RNA BIOLOGY
2021, VOL. 18, NO. 1, 47-63
https://doi.org/10.1080/15476286.2020.1790140

Taylor & Francis
Taylor & Francis Group

RESEARCH PAPER

W) Check for updates

NCBP3/SNHG6 inhibits GBX2 transcription in a histone modification manner to
facilitate the malignant biological behaviour of glioma cells

Xiwen Li#P<, Fangfang Zhang**<, Jun Ma®<, Xuelei Ruan®?<, Xiaobai Liu®®f, Jian Zheng®*f, Yunhui Liu®¢f, Shuo Cao®"<,
Shuyuan Shen®<, Liangi Shao®?<, Heng Cai®*f, Zhen Li¢f, and Yixue Xue® <

2Department of Neurobiology, School of Life Sciences, China Medical University, Shenyang, China; *Key Laboratory of Cell Biology, Ministry of Public
Health of China, China Medical University, Shenyang, China; “Key Laboratory of Medical Cell Biology, Ministry of Education of China, China Medical
University, Shenyang, China; “Department of Neurosurgery, Shengjing Hospital of China Medical University, Shenyang, China; Liaoning Clinical

Medical Research Center in Nervous System Disease, Shenyang, China; Key Laboratory of Neuro-oncology in Liaoning Province, Shenyang, China

ABSTRACT

RNA-binding proteins (RBPs) are significantly dysregulated in glioma. In this study, we demonstrated the
upregulation of Nuclear cap-binding subunit 3 (NCBP3) in glioma tissues and cells. Further, knockdown
of NCBP3 inhibited the malignant progression of glioma. NCBP3 directly bound to small nucleolar RNA
host gene 6 (SNHG6) and stabilized SNHG6 expression. In contrast, the gastrulation brain homeobox 2
(GBX2) transcription factor was downregulated in glioma tissues and cells. SNHG6 inhibited GBX2
transcription by mediating the H3K27me3 modification induced by polycomb repressive complex 2
(PRC2). Moreover, GBX2 decreased the promoter activities and downregulated the expression of the
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flotillin protein family 1 (FLOT1) oncogene. In conclusion, NCBP3/SNHG6 inhibits GBX2 transcription in
a PRC2-dependent manner to facilitate the malignant progression of gliomas.

Introduction

Malignant gliomas are the most common and deadly intra-
cranial tumours in adults [1]. The main treatment is still
a combination of surgical resection, chemotherapy, and radia-
tion therapy. Despite the rapid development of related fields,
such as surgical aids and molecular pathology of gliomas in
recent years, treatment results remain poor, recurrence rates
are high, and survival times are short due to the glioma
characteristics of aggressive growth and strong invasiveness
[2,3]. Hence, current research on the genetic and molecular
aspects of gliomas continues to explore the relevant influential
mechanisms of malignant biological behaviours, such as pro-
liferation, migration, invasion, and apoptosis, in order to
identify potential genes and molecular therapeutic targets to
inhibit tumour development [4-7].

A variety of RNA-binding proteins (RBPs) and many
related proteins are involved in the fate of RNA from tran-
scription and processing in the nucleus to translation and
decay in the cytoplasm [8]. The cap structure, which is co-
transcriptionally attached to the 5-end of the RNA, is vital for
gene expression in organisms ranging from yeasts to humans.
When associated with polymer II transcripts, the cap structure
plays a critical role as a signal in the binding of polymer II
transcripts to downstream proteins [9]. The nuclear cap-
binding complex (CBC) can bind tightly to the 5'-cap struc-
ture and plays an important role in transcription, splicing,
transcript export, and translation [10,11]. The CBC is highly
conserved and consists of a heterodimer formed by nuclear

cap-binding proteins NCBP1, NCBP2, and NCBP3. The latter
protein (also known as C170rf85) is the recently identified
cap-binding protein [12,13]. NCBP3 is crucial in conditions of
cellular adversity compared with the conventional CBC
formed by NCBP1 and NCBP2 [14]. Using data from The
Cancer Genome Atlas (TCGA), we discovered that the high
expression of NCBP3 leads to a shorter survival time com-
pared to low/medium expression (Supplementary Fig. S1A).
In recent years, research has increasingly focused on non-
coding regions that have long been neglected, especially long
non-coding RNAs (IncRNAs). Although IncRNAs lack an
open reading frame, they cannot all be dismissed as transcrip-
tional ‘noise’ [15]. Indeed, IncRNAs play important regulatory
roles in the development of tumours [16]. For example,
HOTAIR is the first IncRNA that is closely related to breast
cancer metastasis and poor patient prognosis [17]. Another
study demonstrated that IncRNA-MALAT1 promotes the
progression of hepatocellular carcinoma by upregulating ser-
ine and arginine-rich splicing factor 1 (SRSF1) and activating
mammalian target of rapamycin (mTOR) [18]. Accumulating
evidence indicates a vital role of IncRNAs in transcriptional
regulation and epigenetic regulation [19]. The transcription of
homeobox al0 (HOXA10) is promoted by IncHOXA10 via
the recruitment of the SNF2 L chromatin remodelling com-
plex, which promotes the self-renewal of liver tumour initiat-
ing cells [20]. Furthermore, IncRNA-PVT1 can bind with
enhancer of zeste homolog 2 (EZH2) to form H3K27me3
and epigenetically silence ANGPTL4 in the nucleus, thus
promoting the metastasis of cholangiocarcinoma [21].
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Using IncRNA microarray, we found that SNHG6 was
significantly downregulated in U87 and U251 cells treated
with sh-NCBP3. Small nucleolar RNA host gene 6 (SNHG6)
is located on human chromosome 8q13.1. Y. Emerging evi-
dence suggests that small nucleolar RNAs (snoRNAs) and
their host genes (SNHGs) play significant roles in the devel-
opment of human cancers [22-24]. Reduction of SNHG6 can
inhibit cell proliferation and epithelial-mesenchymal transi-
tion in gastric cancer [25]. In addition, SNHG6 is highly
expressed in gliomas, and knockdown of SNHG6 can signifi-
cantly inhibit cell proliferation and promote apoptosis [26,27].
Moreover, it was predicted that SNHG6 had the binding
sequence with NCBP3 by the bioinformatics database
starBase v2.0. However, the regulatory role and potential
mechanisms of NCBP3 and SNHGS6, as a polymer II tran-
script, are unclear.

The polycomb group (PcG) of proteins are important
regulators of normal embryonic development and cell fate
decisions [28]. Recent studies have shown that a variety of
IncRNAs recruit polycomb repressive complex 2 (PRC2) to
regulate transcription [29]. LncRNA-MEGS3 reportedly regu-
lates the transcription of transforming growth factor-beta
(TGF-B) pathway genes by histone modification induced by
binding to PRC2 and formation of an RNA-DNA triplex in its
distal regulatory region in breast cancer [30]. In addition,
IncRNA-MRCCAT1 can inhibit NPR3 transcription and pro-
mote the metastasis of clear cell renal cell carcinoma by
binding to PRC2 [31]. LncRNA-MIR100HG can promote
the proliferation of triple-negative breast cancer cells by form-
ing triplex structures at the p27 locus [32]. The core subunits
of the PRC2 complex include EZH2, embryonic ectoderm
development (EED), and suppressor of zestel2 homologue
(SUZ12) [33,34]. As the enzymatic component of PRC2,
EZH?2 functions as a repressor by catalysing histone H3 at
lysine 27 trimethylation (H3K27me3) [35,36]. For instance,
mH2A1.2 can recruit EZH2 to induce H3K27me3 and create
a repressive barrier to LOX transcription in breast cancer [37].
Additionally, EZH2 can maintain the H3K27me3-mediated
repression of the FOXCl1 gene, thereby inactivating the
FOXCl1-driven anti-invasive transcriptional program in lumi-
nal B breast cancer [38].

Gastrulation brain homeobox 2 (GBX2) is a transcription
factor located on human chromosome 2q37.2. Interestingly,
GBX2 is a tumour suppressor in head and neck cancer [39],
while being an oncogene in prostate cancer and breast cancer
[40,41]. Genes have specific expression characteristics in differ-
ent tissues. It is reported that PRC2 occupies CpG-rich chroma-
tin regions in mammals [42]. In addition, H3K27me3 initially
produced by PRC2 was enriched in CpG islands [43]. The CpG
island of GBX2 promoter region was predicted in —1000 ~ 0 bp
according to the bioinformatics software MethPrimer 2.0.
Moreover, it has been reported that both Testis-specific
Y-encoded-like protein 2 (TSPYL2) and EZH2 can bind to the
GBX2 promoter, which increases the level of H3K27me3 and
significantly reduces GBX2 expression in neurons [44]. So, we
speculated GBX2 might be a target of PRC2.

FLOT1 is located on chromosome 6p21.33. It plays a vital
role in vesicle trafficking and maintenance of cell morphology
[45]. As a lipid raft protein, FLOT1 can initiate receptor

kinase signalling and can be upregulated in malignant
tumours, including oesophageal squamous cell carcinoma
and liver cancer [46]. In addition, silencing of FLOT1 can
reportedly inhibit the proliferation and tumorigenesis of
breast cancer, lung adenocarcinoma, and renal cell carcinoma
[47-49]. Furthermore, putative binding sites for GBX2 were
predicted in the promoter of flotillin protein family 1
(FLOT1) using the JASPAR bioinformatics database.

The major purpose of this study was to investigate the
expression of NCBP3, SNHG6, GBX2, and FLOT1 in glioma
tissues and cell lines. We also explored their effect on regulat-
ing the malignant behaviour of glioma cells and the potential
molecular mechanism. The results could inform a novel
potential approach for glioma therapy.

Results

NCBP3 expression was up-regulated in glioma,
knockdown of NCBP3 inhibited malignant behaviours of
glioma cells

We found that high expression of NCBP3 (also known as
C170rf85) led to a shorter survival time compared to low/
medium expression by analysis of TCGA database
(P = 0.00055) (Supplementary Fig. S1A). Quantitative real-
time polymerase chain reaction (QRT-PCR) and western blot
assay were performed to evaluate NCBP3 expression levels in
glioma tissues and cells. The mRNA expression level of
NCBP3 was highly upregulated in U87 and U251cells among
the four glioma cell lines of U87, U251, U373, and Al172
(Supplementary Fig. S1B). Therefore, we selected U87 and
U251 cells for the subsequent experiments [50,51]. As
shown in Fig. 1A-B, compared with normal brain tissues
(NBTs), the mRNA and protein expression levels of NCBP3
were markedly upregulated in glioma tissues and elevated
with the pathological grade (P < 0.05). Furthermore, NCBP3
expression levels were significantly elevated in U87 and U251
cells compared with normal human astrocyte (NHA) group
(P < 0.05) (Fig. 1C-D). Stable NCBP3 knockdown U87 and
U251 cells were constructed to assess the function of NCBP3.
Infinite proliferation capability is reported to be one of the
most basic characteristics of tumours. Therefore, cell prolif-
eration is an important feature of tumour cells [52]. We used
the Cell Counting Kit-8 (CCK-8) assay to measure the pro-
liferation of U87 and U251 cells. The results showed that
proliferation was decreased in sh-NCBP3 #2 group than that
in sh-NC group (Fig. 1E). In addition, transwell is the most
common assay to detect cell migration and invasion [53]. As
shown in Fig. 1F-G, the numbers of migrated and invaded
cells in the sh-NCBP3 #2 group were significantly declined
compared with the sh-NC group (P < 0.05). Moreover, apop-
tosis is closely related to the generation and disappearance of
tumours [54]. As shown in Fig. 1H, flow cytometry analysis
showed that apoptosis rates were higher in the sh-NCBP3 #2
group compared with sh-NC group (P < 0.05). Moreover,
different ShRNAs were used to exclude off-target effects in
targets knockdown transfection of this study, and it was
demonstrated the consistent conclusions (Supplementary
Fig. S2-3).
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Figure 1. The expression and effects of NCBP3 in glioma. (A) The mRNA expression of NCBP3 in glioma tissues of different grades and NBTs. Data were presented as the mean +
standard deviation (SD) (n = 7 in each group). *P < 0.05, **P < 0.01 versus NBTs group; *P < 0.05, *P < 0.01 versus Grade | group; 4P < 0.05, #4P < 0.01 versus Grade Il group;
¥P<0.05 versus Grade IIl group. (B) NCBP3 protein expression levels in NBTs, low-grade glioma tissues (WHO I-Il), and high-grade glioma tissues (WHO lll-IV). The integrated
density values (IDVs) of the blot bands were statistic analysed. Data were presented as the mean + SD (n = 3 in each group). *P < 0.05, **P < 0.01 versus NBTs group; #p < 0.05
versus low-grade glioma tissues (LGGTs) group by one-way ANOVA. (C) Relative mRNA expression of NCBP3 in NHA, U87 and U251 cells by Real-time gPCR. GAPDH was used as an
endogenous control. Data were presented as the mean = SD (n = 3 in each group). *P < 0.05 versus NHA group. (D) Relative protein expression of NCBP3 protein in NHA, U87 and
U251 cells by western blot. Data were presented as the mean £ SD (n = 3 in each group). *P < 0.05, **P < 0.01 versus NHA group. (E) Cell Counting Kit-8 (CCK-8) assay was used to
detect the effect of NCBP3 on proliferation of U87 and U251 cells. Data were presented as the mean = SD (n = 3 in each group). *P < 0.05 versus sh-NC group. (F, G) Transwell
assays were used to investigate the effect of NCBP3 on cell migration and invasion of U87 and U251 cells. Data were presented as the mean + SD (n = 3 in each group). *P < 0.05.
**P < 0.01 versus sh-NC group; Scale bars represent 50 pm. (H) The apoptotic percentages of U87 and U251 were measured after NCBP3 knockdown. Data were presented as the
mean + SD (n = 3 in each group). *P < 0.05 versus sh-NC group.
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SNHG6 was involved in NCBP3-mediated regulation on
malignant progression via stabilized by NCBP3

The expression profile from IncRNA microarray of U87 and
U251 cells upon NCBP3 knockdown revealed several down-
regulated IncRNAs. Further, it was verified by qRT-PCR that
SNHG6 was significantly reduced in U87 and U251 cells
compared with sh-NC group (Supplementary Fig. S4A-B).
Therefore, we predicted that SNHG6 was involved in NCBP3-
mediated regulation on glioma cells. We found that the
expression of SNHG6 was significantly upregulated in glioma
tissues and cells (P<0.05) (Fig. 2A-B). To further assess the
potential role of SNHG®6 in the biological behaviour of glioma
cells, stable SNHG6 knockdown and overexpressed U87 and
U251 cells were constructed. The efficiency of sh-SNHG6 #1
and pIRES2-SNHG6 data was detected by qRT-PCR (P<0.01)
(Fig. 2C). As the results displayed, the knockdown of SNHG6
hampered cell proliferation, migration, and invasion, how-
ever, promoted apoptosis compared with sh-NC group
(P <0.05) (Fig. 2D-G). Therefore, SNHG6 might act as an
oncogene in glioma cells.

To clarify the relationship between NCBP3 and SNHGS,
the stable NCBP3 knockdown cells were transfected with sh-
SNHGS6, pIRES2-SNHGS6, or their corresponding negative
control plasmids. As shown in Fig. 2H-J, the knockdown of
SNHGS6 enhanced the inhibitory effect of NCBP3 knockdown
on the proliferation, migration, and invasion, but the over-
expression of SNHG6 reversed the inhibitory effects. Also, it
was observed that SNHG6 knockdown enhanced the promo-
tion on apoptosis induced by NCBP3 knockdown alone, but
SNHG6 overexpression reversed the promotion (Fig. 2K).
Hence, SNHG6 mediated the tumour-suppressive effects of
NCBP3 knockdown on glioma cells. Further, we found that
SNHG6 expression was significantly decreased in the sh-
NCBP3 #2 group compared with the sh-NC group (P<0.01)
(Fig. 2L). To expound the mechanism that NCBP3 affected
SNHG6 expression, Click-iT Nascent RNA capture assay was
used to mark and get newly synthesized RNA. It showed that
nascent SNHG6 had no significant change after NCBP3
knockdown (Fig. 2M). Moreover, as shown in Fig. 2N, the
half-life of SNHG6 was significantly decreased in sh-NCBP3
#2 group treated with actinomycin D. To further clarify the
relationship between NCBP3 and SNHG6, we predicted that
SNHGS6 had the binding sequence with NCBP3 by starBase
v2.0 (Supplementary Fig. S4C). RNA immunoprecipitation
(RIP) results demonstrated that enrichment of SNHG6 in
the anti-NCBP3 group was significantly higher than that in
negative control anti-normal IgG group (P < 0.05) (Fig. 20).
The results described above indicated that NCBP3 facilitated
glioma cells malignant biological behaviour by stabilizing
SNHGS6.

GBX2 acted as a tumour suppressor in glioma cells

The GBX2 expression levels in glioma tissues and cells were
detected by qRT-PCR and western blot. GBX2 expression was
reduced with the pathological grades of glioma tissues and
down-regulated in U87 and U251 compared with NHA
(P < 0.05) (Fig. 3A-D). Moreover, stable GBX2 knockdown

and overexpressed U87 and U251 cells were constructed.
Further, as shown in Fig. 3E-H, knockdown of GBX2 pro-
moted cell proliferation, migration, and invasion and inhib-
ited cell apoptosis compared with sh-NC group, while
overexpression of GBX2 resulted in a significant decrease in
cell proliferation, migration and invasion, and increase in
apoptosis (P < 0.05).

SNHG6 mediated the H3K27me3 modification induced by
PRC2 in the GBX2 promoter region to inhibit its
transcription

To confirm whether GBX2 was involved in regulating the
influence of SNHG6 on malignant progression, the stable
SNHG6 knockdown and overexpressed cells were transfected
with sh-GBX2, lv-GBX2 plasmids. As shown in Fig. 4A-D,
compared with the control group, the proliferation, migration,
and invasion of glioma cells were declined in the sh-
SNHG6#1+lv-GBX2 group but were increased in the pIRES2-
SNHG6+sh-GBX2#3 group. The apoptosis was enhanced in
the sh-SNHG6#1+lv-GBX2 group, but decreased in the
pIRES2-SNHG6+sh-GBX2#3 group (P<0.01). Moreover,
knockdown of SNHG6 and GBX2 rescued the reduction of
proliferation, migration, invasion, and the increase of apop-
tosis induced by cotransfection of SNHG6 knockdown with
GBX2 overexpression, while overexpression of SNHG6 and
GBX2 rescued the increase of proliferation, migration, inva-
sion, and the decrease of apoptosis induced by cotransfection
of SNHG6 overexpression with GBX2 knockdown. Therefore,
GBX2 might be a direct or indirect target gene of SNHG®6.

Furthermore, mRNA and protein expression levels of
GBX2 were decreased in the sh-SNHG6 #1 group compared
with the sh-NC group (P < 0.05), while increased in lv-GBX2
group (Fig. 3E-F). It was suggested that SNHG6 was involved
in the regulation of GBX2 expression. Emerging evidence
suggests that many IncRNAs can recruit PRC2 to regulate
transcription. The results of RIP assay showed that the enrich-
ment of SNHG6 was significantly increased in the anti-EZH2
group compared with the negative control anti-normal IgG
group (Fig. 3G). It was confirmed that SNHG6 bound to the
important subunit EZH2 of PRC2. Moreover, to clarify
whether PRC2 mediated SNHG6 regulation of GBX2 tran-
scription, we performed chromatin immunoprecipitation
(ChIP) assay. 1000 bp upstream of GBX2 transcription start
site (TSS) was averagely divided into two fragments. As shown
in Fig. 3H, H3K27me3 was enriched in the 500 ~ 1000 bp
upstream of GBX2 TSS. Further, chromatin isolation by RNA
purification (ChIRP) assay was performed. SNHG6 obtained
14%-77% retrieval, using tiling probes from the RNA fraction
recovered. The promoter region -1000~-500bp of GBX2
obtained 16%-83% retrieval, while the promoter region
—-500 ~ 0 bp of GBX2 obtained ~3% retrieval from the DNA
fraction recovered (Supplementary Fig. S4D-E). ChIRP assay
revealed the presence of SNHG6 at the promoter region
—-1000~-500bp of GBX2. The results described above sup-
ported that SNHG6 mediated the H3K27me3 modification
induced by PRC2 in the GBX2 promoter region to suppress
the malignant progression of glioma cells.
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Knockdown of FLOT1 inhibited malignant progression of
glioma cells

FLOTI1 might be a direct downstream target of GBX2 based
on bioinformatics databases (JASPAR). The mRNA and pro-
tein expression levels of FLOT1 were determined by qRT-PCR
and western blot assay in glioma tissues and cells. As shown
in Fig. 5A-D, the expression of FLOT1 was elevated with the
pathological grades of glioma tissue, and was also significantly
up-regulated in U87 and U251 (P < 0.05). In addition, stable
FLOT1 knockdown U87 and U251 cells were constructed.
Further, the CCK-8 assay revealed that proliferation of U87
and U251 was decreased in the sh-FLOT1 #1 group (Fig. 5E).
Besides, transwell assay confirmed that knockdown of FLOT1
significantly declined migration and invasion in both U87 and
U251 cells (Fig. 5F-G), while knockdown of FLOT1 promoted
apoptosis (Fig. 5H) (P < 0.05).

GBX2 transcriptionally inhibited the expression of FLOT1,
NCBP3 and SNHG6 by directly binding to their promoter
regions

We found that the mRNA and protein expression levels of
FLOT1 were elevated after GBX2 knockdown, but
a significantly reduced by GBX2 overexpression (P <0.05)
(Fig. 6A-B). Putative binding sites for GBX2 were predicted
in the promoter region —1000~0 bp of FLOT1 by JASPAR.
The ChIP assay was performed to validate the interaction
between GBX2 and FLOT1 promoter region. We confirmed
that GBX2 directly bound to FLOT1 promoter region in
HEK-293 T cells (Fig. 6C). Further, luciferase reporter assay
results showed that deletion of the —54 site did not have
a significant change in FLOT1 promoter activity, compared
to the full-length promoter-reporter construct. However, the
—373 site deletion produced reversed promoter activity, com-
pared to a —54 site deletion (Fig. 6D). It indicated that GBX2
might exhibit transcriptional repression of FLOT1 by binding
to —373 site. Thus, FLOT1 was a downstream target of GBX2.

Western blot results showed that GBX2 protein levels were
significantly increased following NCBP3 knockdown (Fig. 6E).
We have known that the protein expression levels of GBX2
were markedly increased after SNHG6 knockdown, but
decreased with SNHG6 overexpression (Fig. 4F). As shown in
Fig. 6F, the stable co-transfected sh-NCBP3 #2 and sh-SNHG6
#1 cells had a more significantly promoted effect on GBX2
protein expression. However, the overexpression of SNHG6
rescued the increase of GBX2 protein expression induced by
NCBP3 knockdown alone. Collectively, the findings indicated

that NCBP3 knockdown increased the protein expression of
GBX2 by downregulating SNHG6.

Interestingly, as shown in Fig. 6G, the expression of
FLOT1 was significantly decreased in sh-NCBP3 #2 group
compared with the sh-NC group (P < 0.05). Moreover, the
FLOT1 expression was decreased in sh-SNHG6 #1 group,
while increased in pIRES2-SNHG6 group (P < 0.05) (Fig.
6H). NCBP3 knockdown combined with SNHG6 overex-
pression rescued the inhibition of FLOT1 expression
mediated by NCBP3 knockdown (Fig. 6I). Knockdown of
SNHG6 and GBX2 rescued the reduction of FLOT1 expres-
sion caused by SNHG6 knockdown combined with GBX2
overexpression, while SNHG6 and GBX2 overexpression
rescued the increase of FLOT1 expression induced by
SNHG6 overexpression combined with GBX2 knockdown
(Fig. 6]). We concluded that NCBP3 might regulate FLOT1
expression through GBX2.

We found that GBX2 overexpression decreased the expres-
sion of NCBP3 and SNHG6 (P < 0.05) (Fig. 6K, L, O). Several
putative binding sites were predicted for GBX2 in the promo-
ter region of NCBP3 and SNHG6 according to JASPAR.
Further, ChIP assay demonstrated that GBX2 directly bound
to NCBP3 and SNHG6 (Fig. 6M, P). As shown in Fig. 6N,
deletion of the —403 site had a significant decrease in NCBP3
promoter activity compared to the full-length promoter-
reporter construct. Similarly, deletion of the —505 site regions
significantly reversed the promoter activity compared the
—149 site (Fig. 6Q). These results indicated that GBX2 exhib-
ited transcriptional repression of NCBP3 and SNHG6 by
binding to their promoter regions.

In vivo, knockdown of NCBP3 and SNHG6 combined with
overexpression of GBX2 led to the most suppressive
tumour effect and the longest survival time

To further confirm the above findings, an in vivo tumour
model was used. The results suggested that the sh-NCBP3 #2
group, sh-SNHG6 #1 group, Iv-GBX2 group, and sh-
NCBP3#2+ sh-SNHG6#1+ Iv-GBX2 group had smaller
tumours compared with the control group. In addition,
tumours in the sh-NCBP3#2+ sh-SNHG6#1+ lv-GBX2
group had the smallest volume compared to the other groups
(P < 0.05) (Fig. 7A-B). For survival analysis, the above glioma
cells were implanted into the right striatum of mice stereo-
tactically, the results showed that mice in the sh-NCBP3#2
+ sh-SNHG6#1+ Iv-GBX2 group had the longest survival time
(Fig. 7C).

(n=3 in each group). *P <0.05, **P<0.01 versus sh-NC group; *P <0.05, #P<0.01 versus pIRES2-vector group. (H) CCK-8 assay was used to investigate the effect of
NCBP3 and SNHG6 on the proliferation of U87 and U251 cells. Data were presented as the mean = SD (n=3 in each group). **P<0.01 versus sh-NC group; **P<0.01
versus pIRES2-vector group. (I, J) Transwell assays were used to measure the effect of NCBP3 and SNHG6 on cell migration and invasion of U87 and U251 cells. Data
were presented as the mean + SD (n=3 in each group). *P <0.05, **P<0.01 versus sh-NCBP3#2+sh-NC group; #P<0.05, ##P <0.01 versus sh-NCBP3#2+plIRES2-vector
group. (K) Flow cytometry analysis of U87 and U251 cells to detect the effect of NCBP3 and SNHG6 on the apoptosis. Data were presented as the mean + SD (n=3 in
each group). **P <0.01 versus sh-NCBP3#2+sh-NC group; **P <0.01 versus sh-NCBP3#2+pIRES2-vector group. (L) Relative expression of SNHG6 after NCBP3 inhibition
in U87 and U251 cells. Data were presented as the mean + SD (n=3 in each group). **P<0.01 versus sh-NC group. (M) Click-iT Nascent RNA capture assay was used to
mark and get newly synthesized RNA. Real-time qPCR analysis for nascent SNHG6 in U87 and U251 cells. (N) Real-time qPCR was conducted to investigate relative
levels of SNHG6 at different actinomycin D treatment times. Data were presented as the mean + SD (n=3 in each group). *P<0.05 versus sh-NC group. (0O) SNHG6 was
separated in the NCBP3 complex. Data were presents as the mean + SD (n=3 in each group). *P<0.05, **P<0.01 versus anti-lgG group.
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Figure 3. GBX2 acted as a tumour suppressor in glioma cells. (A) Expression of GBX2 in glioma tissues and NBTs. Data were presented as the mean + SD (n = 7 in
each group). *P < 0.05, **P < 0.01 versus NBTs group; *P < 0.05, **P < 0.01 versus Grade | group; 4P < 0.05, 4P < 0.01 versus Grade Il group; ¥*P<0.05 versus Grade
Il group. (B) GBX2 protein expression in NBTs and glioma tissues. Data were presented as the mean + SD (n = 3 in each group). **P < 0.01, **P < 0.01 versus NBTs
group. (C) Relative expression of GBX2 mRNA in NHA, U87, and U251 cells. Data were presented as the mean + SD (n = 3 in each group). *P < 0.05, **P < 0.01 versus
NHA group. (D) The expression level of GBX2 protein in NHA, U87, and U251 cells. Data were presented as the mean + SD (n = 3 in each group). *P < 0.05 versus NHA
group. (E) CCK-8 assay was conducted to explore the effect of GBX2 on the proliferation of U87 and U251 cells. Data were presented as the mean + SD (n = 3 in each
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(n = 3 in each group). *P < 0.05, **P < 0.01 versus sh-NC group; *P < 0.05, *P < 0.01 versus Iv-vector group.
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Figure 4. SNHG6 bound to EZH2 of PRC2, inhibiting the expression of GBX2 by enriching H3K27me3 modification. (A) CCK-8 assay was conducted to measure the
effect of SNHG6 on the proliferation of U87 and U251 cells. Data were presented as the mean + SD (n=3 in each group). **P<0.01 versus sh-SNHG6#1+sh-GBX2#3
group; **P <0.01 versus pIRES2-SNHG6+Iv-GBX2 group. (B, C) Transwell assay was used to explore the effect of SNHG6 and GBX2 on cell migration and invasion of
U87 and U251 cells. Data were presented as the mean + SD (n=3 in each group). **P<0.01 versus sh-SNHG6#1+sh-GBX2#3 group; **P<0.01 versus pIRES2-SNHG6-+Iv-
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mRNA expression levels after inhibition and overexpression of SNHG6. Data were presented as the mean + SD (n=3 in each group). **P < 0.01 versus sh-NC group;
#P <0.05 versus pIRES2-vector group. (F) GBX2 protein expression levels after inhibition and overexpression of SNHG6. Data were presented as the mean + SD (n=4 in
each group). *P<0.05, **P<0.01 versus sh-NC group; *P <0.05, *P <0.01 versus pIRES2-vector group. (G) SNHG6 was identified in the EZH2 complex. qRT-PCR was
used to measure SNHG6 relative enrichment. Data were presented as the mean + SD (n=3 in each group). *P < 0.05 versus anti-lgG group. (H) H3K27me3 existed in
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Discussion

RBPs can be significantly dysregulated in glioma, and in turn,
alter biological behaviour [55,56]. We found that NCBP3 was
upregulated in glioma tissues and cell lines, and the expres-
sion of NCBP3 was increased with pathological grade.
Knockdown of NCBP3 inhibited the proliferation, migration,
and invasion of glioma cells and promoted apoptosis. The
findings indicate that NCBP3 might act as an oncogene in
malignant glioma.

Recently, the involvement of IncRNAs in regulating the
malignant progression of various tumours was proven [57].
The present study demonstrated that SNHG6 was upregulated
in glioma tissues and cells. Knockdown of SNHG®6 inhibited
the proliferation, migration, and invasion of glioma cells and
promoted apoptosis. Similar studies have reported the
increased expression of SNHG6 in glioma tissues and cells,
and that the downregulation of SNHG6 can inhibit the pro-
gression of malignant glioma [26,27]. Moreover, SNHG6 is

reportedly upregulated in hepatocellular carcinoma, and
knockdown of SNHG®6 inhibits the tumour progression [58].

Presently, the expression of SNHG6 was downregulated
after knockdown of NCBP3. Furthermore, a potential binding
site for NCBP3 in the second exon region of SNHG6 was
predicted using the starBase v2.0 bioinformatics database. In
addition, a search of the UCSC database predicted a binding
site located in the 5’-UTR region of SNHG6. Using RIP
experiments, we confirmed the binding of NCBP3 to
SNHG6. RBPs may regulate RNA function in post-
transcriptional expression by activities that include 5'-cap,
RNA splicing, RNA editing, polyadenylation, RNA export,
and RNA stabilization [59]. NCBP3 can bind to NCBP1 to
form an alternative CBC and plays an important role in RNA
export [13,14]. Moreover, CBC can bind to the 5'-cap of
IncRNAs to stabilize and transport RNA [60,61]. Presently,
knockdown of NCBP3 reduced SNHG6 mRNA levels and
shortened SNHG®6 half-life without changing the production
of nascent SNHG6. These findings indicate that NCBP3 might
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Figure 5. FLOT1 was upregulated in glioma tissues and glioma cell lines. (A) Expression of FLOT1 mRNA in glioma tissues and NBTs. Data were presented as the mean
+ SD (n = 7 in each group). *P < 0.05, **P < 0.01 versus NBTs group; #P < 0.05, ¥P < 0.01 versus Grade | group; 4P < 0.05, “%P < 0.01 versus Grade Il group;
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conducted to explore the effect of FLOT1 on the proliferation of U87 and U251 cells. Data were presented as the mean + SD (n = 3 in each group). *P < 0.05,
**P < 0.01 versus sh-NC group. (H) Flow cytometry analysis of U87 and U251 cells to detect the effect of FLOT1 on the apoptosis. Data were presented as the mean +

SD (n = 3 in each group). *P < 0.05, **P < 0.01versus sh-NC group.

stabilize SNHG6 by binding to its 5'-end. Upregulated NCBP3
might, in turn, upregulate the expression of SNHG6 by
increasing its stability, and promote the proliferation, migra-
tion, and invasion of glioma cells and inhibit apoptosis.
Similar studies have shown that FXR1 can bind to
MIR17HG, which can stabilize MIR17HG expression and
regulate the biological behaviour of glioma cells [62].

We found that the expression of GBX2 was downregulated
in glioma tissues and cells. Moreover, the overexpression of
GBX2 inhibited the progression of glioma cells, suggesting
that GBX2 acted as a tumour suppressor gene. O6-
methylguanine-DNA-methyltransferase (MGMT) promoter
methylation has been implicated as a biomarker in glioblas-
toma. Analysis of the TCGA database demonstrated GBX2
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SNHG6 (Q). The Y-bar is the deletion position on the promoter fragments. The X bar is the reporter vector activity after normalization with the cotransfected
reference vector (pRL-TK), and relative to the activity of the pEX3 empty vector, and the activity was set to 1. Data were presented as the mean + SD (n=5, each).
*P<0.05. (E) GBX2 protein expression after inhibition of NCBP3. Data were presented as the mean + SD (n=3 in each group). **P <0.01 versus sh-NC group. (F)
Western blot assay was conducted to explore GBX2 expression regulated by NCBP3 and SNHG6. **P<0.01 versus sh-NCBP3#2+sh-NC group; **P<0.01 versus sh-
NCBP3#2+plRES2-vector group. (G) FLOT1 protein expression after NCBP3 knockdown. *P<0.05, **P<0.01 versus sh-NC group. (H) FLOT1 protein expression after
SNHG6 knockdown and overexpression. Data were presented as the mean + SD (n=3 in each group). *P<0.05 versus sh-NC group; #p<0.05, *P <0.01 versus



was downregulated at the mRNA level in mMGMT
tumours [63].

Another study confirmed the significant roles of epigenetic
changes and genetic alterations in cancer development [64].
LncRNAs have been implicated as important participants in
recruiting PRC2 to regulate the expression of target genes
[65,66]. Presently, SNHG6 overexpression inhibited the
mRNA and protein expression of GBX2. In addition, knock-
down of both SNHG6 and GBX2 reversed the inhibition of
glioma malignant progression induced by co-transfection of
SNHG6 knockdown and GBX2 overexpression. The findings
suggest that GBX2 might be a downstream target gene of
SNHG6. SNHG6 was reported to inhibit the transcription of
p21 and promote the proliferation of colorectal cancer cells by
recruiting EZH2 to its promoter region [67]. Moreover,
mouse Ezh2 could be recruited to the Gbx2 promoter and
regulate the H3K27me3 distribution [68]. We used the RIP
assay to demonstrate the binding of SNHG®6 to the important
catalytic EZH2 subunit of the PRC2 complex. ChIP assay
results revealed the enrichment of H3K27me3 in the GBX2
promoter. In addition, ChIRP assay findings revealed the
presence of SNHG6 at the promoter region of GBX2. These
results indicate that SNHG®6 can specifically bind to the EZH2
subunit of PRC2 on the GBX2 promotor, which induces
H3K27me3 modification. Similarly, IncRNA-HOTAIR can
recruit PRC2 to multiple target genes, including JAM2,
PCDHI10, and PCDHB5, which enriches H3K27me3 and inhi-
bits the transcription of target genes in breast cancer [17].

Presently, FLOT1 was highly expressed in glioma tissues
and cells. Knockdown of FLOT1 inhibited the proliferation,
migration, and invasion of glioma cells and promoted apop-
tosis. These findings indicate that FLOT1 acts as an oncogene
in glioma cell lines. Similar to the results of this study, FLOT1
expression was upregulated in prostate cancer, and downre-
gulation of FLOT1 significantly decreased the proliferation of
prostate cancer cells [69]. Moreover, FLOT1 was reportedly
abnormally highly expressed and promoted the malignant
progression of oesophageal squamous cell carcinoma [70]. In
addition, FLOT1 was highly expressed in small cell lung
carcinoma (SCLC) samples and had an oncogenic role via
the promotion of epithelial-mesenchymal transition (EMT)
in SCLC [71].

We found that overexpression of GBX2 reduced FLOTI
expression levels. Using the JASPAR bioinformatics database,
we predicted that the promoter region of FLOT1 had three
putative binding sites for GBX2. Results of the ChIP and dual-
luciferase reporter assay identified the specific binding of
GBX2 to the ‘ATTA’ sequence present in the promoter region
of FLOT1. The ATTA core sequence is an essential motif for
GBX2 binding to the promoter region of the target gene [72].
These findings indicate that GBX2 can inhibit FLOT1 tran-
scription and expression by binding to the FLOT1 promoter.
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Similar findings have been reported in embryonic brain for-
mation of mice and lambs, in which Gbx2 can act as
a transcriptional repressor and inhibit Otx2 transcription [73].

Interestingly, the overexpression of GBX2 significantly
reduced the expression levels of NCBP3 and SNHG6, while
knockdown of GBX2 led to a sharp decline of NCBP3 and
SNHG6. Moreover, potential binding sites for GBX2 in
NCBP3 and SNHG6 promoter region were predicted using
the JASPAR bioinformatics database. The ChIP and dual-
luciferase reporter assay revealed the binding of GBX2 to the
promoter regions of NCBP3 and SNHG6, and the resultant
decreased promoter activities. Molecular regulatory networks,
including non-coding RNAs, are being increasingly studied.
For example, CEBPA can regulate the expression of PIWIL3
by binding to its promoter region and can combine with
PIWIL3/OIP5-AS1/miR-367-3p/CEBPA to regulate the biolo-
gical behaviour of glioma cells [74]. Knockdown of SOX3
reportedly reduces the upstream SOX2OT expression by bind-
ing to its promoter region and can combine with SOX20T/
miR-194-5p (miR-122)/SOX3 to regulate the biological beha-
viour of glioma cells [75].

In conclusion, NCBP3 and SNHG6 were upregulated in
glioma tissues and cell lines. Knockdown of NCBP3 and
SNHG6 inhibited proliferation, migration, and invasion and
promoted apoptosis. Upregulated NCBP3 could positively
regulate SNHG6 expression by binding to it and enhancing
its stability. Upregulated SNHG6 inhibited the transcription
of GBX2 by binding to PRC2 and mediating the H3K27me3
modification in its promoter region. GBX2 decreased the
promoter activities and downregulated the expression of
oncogenic gene FLOT1. GBX2 also decreased the expression
of NCBP3 and SNHG6 by binding to their promoter regions
to regulate the malignant progression of glioma cells. In vivo,
the knockdown of NCBP3 and SNHG6 combined with GBX2
overexpression led to the smallest tumour and the longest
survival time in nude mice. Hence, the combined effect of
NCBP3/SNHG6/GBX2 may provide new strategies and new
ideas for glioma targeted therapy.

Materials and methods
Patients and glioma specimens

Glioma samples and human brain tissues were collected from
the Department of Neurosurgery at Shengjing Hospital of
China Medical University. All patients signed an informed
consent form before surgery, and approval of the Ethics
Committee of Shengjing Hospital of China Medical
University was obtained. All the tissue samples were immedi-
ately frozen in liquid nitrogen after surgical resection.
According to the WHO classification of tumours in the cen-
tral nervous system (2007), glioma specimens were divided

pIRES2-vector group. (I) Using Western blot assay to detect FLOT1 expression regulated by NCBP3 and SNHG6. *P<0.05 versus sh-NCBP3#2+sh-NC group; *P<0.01
versus sh-NCBP3#2+pIRES2-vector group. (J) Western blot assay was performed to detect FLOT1 expression regulated by SNHG6 and GBX2. **P<0.01 versus sh-
SNHG6#1+sh-GBX2#3 group; *P<0.01 versus pIRES2-SNHG6+sh-GBX2#3 group. (K, L) The mRNA and protein expression levels of NCBP3 after inhibition and
overexpression of GBX2. Data were presented as the mean + SD (n=3 in each group). **P<0.01 versus sh-NC group; *P<0.01 versus Iv-vector group. (O) qRT-PCR
assay was used to evaluate SNHG6 expression regulated by GBX2. Data were presented as the mean + SD (n=3 in each group). **P<0.01 versus sh-NC group;

#p <0.05, #P<0.01 versus Iv-vector group.
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Figure 7. Tumour xenograft study in vivo. (A) The stable expressing cells were injected subcutaneously into nude mice for the tumour xenograft study. The nude
mice carrying tumours and the sample tumours from respective groups are shown. (B) Tumour volume was calculated every 4 days after injection, and the tumour
was excised after 44 days. Data were presented as the mean + SD (n = 5 in each group). *P < 0.05 versus control group; *P < 0.05 versus sh-NCBP3 #2 group;
AP < 0.05 versus sh-SNHG6 #1 group; P < 0.05 versus Iv-GBX2 group. (C) The survival curves of nude mice with xenografts injected into the right striatum (n = 9).
(D) The schematic cartoon of the mechanism of NCBP3 as an oncogene positively regulation of SNHG6 in glioma cells.



Table 1. Primers used for qRT-PCR.

Gene Antibody

NCBP3 1:1000, Proteintech, Wuhan, CHN
GBX2 1:500, Proteintech, Wuhan, CHN
FLOT1 1:1000, Proteintech, Wuhan, CHN
GAPDH 1:5000, Proteintech, Wuhan, CHN

Table 2. Antibodies for western blot.

Primer or Probe Gene Sequence (5'->3')
Primer NCBP3 F: TAGGCTAGGTGTTCCCAGGC
R: CCCTTTGCAGCTCAGAGTCG
SNHG6 F: ACGCGGCATGTATTGAGCAT
R: ATGCTGCATGCCACACTTGA
GBX2 F: CGTCTATGAGCGCAGCGTTCC
R: GTCTATGCTGAAGGCGGTGCTAC
FLOT1 F: CAGCTGTACCAAGAGGCTGC
R: TGGCTGAAGTCAAGGGACCA
GAPDH F: CGGATTTGGTCGTATTGGG

R: CTGGAAGATGGTGATGGGATT

into four groups: Grade I (n = 7), Grade II (n = 7), Grade III
(n = 7), and Grade IV (n = 7). NBTs acquired from fresh
autopsy materials (donation from individuals who died in
accident and determined to be free of any prior pathologically
detectable conditions) were used as negative controls.

Cell culture

Human glioma cell lines (U87 and U251) and human
embryonic kidney 293 T (HEK-293 T) cells were obtained
from the Chinese Academy of Medical Sciences (Beijing,
CHN). U87 glioma cells and HEK-293 T cells were cultured
in DMEM (HyClone, Los Angeles, USA) supplement with
10% FBS. U251 glioma cells were cultured in DMEM/F12
medium with 10% FBS. NHA was purchased from the
ScienCell Research Laboratories (California, USA), and
grown in RPMI-1640 culture medium. All cells were incu-
bated at 37°C in a humidified incubator with 5% CO,.
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RNA extraction and quantitative real-time PCR (qQRT-PCR)

Total RNA was extracted from NBTs, different grades of
gliomas, and cells using Trizol reagent (Life Technologies,
California, USA). The RNA concentrations were detected by
260/280 nm absorbance using a Nano-drop spectrophot-
ometer (ND-100, Thermo Fisher Scientific, Massachusetts,
USA). The primers of NCBP3, SNHG6, GBX2, and FLOT1
are listed in Supplementary Table 1, synthesized by shenggong
(Shanghai, CHN). One-Step SYBR PrimeScript RT-PCR kit
(Takara, Kyoto, Japan) was used to detect the RNA expres-
sion. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as an endogenous control. PCR cycling conditions
were as follows: 5 min at 42°C, 10 seconds at 95°C, 40 cycles
of 3 seconds at 95°C, and 30 seconds at 60°C. Fold change in
gene expression was calculated by relative quantification as
2-8ACT 761

Western blot analysis

Total proteins were isolated from cells with RIPA buffer on ice
and were further analysed by SDS-PAGE and electrophoretically
transferred to polyvinylidene difluoride (PVDF) membranes.
After non-specific binding was prevented by 5% non-fat milk
at room temperature for 2 h, membranes were embraced over-
night at 4°C by primary antibodies as shown in Supplementary
Table 2. Then, the membranes were incubated 2 h at room
temperature with HRP-conjugated secondary antibodies.
Immunoblots were visualized by ECL chemiluminescence detec-
tion system and the relative integrated density values (IDVs)
values were calculated by gel-pro analyser software [77].

Microarray analysis of human IncRNA expression profile

For the expression profile of IncRNA, analysis was performed
by Kangchen Bio-tech (Shanghai, CHN), using Agilent chip
platform. Total RNA was extracted from sh-NC and sh-NCBP3

Table 3. The primers for confirming the binding sites for GBX2 in the promotor region of FLOT1, NCBP3, and SNHG6.

Binding site
Gene or control Sequence (5'->3") Product size (bp) Annealing temperature (°C)
FLOT1 PCR1 F: GGAAGGAGAGCGTCGTTAATTT 149 53
R: TGCATTTACAGCAGGGGGAA
PCR2 F: TCCTGGAGTCACAGAACCCA 209 59
R: CAGTCACCGCCCTTCTTGAG
PCR3 F: GTGACTGCATCCTCCAGCAT 233 59
R: AGATACACTCAAGACTGCAGACA
Control F: ACTCCCTCCGTCCTTCTTCT 222 54
R: ATGAAGACACACACCGCGTA
NCBP3 PCR1 F: AGGAAATCGGCGTCCAAGTT 122 55
R: TGCCTTGCCAGTCTTTGTCT
PCR2 F: TCCCTTAAATGGCGTCACCT 130 55
R: ATGGGCCAGACACTTCCAAG
Control F: CGCCTGTAATCCCAGCACTT 218 56
R: TGATCTCGGCTCACTGCAAG
SNHG6 PCR1 F: GCACTTTGAGAAGCCAAGTCG 204 57
R: TGCAGTCATGGCTCATAGCA
PCR2 F: ATTCCAGCACTTTGGGAGGC 223 56
R: AGTGCAGTGGCTCGATTTCA
PCR3 F: ACAGCTTCCCCTTCACACTG 102 57
R: GACCTCAACCTGCTTCTTGGA
PCR4 F: AGCAGGTTGAGGTCCATGTC 149 59
R: AGCCTAGTAAGCCTAGCAAAACA
Control F CAAAAATTAGCCAGGCTTCATGG 106 53

R TCAGCTCACTGCAACCTCTG




60 X. LI ET AL.

of U87 and U251 cells and reversed transcribed to cDNA. It
was Cy3-labelled after cRNA being transcribed from obtained
cDNA in vitro. Each slide was hybridized with Cy3-labelled
cRNA in a hybridization oven. Then, the slides were washed in
staining dishes, scanned by Agilent microarray scanner. The
significantly expressed genes were obtained from samples after
data analysed.

Cell transfection and generation of stable transfected
cells

The short hairpin RNA against human NCBP3 (sh-NCBP3;
sequence: site#l, 5'- GGAGAAGAAATCAGGTAAT-3'; site#2,
5'- ACATCTATTAGATGAGAAA-3; site#3, 5'- TCGTATAAA
CATCGACATT-3') was reconstructed in a Lentiviral-GV298
/MCS/puromycin vector by Genechem (Shanghai, CHN), and its
empty vector was used as a negative control (sh-NC). The short
hairpin RNA against human SNHG6 (sh-SNHG6; sequence:
site#1, 5- GAAGGTGTATGAAAGTCATCA-3'; site#2, 5'-
GCGGCATGTATTGAGCATATA-3'; site#3, 5'- GTTACCTC
AAGTGTGGCATGC-3'), GBX2 (sh-GBX2; sequence: site#1, 5'-
GCTGGAGAGCGATGTGGACTA-3'; site#2, 5'- GCAGCTC
ACAAGGAGGAAGAC-3'; site#3, 5- GCACCACGTCTAC
GGGCAAGA-3'; site#4, 5'- GAAGGCAGGCAATGCCAATTC-
3"), FLOT1 (sh-FLOT1; sequence: site#1, 5'- GCATCAGTGTGG
TTAGCTACA-3; site#2, 5'- GGCACAGAGAGATTACGAACT-
3'; site#3, 5'- GCCTATGACATCGAGGTCAAC-3'; site#4, 5'-
GCAGAGAAGTCCCAACTAATT-3") were constructed in
pGPU6/Neo vector by GenePharma (Shanghai, CHN), and their
respective empty vector plasmids were also introduced. Human
full-length SNHG6 gene was ligated into a pIRES2/EGFP vector
(pIRES2-SNHGS, genscript, Nanjing, CHN), and its empty vector
was used as a negative control (pIRES2-NC). Human full-length
GBX2 gene was ligated into a Lentiviral-GV147 vector (Iv-GBX2,
Genechem, Shanghai, CHN), and its empty vector was used as
a negative control (Iv-NC). U87 and U251 cells were seeded in 24-
well plates (Corning, New York, USA) and transfected using
Lipo3,000 reagent (Life Technologies, California, USA) following
the manufacturer’s protocols when the confluence reached at
~70%. Vectors were used at a concentration of 500 ng/ul according
to the manufacturer’s instructions. Geneticin and puromycin
(Thermo Fisher Scientific, Massachusetts, USA) were used to
construct stable cell lines. The efficiency of transient or stable
transfections was evaluated by qRT-PCR or western blot assay
(Supplementary Fig. S5).

Cell proliferation assay

Glioma cell proliferation was evaluated by the Cell Counting
Kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology,
Jiangsu, CHN). 87 and U251 cells were seeded in 96-well plates
at a density of 2000 cells per well and detected 48 hours after
transfection. A CCK-8 solution was added into each well (20 ul),
and three replicate wells were used for each group. All cells were
incubated for another 2 hours at 37°C. Then, the absorbance
was measured at 450 nm through the spectraMax M5 micro-
plate reader (Molecular Devices, USA) [75].

Cell migration and invasion assay

For cell migration, U87 and U251 cells were resuspended in
100 pl serum-free medium at a density of 2 x 10° cells/ml and
assayed in 24-well transwell chambers with an 8 um pore size
polycarbonate membrane (Corning, New York, USA). After
incubation at 37°C for 24 hours, cells on the upper surface of
the membrane were mechanically removed. The cell invasion
assay procedure was similar to the migration assay. The upper
chamber was precoated with a 500 ng/ul matrigel solution
(BD Biosciences, New Jersey, USA). Cells that migrated or
invaded on the lower surface of the membrane were fixed
with methanol and glacial acetic acid at a ratio of 3:1 and
stained with 20% Giemsa. Stained cells were randomly
counted in random field of each chamber [78].

Quantization of apoptosis by flow cytometry

Apoptosis was detected by staining with Annexin V-APC/7-AAD
(BD Biosciences, New Jersey, USA) according to the manufac-
turer’s instructions. U87 and U251 cells were washed twice with
cold phosphate-buffered saline and resuspended in binding buf-
fer at a concentration of 1 x 10° cells/ml. A total of 5 ul allophy-
cocyanin (APC) and 5 ul 7-aminoactinomycin D (AAD) were
added to the cell suspension and incubated for another 15 minutes
at room temperature in a darkroom, followed by addition of
400 yl binding buffer. Cell samples were analysed by flow cyto-
metry (FACScan, BD Biosciences, New Jersey, USA) [79].

RNA stability measurement

After transfected with sh-NC or sh-NCBP3, 2 ug/ml actino-
mycin D was added to block de novo RNA synthesis. Total
RNA was collected at indicated times and SNHG6 expression
was measured by qRT-PCR. The half-life of SNHG6 was
determined as the time required to reach 50% of the RNA
levels after adding actinomycin D.

RNA immunoprecipitation (RIP) assay

RIP assay was performed according to the instructions in the
Magna RIP RNA-binding Protein Immunoprecipitation Kit
(Millipore, Massachusetts, USA). Briefly, HEK-293 T cell lysate
was incubated with RIP buffer containing magnetic beads con-
jugated with human anti-NCBP3 (or anti-EZH2) antibody or
negative control normal mouse IgG. Samples were incubated
with Proteinase K, and immunoprecipitated RNA was isolated.
Furthermore, RNA was purified from RNA-protein complex,
bound to the beads, and then was analysed by qRT-PCR [80].

Nascent RNA capture assay

Following the manufacture’s protocols, nascent RNAs were
detected by Click-iT Nascent RNA Capture Kit (Thermo
Fisher Scientific, Massachusetts, USA). Briefly, cells were
incubated in 5-ethynyl uridine (EU). Then, total RNA labelled
with EU was isolated using Trizol reagent (Thermo Fisher
Scientific, Massachusetts, USA). Subsequently, EU-labelled



RNA was biotinylated in a Click-iT reaction buffer and cap-
tured using streptavidin magnetic beads. Eventually, using
qRT-PCR to detect EU-nascent RNAs [81].

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was conducted by Simple ChIP Enzymatic Chromatin
IP kit (Cell Signalling Technology, Boston, USA), following the
manufacturer’s instructions. HEK-293 T cells were cross-linked
with 1% formaldehyde for 10 min and then dealt with glycine for
5 min at room temperature. Cells were lysed with cold buffer
containing PMSF and resuspended with cold PBS. Chromatin
was digested by micrococcal nuclease and incubated for 20 min at
37°C with frequent mixture. Lysates were employed as an input
reference. Other immunoprecipitation samples were incubated
overnight with normal rabbit IgG or anti-GBX2 antibodies
(Proteintech, Wuhan, CHN) at 4°C with vibration. Protein
G agarose beads were used to collect the chromatin-immune
complex, and beads were scoured with low salt buffer and high
salt buffer. DNA crosslinks were reversed by 5 mol/l NaCl and
proteinase K at 65°C for 2 h to purify. Immunoprecipitated DNA
was amplified by PCR using their specific primers. The primers
for each PCR set, the sizes of PCR products, and annealing
temperatures are listed in Supplementary Table 2-4 [82].

ChIRP assay

ChIRP (n = 3) was performed as described [83], using anti-
sense DNA oligonucleotide probes specific for full-length
SNHG6 in HEK-293 T cells (listed in Table S5). A set of
probes against LacZ RNA were generated as the mock control.
All probes were biotinylated at the 3’-end (Ribo Bio,
Guangzhou, CHN). For PCR analysis, cDNA tiling oligonu-
cleotide probes against SNHG6 or the —1000 ~ 0 bp of GBX2
TSS were used (Supplementary Table 5).

Dual-luciferase reporter assay

For the reporter constructs, the NCBP3, SNHG6 and FLOT1
promoter regions (—1000 ~ 0 bp) were amplified from human
genomic DNA by PCR. In addition, putative GBX2 binding
sites in the PCR conducts were deleted one by one. The PCR
products were subcloned into the pGL3 vector (Promega,
Wisconsin, USA) upstream of a luciferase gene. Human full-
length GBX2 gene was constructed in pEX3 (pGCMV/MCS/
Neo) plasmid vector (GenePharma, Shanghai, CHN). HEK-
293 T cells were co-transfected with the pGL3 vector with either
full-length promoter regions (or deleted promoter regions) and
pPEX3-GBX2 (or pEX3 empty vector) using Lipofectamine 3000.
Dual-Luciferase Reporter System was used to analyse luciferase
activity, and the relative luciferase activity was expressed as the
ratio of firefly luciferase activity to renilla luciferase activity [84].

Tumour xenografts in nude mice

All animal procedures were performed in accordance with the
Care and Use of Laboratory Animals and protocols approved by
the Animal Care Committee of Shengjing Hospital. Four weeks
old female BALB/C athymic nude mice were obtained from the
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National Laboratory Animal Centre (Beijing, CHN). Animals
were in line with the guidelines of the laboratory animal centre.
For the in vivo study, the stably transfected U87 and U251 cells
with control, sh-NCBP3, sh-SNHG6, lv-GBX2, sh-NCBP3 + sh-
SNHG6+ 1v-GBX2 were picked as described above.
A suspension of 3 x 10> cells in a 100 ul volume was subcuta-
neously injected into the right flanks of mice. The tumour
volume was evaluated every 4 days and calculated by the for-
mula; volume (mm?) = length x width?/2. The mice were sacri-
ficed and tumours were isolated on the 40th day postinoculation.
As for intracranial orthotopic inoculation, 3 x 10> cells were
implanted into the right striatum of mice stereotactically. The
number of survived nude mice was registered, and survival
analysis was determined using Kaplan-Meier survival curve [85].

Statistical analysis

Data were presented as mean + SD from at least three indepen-
dent experiments. All statistical analyses were performed by SPSS
18.0 statistical software (IBM, New York, USA) with the Student’s
t-test (two tailed) or one-way analysis of variance for multiple
groups. Survival analysis was evaluated using the Kaplan-Meier
method and assessed using the log-rank test. Differences were
considered statistically significant when P < 0.05.
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