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The epigenetics and genomics of glioblastoma (GBM) are
complicated. Previous reports indicate that ELFN2 is widely
distributed in the cerebral cortex neurons, striatum, and hip-
pocampus cone and in granular cells. However, the function
and mechanism of ELFN2, particularly in GBM, have rarely
been explored. In this study, we identified ELFN2 as a new hy-
pomethylation gene that acts as an oncogene in GBM. ELFN2
promoted cell autophagy by interacting with AurkA and
elF2a and inhibiting the activation of AurkA. We also demon-
strated that aberrantly high ELFN2 expression is obtained due
to hypomethylation of its promoter and abnormal miR-101
and LINCO00470 expression in GBM. LINC00470 not only
enhanced the expression of ELFN2 through adsorption of
miR-101 but also affected the methylation level of ELFN2 by
decreasing H3K27me3 occupancy. In addition, LINC00470
played a dominant role in the regulation of GBM cell auto-
phagy, even though it upregulated ELFN2 expression. The re-
sults indicate that the combination of LINC00470 and ELFN2
has important significance for evaluating the prognosis of as-
trocytoma patients.

INTRODUCTION

Glioblastoma (GBM) is the most malignant brain tumor in adults.
Although several studies have increased the understanding of GBM
biology, the available of surgical, radiological, chemotherapeutic
and adjunctive immunotherapy technologies have greatly improved,
the outcomes of GBM patients remain unsatisfactory.' Therefore,
continuing efforts are needed to obtain a comprehensive heteroge-
neous map of GBM that includes noncoding transcripts and genetic
and epigenetic events.

Noncoding RNAs, particularly microRNAs (miRNAs) and long non-
coding RNAs (IncRNAs), have been implicated in multiple biological
processes in normal and various diseases, including cancer.”” Some of
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the most commonly overexpressed miRNAs in GBM are miR-21,
miR-9, and miR-25,"" and the most commonly decreased miRNAs
in GBM include miR-7, miR-34a, and miR-181a.”® A IncRNA micro-
array analysis indicated that 654 IncRNAs were increased and 654
IncRNAs were decreased in GBM, and CRNDE was identified as
the most upregulated IncRNA in GBM.'? Our research has confirmed
that the CASC2c IncRNA promotes the proliferation of GBM cells."’
Although the field of circular RNA (circRNA) is in its infancy, a
recent deep RNA sequencing study of 10 GBM samples and their
paired adjacent normal tissues demonstrated the abnormal expres-
sion of various circRNAs in GBM, resulting in the identification of
31,000 circRNA candidates.'?

In our previous studies, we first screened and validated nine new
hypermethylation genes (LRRC4, SIX3, ANKDDI1A, SST, GADI,
PHOX2B, HIST1H3E, PCDHA13, and PCDHAS8) and six new hypo-
methylation genes (F10, POTEH, CPEB1, LMO3, PRDM16, ELFN2)
in GBM via high-throughput methylation DNA immunoprecipita-
tion (MeDIP) and CpG island-based promoter chromatin immu-
noprecipitation (ChIP) assays.'>'*
suppressor miR-101 is expressed at a low level in GBM and targets the
hypomethylation genes CPEB1, PRDM16, and LMO3 directly or
epigenetically to promote GBM cell senescence'” and apoptosis.'*'”
miR-101 also epigenetically restores the expression of the hyperme-
thylation gene LRRC4 to inhibit the interaction between GBM cells
and Treg cells.'®

We have confirmed that the tumor
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Figure 1. ELFN2 Is Overexpressed due to Promoter Hypomethylation and Is Correlated with a Poor Outcome in Astrocytoma

(A) Schematic diagram of the CpG dinucleotides within the ELFN2 promoter. The nucleotide number is relative to the transcription start site of ELFN2. The red line indicates
the region that was tested with BSP, and the blue line indicates the region that was detected with MSP. (B) BSP of the upstream regulatory region of ELFN2 was performed for
the representative tissues (N, normal brain tissue; T, GBM sample). (C) The methylation status of ELFN2 in the GBM samples (n = 50) and normal brain tissues (n = 10) was
detected using BSP. The data are presented as the means + SEM of three independent experiments. *p < 0.05. (D) gRT-PCR was used to detect the expression of ELFN2 in
GBM cells and primary GBM cells. The data are presented as the means + SEM of three independent experiments. (E) Western blotting was used to detect the expression of
ELFN2 in GBM cells and primary GBM cells. (F) The methylation status of ELFN2 in GBM cell lines was detected by MSP. U, unmethylated primer; M, methylated primer.
(G) Kaplan-Meier curve analysis of 50 astrocytoma patients stratified by ELFN2 methylation. Astrocytoma patients with ELFN2 methylation have a better overall survival.
(H) Kaplan-Meier curve analysis of 50 astrocytoma patients stratified by ELFN2 expression. Astrocytoma patients with low ELFN2 expression have a better overall survival.

ELFN2 (extracellular leucine-rich repeat and fibronectin type III
domain-containing 2), is a new hypomethylation gene. This gene,
which is also known as protein phosphatase 1 regulatory subunit 29
and as LRRC62, belongs to the leucine-rich repeat family and con-
tains four LRR domains and an FN3 domain."” Previous studies indi-
cate that ELFN2 is widely distributed in the cerebral cortex neurons,
striatum, and hippocampus cone and in granular cells, and expression
of this gene is particularly observed in the connections between neu-
rons in the thalamus and cerebral cortex. It has been reported that
ELFN2 inhibits the formation of the protein phosphatase complex
and inhibits the activity of protein phosphatase 1 by acting as a regu-
lator of protein phosphatase 1. However, thus far, the function and
mechanism of ELEN2 have rarely been explored, especially in GBM.

In the current study, we observed a high expression of ELFN2 in GBM
and found that the LINC00470 IncRNA coordinates the epigenetic
regulation of ELFN2 to contribute to its high expression in GBMs.
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In addition, ELFN2, as a putative oncogene, interacts with AurkA
and eukaryotic translation initiation factor 2 subunit alpha (eIF2a)
and regulates the kinase activity of AurkA to promote cell autophagy.
We also further demonstrated the effects of both LINC00470 and
ELFN2 on cell autophagy and identified the important significance
of these effects on the prognosis of astrocytoma patients.

RESULTS

Promoter Hypomethylation Contributed to High ELFN2
Expression and Led to Poor Prognosis in Astrocytoma Patients
ELFN2, located at 22q13,”' was a new DNA hypomethylation gene
that was identified in GBM in our previous work.'* In this study,
bisulfite sequencing PCR (BSP) and methylation-specific PCR
(MSP) methods were designed to further validate the hypomethyla-
tion of ELEN2 in astrocytoma tissues (Figure 1A). BSP showed that
the methylation frequency in the CpG dinucleotides of the ELFN2

promoter was 77.3% * 6.6% in 10 normal brain samples and
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Table 1. Correlation between ELFN2 Methylation Status, Protein
Expression, and Clinical Parameters of Glioma Patients

Table 2. Correlation between ELFN2 Expression and Clinical Parameters of
Glioma Patients

ELFN2 ELFN2
Variable Hypomethylation Methylation p Value Variable <8 >8 p Value
Total (n = 50) 41 9 - Total (n = 50) 18 32 -
Expression Sex
<8 (18) 12 6 Male (34) 11 23
0.034 0.925
>8(32) 29 3 Female (16) 7 9
Sex Age (years)”
Male (34) 28 6 <42 (27) 9 18
0.925 0.670
Female (16) 13 3 >42 9 14
Age (years)” Grade
<42 (27) 18 9 Low grade (I + II) (26) 10 16
0.525 0.706
>42 (23) 23 0 High grade (III + IV) (24) 8 16
Grade ELFN?2, extracellular leucine-rich repeat and fibronectin type III domain-containing 2.
ans s .
Low grade (I + II) (20) 16 4 Median age is 42 years.
0.764
High grade (III + IV) (30) 25 5

ELFEN2, extracellular leucine-rich repeat and fibronectin type III domain-containing 2.
"Median age is 42 years.

decreased in astrocytoma samples (29.8% + 18.7%) (p < 0.05) (Fig-
ure 1B). ELFN2 was hypomethylated in 41 (82%) of 50 astrocytoma
samples (Table 1; Figure 1C), and this hypomethylation was not
significantly correlated with sex, age, or histological grade (Table 1).
In addition, a significant correlation was found between ELFN2 pro-
moter hypomethylation and increased ELFN2 expression in astrocy-
toma (Table 1). ELFN2 was high expression in 32 (64%) of 50 astro-
cytoma samples compared with that in normal brain tissues and was
not correlated with sex, age, or histological grade (Table 2).

To further confirm the relationship between ELFN2 expression and
its hypomethylation, we performed qRT-PCR and western blotting
assays to test the expression of ELFN2 (Figures 1D and 1E) and an
MSP assay to verify the hypomethylation status of the ELFN2
promoter (Figure 1F). The results showed that ELFN2 promoter
hypomethylation was closely related to its high protein expression
(Figure S1). The correlations among ELFN2 protein expression,
methylation status, and overall survival (OS) were statistically signif-
icant (Figures 1G and 1H).

LINC00470 Functions as a Sponge for miR-101 to Facilitate
ELFN2 Expression

miR-101 has been verified as a suppressive miRNA in multiple can-
cers, including astrocytoma.'” We performed a luciferase reporter
assay and identified and validated ELFN2 as a new direct target of
miR-101 (Figure 2A). In addition, the results showed that miR-101
decreased ELFN2 expression in GBM cell lines and primary-cultured
GBM cells (Figures 2B and 2C). A bioinformatics analysis using
TargetScan and miRanda revealed that miRNA response elements
(MREs) of miR-101 were shared by the LINC00470 IncRNA and

the 3’ UTR of ELFN2. Therefore, we wondered whether
LINC00470 also modulated the expression ELEN2. Our results indi-
cated that LINC00470 and miR-101 inhibited each other (Figures 2D
and 2E) and that LINC00470 increased the ELFN2 levels in GBM cells
(Figure 2F). The ectopic expression of miR-101 abrogated the in-
crease in ELFN2 expression induced by LINC00470 (Figures 2G
and 2H).

LINC00470 Blocked the Maturation of miR-101 in GBM Cells

Our results revealed that LINC00470 negatively regulated miR-101
expression in GBM cells (Figures 2D and 2E). We further investigated
the relationship between LINC00470 and miR-101 and found that
miR-101 had putative binding sites for LINC00470 (Figure 3A).
Subsequently, we constructed LINC00470 luciferase reporters that
contained miR-101 recognition sequences (RLuc-LINC00470-wt)
and mutant derivatives lacking the miR-101 recognition sequences
(RLuc-LINC00470-mutl and -mut2). The miR-101 mimics reduced
the luciferase activities of the RLuc-LINC00470-wt reporter but did
not affect the luciferase activities of the RLuc-LINC00470-mut2 re-
porter, indicating that LINC00470 bound to miR-101 through the
second binding site (Figure 3B). The miRNAs are known to bind their
targets in RNA-induced silencing complex (RISC) components
mainly in an AGO2-dependent manner. Therefore, we performed a
RIP assay using antibodies against Ago2. Endogenous LINC00470
was specifically enriched in miR-101-transfected U251 cells by
AGO2 pull-down (Figure 3C), suggesting that LINC00470 may be a
target gene of miR-101.

We subsequently investigated why LINC00470 negatively regulated
the expression of miR-101. First, we further validated the interaction
between LINC00470 and miR-101 through an RNA pull-down assay.
The RNA pulled down with miR-101 was associated with LINC00470
and through a qRT-PCR analysis, we demonstrated that LINC00470
in U251 cells was more significantly associated with miR-101
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Figure 2. LINC00470 Functions as a Sponge for miR-101 to Facilitate ELFN2 Expression

(A Luciferase reporter assays were performed to detect the relationship between miR-101 and ELFN2. The data shown are the means + SEM of six replicates and are
representative of three independent experiments. *p < 0.05. (B) gRT-PCR was performed to detect the expression of ELFN2 in GBM cells after transfection with miR-101
mimics. The data are presented as the means + SEM of three independent experiments. *p < 0.05. (C) Western blotting was performed to detect the expression of ELFN2 in
GBM cells after transfection with miR-101 mimics. (D) gRT-PCR was performed to detect the expression of miR-101 in GBM cells after transfection with pcDNA3.1-
LINC00470. The data are presented as the means + SEM of three independent experiments. *p < 0.05. (E) gRT-PCR was performed to detect the expression of LINC00470

(legend continued on next page)
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compared with immunoglobulin G (IgG) (Figure 3D). We synthe-
sized biotin-labeled mature miR-101 and pre-miR-101 probes and
found that biotin-labeled mature-miR-101 and pre-miR-101 in
U251 cells was more significantly associated with LINC00470 (Fig-
ure S2). In situ hybridization assays and qRT-PCR indicated that
LINC00470 was localized in the cytoplasm (Figures 3E and S3).
miR-101 was enriched in the cytoplasm in GBM cells, consistent
with the localization of pre-miR-101, as shown through qRT-PCR
(Figure S3). Considering the miRNA biogenesis process, we found
that the overexpression of LINC00470 in GBM cells promoted the
expression of pre-miR-101 but did not alter the expression of pri-
miR-101 (Figure 3F). We also found that the overexpression of
LINCO00470 inhibited Dicer expression (Figure 3G) and further
decreased the Dicer-induced expression of mature miR-101 (Fig-
ure 3G). These data demonstrated that LINC00470 blocked the
miR-101 maturation process, resulting in reduced levels of mature
miR-101.

Knockdown of LINC00470 Reversed the Expression of ELFN2 in
GBM Cells through an Epigenetic Regulation Mechanism

To investigate whether LINC00470 epigenetically regulates ELFN2,
BSP assays were performed, and the results indicated that
LINCO00470 reversed the methylation level of the ELEN2 promoter
(Figure 4A). EZH2 and EED, as the core subunits of PRC2, have
been shown to correlate with H3K27, H3K4, H3K9, and H4K20. In
addition, EZH2 and EED are the direct targets of miR-101."""'” We
confirmed that the knockdown of LINC00470 decreased the expres-
sion of EZH2 and EED (Figure 4B), and the knockdown of both
EZH2 and EED promoted the expression of ELFN2 in GBM cells
(Figures 4C and 4D). We have performed a “rescue” experiment
and found that LINC00470 regulated EZH2 and EED expression
via miR-101 (Figure S4). Serial ELFN2 promoter mutants were con-
structed, and the luciferase reporter assay demonstrated that the
core promoter of ELFN2 ranged from 1,037 to 737 (Figure 4E). Sub-
sequently, after the transfection of GBM cells with si-LINC00470, we
observed the presence of H3K4me2, H3K27me3, H3K9me3, and
H4k20me3 at the core ELFN2 promoter locus. H3K4me2 and
H3K27me3 occupancy at the ELFN2 core promoter was decreased
in GBM cells transfected with si-LINC00470 compared with the con-
trol cells (Figure 4F). Consistently, we observed that H3K27me3 oc-
cupancy in the ELFN2 promoter was downregulated in GBM cells
in which the expression of EZH2 was knocked down (Figure 4G),
whereas the knockdown of EED did not affect the occupancy of
H3K4me2, H3K4me2, H3K27me3, H3K9me3, and H4k20me3 in
GBM cells (Figure 4H). The above results indicated that the knock-
down of LINC00470 reversed the methylation status of ELFN2 by
downregulating H3K27me3 occupancy at the core promoter of
ELFN2.

ELFN2 Is a Putative Oncogene, and LINC00470 Inhibits ELFN2-
Induced GBM Cell Autophagy

To further understand the biological function of ELFN2 in GBM cells,
we performed EdU and CCK8 assays. The knockdown of ELFN2 in-
hibited the proliferation of GBM cells (Figures 5A, 5B, and S5), and
the overexpression of ELFN2 promoted GBM cell proliferation (Fig-
ures 5A, 5B, S5). H&E staining revealed that the knockdown of
ELFN2 inhibited the growth of intracranial transplanted tumors
and that the knockdown of ELFN2 decreased the expression of
Ki-67 and ELFN2 in an intracranial orthotopic transplanted model
(Figures 5C and S5). We subsequently investigated why ELFN2 pro-
motes GBM cell proliferation and found that ELFN2 promoted the
expression of the autophagy biomarkers Beclin-1, ATG7, ATG3,
and LC3 II in GBM cells (Figure 5D). Transmission electron micro-
scopy further verified that ELFN2 promoted autophagosome accu-
mulation in the cytoplasm (Figure 5E). We further validated the
autophagy flux through an image-based colocalization analysis of
RFP-GFP-LC3. GFP fluorescence is quenched by the acidic pH within
a lysosome, allowing differentiation between autophagosomes (Fig-
ure 5E, yellow) and autolysosomes (Figure 5E, red). The overexpres-
sion of ELFN2 resulted in an accumulation of yellow puncta, indi-
cating autophagosome accumulation. Interestingly, we also noted
that the ratio of red puncta increased after treatment with ELFN2
(Figure 5F). We used 3-MA, an autophagy inhibitor, as a positive con-
trol, and this control showed a low number of red puncta (Figure 5F).
To validate the function of ELFN2 in promoting autophagy, we moni-
tored the autophagy flux through the same assay using cells in which
ELFN2 was knocked down. In these cells, we observed decreases in
the numbers of yellow and red puncta. Rapamycin, an autophagy
inductor, reversed the inhibition of cell autophagy inhibited by the
knockdown of ELEN2. These results indicated that ELFN2 promoted
GBM cell autophagy, and we also detected the expression of auto-
phagy markers after transfection of a miR-101 inhibitor, which
indicated that miR-101 inhibits GBM cell autophagy (Figure S6).

We have demonstrated that LINC00470 is a putative onco-RNA that
inhibits GBM cell autophagy.”” In the present study, transmission
electron microscopy further verified that the knockdown of
LINC00470 promoted GBM cell autophagosome accumulation in
the cytoplasm (Figure 5G), and the knockdown of LINCO00470
increased the LC3 II/LC3 I ratio and the expression of Beclin-1,
ATG3, and ATG7 (Figure 5H).

LINCO00470 and ELFN2 were identified as oncogenes, and LINC00470
promoted the expression of ELFN2. However, LINC00470 and ELFN2
exerted opposite effects on autophagy. We further co-transfected
LINC00470 and ELFN2 and found that the autophagy of GBM cells
was restrained by the overexpression of LINC00470 and ELEN2. In

in GBM cells after transfection with miR-101. The data are presented as the means + SEM of three independent experiments. *p < 0.05; **p < 0.01. (F) Western blotting was
performed to detect the expression of ELFN2 in GBM cells after transfection with pcDNA3.1-LINC00470. (G) gRT-PCR was performed to detect the expression of ELFN2 in
GBM cells after transfection with miR-101 and LINC00470. The data are presented as the means + SEM of three independent experiments. *p < 0.05. (H) Western blotting
was performed to detect the expression of ELFN2 in GBM cells after transfection with miR-101 and LINC00470.
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Figure 3. LINC00470 Blocks the Maturation of miR-101 in GBM Cells
(A) The alignment of potential LINCO0470 base pairing with miR-101 was identified using DIANA LAB (http://carolina.imis.athena-innovation.gr/diana_tools/web/index.
php?). Green, binding sites; red, mutation sites. (B) Relative fluorescence activity in U251 cells co-transfected with RLuc-LINC00470-wt/mutant and miR-101 or the
negative control. The data are presented as the means + SEM of three independent experiments. **p < 0.01. (C) Association of LINC00470 and miR-101 with Ago2 in U251
cells. The LINC00470 and miR-101 expression levels were detected by gRT-PCR. The data are presented as the means + SEM of three independent experiments. ***p <
0.001. (D) The interaction of LINC00470 and miR-101 in U251 cells was detected through RIP assays. The data are presented as the means + SEM of three independent
experiments. **p < 0.01. (E) RNA fluorescence in situ hybridization showing the localization of LINCO0470. The nucleus was counterstained with DAPI. Scale bar, 29 um.
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addition, the knockdown of both LINC00470 and ELFN2 increased
cell autophagy (Figures 5I and 5]), and the overexpression of ELFN2
did not affect LINC00470 expression (Figures 5K).

ELFN2 Binds to AurkA and elF2« and Upregulates elF2a by
Regulating the Kinase Activity of AurkA

To understand the mechanism of ELFN2 on cell autophagy, an inter-
action between AurkA and ELFN2 was predicted using Scansite 3.0
software. We confirmed that ELFN2 and AurkA were co-located in
the cytoplasm of HEK293 cells (Figures 6A and S7). Co-immunopre-
cipitation (coIP) assays confirmed that ELFN2 interacted with AurkA
in HEK293 and U251 cells (Figure 6B; Figure S8). ELFN2 interacted
with the reg2 domain of AurkA, which is a kinase domain (Figure 6C,
right; Figure S8), but not with the regl domain of AurkA, which is a
nonkinase domain (Figure 6C, left; and Figure S8).

elF2a is central to the onset of protein synthesis and its modulation in
response to a physiological stimulus. Specifically, eIF2a is necessary
for the induction of autophagy in response to amino acid deprivation.
Scansite software predicted that ELFN2 can interact with e[F2a. Our
confocal laser imaging results demonstrated that ELFN2 and elF2o
co-localized in the cytoplasm of HEK293 cells (Figure 6D), and a
colP assay verified their interaction (Figure 6E). We also confirmed
that AurkA interacts with elF2a in HEK293 cells by confocal laser
imaging and coIP (Figures 6F and 6G). A GST pull-down assay
confirmed that ELFN2 bound to the reg2 domain of AurkA (Fig-
ure 6H) and that eIF2o bound to the reg2 and regl domains of AurkA
(Figure 6I). coIP indicated that we had been unable to confirm the
binding between ELFN2 and eIF2a, but when we knocked down
AurkA in U251 cells, we found that the combination of ELFN2 and
elF2a. was enhanced; these results suggested that AurkA may be
used as a blocker to obstruct the binding of ELFN2 and elF2a
(Figure S9).

Further studies indicated that the knockdown of ELFN2 decreased
elF2a (Figure 6]), increased p-AurkA, and decreased AurkA expres-
sion in GBM cells (Figure 6K). These results indicated that ELFN2
inhibited the kinase activity of AurkA. We further assessed whether
ELFN2 upregulated elF2a in an AurkA-dependent manner. Because
AurkA is a serine/threonine kinase, we reasoned that the activation
of AurkA might upregulate elF2a. induced by ELFN2 and found
that the ectopic expression of AurkA promoted elF2ac mRNA
expression by knockdown of ELFN2 (Figure 6l). These results sug-
gested that ELFN2 upregulated eIF2a through a decrease in the
inhibitory effect of ELFN2 on AurkA activity. We subsequently
monitored markers of autophagy after the knockdown of AurkA
or elF2o. and found that the knockdown of AurkA or elF2a did
not decrease the autophagy level of GBM cells (Figure 6M). These

results suggested that ELFN2 affected AurkA- and elF2a-induced
autophagy.

Association between LINC00470 and ELFN2 Expression in
Clinical Samples of Astrocytoma

By in situ hybridization (ISH) and immunohistochemistry (IHC), we
detected LINC00470 and ELFN2 expression, respectively, in 75
paraffin-embedded astrocytoma tissue samples and 18 normal brain
tissues (Figure 7A), indicating that the expression of LINC00470
was positively correlated with ELFN2 expression (Figure 7B). An anal-
ysis of the samples in the high-LINC00470-expression group showed
that 69% and 31% of the samples showed high and low ELFN2 expres-
sion, respectively, whereas 28% and 78% of the samples in the low-
LINCO00470-expression group showed high and low ELEN2 expres-
sion, respectively. Furthermore, through a Kaplan-Meier analysis,
we plotted the survival curve of 75 astrocytoma patients. As illustrated
in Figure 7C, GBM patients with low ELFN2 expression had a better
prognosis. Furthermore, we examined the prognostic value of
LINC00470 and ELFN2 on different subgroups of astrocytoma pa-
tients. Patients with low expression of LINC00470 and ELFN2 ex-
hibited longer survival than the other subgroups (Figure 7C).

DISCUSSION

Autophagy is a type of programmed cell death that decides the fate
of cells of malignant neoplasms.”’ Autophagy is an evolutionarily
conserved process in eukaryotes through which the cytoplasmic cargo
sequestered inside double-membrane vesicles is delivered to the
lysosome for degradation. This process is a crucial mechanism that
responds to either extra or intracellular stress.”> Autophagy can
perform as a tumor suppressor by activating pro-autophagic genes
and blocking antiautophagic genes in oncogenesis.”**> However,
autophagy can also play a pro-tumor role in carcinogenesis by regu-
lating a number of pathways involving Beclin-1, Bcl-2, phosphatidy-
linositol 3-kinase (PI3K), and p53.2("29 Consequently, both auto-
phagy inhibitors, such as chloroquine, and autophagy activators,
including proteasome and MTORCI inhibitors, are currently being
investigated in clinical trials.’>' Yang and Klionsky’> found that
autophagy not only promotes the proliferation of tumor cells but
also induces cell death. When analyzing relationships between auto-
phagy and cancer, a common challenge is to determine whether auto-
phagy protects cell survival or contributes to cell death. In this study,
we identified ELFN2 as a novel oncogene that promotes cell prolifer-
ation by inducing GBM cell autophagy.

Several lines of evidence suggest that the e[Fa/ATF4 pathway could
play a key role in autophagy regulation.” ELEN2 is an inhibitor of
protein phosphatase 1 (PP1), but the function of ELFN2 has not
been studied. We first demonstrated that elf2o, an autophagy

(F) The expression of pri-miR-101 and pre-miR-101-1 in U251 and PG-4 cells after transfection with pcDNA3.1-LINC00470 was measured by gRT-PCR. The data are
presented as the means + SEM of three independent experiments. **p < 0.01. (G) Left, the expression of miR-101 in si-Dicer-transfected U251 cells was analyzed by
gRT-PCR. The data are presented as the means + SEM of three independent experiments. *p < 0.05. Right, the expression of Dicer in pcDNA3.1-LINC00470-transfected

U251 cells was measured by western blotting.
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Figure 4. The Knockdown of LINC00470 Reverses the Expression of ELFN2 in GBM Cells through an Epigenetic Regulatory Mechanism

(A) The methylation level of ELFN2 was detected by BSP. (B) Western blotting was performed to detect the expression of EED and EZH2 in GBM cells after LINC00470

knockdown. (C) gRT-PCR was performed to detect the expression of ELFN2 in GBM cells after EZH2 knockdown. The data are presented as the means + SEM of three

independent experiments. *p < 0.05. (D) gRT-PCR was performed to detect the expression of ELFN2 in GBM cells after EED knockdown. The data are presented as the

means + SEM of three independent experiments. *p < 0.05. (E) The promoter activity of ELFN2 core promoter constructs was analyzed by luciferase reporter assays.
(legend continued on next page)
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activator, interacted with ELFN2, but ELFN2 did not directly bind to
elf2o. Furthermore, we confirmed that AurkA, an autophagy inhibi-
tor, was a mediator of the interaction between ELFN2 and elf2o.
AurkA bound to ELEN2 by its reg2 kinase domain and bound to
elf2a by its reg2 kinase domain and regl nonkinase domain. AurkA
is also a serine/threonine kinase that functions as a key regulator of
mitosis.”* Abnormal expression or activation of AurkA leads to the
development of cancer.”® AURKA inhibition (ALS) promotes cellular
apoptosis and autophagy in breast cancer cells through modulation of
the p38 mitogen-activated protein kinase (MAPK)/Akt/mammalian
target of rapamycin (mTOR) pathway.”® The regulatory relationship
between AurkA and elf2a has not been reported in the literature.
Our results first indicated that ELFN2 decreased the expression of
p-AurkA, increased the expression of elf2a, and promoted GBM
cell autophagy. The elF2a expression induced by ELFN2 was depen-
dent on the activation of AurkA.

Although several thousand IncRNAs have been annotated in the human
genome, only a limited number of IncRNAs have been functionally
characterized thus far.”® Previous studies of these well-characterized
IncRNAs have demonstrated that IncRNAs can function as guides for
protein-DNA interactions, scaffolds for protein-protein interactions,
decoys for proteins or miRNAs, or enhancers of their neighboring
genes.””*® Consistent with the diverse biochemical functions of
IncRNAs, IncRNAs have been shown to regulate various biological pro-
cesses, such as cell proliferation, differentiation, survival, and migration.
Their dysregulation impacts different human diseases, such as cancer
and metabolic diseases.””** LncRNAs located in the nucleus always
play a role at the level of pre-transcription or transcription, whereas
cytoplasmic IncRNAs often function as competing endogenous RNAs
and sponge miRNAs, thus regulating the expression of target mRNAs. "’
In this study, we first confirmed that ELFN2 is the direct target of miR-
101, whereas LINC00470 functions as a sponge of miR-101 to increase
ELFN2 expression in GBM cells. LINC00470 was mainly located in the
cytoplasm and exerted its regulatory role at the post-transcriptional
level. Regulatory interactions were found between LINC00470 and
miR-101. LINC00470 was found to be only one of the direct targets
of miR-101 but also directly inhibited the expression of miR-101.
ELFN2 did not alter the expression of LINC00470. In contrast, the pro-
moter hypomethylation modification of ELFN2 also contributed to the
high expression of this gene in GBM. More than half of the astrocytoma
samples showed increased ELFN2 expression, but 82% exhibited
notable hypomethylation of the promoter, indicating that ELFN2 is
subject to pre-transcriptional regulation. LINC00470, as an effective
sponge of miR-101, reversed ELFN2 hypomethylation by downregulat-
ing H3K27me3 occupancy at the core promoter of ELFN2, and this pro-
cess enriches the regulation of the expression of a gene by IncRNAs at
the epigenetic level. More interestingly, we first demonstrated that in

GBM cells in which LINC00470 and ELFN2 co-existed, LINC00470
increased the expression of ELFN2 and distracted the effect of ELFN2
on promoting cell autophagy. The co-existence of LINC00470 and
ELFN2 inhibited GBM cell autophagy because ELFN2 was mainly regu-
lated by LINC00470 in GBM cells. LINC00470 was observed to function
as a miR-101 sponge to release ELFN2 expression, but ELFN2 did not
affect LINC00470 expression. Therefore, LINC00470 was found to
play a leading role in the regulation of autophagy in the presence of
the oncogenes LINC00470 and ELFN2. The knockdown of AurkA or
elF2o did not decrease the GBM cell autophagy levels. The above-
mentioned results indicated that ELFN2 promotes autophagy through
AurkA and elf2o.

Finally, our findings have therapeutic implications. LncRNAs have
been reported to be potential biomarkers in human cancers. For
example, HOTAIR has been identified as a reliable biomarker of
poor prognosis in colorectal cancer and hepatocellular carcinoma.**
Several IncRNAs have been reported to be involved in the progression
of 0S.*> We found that patients with high LINC00470 levels tended to
also exhibit high ELFN2 levels. Low expression of ELFN2 has been
associated with a longer survival time in astrocytoma patients. Low
expression of LINC00470 and ELFN2 in astrocytoma patients is asso-
ciated with a better survival.

In conclusion, our research has demonstrated the following. First, we
confirmed that ELFN2 is a novel oncogene in GBM that inhibits the
activation of AurkA by directly binding to AurkA through its reg2 ki-
nase domain, inhibits the expression of elF2a, and promotes auto-
phagy in GBM cells. Second, demethylation of the ELFN2 promoter
region and high expression of LINC00470 may be one reason for
the high expression of ELFN2 observed in GBM cells. LINC00470
not only directly promotes the expression of ELFN2 through adsorp-
tion of miR-101 but also affects the methylation level of ELFN2
by regulating the hypomethylation modification of ELFN2. Third,
compared with the oncogene ELFN2, LINC00470 plays a domi-
nant role in the regulation of GBM cell autophagy. Therefore,
LINCO00470 has significant prognostic value in GBM and provides
clinical information: low expression of LINC00470 and ELFN2 is
associated with better prognosis for GBM patients.

MATERIALS AND METHODS

Antibodies and Reagents

The reagents, chemicals, and antibodies used in this study are as
follows: LC3 (Cell Signaling Technology, 12741), Beclin-1 (Cell
Signaling Technology, 3495), Atg5 (Cell Signaling Technology,
12994), Atgl2 (Cell Signaling Technology, 4180), Atg7 (Cell
Signaling Technology, 8558), Atg3 (Cell Signaling Technology,
3415), GFP (Proteintech, 50430-2-AP), ELEN2 (Sigma, HPA00781),

pGL3-control was used as the positive control, and pGL3-enhancer was used as the negative control. The core promoter region is considered to show higher relative
luciferase activity than the pGL3-enhancer. The data are presented as the means + SEM of three independent experiments. **p < 0.01. (F, G, and H) The histone occupancy
of the ELFN2 promoter was affected by si-EZH2 (F), si-LINC00470 (G), and si-EED (H). A ChIP assay was performed to detect the H3K4me?2, H3K27me3, H3KOme3, and
H4K20me3 occupancy of the ELFN2 core promoter. The data are presented as the means + SEM of three independent experiments. *p < 0.05.
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Figure 5. ELFN2 Is a Putative Oncogene and LINC00470 Inhibits ELFN2-Induced GBM Cell Autophagy

(A) An EdU assay was performed to assess the proliferation of GBM cells transfected with pcDNAS.1-ELFN2 or si-ELFN2. The data shown are the means + SEM of three
independent experiments; red scale bars, 200 um. (B) A CCK8 assay was performed to determine the viability of GBM cells transfected with si-ELFN2 or pcDNA3.1-ELFN2.
The data shown are the means + SEM of three independent experiments. *p < 0.05. (C) H&E staining of shLINC00470-induced tumors in the coronal section of rats.
(D) Western blotting was performed to detect the level of autophagy markers in GBM cells transfected with pcDNAS.1-ELFN2. (E) Electron microscopy was performed to
detect U251 cell autophagy after transfection with pcDNAS3.1-ELFN2. (F) Autophagy flux in ELFN2-induced U251 cells was assessed through an image-based colocalization
analysis of RFP-GFP-LC3. #, &, *p < 0.05. (G) Electron microscopy was performed to detect the autophagy of U251 cells transfected with si-LINC00470. (H) Western blotting

(legend continued on next page)
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phospho-AurkA (Cell Signaling Technology), AurkA (Cell Signaling
Technology, 14475), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Proteintech, 60004-1-Ig), FLAG (Sigma-Aldrich, F3165),
and rapamycin (MedChemExpress, HY-10219).

Astrocytoma Tissues and Cell Lines

We obtained astrocytoma samples and clinical data from Xiangya
Hospital, Central South University, and all patients provided
informed permission for the collection and use of these samples.
We successfully cultivated several primary GBM cells.'® U251 and
U87 cells were obtained from the Cell Center of Peking Union Med-
ical College (Beijing, China). The U251 cells were authenticated as
originating from the ATCC by short tandem repeat profiling, and
U87 cells were found to show 95% similarity with GBM cells from
the ATCC by short tandem repeat profiling and 97% similarity
with GBM cells from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ) by short tandem repeat profiling. U251,
U118, and primary cells were cultured in DMEM with 10% fetal
bovine serum (FBS), and U87 cells were cultured in modified Eagle’s
medium (MEM) with 10% FBS at 37°C under 5% CO, conditions.

Genomic DNA Isolation and Bisulfite DNA Treatment

Genomic DNA isolated from each cell line, primary astrocytoma cells,
astrocytoma tissues and normal brain tissues were processed as
described previously.'®

BSP and MSP
BSP and MSP studies were conducted as described previously.'”

miRNA and siRNA Transfection

miR-101  mimics  (5-UACAGUACUGUGAUAACUGAA-3'),
ELEN2 siRNA ([1] 5-GCACAUCAAUAGCACCGUGT-3, [2]
5'-GCAGUACAACAACAGCUACTT-3, and [3] 5-GCCACCA
AAGGCAACUAUATT-3'), AURKA siRNA ([1] 5-GCCAAAC
TTCGCCGATTCT-3' and [2] 5-ATCCTTGAGAACCACAA
GT-3'), elF2a.-siRNA ([1] 5-GGGUCUUUGAUGACAAGUATT-3'
and [2] 5-CCUCCUCGGUAUGUAAUGATT-3'), and their controls
were synthesized by GenePharma (Shanghai, China). Cell transfection
was performed using Lipofectamine 3000 (Invitrogen-Life Technolo-
gies, Carlsbad, CA, USA) per the manufacturer’s instructions.

Luciferase Reporter Assay

These procedures were conducted as previously described.'” U251
cells were co-transfected with the pGL3 plasmid containing the
ELFN2 promoter and pRL-TK (Promega), miR-101 mimics, and
RLuc-LINC00470-wt or mutant. Forty-eight hours after transfection,
the cells were collected and analyzed using the Dual-Luciferase Re-
porter Assay System (Promega).

Western Blotting

The cytosol and nuclear proteins in the cells were separated on SDS-
polyacrylamide gels, electrophoretically transferred to polyvinylidene
difluoride membranes (Merck Millipore, ISEQ00010) and detected
with antibodies. ChemicalDoc XRSp was used to quantify the inten-
sities of the protein fragments (Bio-Rad, Berkeley, CA, USA).

Confocal Microscopy and Immunofluorescence Staining

For analysis of the co-localization of ELFN2, AURKA, and elF2a, we
constructed GFP-ELFN2, GFP-AURKA, FLAG-AURKA, and FLAG-
elF2a plasmids. HEK293 cells were transfected with the GFP-tagged
ELFN2 plasmid and the FLAG-tagged AURKA, GFP-AURKA, or
FLAG-tagged elF2a plasmid. Forty-eight hours after transfection,
the cells were fixed with 4% paraformaldehyde, permeabilized with
0.25% Triton X-100 in PBS, incubated with anti-FLAG (Sigma-
Aldrich, F3165) antibodies for 12 hr at 4°C, and stained with Alexa
Fluor 488 antibodies (Thermo Fisher, A11029). The cells were subse-
quently incubated with DAPI (Beyotime Biotechnology, C1102), and
images were captured with a fluorescence microscope (Olympus).
The autophagic vacuoles were quantified by counting the numbers
of LC3 puncta.

Transmission Electron Microscopy

U251 cells were transfected as previously indicated for 48 hr and then
fixed with 1% w/v OsOy, in 0.12 M sodium cacodylate buffer for 24 hr.
The samples were dehydrated in a graded series of ethanol, trans-
ferred to propylene oxide, embedded in Epon according to standard
procedures, cut with a microtome, and collected on copper grids
with Formvar-supporting membranes. Sections were stained with
uranyl acetate and lead citrate. Imaging was performed using a
HITACHI-7500 transmission electron microscope.

Co-immunoprecipitation

For the detection of AURKA, ELFN2, and elF2a interactions, the cells
were prepared and lysed with GLB™ buffer (10 mM Tris-HCl [pH 7.5],
300 mM NaCl, 10 mM EDTA, and 0.5% Triton X-100) containing a
protease inhibitor cocktail (Selleck, B14001). The cell lysates were
incubated with antibodies for 12 hr at 4°C and then with Protein G
beads (Thermo Fisher, 20399) for 4 hr at 4°C. After the beads were
washed and 50 pL of GLB" buffer was boiled, the lysates were sub-
jected to western blotting.

qRT-PCR, Immunohistochemical Staining, and ChIP Assay
These procedures were conducted as previously described.'"'” The
details of the primers are as follows:

BSP:ELFN2, F, 5-AAGTTTGTTTTTAGTTGTTGAATG-3'; R,
5'-AACAACTCCTCACCCAAATC-3/

was performed to detect the level of autophagy markers in GBM cells after knockdown of LINC00470. () Western blotting was performed to detect the level of autophagy
markers in GBM cells transfected with si-ELFN2 and si-LINC00470. (J) Western blotting was performed to detect the level of autophagy markers in GBM cells transfected
with pcDNAS3.1-ELFN2 and pcDNA3.1-LINC00470. (K) gRT-PCR was performed to detect the expression of LINC00470 in GBM cells overexpressing ELFN2. The data are

presented as the means + SEM of three independent experiments. **p < 0.01.
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Figure 6. ELFN2 Binds to AurkA and elF2« and Upregulates elF2a by Regulating the Kinase Activity of AurkA

(A) Representative confocal and immunofluorescence images showing the co-localization of ELFN2 (red) and AurkA (green) in HEK293 cells. (B) colP analysis
showing the interaction between ELFN2 and AurkA in HEK293 and U251 cells. (C) colP analysis showing the interaction between ELFN2 and AurkA domains in
HEK?293 cells. (D) Representative confocal and immunofluorescence images showing the co-localization of ELFN2 (red) and elF2a. (green) in HEK293 cells. (E) colP
analysis showing the interaction between ELFN2 and elF2a in HEK293 cells. (F) Representative confocal and immunofluorescence images showing the co-locali-
zation of AurkA (red) and elF2a (green) in HEK293 cells. (G) colP analysis showing the interaction between AurkA and elF2a in HEK293 cells. (H) GST pull-down
assays showed that the reg2 domain of AurkA pulled down ELFN2. (I) GST pull-down assays showed that the reg1 and reg2 domains of AurkA pulled down elF2a.
(J) gRT-PCR was performed to detect the expression of elF2a in GBM cells after the ELFN2 knockdown. The data are presented as the means + SEM of three
independent experiments. *p < 0.05. (K) Western blotting was performed to detect the levels of AurkA and p-AurkA in GBM cells transfected with si-ELFN2. (L) gRT-
PCR was performed to detect the expression of elF2q in GBM cells after ELFN2 knockdown and AurkA overexpression. The data are presented as the means + SEM
of three independent experiments. **p < 0.01. (M) Western blotting was performed to detect the level of autophagy markers in ELFN2-overexpessing GBM cells after
AurkA or elF2qa knockdown.
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ELFN2-M, F, 5'-GAAAGGTTTGCGGAGGGTATC-3; R, 5'-GC
CCGAAAAAAACCAAACGA-3

ELFN2-UM, F, 5-GGAAAGGTTTGTGGAGGGTATTG-3'; R,
5'-AAAAACACCCAAAAAAAACCAAACA-3

ELFN2, F, 5-CGCAGCACATCAATAGCACC-3'; R, 5'-AGAG
GTCGCACTCACAGTTG-3'

EIF20, F, 5-CACCTGGACCCCAACCATAC-3’; R, 5-GCTT
CCTGCTTTGCAGCTTT-3

LINC00470, F, 5'-CGTAAGGTGACGAGGAGCTG-3; R, 5'-GG
GGAATGGCTTTTGGGTCA-3'.

CCKS8 Assay and EdU Incorporation Assay
These procedures were described in detail previously."'

RNA Pull-Down Assays

LINC00470 Pull-Down miR-101

Biotin-labeled RNA was transcribed in vitro with the Biotin RNA La-
beling Mix (Roche) and T7 RNA polymerase (Ambion). Biotin-labeled
full-length LINC00470 RNA or the antisense LINC00470 were heated
to 60°C for 10 min, cooled to 4°C, and then incubated with streptavidin
beads at 37°C for 3 hr. The RNA was mixed with cellular protein ex-
tracts from U251 cells (10-cm dish) overnight at 4°C on a rotator.

miR-101 Pull-Down LINC00470

Control miR (5-UUGUCAUGUGUGAUAACUGAA-3'-biotin)
or 3’ biotin-labeled miR-101 (5-UACAGUACUGUGAUAACUG
AA-3'-biotin) was transfected at 80 nM. Forty-eight hours after trans-
fection, whole-cell lysates were harvested, and for each sample, strep-
tavidin-Dynabeads were coated with 5 pL of yeast tRNA and incu-
bated with rotation at 4°C for 4 hr. The beads were then washed
with 500 pL of lysis buffer and resuspended in 50 pL of lysis buffer.
The sample lysates were mixed with pre-coated beads (50 pL per sam-
ple) and incubated overnight at 4°C on a rotator.

The following day, the lysates were washed three times with 1 mL of
lysis buffer. One milliliter of TRIzol (Invitrogen, Carlsbad, CA, USA)
was added for RNA extraction using the chloroform-isopropanol
method, and detection was then performed by qRT-PCR.

Intracranial Implantation Sprague-Dawley Rat Model

All animal experiments were approved by the Animal Care and Use
Committee of Central South University. Sprague-Dawley rat model
was performed as previously described.'’ Sprague-Dawley rats that
were 6 weeks old and 200-250 g were anesthetized by intraperitoneal
injection of ketamine (40 mg/kg), and U251 cells were subcutane-
ously injected into brain parenchyma at a concentration of 1 x 10°
cells rat. The cyclophosphamide was injected into Sprague-Dawley
rats every 4 days.

Statistical Analyses
The statistical analyses were performed with Student’s t test and
ANOVA. A p value less than 0.05 was considered to indicate statisti-
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cal significance. The data are presented as the means + SEM from at
least three separate experiments. The difference in the ELFN2 pro-
moter methylation status between the normal brain tissues and the
glioma tissues was examined using an independent sample t test.
The relationships among the ELFN2 methylation status, protein
expression, and clinicopathological parameters were examined using
the 2 test. The OS curves were calculated using the Kaplan-Meier
method. All the statistical analyses were performed using SPSS16.0
for Windows (SPSS, Chicago, IL, USA).
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