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Studies have found that RNA-binding proteins (RBPs) and
long non-coding RNAs (IncRNAs) are dysregulated and play
an important regulatory role in the development of tumors.
Based on The Cancer Genome Atlas (TCGA) database, our
findings from experiments, and the evidence of previous
studies, we screened DiGeorge syndrome critical region gene
8 (DGCRS8), ZFAT antisense RNA 1 (ZFAT-AS1), and caudal
type homeobox 2 (CDX2) as research candidates. In the present
study, DGCR8 and CDX2 were highly expressed and ZFAT-
AS1 was markedly downregulated in glioma tissues and cells.
DGCRS8 or CDX2 knockdown or ZFAT-AS1 overexpression
suppressed glioma cell proliferation, migration, and invasion
and facilitated apoptosis. DGCR8 might decrease ZFAT-AS1
expression by attenuating its stability in a manner of inducing
its cleavage. Importantly, ZFAT-AS1 could inhibit CDX2 tran-
scription by mediating the methylation of histone H3 on lysine
27 (H3K27me3) modification induced by PRC2 in the CDX2
promoter region. In addition, CDX2 transcriptionally acti-
vated DGCRS8 expression by binding to its promoter regions,
forming a positive feedback loop of DGCRS8/ZFAT-AS1/
CDX2. In conclusion, DGCR8/ZFAT-AS1 promotes CDX2
transcription in a PRC2 complex-dependent manner to facili-
tate the malignant biological behavior of glioma cells.

INTRODUCTION

Glioma is the most common primary malignant tumor of the human
CNS." Although the applications of surgery, chemotherapy, and
radiotherapy have made significant progress in the treatment of gli-
oma in recent years, the prognosis of patients with glioma remains
poor, with the lowest 5-year survival rate among all cancers;> in
addition, the median survival time of patients with gliomas of high
pathological grade is approximately 15 months.”” Therefore, molec-
ular targeting has become a focus of current studies being conducted
on glioma therapeutics.

RNA-binding proteins (RBPs) bind to double-stranded or single-
stranded RNA in cells, and their targets are structure-specific compo-
nents important to the fate of RNA in terms of processing, transport,
localization, stability, or function; furthermore, these targets are
involved in the formation of ribonucleoprotein complexes
(RNPs).”” DiGeorge syndrome critical region gene 8 (DGCRS) is a
double-stranded RNA-binding protein that acts as a non-catalytic
subunit of the microprocessor complex. With the catalytic subunit
Drosha, DGCR8 forms a Drosha-DGCR8 complex, which splices
primary microRNAs (pri-miRNAs) to regulate the synthesis of miR-
NAs.® Sand et al.” have found that DGCRS is highly expressed in
human gastrointestinal cancer cell lines (AGS, KYSE30, and
HepG2). DGCR8 mRNA has been found to be upregulated in invasive
ductal breast carcinoma, and its expression is higher in the high
pathological and metastatic groups than in the low pathological and
non-metastatic groups, suggesting that upregulation of DGCR8
may be involved in the development and invasiveness of invasive
ductal breast carcinoma.'’ Additionally, Drosha-DGCRS is able to
regulate the stability of long non-coding RNAs (IncRNAs), including
MALAT], affecting their expression.s’ll

IncRNAs are involved in epigenetic regulation, gene transcription,
and post-transcriptional gene regulation,'>"” and they play an impor-
tant regulatory role in the development of tumors, including gli-
1% For example, MEG3 shows markedly low expression in gli-
oma tissues and exerts tumor-suppressive effects.'® ZEB1-ASI is
highly expressed in glioma tissues, promoting tumorigenesis, and
its elevated expression is correlated with a poor prognosis.'”
TSLC1-AS1 plays the role of tumor suppressor genes in gliomas.'®
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IncRNA ZFAT antisense RNA 1 (ZFAT-ASI) is an imprinted gene
that is located on the long arm of chromosome 8 of the human
genome and is an antisense transcript of the ZFAT gene. ZFAT is a
zinc finger and AT-hook domain-containing coding gene, which en-
codes a protein that likely binds to DNA and functions as a transcrip-
tional regulator involved in apoptosis and cell survival.'® It has been
reported that RBP SRSF1 regulates cell migration, VEGFA mRNA
splicing, and angiogenesis in glioblastoma multiforme by binding to
circSSMARCAS5.>>*! However, the regulatory role and potential mech-
anisms of DGCR8 and ZFAT-AS] affecting the biological behavior of
glioma have not yet been elucidated.

The polycomb repressive complex 2 (PRC2) is a highly conserved
protein complex composed of multiple subunits. PRC2 can inhibit
gene transcriptional activity by catalyzing methylation of histone
H3 on lysine 27 (H3K27me3) modification.”> A previous study
found that IncRNA-HOTAIR promoted the transition of histone
H3 lysine 27 acetylation to methylation by recruiting the PRC2
complex and promoted epithelial-mesenchymal transition of gastric

cancer.23

CDX2, a member of the caudal-related homeobox transcription fac-
tor gene family, encodes an intestine-specific nuclear transcription
factor that regulates the balance of proliferation and differentiation
of intestinal epithelial cells.”* The aberrant expression of this gene is
associated with intestinal inflammation and tumorigenesis. Studies
have found that overexpression of CDX2 inhibits the proliferation
and tumor formation of colon cancer cells.”> CDX2 expression
decreased progressively with the advancing stage of gastric cancers
and showed a negative correlation with the depth of tumor

invasion.”®

RRM2B encodes one of two forms of the ribonucleotide reductase
R2 subunit and is necessary for normal DNA repair and mtDNA
synthesis in non-proliferating cells. Studies have found that
RRM2B is highly expressed in non-small cell lung cancer and
esophageal squamous cell carcinoma, and it is a biomarker for

tumor invasion and poor prognosis.””** The mRNA and protein
levels of RRM2B in cervical cancer tissues and cells are significantly
upregulated, and this upregulation influences the progression,
metastasis, and poor prognosis of tumors. In addition, it also plays
an oncogenic role.”””’

In the present study we attempted to prove that cell proliferation,
migration, and invasion facilitated by DGCR8/ZFAT-ASI in vitro
might be ascribed to PRC2-induced H3K27me3 modification in the
CDX2 promoter region. Additionally, we aimed to elucidate whether
DGCRS and ZFAT-ASI played an important role in the progression
of glioma.

RESULTS

DGCR8 Promoted Malignant Biological Behavior of Glioma
Cells, but ZFAT-AS1 Suppressed Malignant Biological Behavior
of Glioma Cells

According to the data obtained from The Cancer Genome Atlas
(TCGA), the effect of DGCR8 expression on the survival of pa-
tients with low-grade glioma was significant (p = 0.018), and
DCGR8 mRNA was highly upregulated in U87 and U251 cells
among the four glioma cell lines of U87, U373, U251, and Al172
(Figures SIA-S1C). DGCRS protein levels were detected in normal
brain parenchyma deriving from regions adjacent to the glioma
(Adjacent), different grades of glioma tissues, and human astrocyte
(HA) cells and U87 and U251 glioma cells (Figures 1A and 1B). As
shown in Figure 1A, compared with Adjacent, DGCR8 protein
levels were significantly elevated in glioma tissues, and its protein
levels increased as the pathological grade rose. In addition,
compared with HA cells, significant upregulation of DGCR8 pro-
tein levels was also found in both U87 and U251 glioma cells
(Figure 1B).

By using western blot results, we assessed the influence of DGCRS
on proliferation, apoptosis, migration, and invasion of glioma cells.
First, stable DGCR8 knockdown US87 and U251 cells were con-
structed. The results of a Cell Counting Kit-8 (CCK-8) assay showed

Figure 1. Expression and Effect of DGCR8 and ZFAT-AS1 in Glioma

(A) Normal brain parenchyma deriving from regions adjacent to the glioma (Adjacent) and glioma tissues of different grades were analyzed for DGCR8 protein levels
by western blot. The integrated density values (IDVs) of the blot bands were statistically analyzed. Data are presented as the mean + SD (n = 12, each group). *p < 0.05,
“p < 0.01, *p < 0.01 by Student’s t test. (B) DGCRS8 protein levels were detected by western blot in normal human astrocytes (HAs) and glioma cell lines (U87 and U251).
Data are presented as the mean + SD (n = 3, each group). **p < 0.01 by Student’s t test. (C) A Cell Counting Kit-8 (CCK-8) assay was used to detect the effects of DGCR8
knockdown on the proliferation of U87 and U251 glioma cells. DGCR8(—), group treated with plasmids with the short hairpin RNA against DGCR8; DGCR8(—)NC, group
treated with negative control empty vector plasmids with non-targeting sequence. (D) Flow cytometry analysis was used to detect the apoptotic percentages of U87 and
U251 cells after DGCR8 knockdown. (E) A cell migration and invasion assay (transwell assay) was used to detect the effect of DGCR8 on cell migration and invasion of U87
and U251 cells. Scale bars, 50 um. Data are presented as the mean + SD (n = 3, each group). “p < 0.05 versus DGCR8(—)NC group; **p < 0.01 versus DGCR8(—)NC group by
one-way ANOVA. (F) ZFAT-AS1 expression was analyzed by quantitative real-time PCR in Adjacent and glioma tissues of different grades. Data are presented as the mean +
SD (n = 12, each group). **p < 0.01, *p < 0.01 by Student’s t test. (G) ZFAT-AS1 expression was detected by quantitative real-time PCR in normal HA, U87, and U251 cells.
Data are presented as the mean = SD (n = 3, each group). **p < 0.01 by Student’s t test. (H) Fluorescence in situ hybridization (FISH) analysis of the location of ZFAT-AS1
(green) in the cytoplasm and nuclear fractions (blue) of HA, U87, and U251 cells. Nuclei were labeled with DAPI. Scale bars, 20 pm. (I) The effect of ZFAT-AS1 on U87 and
U251 proliferation was evaluated by the CCK-8 assay. ZFAT-AS1(+), group treated with plasmids with ZFAT-AST full-length sequence; ZFAT-AS1(+)NC, group treated with
negative control empty vector plasmids with a non-targeting sequence. (J) Flow cytometry analysis of the apoptosis of U87 and U251 cells with altered expression of ZFAT-
AS1. (K) The effect of ZFAT-AS1 on cell migration and invasion of U87 and U251 cells was evaluated by transwell assays. Scale bars, 50 um. Data are presented as the
mean + SD (n = 3, each group). *p < 0.05 versus ZFAT-AS1(+)NC group; *p < 0.01 versus ZFAT-AS1(+)NC group; *p < 0.05 versus ZFAT-AS1(—)NC group; *p < 0.01
versus ZFAT-AS1(—)NC group by one-way ANOVA.
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that cell viability of U87 and U251 cells was prominently reduced
when DGCR8 was knocked down (Figure 1C). However, flow cy-
tometry analysis showed that knockdown of DGCRS elevated the
apoptosis rate of U87 and U251 cells (Figure 1D). The migration
and invasion abilities were decreased after DGCR8 knockdown
(Figure 1E).

The expression profile from IncRNA analysis of U87 and U251 cells
upon DGCR8 knockdown revealed the upregulation of several
IncRNAs. The IncRNAs with an approximately 1- to 2-fold change
were validated using quantitative real-time PCR. Interestingly,
ZFAT-AS1 showed an ~10-fold change (Figures SID-S1F). ZFAT-
AS1 expression levels in different glioma tissues, HA cells, and U87
and U251 glioma cells were measured by quantitative real-time
PCR. Compared with Adjacent, ZFAT-AS1 expression was downre-
gulated in glioma tissues of different grades, and its expression levels
decreased as the pathological grade increased (Figure 1F). In addition,
ZFAT-AS1 expression levels were reduced in U87 and U251 cells
compared with HA cells (Figure 1G). The fluorescence in situ hybrid-
ization (FISH) showed that ZFAT-ASI was localized both in cyto-
plasm and nucleus (Figure 1H).

To analyze the potential role of ZFAT-ASI in biological behavior of
glioma cells, we next overexpressed and knocked down ZFAT-AS1
in U87 and U251 glioma cells. A significant reduction of cell viability,
migration, and invasion of both U87 and U251 cells was led by ZFAT-
AS1 overexpression, but ZFAT-AS1 overexpression promoted cell
apoptosis (Figure 11-1K). Whereas ZFAT-AS1 knockdown promoted
cell viability, migration, and invasion of U87 and U251 cells, it sup-
pressed cell apoptosis (Figure 1I-1K).

DGCRS8 Downregulated ZFAT-AS1 Expression via Inducing Its
Cleavage, and ZFAT-AS1 Participated in DGCR8-Knockdown-
Mediated Inhibition on Malignant Biological Behavior of Glioma
Cells

To clarify the relationship between DGCR8 and ZFAT-ASI, using
the bioinformatics database starBase v2.0, it was predicted that
ZFAT-ASI1 harbored a binding sequence of DGCR8 and FUS, but
the influence of FUS on ZFAT-AS1 was not significant (Figures
S1G and S1H). To validate this hypothesis, we performed an RNA
immunoprecipitation (RIP) assay. Results of the RIP assay showed
that the enrichment of ZFAT-AS1 was significantly increased in

the anti-DGCR8 group compared with the negative control anti-
normal immunoglobulin (Ig)G group and the negative RNA control
GAPDH (Figures 2A and 2B). To further elucidate the mechanism of
DGCRS that could downregulate ZFAT-AS1 expression, we next
analyzed nascent ZFAT-AS1 and its half-life in stable DGCRS8
knockdown U87 and U251 cells by quantitative real-time PCR. Fig-
ures 2C-2E show that transcription of nascent ZFAT-ASI has no
significant change after DGCR8 knockdown. However, the half-
life of ZFAT-ASI was significantly prolonged when DGCR8 was
knocked down.

Having found that DGCRS could regulate ZFAT-AS] expression, we
speculated whether ZFAT-AS1 was involved in DGCR8-knockdown-
mediated inhibition on malignant biological behavior of glioma cells.
The stable DGCR8 knockdown cells were transfected with ZFAT-
AS1(+), ZFAT-AS1(—), or their corresponding negative control plas-
mids. ZFAT-ASI overexpression enhanced the suppressive effect on
cell viability of U87 and U251 cells induced by DGCR8 knockdown,
while ZFAT-AS1 knockdown reversed the suppressive effect (Fig-
ure 2F). Similar effects were observed on cell migration and invasion
(Figure 2H). However, ZFAT-AS1 overexpression enhanced the pro-
motion of U87 and U251 cell apoptosis induced by DGCR8 knock-
down. ZFAT-AS1 knockdown rescued the influence of DGCRS8
knockdown on cell apoptosis (Figure 2G). The results described above
supported that an involvement of ZFAT-AS1 was in DGCR8-knock-
down-mediated inhibition on malignant biological behavior of gli-
oma cells.

Knockdown of CDX2 Suppressed Glioma Cell Proliferation,
Migration, and Invasion and Accelerated Apoptosis

Compared with Adjacent, CDX2 protein levels were significantly
highly expressed in different grades of glioma tissues and were
elevated more in grades III-IV glioma tissues than in grades I-II gli-
oma tissues (Figure 3A). Consistently, CDX2 protein expression was
upregulated in U87 and U251 glioma cells (Figure 3B). To assess
CDX2 function on the malignant biological behavior of glioma cells,
cells were treated with CDX2(+) or CDX2(—) plasmids. CDX2 over-
expression induced a significant increase of cell viability, migration,
and invasion of U87 and U251 glioma cells, but a reduction of cell
apoptosis. Whereas CDX2 knockdown suppressed U87 and U251
cell viability, migration, and invasion, it promoted cell apoptosis (Fig-
ures 3C-3E).

Figure 2. ZFAT-AS1 Participates in DGCR8-Knockdown-Mediated Inhibition on Malignant Biological Behavior of Glioma Cells

(A and B) An RNA immunoprecipitation (RIP) assay confirmed that DCGR8 bound to ZFAT-AS1. Relative enrichment was measured using quantitative real-time PCR. (A)
Relative enrichment of U1 small nuclear RNA (snRNA) in SNRNP70 relative to normal IgG immunoprecipitates. (B) Relative enrichment of ZFAT-AS1 in anti-DHCRS relative to
normal IgG immunoprecipitates. Normal mouse IgG was used as a negative control, SNRNP70 was used as a positive control, and GAPDH was used as a negative RNA
control. Data are presented as the mean = SD (n = 3, each group). **p < 0.01 versus anti-normal IgG group; #5 < 0.01 versus GAPDH group by Student’s t test. (C) The
nascent ZFAT-AS1 was measured by quantitative real-time PCR. DGCR8(—), group treated with plasmids with the short hairpin RNA against DGCR8; DGCR8(—)NC, group
treated with the negative control empty vector plasmids with a non-targeting sequence. (D and E) Graphs show ZFAT-AS1 levels at different times treated by actinomycin D in
U87 (D) and U251 (E) cells. Data are presented as mean + SD (n = 3, each group). **p < 0.01 versus DGCR8(—)NC group by one-way ANOVA. (F) Effect of DGCR8 and ZFAT-
AS1 on the proliferation of U87 and U251 cells. (G) Flow cytometry analysis to evaluate cell apoptosis of U87 and U251 cells. (H) Effect of DGCR8 and ZFAT-AS1 on the
migration and invasion of U87 and U251 cells. Scale bars, 50 um. Data are presented as the mean + SD (n = 3, each group). *p < 0.05 versus DGCR8(—)NC + ZFAT-AS1(+)
NC group; **p < 0.01 versus DGCR8(—)NC + ZFAT-AS1(+)NC group by one-way ANOVA.
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Figure 3. CDX2 Endogenous Expression and Its Effect on the Proliferation, Apoptosis, Migration, and Invasion in Glioma Cells

(A) CDX2 protein expression levels in normal brain parenchyma deriving from regions adjacent to the glioma (Adjacent) and glioma tissues of different grades. The integrated
density values (IDVs) of the blot bands were statistically analyzed. Data are presented as the mean = SD (n = 12, each group). *p < 0.01, *p < 0.01 by Student’s t test. (B)
Protein expression levels of CDX2 in HA, U87, and U251 cells. Data are presented as the mean + SD (n = 3, each group). *p < 0.05, **p < 0.01 by Student’s t test. (C) Effect of
CDX2 on the proliferation of U87 and U251 cells. CDX2(—), group treated with plasmids with the short hairpin RNA against CDX2; CDX2(+), group treated with plasmids with
CDX2 full-length sequence; CDX2(—)NC and CDX2(+)NC), groups treated with negative control empty vector plasmids with non-targeting sequence, respectively. (D)
Apoptotic percentages of U87 and U251 cells were detected after CDX2 overexpression or knockdown. (E) Effect of CDX2 on cell migration and invasion of U87 and U251
cells. Scale bars, 50 ym. Data are presented as the mean + SD (n = 3, each group). *p < 0.05 versus CDX2(+)NC group; **p < 0.01 versus CDX2(+)NC group; #p < 0.05 versus

CDX2(—)NC group; #p < 0.01 versus CDX2(—)NC group by one-way ANOVA.

ZFAT-AS1 Inhibited the Transcription of CDX2 by Binding and
Recruiting the PRC2 Complex to Induce H3K27me3 Modification
in the CDX2 Promoter Region

PRC2 inhibits gene transcriptional activity by catalyzing H3K27me2/3.
Emerging evidence suggests that IncRNA is becoming an important
participant in the function of PRC2. The results of a RIP assay showed
that the enrichment of ZFAT-AS1 was significantly increased in the

618 Molecular Therapy Vol. 28 No 2 February 2020

anti-EZH2 group compared with the negative control anti-normal
IgG group and the negative RNA control GAPDH (Figures 4A and
4B); consistently, EZH2 bound to ZFAT-ASI in an RNA pull-down
assay (Figure 4C). The results above confirmed that ZFAT-AS1 bound
to the important subunit EZH2 of the PRC2 complex. Figure 4D dis-
played that the mRNA of CDX2 was decreased following ZFAT-AS1
overexpression. Therefore, to further clarify whether PRC2 mediated
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ZFAT-AS]1 regulation of CDX2 transcription, we performed a chro-
matin immunoprecipitation (ChIP) assay. 2,500 bp upstream of the
CDX2 transcription start site (TSS) were on average divided into five
fragments and then were designed as primers. The primers are pro-
vided in Table S2, and PCR was performed with the precipitated
DNA. The results showed that H3K27me3 was enriched in the 500-
bp region (PCR1) upstream of the TSS, but it was not present in nega-
tive control. Further experiments showed that the H3K27me3 reaction
bands were significantly brighter in the ZFAT-AS1(+) group than in
the ZFAT-AS1(+)NC group (Figure 4E). At the same time, quantita-
tive real-time PCR was utilized to measure the percentage of PCR1
products amplified with the DNA precipitated by H3K27me3 relative
to its corresponding input. The primers are provided in Table S3. Fig-
ure 4F shows that the PCR1 products were significantly increased after
ZFAT-AS]1 overexpression. Next, chromatin isolation by RNA purifi-
cation (ChIRP) was conducted. ZFAT-AS1 obtained 35%-87%
retrieval using tiling probes from the RNA fraction recovered, the pro-
moter region 0-500 bp of CDX2 obtained ~80% retrieval, and the pro-
moter region 500-1000 bp obtained ~4% retrieval from the DNA frac-
tion recovered (Figures S3A-S3D). To further clarify the regulation
between ZFAT-AS1 and CDX2, the stable ZFAT-AS1-overexpressed
cells were transfected with CDX2(+) or its corresponding negative con-
trol plasmids. As shown in Figures 4G-4I, CDX2(+) could rescue the
inhibitory effects on cell proliferation, migration, and invasion and the
promotion effects on cell apoptosis caused by ZFAT-AS1(+) alone.

RRM2B, as a Tumor Initiation Factor, Facilitated Glioma Cell
Proliferation, Migration, and Invasion and Repressed Apoptosis
To reveal the precise mechanism involved in CDX2-regulated malig-
nant biological behavior of glioma cells, we selected RRM2B as a po-
tential tumor-related initiation factor. We measured the endogenous
expression and functional role of RRM2B in glioma cells. The protein
levels of RRM2B were significantly elevated in glioma tissues and were
more upregulated in grades III-IV glioma tissues than in grades I-1I
glioma tissues (Figure 5A). The protein levels of RRM2B were higher
in U87 and U251 cells than in HA cells (Figure 5B). We subsequently
detected the influence on glioma cell proliferation, apoptosis, migra-
tion, and invasion following RRM2B overexpression or knockdown.
Compared with the RRM2B(+)NC group, the cell viability ratio and
migrated and invaded cells numbers of U87 and U251 cells were
significantly advanced in the RRM2B(+) group, but the cell apoptosis
rate was reduced in the RRM2B(+) group. Conversely, RRM2B
knockdown weakened the abilities of cell viability, migration, and in-
vasion in U87 and U251 cells, but it accelerated cell apoptosis (Figures
5C-5E). The above data supported that RRM2B functioned as an
oncogene factor to facilitate the malignant biological behavior of gli-
oma cells.

Western blotting results showed that CDX2 protein levels were mark-
edly decreased following DGCR8 knockdown (Figure 5F). CDX2 pro-
tein levels were also markedly decreased following ZFAT-AS1 overex-
pression but increased with ZTAT-AS1 knockdown (Figure 5G). We
next detected CDX2 protein levels in the stable co-transfected
DGCRS8(—) and ZFAT-AS1(+) or ZFAT-AS1(—) cells. The stable

co-transfected DGCR8(—) and ZFAT-AS1(+) cells had a more signif-
icant inhibitory effect on the protein expression level of CDX2,
whereas ZFAT-AS1 knockdown restored the inhibition of CDX2
protein expression induced by DGCR8 knockdown alone (Figure 5H).
Collectively, the findings described above supported that DGCRS8
knockdown lowered CDX2 protein levels by upregulating ZFAT-AS].

Interestingly, from the results shown in Figures 5I-5L, we also found
that RRM2B protein levels were decreased with DGCR8 knockdown
or ZFAT-AS1 overexpression, and RRM2B protein levels were
elevated after ZFAT-AS1 knockdown; nevertheless, ZFAT-AS1
knockdown reversed the reduction of RRM2B protein induced by
DGCRS knockdown alone, and CDX2 overexpression restored the in-
hibition of RRM2B protein expression induced by ZFAT-AS] overex-
pression. Ultimately, we concluded that DGCR8 might regulate
RRM2B expression through CDX2.

CDX2 Directly Bound to the Promoter Region of RRM2B and
DGCRS8 and Transcriptionally Activated Their Expression
Importantly, the mRNA and protein expression levels of RRM2B
were elevated by CDX2 overexpression, but a significant reduction
was caused by CDX2 knockdown (Figures 6A and 6B). A putative
binding site for CDX2 was predicted in the promoter region
—1,000 to 0 bp of RRM2B using the bioinformatics database JASPAR.
The ChIP assay and luciferase reporter assay were performed to vali-
date the interaction between the CDX2 and RRM2B promoter region.
As shown in Figures 6C and 6D, the results of the two assays above
supported that CDX2 could bind to the RRM2B promoter region
and activate its transcription, and RRM2B was a downstream target
of CDX2.

Interestingly, we also found that the mRNA and protein expression
levels of DGCR8 were also elevated with CDX2 overexpression but
decreased with CDX2 knockdown (Figures 6E and 6F). Similarly,
from the results shown in Figures 6G and 6H, CDX2 could bind to
the DGCR8 promoter region binding site 1 and activate its transcrip-
tion. Together, DGCRS regulated the expression of CDX2 through
ZFAT-ASI, and CDX2 could transcriptionally activate the expression
of DGCRS, forming a positive feedback loop of DGCR8/ZFAT-AS1/
CDX2.

DGCR8 Knockdown Combined with ZFAT-AS1 Overexpression
Produced the Optimum Tumor-Suppressive Effect and the
Longest Survival Time In Vivo

To determine the functions of DGCR8 and ZFAT-ASI on tumor
growth ability in vivo, we subcutaneous injected glioma cells of
DGCRS8 knockdown, ZFAT-AS1 overexpression, or a combination
of the two to establish mouse xenograft models. As shown in Figures
7A and 7B, compared with the DGCR8(—)NC + ZFAT-AS1(+)NC
group, the volumes of xenograft gliomas were prominently smaller
in the DGCR8(—), ZFAT-AS1(+), and DGCR8(—) + ZFAT-AS1(+)
groups. Additionally, combination with the two resulted in a mini-
mum xenograft glioma volume.
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For survival analysis, we stereotactically implanted the above glioma
cells into the right striatum of nude mice. As results in Figure 7C
show, mice in the DGCR8(—), ZFAT-AS1(+), and DGCRS8(—) +
ZFAT-AS1(+) groups possessed longer survival time than did the
DGCR8(—)NC + ZFAT-AS1(+)NC group. Furthermore, mice in
the DGCR8(—) + ZFAT-AS1(+) group had the longest survival time.

Schematic Cartoon of the Mechanism of DGCR8/ZFAT-AS1
Regulation of CDX2 and RRM2B in Glioma

Collectively, these results demonstrate that DGCR8 upregulation plays
an important role in glioma development and progression through pro-
motion of glioma cell proliferation, migration, and invasion, which
partly depends on ZFAT-AS1 regulation of transcription factor
CDX2 expression via binding and recruiting PRC2. Additionally, upre-
gulation of DGCR8 and RRM2B in glioma cells is partly due to CDX2
binding to their promoter region and promoting transcription.

DISCUSSION

Recent studies have found that RBPs are significantly dysregulated
and play an important role in tumor progression.”’ *> RBP SRSF1
bound to circSMARCAS5 regulates VEGFA mRNA splicing and
angiogenesis in glioblastoma multiforme.”” It has also been found
that circSSMARCAS5 may inhibit the migration of glioblastoma multi-
forme cells by tethering the RBP SRSF1.”' In the present study,
DGCRS protein levels were markedly elevated in glioma tissues and
in U87 and U251 cells. DGCR8 knockdown significantly suppressed
proliferation, migration, and invasion and accelerated the apoptosis
of glioma cells. These findings support that DGCRS facilitates the ma-
lignant progression of glioma cells. Similarly, DGCRS8 is highly ex-
pressed in ovarian cancer tissues and SKOV3 cells, and DGCR8
knockdown suppresses the proliferation, migration, and invasion of
ovarian cancer cells;>* DGCRS expression is elevated in colorectal car-
cinomas tissues, and this regulates the occurrence of colorectal carci-
nomas;”> and DGCRS is upregulated in epithelial skin cancer’® and
pleomorphic adenomas of the salivary gland.””

Increasing evidence demonstrates that IncRNAs play an important
regulatory role in the development and progression of tumors.*®

We found that ZFAT-ASI was markedly expressed at low levels in gli-
oma tissues and in U87 and U251 cells. ZFAT-AS1 overexpression in
glioma cells significantly suppressed malignant biological behavior
such as proliferation, migration, and invasion, and it accelerated
apoptosis, whereas the converse was observed upon ZFAT-AS1
knockdown. These observations suggested that ZFAT-AS1 might
function as a tumor suppressor in gliomas. Previous reports have
shown that ZFAS1 is highly expressed in glioma tissues and cells,
and ZFASI downregulation significantly inhibits glioma cells prolif-
eration, migration, and invasion, and it accelerates apoptosis.””*’
The expression of ZFAS1 is downregulated in breast cancer and
acts as a tumor-suppressive gene;'' in contrast, ZFASI is upregulated
in colorectal, gastric, hepatocellular, bladder, and ovarian cancers,
acting as an oncogene; and ZFAS] is dysregulated in various malig-
nant tumors and is involved in tumor proliferation, invasion, metas-
tasis, apoptosis, cell cycle, and drug resistance.*’

Many proteins interact with the transcribed RNAs to form RNPs.
RBPs, in the form of RNPs, modulate the fate of binding RNAs by
regulating transcription, editing, splicing, polyadenylation, translo-
cation, and turnover.” A previous study found that in addition to
miRNAs that are the targets of DGCR8, DGCRS8 also targeted
other RNAs, including mRNA, small nucleolar RNA (snoRNA),
and IncRNAs.® In the current study, it was predicted that ZFAT-
AS1 harbored a binding site for DGCR8 using a bioinformatics
database (starBase v2.0). Results of the RIP assay validated that
DGCRS8 could bind to ZFAT-AS1. Accordingly, it was reported
that DGCRS8 could bind to MALAT1 and several other IncRNAs,
including ZFAT-AS1. Moreover, the microprocessor (Drosha-
DGCRS) could cleave MALAT1 in vivo. DGCRS8 binds to and con-
trols the stability of MALATI, and the binding of DGCR8 could
indeed induce RNA cleavage.” More importantly, the present
study showed that after DGCR8 knockdown, expression of
ZFAT-AS1 was increased, whereas the nascent ZFAT-AS1 was
not transcribed but the half-life of ZFAT-AS1 was prolonged.
Therefore, DGCR8 may affect the expression level of ZFAT-AS1
by inducing its cleavage, rather than by affecting the transcription
of its nascent RNA.

Figure 4. The Molecular Mechanism of ZFAT-AS1 Inhibits CDX2 Transcription and Expression by Binding PRC2 to Induce H3K27me3 Modification in the
CDX2 Promoter Region

(A and B) An RNA immunoprecipitation (RIP) assay confirmed that EZH2 bound to ZFAT-AS1. Relative enrichment was measured using quantitative real-time PCR. (A)
Relative enrichment of U1 snRNA in SNRNP7O0 relative to normal IgG immunoprecipitates. (B) Relative enrichment of ZFAT-AS1 in anti-EZH2 relative to normal IgG im-
munoprecipitates. Normal mouse IgG was used as a negative control, SNRNP70 was used as a positive control, and GAPDH was used as a negative RNA control. Data are
presented as the mean + SD (n = 3, each group). **p < 0.01 versus anti-normal IgG group; **p < 0.01 versus GAPDH group by Student’s t test. (C) RNA pull-down confirmed
that ZFAT-AS1 bound to EZH2. EZH2 was detected using western blot. NC was representative of biotin-labeled negative RNA control (poly(A)os RNA). Bio-ZFAT Trspts and
Bio-ZFAT-AS1 are representative of 3’ end desthiobiotinylated ZFAT transcripts and ZFAT-AS1, respectively. (D) CDX2 mRNA in ZFAT-AS1 overexpression or knockdown
cells. NC, group treated with negative control empty vector plasmids with non-targeting sequence. Data are presented as the mean + SD (n = 3, each group). *p < 0.01
versus ZFAT-AS1(+)NC group; #p < 0.01 versus ZFAT-AS1(—)NC group by one-way ANOVA. (E) H3K27me3 reaction stripe was detected in the CDX2 promoter region
500 bp (PCR1) upstream of the transcription start site (TSS) in U87 and U251 cells of control, ZFAT-AS1(+)NC, and ZFAT-AS1(+) groups. Schematic representation of the
human CDX2 promoter region 2,500 bp upstream of TSS, which was designated as +1, is shown. PCR was conducted with the resulting precipitated DNA. (F) Percentage of
PCR1 relative to input was analyzed by quantitative real-time PCR. Data are presented as the mean + SD (n = 3, each group). *p < 0.01 versus ZFAT-AS1(+)NC group by
one-way ANOVA. (G) Effect of ZFAT-AS1 and CDX2 on the proliferation of U87 and U251 cells. (H) Cell apoptosis of U87 and U251 cells. () Effect of ZFAT-AS1 and CDX2 on
the migration and invasion of U87 and U251 cells. Scale bars, 50 pm. Data are presented as the mean + SD (n = 3, each group). *p < 0.05 versus ZFAT-AS1(+)NC + CDX2(+)
NC group; **p < 0.01 versus ZFAT-AS1(+)NC + CDX2(+)NC group; **p < 0.01 versus ZFAT-AS1(+) + CDX2(+)NC group by one-way ANOVA.
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Studies have found that CDX2 inhibits colon cancer cell proliferation
and tumor formation.*> During the development of mice, the sponta-
neous loss of CDX2 heterozygosity causes the transformation of squa-
mous epithelial cells, leading to colon tumors.* "
study, we discovered that CDX2 expression was increased in glioma
tissues, U87 cells, and U251 cells, and CDX2 knockdown significantly
inhibited glioma cell proliferation, migration, and invasion, and it
promoted apoptosis.

In the current

Polycomb group (PcG) proteins form PRCs, which are involved in the
epigenetic modification of chromatin structure, promote gene
silencing; PRC1 and PRC2 are defined as the two major PRCs that
play primary roles in PcG silencing. The four core subunits of
PRC2 include EZH1/2, SUZ12, EED, and RbAp46/48, of which
EZH2 (histone-lysine N-methyltransferase) is a catalytic subunit
that catalyzes H3K27me2/3.”>*°*® H3K27me3 is an epigenetic
marker of chromatin silencing.*’ Studies have shown that epigenetic
processes play a vital role in cancer, including DNA methylation,
histone modification, genetic imprinting, chromatin remodeling,
and non-coding RNA regulation.”™" Parodi et al.”” reported that
DNA methylation could interfere with gene expression from a dis-
tance through the methylation or demethylation of the regulatory
regions of miRNAs; additionally, the multiplicity of miRNA targets
may result in the simultaneous alteration of many biological pathways
such as cell proliferation, apoptosis, migration, and differentiation.
Recent studies have shown that IncRNAs can recruit PcG proteins
to regulate gene expression.”>>* Notably, IncRNAs are frequently
involved in regulatory processes of epigenetic modifications such as
histone methylation and acetylation.”

In the present study, the RIP assay and RNA pull-down demonstrated
the binding of ZFAT-AS1 and EZH2. It has been reported that CDX2
is one of the developmental transcription factor families bound by
SUZ12, and SUZ12 is bound to the CDX2 promoter region. SUZ12
binding represents PRC2 binding at almost all target genes,"” and
this suggests that CDX2 is a target gene of PRC2. ChIP assays revealed
that H3K27me3 enrichment was only present in —500 to 0 bp of the

CDX2 promoter region and was increased following ZFAT-ASI over-
expression, while CDX2 mRNA and proteins levels were significantly
reduced. Reportedly, 50% of the SUZ12 binding sites in human em-
bryonic stem cells correspond to CpG islands, and the H3K27me3
enrichment region corresponds to CpG islands in 79% of cases.””*>’
The CpG island of CDX2 promoter region 2,500 to 0 bp was located
in —319 to —213 bp based on the bioinformatics software Meth-
Primer 2.0, which was consistent with the results of H3K27me3
enrichment in —500 to 0 bp of the CDX2 promoter region. In addi-
tion, the ChIRP assay revealed that ZFAT-AS1 was present at the pro-
moter region of CDX2. Collectively, these results supported that
ZFAT-AS]1 mediated H3K27me3 by binding and recruiting PRC2
to the CDX2 promoter region, and it inhibited CDX2 transcription,
thereby inhibiting the proliferation, migration, and invasion of gli-
oma cells and promoting apoptosis. However, the specific interaction
patterns between ZFAT-AS1 and EZH2 and how ZFAT-AS]1 recruits
the PRC2 complex to the promoter region of CDX2 remain to be
elucidated. Similar to our findings, a previous study has shown
that MRCCAT1 mediates the NPR3 promoter region H3K27me3
by binding to EZH2, and in turn inhibits NPR3 transcription.”® By
associating with PRC2, MALATI1 detaches EZH2 bound to the
HIV-1 LTR promoter, leading to the removal of H3K27me3 and
reversal of epigenetic silencing of HIV-1 transcription.” IncRNAs
from the antisense strand of p21 gene inhibit the transcription of
p21 by inducing H3K27 methylation in its promoter region.”” It
has also been reported that altered expression of miRNAs and
methylation of their promoters were correlated in neuroblastoma.’’

Typically, the copy number of RRM2B is increased in a variety of
tumors.*>®? Researchers have speculated that RRM2B is a tumor initi-
ation factor.”* In the current study, we found that RRM2B was upre-
gulated in glioma tissues, U87 cells, and U251 cells. RRM2B signifi-
cantly enhanced glioma cell proliferation, migration, and invasion,
and it prevented the apoptosis of glioma cells, supporting that
RRM2B played an oncogenic role in glioma development. In addition,
our findings supported that DGCR8 knockdown lowered CDX2 pro-
tein levels by upregulating ZFAT-AS1, and we also concluded that

Figure 5. RRM2B Endogenous Expression and Its Effect on the Proliferation, Migration, Invasion, and Apoptosis in Glioma Cells

(A) Protein expression levels of RRM2B in normal brain parenchyma deriving from regions adjacent to the glioma (Adjacent) and glioma tissues of different grades. The
integrated density values (IDVs) of the blot bands were statistically analyzed. Data are presented as the mean + SD (n = 12, each group). *p < 0.05, **p < 0.01, *p < 0.01 by
Student’s t test. (B) Protein expression levels of CDX2 in HAs and U87 and U251 glioma cells. Data are presented as the mean + SD (n = 3, each group). *p < 0.05; **p < 0.01
by Student’s t test. (C) Effect of RRM2B on the proliferation of U87 and U251 cells by the CCK-8 assay. NC, group treated with negative control empty vector plasmids with
non-targeting sequence. (D) Apoptotic percentages of U87 and U251 were detected after RRM2B overexpression or knockdown. (E) Effect of RRM2B on cell migration
and invasion of U87 and U251 cells by transwell assays. Scale bars, 50 um. Data are presented as the mean + SD (n = 3, each group). *p < 0.05 versus RRM2B(+)NC group;
**p < 0.01 versus RRM2B(+)NC group; *p < 0.05 versus RRM2B(—)NC group; “*p < 0.01 versus RRM2B(—)NGC group by one-way ANOVA. (F) CDX2 protein expression levels
after DGCR8 knockdown. Data are presented as the mean + SD (n = 3, each group). *p < 0.01 versus DGCR8(—)NC group by one-way ANOVA. (G) CDX2 protein expression
levels after ZFAT-AS1 overexpression or knockdown. Data are presented as the mean + SD (n = 3, each group). **p < 0.01 versus ZFAT-AS1(+)NC group; *# p < 0.01 versus
ZFAT-AS1(—)NC group by one-way ANOVA. (H) CDX2 protein expression levels after regulation by DGCR8 and ZFAT-AS1. Data are presented as the mean + SD (n = 3, each
group). **p < 0.01 versus DGCR8(—)NC + ZFAT-AS1(+)NC group by one-way ANOVA. () RRM2B protein expression levels after DGCR8 knockdown. Data are presented as
the mean = SD (n = 3, each group). *p < 0.01 versus DGCR8(—)NC group by one-way ANOVA. (J) RRM2B protein expression levels after ZFAT-AS1 overexpression or
knockdown. Data are presented as the mean + SD (n = 3, each group). **p < 0.01 versus ZFAT-AS1(+)NC group; **p < 0.01 versus ZFAT-AS1(—)NC group by one-way
ANOVA. (K) RRM2B protein expression levels after regulation by DGCR8 and ZFAT-AS1. Data are presented as the mean + SD (n = 3, each group). *p < 0.01 versus
DGCR8(—)NC + ZFAT-AS1(+)NC group by one-way ANOVA. (L) The RRM2B protein expression levels after regulation by ZFAT-AS1 and CDX2. Data are presented as the
mean + SD (n = 3, each group). **p < 0.01 versus ZFAT-AS1(+)NC + CDX2(+)NC group; *p < 0.01 versus ZFAT-AS1(+) + CDX2(+)NC group by one-way ANOVA.
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Figure 6. CDX2 Directly Bound with the Promoter Region of RRM2B and DGCRS8 and Transcriptionally Activated Their Expression

The RRM2B mRNA (A) and protein expression (B) were detected after CDX2 overexpression or knockdown. NC, group treated with negative control empty vector plasmids
with non-targeting sequence. The integrated density values (IDVs) of the blot bands were statistically analyzed. Data are presented as the mean + SD (n = 3, each group). *p <
0.01 versus CDX2(+)NC group; *p < 0.05 versus CDX2(—)NC group; *p < 0.01 versus CDX2(—)NC group by one-way ANOVA. (C) CDX2 bound to the promoter of RRM2B in
U87 and U251 cells. A schematic representation of the human RRM2B promoter region 1,000 bp upstream of TSS, which was designated as +1, is shown. The putative
CDX2 binding site is indicated. PCR was conducted with the resulting precipitated DNA. (D) Schematic depiction of the different reporter plasmids and relative luciferase
activity. The relative luciferase activity was conducted after cells were co-transfected with the RRM2B promoter (—1,000 to 0 bp) (or RRM2B promoter-deleted putative CDX2
binding site) with GV146 empty vector or GV146-CDX2(+). Data are presented as the mean + SD (n = 3, each group). **p < 0.01 by one-way ANOVA. DGCR8 mRNA (E) and
protein expression (F) were detected after CDX2 overexpression or knockdown. Data are presented as the mean + SD (n = 3, each group). “*p < 0.01 versus CDX2(+)NC
group; *p < 0.05 versus CDX2(—)NC group; #*p < 0.01 versus CDX2(—)NC group by one-way ANOVA. (G) CDX2 bound to the promoter of DGCR8 in U87 and U251 cells. A

(legend continued on next page)
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DGCRS regulated RRM2B protein expression through CDX2. Collec-
tively, we concluded that DGCRS affected glioma malignant biolog-
ical behavior by regulating RRM2B expression.

Previous studies have reported that CDX2 transcriptionally activates
the expression of glycogen synthase kinases GSK-38 and Axin2 by
directly binding to the promoter of GSK-3f and an enhancer
upstream of Axin2.”> Comparison of the adult mouse and human
intestinal cells revealed that CDX2 binds to and activates different
target genes during development.”> To elucidate the mechanism
through which CDX2 regulates RRM2B expression, we used the bioin-
formatics software JASPAR and identified that the RRM2B promoter
region possessed a potential binding site for CDX2. Results of the
ChIP assay and luciferase reporter system experiments validated that
CDX2 could directly bind to the RRM2B promoter region and activate
its transcription. Therefore, according to these findings, we concluded
that CDX2 affected the biological behavior of glioma cells by activating
the transcription and expression of the target gene RRM2B.

Interestingly, based on the results of the JASPAR and ChIP analyses,
the luciferase reporter system assay validated that CDX2 transcrip-
tionally activated the expression of DGCR8 by binding to its pro-
moter region. These findings suggested that CDX2 could regulate
the expression of upstream DGCRS, forming a positive feedback
loop to regulate the biological behavior of glioma cells. Similar to
our findings, Teng et al.”° reported that RUNX1 elevates the promoter
activity of HCP5, and Su et al.”” reported that SOX3 could transcrip-
tionally activate SOX20T expression by binding to its promoter
region, forming a positive feedback loop to affect the malignant bio-
logical behavior of glioma cells.

Finally, our in vivo study showed that DGCR8 knockdown and ZFAT-
AS1 overexpression, as well a combination of the two, significantly
reduced the xenograft glioma volumes and were associated with longer
survival. However, compared to the DGCR8 knockdown and ZFAT-
AS1 overexpression groups, a combination of the two resulted in min-
imal xenograft glioma volume and had the longest survival time. These
findings implied that DGCR8 knockdown combined with ZFAT-AS1
overexpression possessed a potential clinical value.

In conclusion, in the present study, we found that DGCR8 and CDX2
were highly expressed and that ZFAT-AS1 was markedly downregu-
lated in glioma tissues and cells. Highly expressed DGCR8 decreased
ZFAT-ASI stability to downregulate its expression, and then reduced
the modification of H3K27me3 in the CDX2 promoter region medi-
ated by ZFAT-AS], and it relieved the transcriptional inhibition on
CDX2, resulting in the increase of CDX2 expression. CDX2 transcrip-
tionally activated the expression of RRM2B and DGCRS, forming a
positive feedback regulatory loop to collectively regulate the malig-

nant biological behavior of glioma cells. This study revealed a new
molecular mechanism underlying the DGCR8/ZFAT-AS1/CDX2/
RRM2B feedback loop regulating glioma cell malignant biological
behavior, and it also provided new insights into the molecular explo-
ration of glioma etiology.

MATERIALS AND METHODS

Human Brain Tissues and Glioma Specimens

Normal brain parenchyma deriving from regions adjacent to the gli-
oma (Adjacent) and glioma specimens were collected from Shengjing
Hospital of China Medical University. All patients voluntarily signed
informed consent, and this study received approval from the Ethics
Committee of Shengjing Hospital of China Medical University. Adja-
cent (n = 12) specimens acquired from patients with glioma were
used as negative controls. All samples being resected were rapidly
frozen in liquid nitrogen. According to the 2007 World Health Orga-
nization (WHO) classification, the pathological grades of glioma tis-
sue specimens were classified into four grades: WHO I'and II (n = 12)
and WHO Il and IV (n = 12).

Cell Culture

The HEK293T and human glioma cell lines (U87 and U251) were
purchased from the Shanghai Institutes for Biological Sciences Cell
Resource Center. DMEM (HyClone, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco, USA) was employed to maintain
HEK?293T, U87, and U251 cells. HA (ZY-1028) cells were purchased
from Shanghai Zeye Biotechnology and cultured in complete growth
medium: RPMI 1640 + 10% FBS + 1% penicillin-streptomycin
solution. All cells were cultured in a humidified Calorstat at 37°C,
5% CO,.

Quantitative Real-Time PCR

Quantitative real-time PCR was carried as previously described.”® A
One-Step SYBR PrimeScript RT-PCR kit (Takara Bio, Japan) was
used to evaluate the expression of ZFAT-ASl1 and mRNA of
DGCRS, CDX2, and RRM2B with a 7500 Fast real-time PCR system
(Applied Biosystems, USA). The primers are provided in Table S1.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
an endogenous control. The relative quantification of above was
calculated to the 244" value.

FISH

In brief, HA, U87, and U251 cells were fixed on slides in 4% formal-
dehyde (Sigma) for 15 min and then washed with PBS (containing 1%
diethyl pyrocarbonate [DEPC], Dingguo, China) three times. After
digestion with PCR-grade proteinase-K (Roche Diagnostics, Man-
nheim, Germany), the hybridization mix was prepared with ZFAT-
AS1 probe (green-labeled, Servicebio, Wuhan, China) (5'-CAAC
ATCTTGCTGAAGTGTCCA-3') in hybridization solution. Then,

schematic representation of the human DGCR8 promoter region 1,000 bp upstream of TSS, which was designated as +1, is shown. Putative CDX2 binding sites were
indicated. PCR was conducted with the resulting precipitated DNA. (H) Schematic depiction of the different reporter plasmids and relative luciferase activity. The relative
luciferase activity was conducted after cells were co-transfected with DGCR8 promoter (—1,000 to 0 bp) (or DGCR8 promoter-deleted putative CDX2 binding sites) with
GV146-CDX2(+) or GV146 empty vector. Data are presented as the mean + SD (n = 3, each group). **p < 0.01 by one-way ANOVA.
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Figure 7. Tumor Xenograft Studies

(A) The nude mice carrying tumors from respective groups
are shown. The sample tumors from respective groups
are shown. (B) Tumor growth curves are shown. Tumor
volume was calculated every 5 days after injection, and
the tumor was taken after 45 days. DGCR8(—), group
treated with plasmids with the short hairpin RNA against
DGCR8; DGCR8(—)NC, group treated with negative
control empty vector plasmids with non-targeting
sequence. Data are presented as the mean + SD (n = 8,
each group). *p < 0.01 versus DGCR8(—)NC + ZFAT-
AS1(+)NC group; *p < 0.05 versus DGCR8(—) group; p <
0.05 versus ZFAT-AS1(+) group by one-way ANOVA. (C)
Survival curves from representative nude mice injected
into the right striatum are shown (n = 8, each group).

\*\ @0 )

G4112F-014850) designed by Agilent Technol-
ogies were used. Total RNA was extracted
from U87 and U251 cells of stable transfected
DGCR8(—)NC and DGCRS8(—), which was
reverse transcribed to cDNA. It was Cy3-labeled
after cRNA being transcribed from obtained
cDNA in vitro, and the labeled cRNA was puri-
fied. Each slide was hybridized with Cy3-labeled
cRNA in a hybridization oven. After hybridiza-
tion, the slides were washed in staining dishes.
The slides were scanned using an Agilent mi-
croarray scanner. The data were extracted using
Feature Extraction software 10.7 (Agilent Tech-
nologies). Lastly, the differently expressed genes
were obtained from samples in three groups af-
ter data analysis.

Western Blot

Western blot was carried as previously
described.®® Lastly, integrated density values
(IDVs) were analyzed with Gel-Pro professional
image analysis software (Media Cybernetics,
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Days after injection

the slides were washed with washing buffer (containing 1% DEPC)
and the sections were stained with anti-digoxin rhodamine conjugate
(1:100, Exon Biotech, Guangzhou, China) at 37°C for 1 h away from
light. The sections were stained with DAPI (Beyotime Institute of
Biotechnology, Jiangsu, China) for nuclear staining subsequently.
All fluorescence images were captured using an Olympus BX51 fluo-
rescence microscope (Olympus, Tokyo, Japan).

Microarray Analysis of Human IncRNA Expression Profile

For the expression profile of IncRNA, analysis was performed by
Kangchen Biotech (Shanghai, P.R. China) using an Agilent chip plat-
form. Briefly, 60-mer oligonucleotide probes and chip (ID no.
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Days after injection

USA). The primary antibodies are as follows:
DGCRS (Cat# 60084-1-Ig, RRID: AB_2090985,
Proteintech Group), CDX2 (Cat# sc-166830,
RRID: AB_2260278, Santa Cruz Biotechnology),
RRM2B (Cat# 18005-1-AP, Proteintech Group), EZH2 (ab191250,
Abcam, UK), and GAPDH (Cat# 60004-1-Ig, RRID: AB_2107436,
Proteintech Group).

Cell Transfections

The short hairpin RNAs against DGCR8 (DGCRS8(—); sequence: site #1,
5'-GGAGTATGCAGTGCTCGATGA-3'; site #2, 5'-GGTCCAGGC
CATACTTCTTGG-3'; site #3, 5-GCATCCTGCACGAGTACAT
GC-3; site #4, 5-GCGGGTGGTGTAAGAACAAGA-3'), CDX2
(CDX2(—); sequence: site #1, 5'-GGACAAGGACGTGAGCATGT
A-3'; site #2, 5-GACGAAAGACAAATATCGAGT-3'; site #3, 5'-
GAAGAAGTTGCAGCAGCAACA-3'), or RRM2B (RRM2B(—); site
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#1, 5-GGTTTGTCATCTTTCCAATCC-3'; site #2, 5'-GCAGATGA
GAAGTACTTCATC-3'; site #3, 5-GCTGCTATATTCTGGCTAA
AG-3'; site #4, 5-GCTTGCCTGATGTTCCAATAC-3') were intro-
duced in pGPU6-GFP-Neo vectors by GenePharma (Shanghai, China)
and their respective non-targeting sequence (negative control [NC],
DGCR8(—)NC, CDX2(—)NC, or RRM2B(—)NC) empty vectors plas-
mids were also constructed. ZFAT-AS1-targeted short hairpin RNA
(ZFAT-AS1(—)), and its respective non-targeting sequence (ZFAT-
AS1(—)NC) empty vectors plasmids were constructed by GeneChem
(Shanghai, China) with U6-MCS-IRES-puromycin vectors. The pla-
mids with CDX2 full-length sequence (CDX2(+)), RRM2B full-length
sequence (RRM2B(+)), and their respective empty vector plasmids
without sequence (CDX2(+)NC or RRM2B(+)NC) were constructed
by GeneChem with CMV-MCS-IRES-EGFP-SV40-neomycin vectors
and CMV-MCS-EGFP-§V40-neomycin vectors. The plasmids with
ZFAT-ASI full-length sequence (ZFAT-AS1(+)) and its corresponding
empty vector plasmids without sequence (ZFAT-AS1(+)NC) were con-
structed by GenScript (Piscataway, NJ, USA) with pcDNA3.1 vectors.
U87 and U251 cells were seeded into 24-well plates (Corning, NJ,
USA) and transfected with the above plasmids when cell confluence
reached 70%-80% using Lipofectamine 3000 reagent (Life Technolo-
gies, Carlsbad, CA, USA) following the manufacturer’s protocols. The
applicable stable transfected cells were screened by neomycin or puro-
mycin. (The stable transfection was carried out after the site with the
highest knockdown efficiency selected by quantitative real-time PCR af-
ter 48 h of transient transfection was carried out with the above plasmids
using Lipofectamine 3000 reagent following the manufacturer’s proto-
cols). The efficiency of transient or stable transfection was detected by
quantitative real-time PCR or western blotting (Figure S2). Also, the sta-
ble DGCRS8 knockdown cells were transfected with ZFAT-AS1(+),
ZFAT-ASI(—), or their corresponding negative control plasmids,
respectively, and the stable ZFAT-ASI overexpressed cells were trans-
fected with CDX2(+) or its corresponding negative control plasmids,
respectively.

Cell Viability Assay

Glioma cell viability was evaluated by the Cell Counting Kit-8 (CCK-
8) assay (Beyotime Institute of Biotechnology, Jiangsu, China). 100 uL
of cell suspensions (2 x 10* cells/mL) was seeded in 96-well plates and
incubated for 48 h at 37°C. Then, 10 pL of CCK-8 solution was added
into each well and the cells were incubated for 2 h at 37°C. Next, the
absorbance was gauged at 450 nm through the SpectraMax M5 mi-
croplate reader (Molecular Devices, USA).

Evaluation of Apoptosis by Flow Cytometry

Cell apoptosis was assessed by an ApoScreen annexin V apoptosis kit-
phycoerythrin (PE) (SouthernBiotech, USA). Cells were washed with
PBS, centrifuged twice, and then resuspended with cold 1 x annexin V
binding buffer and harvested cells (1 x 10° cells/mL). Based on the
manufacturer’s instructions, cells were added to 10 pL of conjugated
annexin V-PE and gently eddied and protected from light and incu-
bated at 2°C-8°C for 15 min. Subsequently, 380 pL of cold 1x an-
nexin V binding buffer was added, followed by the addition 10 pL
of 7-aminoactinomycin (7-AAD). Lastly, the cells were analyzed

with FACScan flow cytometry (BD Biosciences, USA) to determine
the apoptotic fractions.

Cell Migration and Invasion Assay (Transwell Assay)

A cell migration and invasion assay was performed as previously
described.” Cell numbers of three randomly chosen fields were
counted and imaged under a microscope.

Nascent RNA Capture

Following the manufacture’s protocols, nascent RNAs was detected
by Click-iT nascent RNA capture kit (Thermo Fisher Scientific,
USA). Then, 5-ethymyl uridine (EU) was clicked into nascent
RNAs, after which EU-nascent RNAs were captured by streptavidin
magnetic beads for the succeeding quantitative real-time PCR.

RNA Stability Evaluation

De novo synthesis of RNA was inhibited by adding actinomycin D
(ActD; NobleRyder, China) to cell culture medium. Total RNA was
isolated at different time points, respectively, and tested by quantita-
tive real-time PCR. Compared with zero time, the half-life of RNA is
determined by its level decreasing to 50% at a certain time point.

RIP Assay

Based on the manufacturer’s protocols, a RIP assay was carried using
an EZ-Magna RNA-binding protein immunoprecipitation kit (Milli-
pore, USA) in this study. Lysates of U87 cells were incubated with
compounds of RIP buffer, magnetic beads, and human anti-
DGCRS8 (Proteintech Group, Cat# 60084-1-Ig, RRID: AB_2090985)
(or anti-EZH2 [Abcam, UK]), negative control normal mouse IgG
(Millipore, USA), and positive control anti-SNRNP70 (Millipore,
USA). Next, the above compounds were incubated with proteinase
K. Then, immunoprecipitated RNA was purified, and the RNA con-
centration and quality were assessed by a NanoDrop spectrophotom-
eter (Thermo Scientific). Lastly. the purified RNA was subjected to
quantitative real-time PCR analysis using specific primers to illustrate
the presence of the binding targets. GAPDH was used as the negative
RNA control.

RNA Pull-Down

A Pierce magnetic RNA-protein pull-down kit (Thermo Fisher Scien-
tific, USA) was used to detect the interaction between ZFAT-AS1 and
EZH2 protein according to the manufacturer’s instructions. ZFAT
transcripts, ZFAT-AS]1, and negative RNA control (poly(A),s RNA)
were labeled using desthiobiotinylated cytidine bisphosphate and
T4 RNA ligase according to the Pierce RNA 3’-End Desthiobiotinyla-
tion Kit procedure. The biotin-labeled negative RNA control
(poly(A),s RNA), ZFAT transcripts, and ZFAT-ASI were captured
using streptavidin magnetic beads in RNA capture buffer for
30 min at room temperature. Beads were washed twice in 20 mM
Tris (pH 7.5), once in protein-RNA binding buffer, and U87 extract
was added. Samples were incubated for 45 min at 4°C, washed three
times with wash buffer, and eluted after 15 min of incubation at 37°C
with biotin elution buffer. RNA pull-down specificity was assessed
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by western blotting with samples normalized by volume, and the
input was U87 lysates.

Reporter Vector Constructs and Luciferase Reporter Assay

The reporter vector construction was carried out as previously
described.®® HEK293T cells were co-transfected with constructed re-
porter vectors and GV146-CDX2(+) (or GV146 empty vector) using
Lipofectamine 3000. The plasmid of GV146-CDX2(+) (GeneChem,
Shanghai, China) contained human CDX2 full-length sequence.
The relative luciferase activities were detected after co-transfection
48 h using a single luciferase reporter gene assay kit (YPH, Beijing,
China) following the manufacturer’s protocols.

ChIP Assay

ChIP assays were conducted as previously described®” using a Simple-
ChIP enzymatic ChIP kit (Cell Signaling Technology, USA). The an-
tibodies used in assays were as follows: anti-CDX2 antibody (Cat# sc-
166830, RRID: AB_2260278, Santa Cruz Biotechnology), anti-
H3K27me3 antibody (Cat# ab6002, RRID: AB_305237, Abcam),
and normal rabbit IgG. Immunoprecipitated DNA from anti-
H3K27me3 (or anti-CDX2) and anti-IgG was amplified by PCR
with primers. The primers for each PCR set, annealing temperatures,
and the sizes of PCR products are provided in Tables S2 and S4. For
each PCR, the corresponding input was taken in parallel for PCR vali-
dation. Then, immunoprecipitated DNA from anti-H3K27me3 was
quantitated by quantitative real-time PCR with SYBR Premix Ex Ta-
qII (Tli RNase H Plus) (Takara Bio), and the primers are provided in
Table S3. The results are displayed as the percentage of immunopre-
cipitated over input values (% input).

ChIRP

ChIRP (n = 3) was performed as described,®® using antisense DNA
oligonucleotide probes specific for full-length ZFAT-AS1 (designed
on https://www.singlemoleculefish.com and listed in Table S5). A
set of probes against LacZ RNA was also generated as the mock con-
1.°” All probes were biotinylated at the 3’ end (RiboBio, Guangz-
hou, China). Eluted RNA was subjected to quantitative reverse-tran-
scription PCR for the detection of enriched transcripts. DNA
fragments were recovered and analyzed by qPCR. Data were normal-
ized to the corresponding DNA input control and are represented as
percentage of input. For PCR analysis, cDNA tiling oligonucleotide
probes against ZFAT-AS1 or the CDX2 promoter region (Table S5)
were used.

tro

Xenograft Mouse Model In Vivo

Athymic nude mice (BALB/c) were 4 weeks old and purchased from
the Cancer Institute of the China Academy of Medical Science for the
in vivo study. All experiments were performed strictly following the
Animal Welfare Act and approved by the Ethics Committee of China
Medical University. The stable transfected and expressing cells
(DGCR8(—)NC + ZFAT-ASI1(+)NC, DGCR8(—), ZFAT-ASI(+),
and DGCR8(—) + ZFAT-AS1(+)) were selected. For subcutaneous
xenografts, 3 x 10° cells were subcutaneously injected into the right
flank area of each nude mouse. The volumes of tumor were gauged
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every 5 days until 45 days and calculated according to the estimate
formula: volume (mm?) = length x width®/2. At 45 days after injec-
tion, the mice were sacrificed and then tumors were dissected and
separated. For survival analysis, nude mice were stereotactically im-
planted at a 3 x 10° glioma cells into the right striatum. The number
of surviving nude mice was recorded, and Kaplan-Meier survival
curve was applied for the survival analysis.

Statistical Analysis

All experimental data were manifested as mean + SD. GraphPad
Prism v5.01 (GraphPad, CA, USA) was applied for statistical analysis.
Group comparisons were made with a Student’s t test or one-way
ANOVA. Differences were considered statistically significant when
p < 0.05.
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