
control after treatment with TMZ (50 pg/ml) for 24, 48, 72, 96, and 120 h. E-H, EdU incorporation assay (E, F) (scale bar, 50 pm), colony-
formation assay (G), and flow cytometric apoptosis assay (H) of U87 or U251 XLOC-overexpressed cells with PIK3R2 knockdown and their
control cells. Data are presented as the mean + SD of three independent experiments. *p < 0.05
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mutated. Overexpression of Spl and XLOC significantly increased
luciferase activity, respectively. V-XLOC further increased luciferase
activity in V-Spl-treated cells when compared with V-NC groups
(Figure 6H). However, knockdown of Sp1 eliminated the increased
effect of V-XLOC on luciferase activity. Finally, the colocalization of
XLOC, Sp1, and PIK3R2 after transfection with V-XLOC, sh-XLOC,
or their control showed that upregulation of XLOC correlated with
increased expression of intranuclear XLOC and Sp1 and increased
PIK3R2 expression (Figure 6l). In contrast, knockdown of XLOC de-
creased both the expression of PIK3R2 and enrichment of intranu-
clear XLOC and Sp1 (Figure 6l). Taken together, these data indicated
that XLOC promoted PIK3R2 expression by recruiting transcription

— + —

3.7 | XLOC as a candidate therapeutic target

In the intracranial xenograft model, the results demonstrated that
the tumor growth rate of mice in the U87 V-XLOC group was sig-
nificantly increased with shorter survival time compared with the
U87 V-NC group, while U87TR sh-XLOC-treated mice demon-
strated significantly decreased tumor growth rate (Figure 7A) and
longer survival time (Figure 7B) when compared with the U87TR sh-
NC group with 5ug/g TMZ treatment. Moreover, the tumor volume
and weights were significantly increased in the V-XLOC group com-
pared with the V-NC group (Figure 7C-E). However, significantly de-
creased tumor volume and weights were observed in the sh-XLOC
group when compared with the sh-NC group (Figure 7C-E).
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IncRNA XLOC013218 (XLOC) promotes cell proliferation and inhibits cell apoptosis by activating the PIK3R2-mediated PIK3/

AKT signaling pathway. A, KEGG analysis of differentially expressed genes. B, Western blot analysis of PI3K/AKT signaling pathway-related
genes. C, Western blot analysis of cell cycle and apoptosis-associated related genes. D, E, Western blot analysis of PI3K/AKT signaling
pathway-related genes in V-NC or V-XLOC cells after transfection with sh-PIK3R2 or sh-NC. F, Expression of p110f in U87 and U251 cells
cotransfected with V-XLOC and sh-PIK3R2 or their control (scale bar, 100 pm)

FIGURE 6

IncRNA XLOC013218 (XLOC) recruits the transcription factor, Sp1, to increase expression of PIK3R2. A, Eluted proteins

were resolved by using SDS/PAGE and silver staining. Red box indicates different bound proteins. B, Protein bands identified by mass
spectrometry as Spl. C, Western blot analysis was performed to verify enrichment of Sp1 by XLOC in glioma cells. D, RIP-gPCR assay was
used to verify that Sp1 binds with XLOC. E, Western blot analysis of PIK3R2 and Sp1 expression. F, ChlIP assay to determine the binding
ability of Sp1 at binding sites (BS) 1-5 of PIK3R2 promoter region. G, ChlP assay for enrichment analysis of Sp1 after upregulating XLOC
expression. H, Dual-luciferase assay in U251 cells transfected with luciferase construct alone or cotransfected with V-Sp1, sh-Sp1, and V-
XLOC. |, Representative images of immunofluorescence staining showing the colocalization of XLOC, Sp1, and PIK3R2 in glioma cells after
transfection with V-XLOC, sh-XLOC, or their control. Data are presented as the mean + SD of three independent experiments. *p < 0.05
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Immunohistochemistry analysis revealed that PIK3R2 and
Ki67 expression was weakly detected, whereas increased C-Cas3
expression was observed in XLOC-overexpressed tumor tis-
sues. Consistently, sh-XLOC significantly decreased PIK3R2 and

u2s1 U251TR

Ki67 expression, but increased C-Cas3 levels when compared
with the sh-NC group (Figure 7F). These findings indicate that
the XLOC/Sp1/PIK3R2 axis regulates TMZ sensitivity of GBM

in vivo.
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IncRNA XLOC013218 (XLOC)/Sp1/PIK3R2 regulates temozolomide (TMZ) sensitivity of glioblastoma multiforme (GBM) in

vivo. A, Representative bioluminescent images of mice bearing intracranial xenografts at 5 weeks with 5 ug/g TMZ treatment (n = 6). B,
Overall survival time of the mice (n = 6, log-rank test). C, D, Photographs of tumors and growth curve of U87 V-XLOC, U87TR sh-XLOC, and
their control-treated subcutaneous xenografts tumor after TMZ treatment. E, Weight of tumor xenografts. F, Inmunohistochemical stains
for PIK3R2, Ki67, and C-Cas3 expression in xenograft tumors (scale bar, 100 um) (n = 6). Data are presented as the mean + SD of three

independent experiments. *p < 0.05

4 | DISCUSSION
Glioma is the most common and devastating primary malignant brain
tumor in adults.?°

Maximal surgical resection followed by radiotherapy and con-
comitant TMZ chemotherapy is currently the standard treatment for
malignant glioma patients, which has significantly increased the me-
dian overall survival rate of GBM patients.?"?? However, when GBM
patients develop resistance to TMZ therapy, they eventually have
recurrent tumors or poor prognosis.23 Therefore, elucidating the un-
derlying molecular mechanisms of TMZ resistance is paramount in
developing effective treatment regimens against GBM.

Recently, the roles of IncRNAs in cancers have been widely
explored, and numerous studies have shown that IncRNAs partici-
pate in several cancer-associated processes, including chemoresis-
tance.”?*25 Moreover, abnormal expression of IncRNAs has been
shown to be involved in tumorigenesis?® and the malignant process
of glioma.27 However, IncRNA-mediated TMZ resistance in GBM has
rarely been reported. Herein, we identified XLOC as being distinctly
upregulated in TR cells and recurrent GBM tissues. The expression
of XLOC was observed to be positively related to the WHO grade

of glioma, and GBM patients with high XLOC expression are more
likely to have poor prognosis. Gain-of-function and loss-of-function
experiments demonstrated that XLOC promotes TMZ resistance by
facilitating cell proliferation and by inhibiting cell apoptosis in vitro
and in vivo. These data indicate that XLOC can be a key node of
therapeutic intervention as part of GBM treatment.

Using mRNA profiles (GSE100736) from the Gene Expression
Omnibus (GEO) database, KEGG analyses of the differentially ex-
pressed genes between U251 TR cells and U251 cells indicated that
the PI3K/AKT signaling pathway may be associated with TMZ re-
sistance in GBM. RNA-seq analyses also showed that PIK3R2 was
the most upregulated gene in the U251 V-XLOC-treated group
compared with the V-NC group. Moreover, KEGG analysis of XLOC-
mediated DEGs indicated that ABC transporters and the PISK/AKT
signaling pathway were involved in XLOC-mediated regulation of
TMZ resistance with relatively high enrichment in U251 cells.

PIK3R2 encodes a ubiquitous regulatory subunit (p85p) of PI3K,
and increased expression of p85p correlates with PI3K/AKT path-
way activation in numerous cancers, including glioma. Previous
studies have indicated that PIK3R2 played critical roles in cancer
progression and chemoresistance.?®2? For instance, p85p (PIK3R2)
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IncRNA XLOC013218 (XLOC) confers temozolomide (TMZ) resistance of glioma by promoting cell proliferation and inhibiting

cell apoptosis via activation of the PIK3R2-mediated PI3K/AKT signaling pathway in an Sp1l-dependent manner

could activate p110 activity and AKT-independent PDK1/SGK3 sig-
naling to promote tumorigenic phenotypes in ovarian cancer.?® In
breast cancer, miR-126 reduced resistance to trastuzumab by in-
hibiting the PIK3R2/PI3K/AKT/mTOR signaling pathway.?? In cur-
rent studies, knockdown of XLOC decreased PIK3R2 expression,
whereas overexpression of XLOC upregulated PIK3R2 expression
in both mRNA and protein levels, which is consistent with IF stain-
ing results. Besides, the level of p110f, phospho-Akt, phosphor-
mTOR, and phosphor-GSK3p proteins was modulated by XLOC.
Furthermore, functional studies showed that knockdown of PIK3R2
could partially rescue the promoted cell survival effects induced
by overexpression of XLOC with decreased PI3SK/AKT signaling
pathway activation. These findings indicate that XLOC regulated
expression of PIK3R2 and then subsequently regulated the PI3K/
AKT pathway to affect the biological behaviors and TMZ sensitivity
of GBM cells.

The molecular mechanisms by which IncRNAs exert their bio-
logical function in nucleus and cytoplasm are different.3%%! Nuclear
IncRNAs regulate transcription greatly by recruiting specific tran-
scriptional regulators onto specific chromosomal loci.®2 In our re-
search, accumulating nuclear localization of XLOC in TR cells was
associated with upregulated expression of PIK3R2. Hence, RNA pull-
down and MS analyses were performed, and the results indicated
that XLOC could interact with Sp1, which was further confirmed by
RIP analysis. Sp1 is a transcription factor that is primarily localized in
the nucleus and has been shown to be involved in multiple cellular

functions, such as modification of target gene tanscription.33'34 Yang
et al.revealed that Sp1 expression was increased in TR GBM cells, and
Sp1 knockdown promoted TMZ-induced cell death.®> In the present
study, shRNA-mediated knockdown of Sp1 significantly attenuated
PIK3R2 expression. ChIP and dual-luciferase assay revealed that Sp1
could bind to PIK3R2 promoter, and that XLOC interacted with Sp1
to promote the binding efficacy of Sp1 to the promoter of PIK3R2.
Moreover, tumor xenograft analysis showed that XLOC could reg-
ulate TMZ sensitivity in vivo. Taken together, our study reveals the
XLOC/Sp1/PIK3R2 axis as an important pathway for acquired TMZ
resistance in GBM via maintenance of tumor cell proliferation and
apoptosis (Figure 8). Hence, targeting this axis may be a promising

therapeutic approach for GBM.
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