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TGF-B-activated IncRNA LINCO0115 is a critical
regulator of glioma stem-like cell tumorigenicity
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Abstract

Long non-coding RNAs (IncRNAs) are critical regulators in cancer.
However, the involvement of IncRNAs in TGF-B-regulated tumori-
genicity is still unclear. Here, we identify TGF-f-activated IncRNA
LINC00115 as a critical regulator of glioma stem-like cell (GSC) self-
renewal and tumorigenicity. LINCO0115 is upregulated by TGF-p,
acts as a miRNA sponge, and upregulates ZEB1 by competitively
binding of miR-200s, thereby enhancing ZEB1 signaling and GSC
self-renewal. LINCO0115 also promotes ZNF596 transcription by
preventing binding of miR-200s to the 5'-UTR of ZNF596, resulting in
augmented ZNF596/EZH2/STAT3 signaling and GBM tumor growth.
Inhibition of EZH2 by genetic approaches or a small molecular inhi-
bitor markedly suppresses LINCO0115-driven GSC self-renewal and
tumorigenicity. Moreover, LINCO0115 is highly expressed in GBM,
and LINC00115 expression or correlated co-expression with ZEB1 or
ZNF596 is prognostic for clinical GBM survival. Our work defines a
critical role of LINCO0115 in GSC self-renewal and tumorigenicity,
and suggests LINC00115 as a potential target for GBM treatment.
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Introduction

Glioblastoma (GBM) is the most common and lethal primary brain
tumor in adults [1]. Despite tremendous efforts to treat GBM, the
median overall survival is still < 2 years after diagnosis [1-3]. Accumu-
lated evidence has shown that glioblastoma stem-like cells (GSCs) facil-
itate tumorigenesis, radioresistance, chemoresistance, and recurrence
[4-7]. However, the mechanism by which GSC tumorigenicity and self-
renewal are maintained is still unclear.

Transforming growth factor B (TGF-B) is a multifunctional cyto-
kine and plays important functions in regulating GBM progression
and GSC self-renewal [8-11]. High TGF-f activity confers poor prog-
nosis in glioma patients [12]. TGF-B1 promotes the self-renewal of
glioma-initiating cells (GICs) through induction of LIF or Sox2
[13,14], and inhibition of TGF- activity decreases the CD44"8"/
ID1"8" GIC population through inhibition of ID1 and ID3 [11].

microRNAs (miRNAs) are small (20-22 nucleotides long) non-
coding RNAs (ncRNAs) that have been recognized to play important
roles in development and cancer [15]. Long non-coding RNAs
(IncRNAs) are a class of more than 200-nucleotide ncRNAs that are a
relatively abundant component of the mammalian transcriptome
[16,17]. IncRNAs play diverse functions such as remodeling chro-
matin and genome architecture and regulating RNA stabilization
[18]. Moreover, IncRNAs function as miRNA sponges to inhibit
miRNA activity [15]. Dysregulation of IncRNAs has been linked to
the control of tumorigenicity in cancers, including glioma as miRNA
sponges [7,19-23]. Although the roles of IncRNAs and the underly-
ing mechanisms in glioblastoma tumorigenesis have been reported,
more specific mechanisms of IncRNAs in the maintenance of GSC
tumorigenicity and self-renewal need to be further teased out.

In this study, we performed RNA-Seq analysis in GSCs and identified
long intergenic non-protein-coding RNA 115 (LINC00115) as a highly
activated IncRNA by TGF-f1. We then assessed the roles of LINC00115
in GSC self-renewal and tumorigenicity using cell culture and orthotopic
xenograft models. Finally, we determined the mechanism by which
LINC00115 regulates GSC self-renewal and tumorigenicity.

Results

IncRNA LINCO00115 is upregulated by TGF-B1 in GSCs and is
clinically relevant in GBM

To identify IncRNAs that are induced by TGF-f3 and mediate the role
of TGF-P in GSC tumorigenicity and self-renewal, mesenchymal-like
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(MES) 1123 and proneural-like (PN) 528 GSCs were pre-cultured for
16 h in DMEM/F12 medium with EGF (2 ng/ml) and bFGF (2 ng/
ml) and then followed by co-culturing with or without TGF-p1
(20 pg/ml) for various times (Fig EV1). We found TGF-B1-induced
higher levels of SMAD2 phosphorylation (p-SMAD2) and a TGF-p1
signaling downstream effector, inhibitor of DNA-binding protein 1
(ID1) protein expression at 3 h compared with those at 0-, 0.5-, or
8-h time points (Fig EV1). Thus, we performed RNA-Seq transcrip-
tome analysis to compare IncRNA expression levels treated with or
without TGF-B1 for 3 h in GSCs. Differential gene expression analy-
sis identified 79 IncRNAs induced or repressed in both 1123 and 528
GSCs (false discovery rate < 0.05 and a folder change > 2) (Fig 1A).
Among IncRNAs, LINC00115 is one of the top differentially
expressed TGF-B1-induced genes (Fig 1A). To validate the RNA-Seq
results, we performed qRT-PCR analysis of LINC00115 expression,
and the qRT-PCR data validated the results attained from RNA-Seq
analysis in 1123, 528, 83, and 157 GSCs (Fig EV2A). We also deter-
mined LINC00115 expression in neural progenitors (NPCs), and PN-
and MES-like GSCs [24], and found that LINC00115 was expressed
relatively high levels in PN and MES GSCs compared with NPCs
(Fig EV2B).

To further validate the pathologic and clinical significance of
LINC00115 expression in glioblastoma, we detected and compared
LINCO0115 expression by in situ hybridization using RNAscope
analysis [25] in 75 paraffin-embedded GBM and adjacent tissues.
LINCO00115 expression was higher in GBM tumors than in adja-
cent tissues (Fig 1B). Kaplan—Meier survival analysis showed that
GBM patients with high LINC00115 expression had a worse prog-
nosis compared with those with low LINC00115 expression
(Fig 1C).

To support our findings, we downloaded REMBRANDT dataset
(http://www.betastasis.com) and examined the expression level of
LINC00115 in GBM, low-grade glioma (LGG, WHO grade II and
grade III), and normal brain tissue controls included in this dataset.
As shown in Fig 1D, compared with normal brain tissues, the
expression levels of LINC00115 were significantly elevated in GBM
and LGG. Moreover, LINC00115 level was higher in GBM than that
in LGG gliomas (Fig 1D). Segregating patients in the REMBRANDT
(WHO grade III and GBM tumors) and GSE83300 (GBM tumors)
datasets by LINC00115 expression revealed a statistically significant
worse prognosis for patients with high LINC00115 (> median level)
compared with those with low levels of LINC00115 (< median level)

Figure 1.
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(Fig 1E and F). The median patient survival times of these patients
were 15.9 and 20.2 months in REMBRANDT, and 13.0 and
19.4 months in GSE83300 dataset, respectively. In the TCGA RNA-
Seq (WHO grade III and GBM tumors) dataset [26], patients with
high LINC00115 expression (upper quartile) also had a statistically
significant poor prognosis (Fig 1G). These data suggested that
LINCO00115 is highly expressed in GBM and its expression is puta-
tively correlated with glioma patient survival.

LINC00115 is important for GSC growth, neuro-like sphere
formation, and tumorigenicity

To demonstrate the role of LINC00115 in GSC tumorigenicity and
self-renewal, we used two different lentiviral-mediated short hairpin
RNAs (shRNAs) targeting LINC00115 or a non-silencing control to
deplete LINCO00115 in 1123 and 528 GSCs. shRNA knockdown of
endogenous LINC00115 markedly inhibited GSC proliferation
(Fig 2A and B) and neuro-like sphere formation (Fig 2C) in vitro.

To further determine whether LINCO00115 is critical for GSC
tumorigenicity, 528 and 1123 GSCs transduced with shLINC00115-1
(shL115-1), shLINCO00115-2 (shL115-2), or control shRNA (shC)
were separately implanted intracranially into the brains of animals.
The effects of LINC00115 depletion on GSC tumorigenicity were
then assessed. Compared with the control xenograft models, knock-
down of LINC00115 significantly reduced glioma tumor growth
(Fig 2D-G) and human Nestin expression in GSC tumor xenografts
(Fig 2H). Moreover, LINC00115 knockdown significantly prolonged
the survival of animals compared with those in the control group
(Fig 2I). These data support that LINC00115 is required for GSC
growth, neuro-like sphere formation, and tumorigenicity.

LINC00115 physically associates with miR-200s

Considerable numbers of IncRNAs have been described as seques-
ters of endogenous RNA molecules by competitively binding
miRNAs [27]. To investigate molecular mechanisms for
LINCO00115 in GSC tumorigenicity, we searched the potential
LINC00115-binding miRNAs using the DIANA-LncBase [28]
(http://omictools.com/diana-Incbase-tool) and RNAhybrid [29]
(https://bibiserv2.cebitec.uni-bielefeld.de/rnahybrid) prediction
algorithms. We identified two potential miR-200b and miR-200c
targeting sites in the 5’ sequence of LINC00115 (Fig 3A), thereby

IncRNA LINCO00115 is upregulated by TGF-f1 in GSCs and is clinically relevant in GBM.

A Heatmap of RNA-Seq analysis of differentially expressed IncRNAs (> 2-fold change and FDR < 0.05) in mesenchymal (MES) 1123 and proneural (PN) 528 GSCs. GSCs
were pre-cultured for 16 h in DMEM/F12 medium with EGF (2 ng/ml) and bFGF (2 ng/ml) and then followed by co-culturing with or without 20-ug/ml TGF-B1 for

3 h.

B Representative images of LINC0O0115 expression in clinical GBM tumors and adjacent tissue using RNAscope analysis. Images are representative of two

independent experiments. Scale bars: 50 pm.

C Kaplan—Meier analysis of patients with high versus low LINCO0115-expressing GBM tumors from (B). Median survival (in months): low, 13.9; high, 8.1. Black bars,

censored data.

D Expression levels of LINCO0115 are higher in LGG (low-grade gliomas) versus normal brain tissues and GBM versus LGG. Expression data of LINCO0115 were
downloaded from the REMBRANDT dataset. Data are presented as mean + SEM. **P < 0.01, ***P < 0.001, by two-tailed t-test.

E-G Kaplan—Meier analysis of patients with high versus low LINCOO115-expressing grade Il and GBM tumors from the REMBRANDT (E) or the TCGA (G) [26], and GBM
from GSE83300 [50] (F) datasets. Median survival (in months) in (E): low, 20.2; high, 15.9; in (F): low, 19.4; high, 13.0; in (G): low, 33.2; high, 25.4. Black bars, censored

data.

Data information: In (C, E, F, and G), statistical analysis was performed by log-rank test.

2 of 17 EMBO reports 20: e48170 | 2019

© 2019 The Authors

>


http://www.betastasis.com
http://omictools.com/diana-lncbase-tool
https://bibiserv2.cebitec.uni-bielefeld.de/rnahybrid

Jianming Tang et al

EMBO reports

Adjacent

LINC00115

Tumor

LINC00115 levels (Log2) fb ..-"i-",:-. e

REMBRANDT
- High LINC00115 (n=18) 8-
1007 ~ Low LINC00115 (n=57) il
YK E o %
Fold change (log2) E
S 6-
/7]
® 5-
o
(O]
o
4 ,\‘b\
Months b‘\ ,bée’bsb 6,\61'
BN L &
& S
S %
. F GSE83300 ¢ TCGA RNA-S
- eq
100 _‘_RHZ::AL?'\TC%(’:I?ST(W14O) :Tighlﬂlsg(?g”g ((n=2255)) = - High LINC00115 (n=104)
100+ = = ow n= 100 =
g L NGO S o) 9100_ g —Low LINC00115 (n=316)
§ S 2
@ 50 ® 5 2 50
£ 2 z p <0.01
3] [0) &)
Dq_) 0 T T T T T 1 g 0 p<005 B 0 J
0 36 72108 144180 216 n 3 10 20 35 40 50 X O 50 100 150 200 250
Months Months Months
Figure 1.

suggesting that LINC00115 has a strong potential to competitively
bind miR-200s.

To validate whether LINC00115 directly associates with miR-
200s, we performed RNA immunoprecipitation (RIP) analysis
using a Flag-MS2bp-MS2bs system (Fig 3B) and gPCR assay to
analyze endogenous miRNA association with LINC00115. When

© 2019 The Authors

compared with a 12XMS empty vector control, LINC00115 wild
type (WT) (LINCO00115-12XMS2), but not miR-200-binding defi-
cient mutant [LINC00115-mut (miR-200)-12XMS2], strongly associ-
ated with miR-200b and miR-200c (Fig 3C). The interaction
between LINCO00115 and miR-200s was further assessed by affinity

pull-down analysis using in vitro-transcribed biotin-labeled
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Figure 2. LINC00115 is important for GSC growth, neuro-like sphere-forming frequency, and tumorigenicity.

A gRT-PCR analysis of LINCO0115 knockdown using two different shRNAs, shL115-1 and shL115-2 in 1123 and 528 GSCs.

B, C Effects of LINCO0115 knockdown on GSC proliferation (B) and neuro-like sphere formation (C).

D Representative bioluminescence images of brains with indicated 528 GSC tumor xenografts expressing shC, shL115-1, or shL115-2 at 45 days after implantation.
Images represent the results of five mice per group of two independent experiments.

E Quantification of the bioluminescence activity in (D).

F Representative hematoxylin and eosin (H&E)-stained images of mouse brain sections with GSC1123 xenografts expressing shC, shL115-1, or shL115-2. Images
represent the results of five mice per group of two independent experiments. Scale bars: 1 mm.

G Quantification of tumor volume in (F).

H Immunofluorescence (IF) analysis of Nestin expression in 1123 GSC control and LINCO0115 knockdown xenograft tumors from (F). Images are representative of two

independent experiments. Scale bars: 50 um.

| Kaplan—Meier analysis of animal implantation with 1123/shC, 1123/shL115-1, or 1123/shL115-2 GSCs. n = 10.

Data information: In (A-C), data are representative of three independent experiments. Error bars, + SD. *P < 0.05, **P < 0.01, by one-way ANOVA in (A and C), by two-

tailed t-test in (B). In (I), statistical analysis was performed by log-rank test.

LINC00115. A shown in Fig 3D and E, miR-200b and miR-200c
bound with n-LINC00115 mutant (n-L115) but not ¢-LINC00115 (c-
L115) or LINCO0115-mut (L115-mut) mutant. To further support
our observations, we constructed luciferase reporters containing
the full length of LINC00115 WT and miR-200-binding deficient
mutant. When compared with the control microRNA (miR-C),
exogenous expression of miR-200b or miR-200c reduced the luci-
ferase activities of LINC00115 WT reporter but not an empty
vector (EV) or the mutant reporter (Fig 3F). Taken together, our
data support that LINC00115 physically associates with miR-200s,
and could competitively antagonize miR-200 function.

LINC00115 upregulates ZEB1 signaling and GSC self-renewal
through competitively binding miR-200s

We and others have previously reported that ZEB1-miR-200 feedback
loop regulates epithelial-mesenchymal transition (EMT) and tumor
stem cell self-renewal [30-32]. Thus, we tested whether LINC00115
activates ZEB1 signaling to regulate GSC self-renewal. Firstly, corre-
lation assays using the TCGA GBM RNA-Seq and REMBRANDT GBM
array datasets revealed that LINC00115 and ZEBI were significantly
co-expressed in these two cohorts of clinical GBM (Fig 4A and B)
and LGG from TCGA RNA-Seq but not REMBRANDT array datasets
(Fig EV3A and B). Then, shRNA knockdown of LINC00115 reduced
expressions of ZEBI mRNA (Fig 4C) and protein (Fig 4D) in 1123
and 528 GSCs. Moreover, LINC00115 knockdown also inhibited the
expression of vimentin, a known ZEB1 downstream target, and
increased E-cadherin expression (Fig 4D). Compared with the empty
vector control, re-expression of shRNA-resistant LINC00115 WT but
not the miR-200-binding deficient mutant (Appendix Fig S1) rescued
shRNA knockdown-inhibited ZEB1 and vimentin expression
(Fig 4E), as well as neuro-like sphere formation (Fig 4F) in vitro.
Conversely, the re-expression of shRNA-resistant LINCO00115
decreased shRNA knockdown-upregulated E-cadherin expression
(Fig 4E). Overexpression of miR-200b impaired the effects of re-
expression of shRNA-resistant LINC00115 WT (Fig 4E and F). These
data demonstrate that LINC00115 upregulates ZEB1 signaling by
competitively binding miR-200s in GSCs.

We further assessed the effects of re-expression of shRNA-resistant
LINC00115 WT, mutant, and WT together with miR-200b on GSC
tumor growth, and expression of ZEB1 and its downstream factors
in vivo. Re-expression of shRNA-resistant LINC00115 WT but not its
mutant abrogated shRNA knockdown-prolonged animal survival

© 2019 The Authors

(Fig 4G), restored shRNA knockdown-inhibited expression of ZEB1
and vimentin, and reduced shRNA knockdown-enhanced E-cadherin
expression in vivo (Appendix Fig S2). However, the expression of
miR-200b reversed the effects from exogenously expressed shRNA-
resistant WT LINC00115 (Fig 4G, and Appendix Fig S2) in vivo.

To demonstrate that LINC00115 is important for glioma EMT, we
generated 1123 GSCs with doxycycline-inducible LINC00115 shRNA
or ectopic expression LINC00115 wild type (WT). GSEA showed that
EMT gene signature was markedly lost in TGF-Bl-treated 1123/
shLINC00115 GSCs compared with the control and gained with
ectopic expression of LINC00115 (Fig 4H and I). Taken together,
these data support that LINC00115 acts as a miR-200 sponge, result-
ing in enhanced ZEB1 signaling and GSC self-renewal.

ZNF596 is important for LINC0O0115-driven GSC tumorigenicity

As ZEBI1 signaling is known to regulate cell EMT and stemness, we
reasoned that LINC00115 could also regulate other signaling path-
ways in GSC tumorigenicity. We aligned LINC00115 sequence with
other human RNAs and found that LINCO00115 sequence from
nucleotides 21-318 is almost identical to the 5'-UTR of zinc finger
protein 596 (ZNF596) mRNA (99% identity) using BLAST (http://
blast.ncbi.nlm.nih.gov; Fig 5A and B). ZNF596 is a member of zinc
finger protein family, which are functional diversity including tran-
scriptional activation [33,34]. Moreover, LINC00115 knockdown
inhibited ZNF596 mRNA (Fig 5C) and protein (Fig 5D) expression
in 1123 and 528 GSCs.

To assess the roles of ZNF596 in LINC00115-modulated GBM
tumorigenicity, we overexpressed ZNF596 in LINC00115-knockdown
GSCs (Fig SE). Exogenous expression of ZNF596 did not affect
LINCO00115 expression in 1123 and 528 GSCs (Fig 5F). However,
exogenously expressed ZNF596 reversed LINCO00115 knockdown-
inhibited cell proliferation in vitro (Fig 5G) and tumor growth in vivo
(Fig SH and I). These data show that ZNF596 is a downstream
effector of LINC00115-driven GBM tumorigenicity.

We further test the pathological correlation between LINC00115
and ZNF596 in human glioma samples. As shown in Figs 5J and K,
and EV4A and B, correlation assays using the TCGA GBM and LGG
RNA-Seq and REMBRANDT GBM but not LGG array datasets
showed that LINC00115 and ZNF596 significantly co-expressed in
these two cohorts of clinical glioma samples. Taken together, our
data support that ZNF596 and LINC00115 function together to regu-
late GBM tumorigenicity.
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Figure 3. LINC00115 physically associates with miR-200s.

A The prediction for miR-200 binding sites in the LINCO0115 transcript sequence.

B,C MS2-RIP followed by qRT-PCR analysis of endogenous microRNA association with LINC00115. 12XMS2 empty vector, LINCO0115-12XMS2, or LINCO0115-mut-
12XMS2 with Flag-tagged MS2 was co-transfected into 1123 GSCs.

D Schematics of the predicted binding sites of miR-200s on LINCO0115 and LINC00115 mutants.

E RNA pull-down and gRT-PCR assays of LINC0O0115 binding with miR-200s. GSC1123 cell lysates were incubated with biotin-labeled LINCO0115.

F Luciferase activity analysis of 1123 GSCs co-transfected with miR-200s and luciferase reporters containing LINCO0115 WT, mutant, or empty vector (EV).

Data information: In (C, E, and F), data are representative of three independent experiments. Error bars, = SD. In (C), ***P < 0.001, by two-tailed t-test. In (E and F),
*P < 0.05, **P < 0.01, by one-way ANOVA.

LINC00115 promotes ZNF596 transcription by sequestering miR-
200s from binding to the 5'-UTR of ZNF596

To reveal the mechanism by which LINC00115 regulates ZNF596
expression in GSCs, we examined the sequence of the 5-UTR of

6 of 17  EMBO reports 20: e48170 | 2019

ZNF596 and identified a conserved miR-200 binding site, with high
homology to the sequence in the 5'-terminal region of LINC00115
gene (Fig SA). We proposed that LINC00115 promotes ZNF596
transcription by sequestrating miR-200s from its association with
5’-UTR of ZNF596 gene. To test this hypothesis, we determined the

© 2019 The Authors
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Figure 4. LINCO00115 upregulates ZEB1 signaling and promotes GSC self-renewal through competitively binding miR-200s.
A, B Correlation of expression between LINCO0115 and ZEBI from TCGA GBM RNA-Seq dataset (A) and REMBRANDT GBM array dataset (B). ***P < 0.001, by two-tailed

t-test.
C LINC00115 knockdown reduced ZEBI mRNA expression in 1123 and 528 GSCs.

D Effects of LINCO0115 knockdown on ZEB1, vimentin, and E-cadherin protein expression.
E Effects of re-expression of shRNA-resistant LINCO0115 WT (L115-WT), and miR-200-binding mutant (L115-mut) with or without miR-200b on ZEB1 signaling

activation.

o m

Neuro-like sphere formation assay of effects of re-expression of shRNA-resistant LINCO0115 WT and mutant with or without miR-200b.
Kaplan—Meier analysis of animal implantation with 1123 GSCs with indicated modifications. n = 10. Statistical analysis was performed by log-rank test.
| GSEA of EMT signature genes using ranked gene expression changes in TGF-B1-treated 1123/shLINCO0115 GSCs versus the control (H) or in 1123 GSCs with ectopic

expression of LINCOO115 or an empty vector (EV) (I). NES, normalized enrichment score.

Data information: In (C—F), data are representative of three independent experiments. Error bars, = SD. **P < 0.01, by one-way ANOVA in (C), by two-tailed t-test in (F).

effects of re-expression of shRNA-resistant LINC0O0115 WT (L115-
WT) and a miR-200-binding deficient LINC00115 mutant (L115-
mut) on ZNF596 expression. Re-expression of shRNA-resistant
L115-WT but not L115-mut rescued LINCO00115 knockdown-
reduced expression of ZNF596 mRNA (Fig 6A) and protein
(Fig 6B).

To further test whether ZNF596 directly associates with miR-
200s, we performed RIP analysis using the Flag-MS2bp-MS2bs
system and qPCR assay (Fig 6C and D). When compared with the
12XMS empty vector control, ZNF596 5'-UTR WT (ZNF596-5'-UTR-
WT-12XMS2) but not the miR-200-binding deficient mutant
(ZNF596-5'-UTR-mut-12XMS2) strongly associated with miR-200b
and miR-200c (Fig 6D). Moreover, in our luciferase reporter analy-
sis, we found that when compared with the control miR (miR-C),
miR-200b and miR-200c markedly reduced luciferase activities of
ZNF596 WT promoter, but not an empty control (EV) or a mutant
promoter (Fig 6E and F). These results support that LINC00115
regulates ZNF596 transcriptional expression by sequestrating miR-
200s from binding to the 5’-UTR of ZNF596.

LINCO00115 activates the EZH2/STAT3 signaling through ZNF596

As ZNF596 is shown to encode a zinc finger protein, which is a
putative transcription factor, we generated CRISPR knockouts of
ZNF596 and performed RNA-Seq analysis in 1123 GSCs to explore
the targets transcriptionally regulated by ZNF596 in GSCs. GSEA
showed that enhancer of zeste homolog 2 (EZH2)-targeted gene
signature [11] was significantly altered in ZNF596 knockout GSCs
(Fig 7A). qRT-PCR and Western blotting assays validated that

Figure 5. ZNF596 is important for LINC0O0115-driven GSC tumorigenicity.

ZNF596 knockout inhibited the expression of EZH2 mRNA (Fig 7B)
and protein (Fig 7C) in 1123 and 528 GSCs. Since EZH2 is a lysine
methyltransferase and the enzymatic component of the polycomb
repressive complex 2, which promotes histone H3 lysine 27 tri-
methylation (H3K27me3) and activates STAT3 signaling, resulting
in enhanced GSC tumorigenicity [35,36], we detected effect of
ZNF596 knockout on H3K27 methylation and its downstream
STAT3 signaling activity. As shown in Fig 7C, ZNF596 knockout
inhibited EZH2-mediated H3K27 methylation and its downstream
STAT3 signaling activity in 1123 and 528 GSCs. These data
suggested that ZNF596 regulates EZH2/STATS3 signaling in GSCs.

Next, we tested the effects of LINC00115 knockdown on EZH2
expression and its downstream signaling. As shown in Fig 7D,
LINC00115 knockdown markedly inhibited expressions of ZNF596 and
EZH2, H3K27 tri-methylation, and STAT3 phosphorylation in GSCs.
Moreover, exogenous expression of ZNF596 rescued LINCO00115
knockdown-inhibited EZH2 expression, H3K27 tri-methylation, and
STAT3 phosphorylation (Fig 7D). Additionally, treatments with EZH2
inhibitor GSK343 [37,38] did not affect EZH2 expression but inhibited
ZNF596 ectopic expression-promoted H3K27 tri-methylation and
STAT3 phosphorylation (Fig 7D). Lastly, we performed correlation
analyses using the TCGA RNA-Seq and REMBRANDT array datasets
and found that ZNF596 or LINC00115 and EZH2 significantly co-
expressed in these two cohorts of clinical glioma samples (Fig EV5A
and B). These data support that LINC00115 activates EZH2/STAT3
signaling in GSCs through ZNF596.

To test whether ZNF596 regulates EZH2 transcription, we
analyzed the luciferase activity of EZH2 promoter. As shown in
Fig 7E, compared with the shRNA control, knockdown of

A Schematics of the 5'-terminus of LINCO0115 that is homologous to the 5'-UTR of ZNF596 mRNA.
B Sequence alignment of the 5'-terminus of LINCO0115 and the 5'-UTR of ZNF596 mRNA.
C,D LINC00115 knockdown reduced ZNF596 mRNA (C) and ZNF596 protein (D) expression.
Effects of exogenous ZNF596 expression on LINCO0115 knockdown-inhibited ZNF596 protein expression.

ZNF596 overexpression had no effect on LINCO0115 expression.

E

F

G Expression of exogenous ZNF596 rescued LINCO0115 knockdown-inhibited cell proliferation.

H Representative H&E staining images of mouse brain sections with 1123/shC and 1123/shL115 GSC tumor xenografts with empty vector (EV) or ectopic ZNF596
expression. Images represent the results of five mice per group of two independent experiments. Scale bars: 1 mm.

| Quantification of tumor size in (H).

J, K Correlation of expression between LINC00115 and ZEB1 from TCGA GBM RNA-Seq dataset (J) and REMBRANDT GBM array dataset (K). **P < 0.01, by two-tailed

t-test.

Data information: In (C-G), data are representative of three independent experiments. Error bars, & SD. *P < 0.05, by one-way ANOVA in (C and F), by two-tailed t-test

in (G).
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Figure 6. LINCO0115 promotes ZNF596 transcription by sequestrating miR-200s from binding to the 5'-UTR of the ZNF596 gene.
A, B Expression of shRNA-resistant LINCO0115 WT but not mutant or empty vector (EV) rescued LINC0O0115 shRNA-inhibited ZNF596 mRNA (A) and ZNF596 protein (B)

@
D

E
F

expression in 1123 GSCs.

Schematics of the predicted binding sites of miR-200s on ZNF596 sequence. ZNF596-5'-UTR-mut contains a mutated sequence in the miR-200 binding site.
MS2-RIP followed by qRT-PCR for endogenous microRNA association with ZNF596. 12XMS2 empty vector, ZNF596-5-UTR-WT-12XMS2, or ZNF596-5'-UTR-
mut-12XMS2 with Flag-tagged MS2 was co-transfected into 1123 GSCs.

Schematics of ZNF596 wild type (ZNF596-WT) and miR-200 binding site mutant (ZNF596-mut) promoter.

Luciferase activity in 1123 GSCs co-transfected with miR-200s and luciferase reporters containing ZNF596 5-UTR WT, mutant, or empty vector (EV).

Data information: In (A, D, and F), data are representative of three independent experiments. Error bars, = SD. *P < 0.05, **P < 0.01, by two-tailed t-test in (A and D), by
one-way ANOVA in (F).

LINCO00115 inhibited the luciferase activity of the EZH2 promoter. In promoter, we found that ZNF596 associated with the locus within
contrary, overexpression of ZNF596 rescued LINC00115 knock- nucleotides —896 to —751 in the EZH2 promoter (Fig 7F). These
down-inhibited luciferase activity of the EZH2 promoter (Fig 7E). data show that ZNF596 functions as a LINC00115 downstream tran-
When we examined the binding site(s) of ZNF596 in the EZHZ2 scriptional factor for EZH2.
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Figure 7. LINCO0115 upregulates ZNF596 to activate EZH2/STAT3 signaling.

Jianming Tang et al

A GSEA of EZH2-targeted signature genes using ranked gene expression changes in 1123 GSCs with ZNF596 sgRNA or a control sgRNA. NES, normalized enrichment

score.
qRT-PCR analysis of effect of ZNF596 knockout on EZH2 expression.

LINCO0115 and ZNF596 regulate EZH2 promoter activity.
ChIP-gPCR analysis of ZNF596 binding with the EZH2 promoter.

O MM mgoOw

ZNF596 knockout impaired EZH2 expression, its downstream H3K27me3, and STAT3 phosphorylation in 1123 and 528 GSCs.
LINC00115 regulated ZNF596/EZH2/STAT3 signaling. 1123 and 528 GSCs were treated with or without EZH2 inhibitor GSK343 (3 uM) for 6 h.

EZH2 inhibitor GSK343 impaired ZNF596 overexpression-reversed and LINCO0115 knockdown-inhibited neuro-like sphere formation. 1123 and 528 GSCs with an

inducible ZNF596 shRNA were treated with or without Dox (2 pg/ml) and/or EZH2 inhibitor GSK343 (1 uM) for 7 days.

H Growth kinetics of subcutaneous xenograft tumor with indicated genetic modifications after treatment with or without Dox and/or GSK343. Tumor-bearing mice (five
mice per group) were fed with 10% sucrose water with or without 2 mg/ml Dox and combined with treatment with or without GSK343 (5 mg/kg body weight from
Monday to Friday via intraperitoneal injection) for 3 weeks beginning 5 days post-xenograft transplantation. Data were from three independent experiments with

five mice per group.

| Kaplan—-Meier analysis of animal implantation with GSC1123 with indicated modifications. n = 10. Statistical analysis was performed by log-rank test.

Data information: In (B-G), data are representative of three independent experiments. Error bars, + SD. *P < 0.05, **P < 0.01, ***P < 0.001, by one-way ANOVA in (B and

F), by two-tailed t-test in (E, G, and H).

To determine the roles of the EZH2/STAT3 signaling axis in
LINCO00115/ZNF596-driven GBM tumorigenicity, we assessed the
effects of EZH2 inhibitor GSK343 treatment on LINC00115-regu-
lated GSC sphere formation and tumorigenicity in doxycycline-
inducible LINC00115 shRNA 1123 and 528 GSCs. Consistent with
our results described above, knockdown of LINCO00115 inhibited
capacities of 1123 and 528 GSCs in sphere formation in vitro
(Fig 7G), subcutaneous tumor growth (Fig 7H), and animal
survival with 1123 GSCs (Fig 7I). On the other hand, the expres-
sion of exogenous ZNF596 rescued LINC00115 knockdown-
impaired neuro-like sphere formation in vitro, tumor growth, and
animal survival in vivo (Fig 7G-I). Additionally, treatments with
GSK343 reversed the effects of ZNF596 overexpression on neuro-
like sphere formation and their tumorigenic behaviors (Fig 7G-I).
Collectively, these data suggest that LINC00115 activates EZH2/
STAT3 signaling through ZNF596, thereby promoting GSC self-
renewal and tumorigenicity.

Correlative expression of LINC00115, ZEB1, and ZNF596 is
prognostic factors for clinical GBM

To further address the importance of LINC00115 signaling axis to
GBM biological behavior, we determined expression levels of ZEB1
and ZNF596 in a total of 75 clinical GBM tumor samples, in which
LINCO00115 expression had been determined using the RNAscope
method, by immunohistochemical (IHC) staining (Fig 8A,
Appendix Fig S3A and S3B). A positive correlation between
LINC00115 and ZEB1, or LINCO00115 and ZNF596 was evident
(Fig 8B). Moreover, Kaplan—Meier survival analysis revealed that
GBM patients with high LINC00115 and high ZEB1 or high ZNF596
expression levels had a worse prognosis compared with those with
low LINC00115 and low ZEB1 or low ZNF596 levels (Fig 8C). These
data highlight the clinical implications of our findings.

Discussion

It has been established that IncRNAs are important regulators for
cancer [16,39,40]. In this study, we describe LINC00115 as a critical
modulator in GSC self-renewal and tumorigenicity. Our data show
that LINCO00115 is activated by TGF-p and displays a binary role in
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regulating ZEB1- and ZNF596/EZH2/STAT3-signaling-promoted
GSC self-renewal and tumorigenicity through sequestrating miR-
200s (Fig 8D). Additionally, our results show that the expression of
LINCO00115 positively correlates with glioma progression and glioma
patients with a higher level of LINC00115 have a worse prognosis.
In this study, we identified TGF-B-activated IncRNA LINC00115
as an important regulator for GSC self-renewal and tumorigenicity.
The TGF-B pathway is critical for GIC self-renewal and tumorigenic-
ity [11,13,14], and several anti-TGF- compounds are now under
clinical development [26]. However, TGF-f inhibition often induces
a rapid adaptive response that mediates resistance to TGF-f inhibi-
tion [26]. Thus, the specific downstream effectors of the TGF-f path-
way need to be explored further. LINC00115, an IncRNA, was
demonstrated to be related to patient outcome of bladder cancer [9]
and lung cancer [12]. Here, we used two different subtypes of
patient-derived GSCs and identified LINC00115 as a downstream
effector of TGF-f pathway. LINC00115 knockdown was activated by
TGF-B and promoted GSC self-renewal and tumorigenicity. EMT
gene signature was markedly lost upon LINC00115 knockdown in
TGF-B1-treated GSCs and gained with LINC00115 ectopic expres-
sion, indicating that LINC00115 regulates GSC self-renewal and
tumorigenicity through enhancing TGF-B1 signaling-driven EMT.
Our results indicate that LINC00115 functions as a miRNA sponge
to competitively bind miR-200s and activate ZEB1 signaling. Part of
considerable development in our understanding of IncRNAs during
the past decades is that IncRNAs act as competitive endogenous
RNAs (ceRNAs) or miRNA sponges to regulate tumor progression
[15]. For example, the IncRNA activated by TGF-B (IncRNA-ATB)
upregulated EMT factors by competitively binding the miR-200
family in hepatocellular carcinoma invasion and metastasis [27].
PVT1 played as a miR-143 sponge and upregulated hexokinase 2
(HK2) expression levels in gallbladder cancer [13]. In this study, we
demonstrated LINC00115 as a new miRNA sponge of miR-200 family
to promote ZEB1 signaling in GBM. Depletion of LINC00115 inhib-
ited ZEB1 signaling, neuro-like sphere formation in vitro, and
prolonged animal survival in vivo, but ectopic expression of
LINCO00115 reversed these biological effects. Additionally, ZEB1
signaling is considered as a master inducer of EMT [41,42], and
ZEB1-miR-200s forms a feedback loop to regulate EMT [27,43]. We
and others had demonstrated that ZEB1-miR-200 loop was important
for glioma EMT and GSC self-renewal [32,42]. Thus, the present

© 2019 The Authors
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Figure 8. LINCO00115 is co-expressed with ZEB1 and ZNF596 in GBM specimens.

A Representative images of RNAscope for LINCO0115 and IHC for ZEB1 and ZNF596 expression in two GBM specimens, Sample #1 (positive) and Sample #2 (negative).
Scale bar, 50 um. Images are representative of two independent experiments.

B Correlation of detected expression between ZEB1 or ZNF596, and LINC00115 as shown in (A) from a separate cohort of a total of 75 paraffin-embedded clinical GBM
samples. Statistical analysis was performed by chi-square test.

C Kaplan—Meier survival analysis of patients with GBM tumors expressing high or low levels of LINC0O0115 with high or low levels of ZEB1 or ZNF596 expression.
Median survival (in months): LINC00115"/ZEB1™, 5.4; LINC00115'°/ZEB1'"°, 27.9; LINCO0115"/ZNF596™, 4.2; and LINC00115'>/ZNF596'°, 23.8. Statistical analysis was
performed by log-rank test.

D A working model of TGF-B-activated LINCO0115-driven GSC tumorigenicity and self-renewal through sequestering miR-200s from its binding targets, resulting in
enhanced both ZEBL1 signaling and ZNF596/EZH2/STAT3 signal axis.
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study not only corroborates these previous works but also presents
LINC00115 as a regulator for ZEB1-miR-200 loop in gliomas.

Our results also demonstrated that LINC00115 enhances EZH2/
STATS3 signaling and tumorigenicity through upregulating ZNF596.
Although ZNF596 is predicted as a zinc finger protein, its functions
are still not known. Firstly, gain-function and loss-function analyses
in vitro and in vivo demonstrated that LINC00115 promotes ZNF596
transcription by preventing miR-200s from binding to the 5'-UTR of
the ZNF596 gene. Secondly, although EZH2 has been shown to play
important roles in GSC self-renewal and tumorigenicity through
regulating histone H3 lysine 27 tri-methylation (H3K27me3) and
STAT3 signaling activation [35,36], the mechanisms which affect
expression, stability, or activity of EZH2 are still unclear. In this
study, we showed that ZNF596 regulates EZH2 signaling. ZNF596
knockout or EZH2 inhibitor treatment markedly impaired EZH2
expression and EZH2-mediated H3K27 tri-methylation and STAT3
phosphorylation, resulting in inhibited GSC self-renewal and tumori-
genicity. Finally, ChIP-qPCR and promoter activity analyses further
revealed that ZNF596 functions as a transcription factor of EZH2.
Collectively, these findings suggest that the ZNF596/EZH2/STAT3
signaling activation of the LINC00115-miR-200 axis is another essen-
tial signaling for GSC self-renewal and tumorigenicity.

Taken together, this study not only demonstrates that LINC00115
acts as a key regulator of TGF-p pathway through regulating ZEB1
and ZNF596/EZH2/STAT3 signalings to maintain capacities of self-
renewal and tumorigenicity of GSCs by competitively binding miR-
200s, but also provides critical insights in advancing our under-
standing of glioma pathogenesis. Given the clinical and functional
significance, targeting LINC00115 and its associated signaling axis
may offer new targets for the treatment of gliomas.

Materials and Methods

Cell lines

Human GBM cell lines (U87, LN229, LN18, and T98G) from the
American Type Culture Collection (Manassas, VA, USA) were
cultured in 10% FBS/DMEM. Patient-derived glioma stem-like cells
(GSCs) gifted from Dr. Nakano [24] were maintained in DMEM/F12
supplemented with B27 (1:50), heparin (5 mg/ml), basic FGF
(20 ng/ml), and EGF (20 ng/ml) as we previously described
[32,44]. Glioma cell lines were recently authenticated using STR
DNA fingerprinting at Shanghai Biowing Applied Biotechnology Co.,
Ltd (Shanghai, China). Only early-passage GSC cell lines were used.

Plasmids

LINCO00115 and ZNF596 cDNAs were amplified by PCR using Q5 High-
Fidelity DNA Polymerase (BioLabs) from 1123 GSCs and subcloned
into a pcDNA3 vector (Invitrogen) or a lentivirus pLVX-Puro vector
(Clontech). MS2-HB was a gift from Marian Waterman (Addgene plas-
mid # 35573) [45], and pSL-MS2-12X was a gift from Robert Singer
(Addgene plasmid # 27119) [46]. pLVX-LINC00115-MS2-12X and
PLVX-ZNF596-5'-UTR-MS2-12X were derived from pSL-MS2-12X. The
lentiviral doxycycline-inducible GFP-IRES-shRNA FH1tUTG construct
[14] was a gift from Dr. Marco Herold (Walter and Eliza Hall Institute
of Medical Research, Melbourne, Australia). Point mutations were
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constructed using a QuikChange Site-Directed Mutagenesis Kit (Strata-
gene). shRNAs were designed using the web-based software provided
by Invitrogen (http://rnaidesigner.invitrogen.com/rnaiexpress/), and
sgRNAs were designed as previously described [47].

RNA-Seq and differentially expressed gene analysis

Total RNA was extracted and purified using the Qiagen RNeasy Mini
Kit (Valencia, CA, USA) according to the manufacturer’s instruc-
tions. The quality of RNA was assessed by Agilent 2100 Bioanalyzer
before sequencing. Libraries for poly(A)+ RNA were prepared
according to the Illumina protocol. Libraries were sequenced on Illu-
mina HiSegX Ten platforms. Differentially expressed genes were
selected based on a fold change between groups and a false discov-
ery rate (FDR) < 0.05. Expression patterns were clustered with Clus-
ter 3.0 and viewed using Java Tree View 3.0.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed using the
GSEA software [48].

RNA-binding protein immunoprecipitation (RIP) and RNA pull-
down assays

For Flag-MS2bp-MS2bs system, cells were stably co-transfected with
pLVX-MS2, pLVX-MS2-LINC00115 WT, pLVX-MS2-LINC00115-mut,
and pLVX-Flag-MS2. Cells were used to perform RNA immunopre-
cipitation (RIP) experiments using anti-Flag M2 (#F3165, 1:50) and
protein G-agarose beads. For in vitro-transcribed biotin-labeled RNA
assay, cell lysates were incubated with biotinylated LINC00115
mutants, and streptavidin beads were used. The beads were washed
with wash buffer, and then, the complexes were incubated with
0.1% SDS/0.5 mg/ml proteinase K (30 min at 55°C) to remove
unbound proteins. The RNA concentration was measured using a
NanoDrop Spectrophotometer (Thermo Scientific), and its quality
was assessed using a bioanalyzer (Agilent, Santa Clara, CA). Finally,
immunoprecipitated RNA was purified and analyzed by qRT-PCR.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was done using the Chro-
matin Immunoprecipitation Kit (Upstate) according to the manufac-
turer’s instruction. Briefly, cells were treated with 1% formaldehyde
to cross-link proteins to DNA. The cell lysates were sonicated to
shear DNA to sizes of 300 to 1,000 bp. Equal aliquots of chromatin
supernatants with 1 pg of anti-ZNF596 (#SC-98284) or anti-IgG anti-
body were incubated overnight at 4°C. After reverse cross-link of
protein/DNA complexes to free DNA, PCR was performed using
specific primers by following manufacturer’s instructions.

In situ hybridization and immunohistochemistry (IHC)

In accordance with a protocol approved by Shanghai Jiao Tong
University Institutional Clinical Care and Use Committee, according
to the Declaration of Helsinki, clinical brain tissue specimens were
collected at Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong
University, Shanghai, China. The investigators obtained informed
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written consent from all subjects. These specimens were examined
and diagnosed by pathologists at Ren Ji Hospital. The in situ detec-
tion of LINC00115 was performed on paraffin-embedded sections
using RNAscope 2.5 HD Detection Reagent-BROWN Kit (ACDBio).
The specific LINC00115 probes were made by ACDBio. The tissue
sections from paraffin-embedded de-identified human GBM speci-
mens were stained with ZEB1 (1:50) and ZNF596 (1:20) antibodies
as previously described [44]. Tumors with 0 or 3 staining scores
were considered as low expressing, and those with 4-7 scores were
considered high expressing. Two separate individuals who were
blinded to the slides examined and scored each sample.

Tumorigenicity studies

All experiments using animals were approved by Shanghai Jiao
Tong University Institutional Animal Care and Use Committee
(IACUC). Athymic (NCr nu/nu) female mice at ages of 6-8 weeks
(SLAC, Shanghai, China) were used for all animal experiments. For
orthotopic implantation, mice were randomly divided into 5 per
group by one investigator. As previously described [5,44], 4 x 10°
GSCs were stereotactically implanted into the brains of the animals.
Mice were euthanized when neuropathological symptoms devel-
oped by another investigator. Tumor volumes were measured and
estimated as (W? x L)/2, (W <L), using H&E-stained sections or
measured in vivo luciferase activity using the IVIS Lumina imaging
station (Caliper Life Sciences). For subcutaneous tumor xenograft,
doxycycline-inducible LINC00115 shRNA GSCs (1 x 10° in 50 pl
PBS were injected into the flanks of nude mice. Mice were fed with
10% sucrose water with or with doxycycline at 2 mg/ml after
5 days of xenograft. After 5 days, tumor-bearing mice were fed with
10% sucrose water with or with doxycycline at 2 mg/ml and
intraperitoneally injected with or without GSK343 (5 mg/kg body
weight) from Monday to Friday for 3 weeks.

Western blotting analysis

Cells were lysed in a RIPA buffer (20 mM Tris-HCl, pH 7.5,
150 mM NaCl, 1 mM EDTA, 2 mM Na3zVO,, 5 mM NaF, 1% Triton
X-100, and protease inhibitor cocktail) at 4°C for 30 min. Western
blotting analyses were performed as previously described [44] with
antibody against B-actin (I-19), ZEB1 (Cat#SC-10570), ZNF596
(Cat#SC-98284), and STAT3 (H-190, Santa Cruz Biotechnology);
Nestin (Cat#ABDG6IMI, Fisher Scientific); Flag (M2, Sigma-Aldrich);
and Vimentin (Cat#5741S), E-cadherin (Cat#3195S), EZH2
(Cat#5246S), Tri-Methyl-Histone H3 (Lys27) (Cat#9733S), Histone
H3 (Cat#9715S), and phospho-STAT3 (Y705) (D3A7, Cell Signaling
Technology).

Quantitative RT-PCR

First-strand cDNA was generated using the PrimeScript® 1st Strand
cDNA Synthesis Kit (Takara, Dalian, China). Real-time PCR was
performed as previously described [44] in the StepOne™ Real-Time
PCR System (Applied Biosystems, Foster City, USA) using FastStart
Universal SYBR Green Master (ROX) (Roche). For microRNA analy-
sis, real-time PCR was performed as above, using TagMan microRNA
assays according to the manufacturer’s instructions (Applied Biosys-
tems). The relative expression of RNAs was calculated using the
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comparative Ct method. ACTB and U6 were employed as endoge-
nous controls. Primers are listed in Appendix Table S1.

Luciferase analysis

Cells were seeded in triplicates in 48-well plates and allowed to
settle for 24 h. Luciferase reporter plasmids (100 ng) containing
ZNF596 promoter (—2,000 to 391 nt) or EZH2 promoter (—2,000 to
50 nt), or the control luciferase plasmid, together with 1 ng of pRL-
TK Renilla plasmid (Promega), were transfected into cells using the
Herrif Trans™ Liposomal Transfection Reagent (Yi Sheng, Shanghai,
China). Luciferase and Renilla signals were measured 48 h after
transfection using the Dual-Luciferase Reporter Assay Kit (Promega)
according to a protocol provided by the manufacturer.

Immunofluorescence analysis

Cells were fixed on glass slides and then incubated with antibodies
against E-cadherin (#3195S, 1:100), ZEB1 (#SC-10570, 1:100),
Vimentin (#5741S, 1:100), or Nestin (#ABD69MI, 1:100) for over-
night at 4°C. The slides were incubated with secondary antibodies,
mounted by adding DAPI Fluoromount-G (#00-4959-52), and exam-
ined with a Zeiss Axiophot Photomicroscope (Carl Zeiss, Oberko-
chen, Germany).

Cell proliferation

Cell proliferation assays were performed using a WST-1 Assay Kit
(BioVision Inc., Milpitas, CA, USA).

Limited dilution analysis

As previously described [5,32], dissociated cells were seeded in a
96-well plates at density of 1-50 cells per well. After 7 days, each
well was examined for the formation of tumor spheres. Stem cell
frequency was calculated using extreme limiting dilution analysis
(http://bioinf.wehi.edu.au/software/elda/).

Transfection

As previously described [44], lentiviruses were produced by co-
transfecting specified shRNAs or sgRNAs and packaging plasmids
[49] into 293T cells using Lipofectamine 2000 reagent according to
manufacturer’s instruction (Invitrogen). Viruses were concentrated
by ultracentrifugation and added into the culture media supple-
mented with 8 pug/ml polybrene. Transduced cells were harvested,
and then, expressions of exogenous proteins were validated by
Western blotting assays.

Statistical analysis

Sample size and statistics for each experiment are provided in the
Results section and Figure legends. GraphPad Prism version 5.0 for
Windows (GraphPad Software Inc., San Diego, CA, USA) was used
to perform one-way analysis of variance (ANOVA) with Newman—
Keuls post hoc test or paired two-tailed Student’s t-test. Kaplan—
Meier survival analysis was carried out using log-rank tests. The
correlation of gene expression levels in human clinical GBM
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specimens was investigated using a chi-squared test. A P-value of
< 0.05 was considered significant.

Data availability

All relevant data are available from the authors. RNA-Seq data
reported in this study have been deposited with the Gene Expression
Omnibus under the accession GEO ID: GSE134595 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE134595). All the other
data supporting the finding of this study are available within the
article and its Supplementary Information files or from the corre-
sponding author on reasonable request.

Expanded View for this article is available online.
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