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Abstract

Aims: The isocitrate dehydrogenase (IDH) phenotype is associated with reprogrammed
energy metabolism in glioblastoma (GBM) cells. Small nucleolar RNAs (snoRNAs) are
known to exert an important regulatory role in the energy metabolism of tumor cells.
The purpose of this study was to investigate the role of C/D box snoRNA U3 and
transcription factor zinc finger and BTB domain-containing 7A (ZBTB7A) in the regu-
lation of aerobic glycolysis and the proliferative capacity of IDH1 wild-type (IDH1WT)
GBM cells.

Methods: Quantitative reverse transcription PCR and western blot assays were uti-
lized to detect snoRNA U3 and ZBTB7A expression. U3 promoter methylation sta-
tus was analyzed via bisulfite sequencing and methylation-specific PCR. Seahorse XF
glycolysis stress assays, lactate production and glucose consumption measurement
assays, and cell viability assays were utilized to detect glycolysis and proliferation of
IDH1VT GBM cells.

Results: We found that hypomethylation of the CpG island in the promoter region of
U3 led to the upregulation of U3 expression in IDH1YT GBM cells, and the knockdown
of U3 suppressed aerobic glycolysis and the proliferation ability of IDH1WT GBM cells.
We found that small nucleolar-derived RNA (sdRNA) U3-miR, a small fragment pro-
duced by U3, was able to bind to the ZBTB4 3'UTR region and reduce ZBTB7A mRNA
stability, thereby downregulating ZBTB7A protein expression. Furthermore, ZBTB7A
transcriptionally inhibited the expression of hexokinase 2 (HK2) and lactate dehydro-
genase A (LDHA), which are key enzymes of aerobic glycolysis, by directly binding to
the HK2 and LDHA promoter regions, thereby forming the U3/ZBTB7A/HK2 LDHA
pathway that regulates aerobic glycolysis and proliferation of IDH1YT GBM cells.
Conclusion: U3 enhances aerobic glycolysis and proliferation in IDH1WT GBM cells via
the U3/ZBTB7A/HK2 LDHA axis.
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1 | INTRODUCTION

At present, glioblastoma (GBM) is the most malignant intracranial
tumor, with high morbidity and mortality rates.'® The traditional
World Health Organization (WHO) classification of gliomas does not
accurately reflect the heterogeneity of GBM and thus, cannot be
used to accurately guide treatment options or assess patient progno-
sis. The 2016 updated WHO classification of central nervous system
tumors added molecular phenotypes to the traditional histological
classification. It has been reported that the molecular phenotypes of
GBM are closely related to disease progression and the prognosis of
GBM patients. The current predominant molecular phenotype clas-
sification of GBM is based on single amino acid missense mutations
in isocitrate dehydrogenasel (IDH1), which facilitates the classifica-
tion of GBM into IDH1 wild-type (IDH1VT) and IDH1 mutant-type
(IDH1MYY. IDH1 R132H (IDH1?%?M) is the most common point mu-
tation.*"® Active aerobic glycolysis, known as the Warburg effect,
is a typical metabolic feature of GBM cells. Glycolysis can provide
energy and raw materials for the rapid proliferation of GBM cells.”®
Studies have found that the aerobic glycolytic and proliferative
capacity of IDH1YT GBM cells are significantly higher than that of
IDH1M'* GBM cells, and IDH1"T GBM has been associated with a
shortened survival time compared with IDH1M"t GBM.®? Therefore,
it is essential that the molecular mechanisms regulating aerobic gly-

1T GBM cells are studied as they may reveal novel

colysis in IDH
mechanisms of malignant tumorigenesis of IDH1WT GBM from the
perspective of glycolytic reprogramming.

IDH1 catalyzes the generation of a-ketoglutarate (a-KG) from
isocitric acid, whereas IDH1 mutations result in abnormal enzyme
activity that converts a-KG to D-2-hydroxyglutarate (D-2-HG). D-
2-HG accumulation suppresses a-KG-dependent DNA demethylase
activity. IDH1 mutations are closely correlated with the glioma-CpG
island methylator phenotype (G-CIMP),**® whereas IDH1"T GBM
is commonly associated with the hypomethylation of CpG islands.
It has been reported that the methylation status of CpG islands in
DNA promoter regions is closely linked with the expression of small
nucleolar RNA (snoRNA).* snoRNAs, which are noncoding small
RNAs, are located mainly in the nucleus and participate in the tumor-
igenesis of various tumors.'?® For example, SNORD44 is generally
expressed at low levels in gliomas; however, the high expression of
SNORDA44 inhibits GBM proliferation, invasion, and migration and
promotes apoptosis./* SNORD12B expression is elevated in GBM
and promotes glycolipid metabolism and proliferation.’® U3 belongs
to the RNUS3 nuclear small RNA family, which is located at the core of
the nonhomologous recombinant palindrome sequence on the long
arm of chromosome 17 and is closely correlated with tumorigene-

sis.1®7 Currently, the differential expression of U3 in IDH1IWT and

IDH1IMY* GBM and the mechanisms regulating aerobic glycolysis in
IDH1™T GBM remain unclear.

The transcription factor ZBTB7A (zinc finger and BTB domain-
containing 7A) is a member of the POK (POZ/BTB and Krippel)
protein family and is known to repress target genes by recruiting
co-repressors.*® In osteosarcoma, ZBTB7A represses linc00473
transcription and expression and regulates the sensitivity of osteo-
sarcoma cells to cisplatin chemotherapy.’’ In melanocytes, ZBTB7A
transcriptionally represses the expression of the key adhesion pro-
tein MCAM and regulates the migratory and invasive abilities of
melanoma cells.?> However, there have been no reports on the role
of ZBTB7A in aerobic glycolysis and the proliferative capacity of
IDH1IWT GBM cells. Hexokinase 2 (HK2) and lactate dehydrogenase
A (LDHA) are key enzymes that regulate aerobic glycolytic energy
metabolism. Increased expression of HK2 and LDHA in GBM cells
can promote the aerobic glycolytic capacity of cells, which in turn
can promote cell proliferation, migration, and invasion.”%2?

In the present study, we demonstrated the differential expres-
sion of U3 and ZBTB7A in IDH1"T and IDH1M" GBM tissues and
cells, as well as the intermolecular interactions between them.
Furthermore, we explored the mechanism responsible for their ef-
fects on aerobic glycolysis and the proliferative capacity of IDHIWT
GBM cells. This study identified a new mechanism of tumorigenesis
and explored new molecular targets for the treatment of IDHIWT
GBM from the perspective of aerobic glycolysis.

2 | MATERIALS AND METHODS

2.1 | Clinical specimens

The normal brain specimens and glioma specimens used in this study
were collected from the Department of Neurosurgery, Shengjing
Hospital Affiliated China Medical University. This study received
ethical approval by the medical ethics committee of the Shengjing
Hospital Affiliated China Medical University. For more detailed infor-
mation, refer to Supporting Information of Materials and Methods.

2.2 | Celllines

Human embryonic kidney (HEK) 293T cells and human GBM cell
lines (U87 and U251) were purchased from Institutes for Biological
Sciences Cell Resource Center (Shanghai, China). Normal human
astrocyte (NHA) cells were purchased from the ScienCell Research
Laboratories (CA, USA). For more detailed information, refer to

Supporting Information of Materials and Methods.
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2.3 | Quantitative real-time PCR (qQRT-PCR)

RNA was extracted from tissues and cells via Trizol reagent (Life
Technologies Corporation, Carlsbad, CA, USA) according to the
manufacturer's protocol. RNA expression was measured using
the method of qRT-PCR. The primers are presented in Table S1.
For more detailed information, refer to Supporting Information of
Materials and Methods.

2.4 | Western blot

Western blot was performed as previously described.???® For more
detailed information about experimental procedure and antibodies
information, please refer to Supporting Information of Materials and
Methods.

2.5 | Cell transfection

UB7R132H and U251R132H cells were obtained from transduction of
plasmid carrying IDH1 R132H variant into U87 and U251 cells.?4%°
The short-hairpin RNA directed against ZBTB7A(ZBTB7A(-)) and
nontargeting short-hairpin RNA(ZBTB7A(-)NC), the short-hairpin
RNA directed against Dicer(Dicer(-)) and nontargeting short-hairpin
RNA(Dicer(-)NC), ZBTB7A full length(ZBTB7A(+)) plasmid and its
negative control plasmid(ZBTB7A(+)NC) were synthesized by Gene-
Pharama (Shanghai, China). The sequences for the short-hairpin
RNA targeting sequence of ZBTB7A and Dicer were presented in
Table S2. U3 sgRNA CRISPR/Cas9 All-in-One plasmid (U3(-)) and its
nontargeting sgRNA (U3(-)NC), U3 full length(U3(+)) plasmid and its
negative control plasmid(U3(+)NC) were synthesized by Syngen Tech
(Beijing, China). The sgRNA sequences were presented in Table S3.
The gRT-PCR and western blot were utilized to confirm transfec-
tion efficacy (Figure S1). For more detailed information about ex-
perimental procedure, please refer to Supporting Information of
Materials and Methods.

2.6 | Extracellular acidification rate

Extracellular acidification rate (ECAR) assay was performed as
previously described.?>2® For more detailed information about ex-
perimental procedure, please refer to Supporting Information of
Materials and Methods.

2.7 | Glucose utilization and lactate
production assays

Glucose utilization and lactate production was measured as pre-

viously described.?>® For more detailed information about

experimental procedure, please refer to Supporting Information of
Materials and Methods.

2.8 | CCK-8

Cell proliferation was assessed via CCK-8 assay as previously de-
scribed.?>2® For more detailed information about experimental
procedure, please refer to Supporting Information of Materials and
Methods.

2.9 | Colony formation assay

Following digestion, 1x10° cells per well were seeded in 6cm
dishes. The cells were fixed with methanol and stained with crystal
violet solution after 3weeks of culture. After staining for 0.5h, the
colonies were examined and counted.

2.10 | U3 promoter methylation analysis

DNA was extracted using the QlAamp DNA Mini Kit (Qiagen,
Hilden, Germany) and bisulfite converted using the EpiTect
Bisulfite Kit (Qiagen, Hilden, Germany) according to the manu-
facturer's protocol. Bisulfite-transformed DNA was used for
methylation-specific PCR (MSP) to identify U3 promoter meth-
ylation status. Amplified PCR products were separated by 3%
agarose gel electrophoresis and visualized by UVP Biospectrum
imaging system. Bisulfite sequencing PCR (BSP) analysis of the
U3 promoter gene was accomplished by Sangon Biotech Co., Ltd.
(Shanghai, China). 5-aza-2'-deoxycytidine (Sigma-Aldrich, StLouis,
MO, USA), a DNA methylation inhibitor, was used at a concentra-
tion of 10pM to block DNA methylation. The primer for the MSP
was designed on free-on-line MethPrimer website (http://www.
urogene.org/methprimer/) and listed in Table S4.

2.11 | Northern blot

Northern blot procedure was performed with the Signosis High
Sensitive miRNA Northern Blot Assay Kit (Signosis Inc., Santa Clara,
CA, USA) following the manufacturer's protocol. Total RNA (20 ug)
was separated on 10% acrylamide denaturing gel and then blotted
onto a nylon Hybond N membrane and analyzed using oligonucleo-

tides probe complementary to U3-miR.

2.12 | RNA immunoprecipitation assay

The RNA immunoprecipitation (RIP) assay was performed as

previously described.?>?® For more detailed information about
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experimental procedure, please refer to Supporting Information of
Materials and Methods.

2.13 | RNA stability measurement

RNA de novo synthesis was blocked by actinomycin D (Sigma, St
Louis, MO, USA). Total RNA was isolated at various time points and
quantified using gRT-PCR. The half-life of RNA is measured by its
level decreasing to 50% at a specific time point when compared to

zero time.

2.14 | Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChlIP) assay was performed via
Simple ChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology,
Danvers, MA, USA) as described previously.?>?® For more de-
tailed information about experimental procedure, please refer to
Supporting Information of Materials and Methods. The primers used
for ChlP assay are listed in Table S5.

2.15 | Dual-luciferase reporter assay

Dual-luciferase reporter assay was performed as previously de-
scribed.?>?® For more detailed information about experimental
procedure, please refer to Supporting Information of Materials and
Methods.

2.16 | Tumor xenograft in nude mouse

Animal experiments were performed as previously described.??%°
The stable transfected and expressing cells were utilized to establish
xenograft models in nude mice. For more detailed information about
experimental procedure, please refer to Supporting Information of
Materials and Methods.

2.17 | Statistical analysis

All values are presented as mean +standard deviation (SD). Each ex-
periment was conducted three times independently. The normality
of the data was analyzed using the Shapiro-Wilk test. The data (two
groups) were analyzed using the Student's t-test. The data (more
than two groups) were analyzed using one-way or two-way ANOVA
analysis of variance followed by the Dunnett's multiple comparisons
test or Sidak's multiple comparisons test. For data not normally dis-
tributed, nonparametric tests were used. Statistical analysis was
conducted via GraphPad Prism v8.4, and p value <0.05 was consid-

ered statistically significant.

3 | RESULTS

3.1 | The glycolytic capacity and proliferation of
IDH1YT GBM cells were significantly higher than
those of IDH1R"*?H GBM cells

Sanger sequencing was used to confirm that the GBM cell lines,
U87 and U251 were IDH1WT GBM cells (Figure 1A). IDH1R3?H and
IDHIWT overexpression vectors were stably transfected into GBM
cells, and western blot experiment detected the indicated proteins
IDH1R®2H and IDH1WT expression using IDH1R**2" and IDH1VT an-
tibodies (Figure 1B). Subsequently, we analyzed the differences in
aerobic glycolytic and proliferative capacity among control, empty
vector (negative control, NC), IDHIWT vector, and IDH1R'32H yector
transfected U87 and U251 cells. The aerobic glycolytic capacity of
IDHIWT GBM cells was significantly higher than that of IDH1R*32H
GBM cells, while overexpression of IDH1"T did not increase aero-
bic glycolytic capacity in IDH1YT GBM cells (Figure 1C-E). Glucose
consumption was significantly higher in IDH1WT GBM cells than in
IDH1R'%2H GBM cells, and the overexpression of IDH1YT increased
glucose consumption (Figure 1F). Similarly, IDH1YT GBM cells had a
significantly higher proliferative capacity than IDH1R*2H GBM cells,

1T enhanced cell proliferation ca-

1WT

and the overexpression of IDH
pacity (Figure 1G,H). The above results demonstrated that IDH
GBM cells had higher aerobic glycolytic and proliferative capacity
when compared to IDH1R'3?H GBM cells. Overexpression of IDH1WT
enhanced cell proliferation but did not increase aerobic glycolytic

capacity.

3.2 | U3 was highly expressed in IDH1"" GBM and
U3 knockdown inhibited glycolytic capacity and
proliferation

Based on data from Gene Expression Profiling Interactive Analysis
(GEPIA, http://gepia.cancer-pku.cn/index.html), we found that U3
was highly expressed in glioma (Figure 2A). Using qRT-PCR experi-
ments, we found that U3 expression was significantly elevated in gli-

oma tissues, and U3 expression was higher in IDHIWT

glioma tissues
when compared to IDH1R"3?" glioma tissues (Figure 2B). Similarly,
gRT-PCR experiments revealed that U3 expression was significantly
higher in IDH1™T GBM cells when compared to normal human as-
trocyte (NHA) cells, and U3 expression was higher in IDH1WT GBM
cells than in IDH1?3?" GBM cells (Figure 2C). Based on the above
results, we constructed U3 knockdown U87 and U251 IDH1"T GBM
cells (Figure S1A) to investigate their effect on the aerobic glyco-

lytic and proliferative capacity of IDH1WT

GBM cells. Using west-
ern blot assay, we found that HK2 and LDHA expression decreased
upon U3 knockdown (Figure 2D), and the extracellular acidification
rate (ECAR) assay and colorimetric quantification revealed a signifi-
cant decrease in the aerobic glycolytic capacity of IDHWT GBM cells

upon U3 knockdown (Figure 2E-G). Colony formation and CCK-8
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FIGURE 1 The isocitrate dehydrogenase 1 wild-type (IDH1™T) molecular phenotype is correlated with enhanced aerobic glycolysis and
proliferation ability. (A) U87 and U251 glioblastoma (GBM) cell lines were identified as IDHIWT via Sanger sequencing for the IDH1 codon

132. (B) Western blot analysis detected the indicated proteins in control, empty vector (negative control, NC), IDH

1WT 1R132H

vector, and IDH

vector transfected U87 and U251 cells using IDH1R32H antibodies and IDH1WT antibodies. (C) Aerobic glycolytic ability was measured using
extracellular acidification rate (ECAR) assay in the abovementioned transfected U87 cell. (D) Aerobic glycolytic ability was measured using
ECAR assay in the abovementioned transfected U251 cell. (E) Lactate production was measured in the abovementioned transfected cells.
(F) Glucose consumption was measured in the abovementioned transfected cells. (G) Cell viability was analyzed in the abovementioned
transfected cells using CCK-8 assay. (H) The proliferation ability of the abovementioned transfected cells was analyzed using a colony
formation assay. **p <0.01 versus NC group; **p <0.01 versus IDH1"T(+) group. Data are presented as the mean+SD of three independent
experiments per group, unless otherwise specified. Data were statistically analyzed using one-way analysis of variance (ANOVA).

assays revealed that the proliferative capacity of IDH1WT GBM cells
was also reduced upon U3 knockdown (Figure 2H,1). Similarly, we
observed that U3 knockdown also inhibited glycolytic capacity and
proliferation in IDH1YWT GBM cell that overexpressed IDH1WT vector

(Figure S2).

3.3 | U3 overexpression in IDH1?'%2H GBM cells
enhanced glycolytic capacity and proliferation

In IDH1R'32H GBM cells overexpressing U3 (Figure S1B), we detected
changes in aerobic glycolysis and proliferative capacity. Western
blot analysis revealed significant upregulation of HK2 and LDHA
protein expression in IDH1R'%2" GBM cells upon U3 overexpression

(Figure 3A). The ECAR assay and colorimetric quantification revealed
that overexpression of U3 significantly promoted aerobic glycolysis,
lactate production, and glucose consumption in IDH1R*2H GBM
cells (Figure 3B-D). The colony formation assay and CCK-8 assay re-
vealed that U3 overexpression significantly promoted proliferation
in IDH1R*32H GBM cells (Figure 3E,F).

3.4 | Hypomethylation of the CpG island in the
promoter region of U3 promoted U3 expression in
IDH1VT GBM

Next, we analyzed the mechanisms that led to the differential ex-
pression of U3 in IDH1WT and IDH1R**2H GBM cells. The CpG island
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FIGURE 2 U3 expression was higher in IDH1WT GBM, and the knockdown of U3 suppressed aerobic glycolysis and proliferation. (A)

U3 expression in gliomas based on the GEPIA database (B) U3 expression was detected in normal brain tissues (NBTs, n=10), IDH1R132H
GBM tissues (n=10), and IDH1"T GBM tissues (n=10) using qRT-PCR. *p <0.05 versus NBT group; **p <0.01 versus NBT group; *p<0.01
versus IDH1R*32H GBM group. (C) U3 expression in normal human astrocytes (NHA), IDH1R®?H and IDH1WT GBM cells as determined by
gRT-PCR. **p<0.01 versus NHA; #p <0.01 versus IDH1R**2H GBM. (D) Hexokinase 2 (HK2) and lactate dehydrogenase A (LDHA) protein
expression was detected using western blot after U3 knockdown in IDH1WT GBM cells. (E) Aerobic glycolytic ability was measured after U3
knockdown in IDH1"T GBM cells using an ECAR assay. (F) Glucose consumption was measured after U3 knockdown in IDH1VT GBM cells.
(G) Lactate production was measured after U3 knockdown in IDH1YT GBM cells. (H) Proliferation ability was detected after U3 knockdown
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assay. **p<0.01 versus U3(-)NC group. Data are presented as the mean+SD of three independent experiments per group, unless otherwise

specified. Data were statistically analyzed using one-way ANOVA.

analysis website (http://www.urogene.org/methprimer/) was used
to identify the presence of two CpG islands in the U3 promoter re-
gion (Figure 4A). We designed specific primers for pyrosequencing
(Figure 4B) to identify whether there was a difference in CpG1 and
CpG2 methylation levels in IDH1WT and IDH1R'?" GBM cells. We
found that the CpG2 methylation status was not significantly dif-
ferent between IDH1VT and IDH1R**?" GBM cells; however, CpG1,

which is closer to the transcription start site (TSS), was hypomethyl-
ated in IDH1"T GBM cells and hypermethylated in IDH1R*32H GBM
cells (Figure 4C). The methylation-specific PCR (MSP) assay also in-
dicated that CpG1 methylation in IDH1YT GBM cells was lower than
that in IDH1R'®2H GBM cells (Figure 4D). At the tissue level, we found
that CpG1 methylation in IDH1WT glioma tissues was lower than that
in normal brain tissues (NBTs), and the level of CpG1 methylation in
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FIGURE 3 U3 expression was lower in IDH1R**2H GBM cells, and the overexpression of U3 enhanced aerobic glycolysis and proliferation.
(A) HK2 and LDHA protein expression were detected after U3 overexpression in IDH1R'32" GBM cells via western blot. (B) The aerobic
glycolytic ability was measured after U3 overexpression in IDH1R*32H GBM cells via an ECAR assay. (C) Lactate production was measured
after U3 overexpression in IDH1R'32" GBM cells. (D) Glucose consumption was measured after U3 overexpression in IDH1?'3?" GBM

cells. (E) Proliferation ability was detected after U3 overexpression in IDH1R'32" GBM cells via a colony formation assay. (F) Cell viability
was detected after U3 overexpression in IDH1R*32H GBM cells via CCK-8 assay. **p <0.01 versus U3(+)NC group. Data are presented as

the mean+SD of three independent experiments per group, unless otherwise specified. The data were statistically analyzed via one-way

ANOVA.

IDH1YT GBM tissues was lower than that in IDH1R'32H GBM tissues
(Figure 4E). Upon treatment with 5-aza-2'-deoxycytidine (DAC),
CpG1 methylation decreased in both IDH1WT and IDH1?**?" GBM

cells and U3 expression significantly increased (Figure 4F,G).

3.5 | U3 downregulated ZBTB7A expression via the
formation of sdRNA U3-miR and enhanced glycolytic
capacity and proliferation in IDH1VT GBM cells

Several studies have revealed that snoRNA can form snoRNA-
derived RNA (sdRNA) via its stem-loop structure and is further pro-
cessed by the Dicer enzyme and bound to the Ago2 protein to exert
microRNA-like functions.?®?” RT-PCR experiments revealed that U3
was able to form the short fragment, sdRNA U3-miR (Figure 5A),
and U3-miR had an increased expression in IDH1"T GBM cells when
compared to IDH1R*32H GBM cells (Figure 5B). RIP experiments con-
firmed that U3-miR was able to bind to the Ago2 protein (Figure 5C).
Knockdown of Dicer in IDH1"T GBM cells (Figure S1C,D) and north-
ernblot experiments revealed no significant change in U3 expression,

whereas U3-miR expression was significantly reduced (Figure 5D).
Comparative sequence analysis revealed that U3-miR was highly
similar to hsa-miR-496, and by searching and analyzing the starBase
database (http://starbase.sysu.edu.cn/), we found that ZBTB7A was
the primary target gene (Figure 5E). We further investigated whether
U3-miR has a microRNA-like function in regulating ZBTB7A expres-
sion. We found that U3-miR possessed a sequence complementary
tothe 3'UTR of ZBTB7A, and the dual-luciferase assay demonstrated
that U3-miR could bind to the 3'UTR of ZBTB7A (Figure 5F). The ac-
tinomycin D assay revealed that ZBTB7A mRNA stability increased
and ZBTB7A protein expression was elevated upon U3knockdown
(Figure 5G,H). The above results suggest that U3 promotes the deg-
radation of ZBTB7A mRNA and downregulates ZBTB7A protein ex-
pression by forming the short fragment sdRNA U3-miR to perform
microRNA-like functions. Western blot experiments revealed that
ZBTB7A expression was lower in GBM tissues compared with NBTs
and ZBTB7A protein expression was significantly lower in IDH1WT
GBM than in IDH1R*¥2H GBM (Figure 5I). Furthermore, ZBTB7A pro-
tein expression was lower in GBM cells, and ZBTB7A was expressed
at significantly lower levels in IDH1WT GBM cells than in IDH1R*32H
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FIGURE 4 Promoter hypermethylation inhibits U3 expression in IDH1WT GBM. (A) U3 promoter CpG islands were analyzed using the
MethPrimer program. (B) Schematic representation of CpG1 and CpG2 bisulfite sequencing and primers. (C) Methylation status of CpG1
and CpG2 at the U3 promoter was detected in IDH1"T and IDH1R!32H GBM cells via bisulfite genomic sequencing. (D) Methylation status of
CpG1 at the U3 promoter was detected via methylation-specific PCR in IDH1YT and IDH1R'32H GBM cells (M, methylated; U, unmethylated).
(E) Methylation status of CpG1 at the U3 promoter was detected via methylation-specific PCR in normal brain tissues, IDH1YT GBM tissues,
and IDH1R'32" GBM tissues (M, methylated; U, unmethylated). (F) Change in methylation level of CpG1 in IDH1WT and IDH1R'32" GBM

cells after treatment with 5-aza-2'-deoxycytidine (DAC). **p <0.01 versus DAC(-) group. (G) U3 expression was detected in IDHIYT and
IDH1R'¥2" GBM cells after treatment with DAC. **p <0.01 versus IDH1WT DAC(-) group, #p <0.01 versus IDH1R**2" DAC(-) group. Data are
presented as the mean+SD of three independent experiments per group, unless otherwise specified. The data were statistically analyzed
via the Student's t-test.

FIGURE 5 ZBTB7A was downregulated in IDH1"T GBM via U3-miR targeting of ZBTB7A 3'UTR, and overexpression of ZBTB7A inhibited
IDH1YT GBM cell aerobic glycolysis and proliferation. (A) The existence of U3-miR was detected in IDH1WT and IDH1?**2H GBM cells via
RT-PCR. (B) The expression of U3-miR was analyzed in IDH1"T and IDH1R**2" GBM cells via qRT-PCR. **p <0.01 versus IDH1"" group.

The data were statistically analyzed via the Student's t-test. (C) U3-miR binding to Ago2 was verified via an RNA immunoprecipitation (RIP)
assay. **p <0.01 versus anti-lgG group. The data were statistically analyzed via the Student's t-test. (D) The expression of U3 and U3-miR
was detected after Dicer knockdown via northern blot. (E) Schematic representation of the similarity in the sequence of U3-miR and hsa-
miR-498 (above). ZBTB7A was a potential target gene of U3-miR predicted by StarBase database (below). (F) Relative luciferase activity

was measured in HEK293T cells co-transfected ZBTB7A 3'UTR-Wt or Mut and U3-miR. **p <0.01 versus ZBTB7A-Wt+ U3-miR(+)NC

group. (G) ZBTB7A mRNA stability was measured after U3 knockdown in IDH1WT GBM cells treated with actinomycin D. **p <0.01 versus
U3(-) NC group. (H) ZBTB7A protein expression was detected after U3 knockdown via western blot. **p <0.01 versus U3(-) NC group. (1)
ZBTB7A protein expression was detected in NBTs, IDH1"WT GBM tissues, and IDH1**32H GBM tissues via western blot. **p <0.01 versus NBT
group; " p<0.01 versus IDH1YT GBM group. (J) ZBTB7A protein expression was detected in NHA, IDH1VT, and IDH1R!32H GBM cells via
western blot. **p <0.01 versus NHA group; #p <0.01 versus U87 IDH1VTgroup; ""p <0.01 versus U251 IDH1VT group. (K) HK2 and LDHA
protein expression were analyzed via western blot in ZBTB7A overexpression or knockdown IDH1"WT GBM cells. (L) Aerobic glycolysis was
measured via ECAR assay in ZBTB7A overexpression or knockdown IDH1WT GBM cells. (M) Glucose consumption was measured in ZBTB7A
overexpression or knockdown IDH1YT GBM cells. (N) Lactate production was measured in ZBTB7A overexpression or knockdown IDHIWT
GBM cells. (O) Proliferation ability was detected in ZBTB7A overexpression or knockdown IDH1YT GBM cells via colony formation assay. (P)
Viability was detected in ZBTB7A overexpression or knockdown IDH1YT GBM cells via CCK-8 assay. **p <0.01 versus ZBTB7A(+)NC group;
#1<0.01 versus ZBTB7A(-)NC group. Data are presented as the mean +SD of three independent experiments per group, unless otherwise
specified. The data were statistically analyzed via one-way ANOVA.
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GBM cells (Figure 5J). We further knocked down or overexpressed
ZBTB7A in IDH1VT GBM cells (Figure S1E,F) to investigate its effect
on the aerobic glycolytic and proliferative capacity of IDH1YT GBM
cells. Western blot assay revealed that the knockdown of ZBTB7A
in IDHIWT GBM cells significantly promoted the expression of HK2
and LDHA proteins and enhanced cellular aerobic glycolytic capacity
and promoted cellular lactate production and glucose consumption,
while ZBTB7A overexpression significantly inhibited the expression
of HK2 and LDHA proteins and decreased cellular aerobic glycolytic
capacity and reduced lactate production and glucose consumption
(Figure 5K-N); The proliferative capacity of IDH1"T GBM cells was
significantly reduced upon overexpression of ZBTB7A but increased
after knockdown of ZBTB7A (Figure 50,P).

3.6 | U3 enhanced glycolytic
capacity and proliferation of IDH1YT GBM cells
via the regulation of ZBTB7A expression

On the basis of the knockdown of U3 expression, we interfered with
the expression of ZBTB7A and observed cell glycolytic and prolifera-
tion capacity. We detected U3 and ZBTB7A expression via qRT-PCR
or western blot (Figure S3). Compared with the U3 knockdown alone
group, overexpression of ZBTB7A after U3 knockdown significantly
inhibited the expression of HK2 and LDHA proteins (Figure 6A) and
significantly inhibited the aerobic glycolytic capacity of IDHIWT
GBM cells (Figure 6B-D). Using colony formation and CCK-8 assays,
we found that overexpression of ZBTB7A after U3 knockdown sig-
nificantly inhibited the proliferative capacity of IDH1Y" GBM cells
compared with the U3 knockdown alone group (Figure 6E,F). By
contrast, the knockdown of ZBTB7A after the knockdown of U3 had
no significant effect on HK2 and LDHA protein expression levels or
on the aerobic glycolytic capacity and proliferative capacity of the
cells (Figure 6A-F).

3.7 | ZBTB7A transcriptionally repressed HK2 and
LDHA expression by directly binding to the HK2 and
LDHA promoter regions

gRT-PCR experiments revealed that overexpression of ZBTB7A in
IDHIWT GBM cells significantly downregulated HK2 and LDHA
mRNA expression, whereas the knockdown of ZBTB7A signifi-
cantly upregulated HK2 and LDHA mRNA expression (Figure 7A,B).
Predictions using the Human Transcript Factor Database (http://
bioinfo.life.hust.edu.cn/HumanTFDB#!/) revealed potential bind-
ing sites for ZBTB7A within the 2000bp promoter region up-
stream of the HK2 and LDHA TSS. ChIP experiments using the
3000bp region upstream of the TSS as a negative control re-
vealed that the negative control did not bind to ZBTB7A, whereas
ZBTB7A had a direct binding interaction with HK2 and LDHA in
the predicted promoter region binding sites (Figure 7C,E). The lu-
ciferase reporter gene assay further demonstrated that ZBTB7A

could repress HK2 and LDHA transcriptional expression by bind-

ing to their promoter regions (Figure 7D,F).

3.8 | Knockdown of U3 inhibited the growth of
subcutaneous xenograft IDHYT GBM tumor and
prolonged the survival of nude mice

To further demonstrate the effect of U3 knockdown on the inhibi-
tion of IDH1WT GBM progression, nude mice were randomly divided
into four groups: control, U3(-), ZBTB7A(+), and U3(-)+ZBTB7A(+).
The subcutaneous xenograft tumor assay revealed that compared
with the control group, the graft tumor volume decreased in the
U3(-) and ZBTB7A(+) groups; however, the graft tumor volume was
the smallest in the U3(-)+ZBTB7A(+) group (Figure 8A,B). In addi-
tion, we injected IDHIWT GBM cells into the right striatal area of
nude mice and detected differences in the survival periods of these
groups. Compared with the control group, the survival period of nude
mice in the U3(-) and ZBTB7A(+) groups was significantly longer and
the survival period in the U3(-)+ZBTB7A(+) group was the longest
(Figure 8C). Taken together, our results demonstrate the mechanism
by which the U3/ZBTB7A/HK2 LDHA pathway promotes aerobic
glycolysis and proliferation of IDH1"WT GBM cells (Figure 8D).

4 | DISCUSSION

In this study, we found that the aerobic glycolytic and proliferative
capacity of IDH1"T GBM cells were higher than those of IDH1R*32H
GBM cells. The expression of U3 was higher in IDH1WT GBM cells,
and the knockdown of U3 suppressed the glycolytic and prolifera-
tive capacity of IDH1"WT GBM cells. Furthermore, ZBTB7A expres-
sion was lower in IDH1"VT GBM cells, and overexpression of ZBTB7A
reduced glycolysis and proliferation in IDHIWT GBM cells. U3
downregulated ZBTB7A expression by producing a small fragment
of snoRNA, U3-miR, that bound to the ZBTB7A 3'UTR region and
reduced ZBTB7A mRNA stability. Furthermore, ZBTB7A bound di-
rectly to HK2 and LDHA promoter regions, thus inhibiting HK2 and
LDHA mRNA transcription, downregulating HK2 and LDHA protein
expression, and suppressing glycolysis and proliferation of IDHIWT
GBM cells. Our study demonstrates the important role of the U3/
ZBTB7A/HK2 LDHA pathway in regulating aerobic glycolysis and
the proliferative capacity of IDH1VT GBM.

It has been reported that IDH1WT and IDH1M"t molecular phe-
notypes are closely correlated with glioma tumorigenesis and pa-
tient prognosis. Patients with secondary GBM carrying IDH1R*32"
generally have a better prognosis and longer overall survival
than patients with IDH1WT primary glioblastoma (31 months vs.
15months). Studies have found that the IDH1 molecular pheno-
type is also closely related to glycolytic energy metabolism in gli-
oma cells, and the aerobic glycolytic capacity of IDH1™T GBM cells
is significantly higher than that of IDH1R**2H GBM cells,?®2? which
is consistent with results obtained in this study. The differential
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FIGURE 6 U3 regulated aerobic glycolysis and proliferation in IDH1"T GBM cells via ZBTB7A. (A) Regulation of HK2 and LDHA protein
expression by U3 and ZBTB7A was detected via western blot in IDH1WT GBM cells. (B) Regulation of aerobic glycolysis by U3 and ZBTB7A
was measured via ECAR assay in IDH1"T GBM cells. (C) Regulation of glucose consumption by U3 and ZBTB7A was measured in IDHIWT
GBM cells. (D) Regulation of lactate production by U3 and ZBTB7A was measured in IDH1"WT GBM cells. (E) Regulation of proliferation
ability by U3 and ZBTB7A was detected via colony formation assay in IDH1"WT GBM cells. (F) Regulation of viability by U3 and ZBTB7A
was detected via CCK-8 assay in IDH1WT GBM cells. **p <0.01 versus control group; *p<0.05 versus U3(-)+ ZBTB7A(+)NC group;

##p <0.01 versus U3(-) + ZBTB7A(+)NC group; ""p <0.01 versus U3(-)+ ZBTB7A(-)NC group. Data are presented as the mean + SD of three
independent experiments per group, unless otherwise specified. The data were statistically analyzed via one-way ANOVA.

expression of the LDHA protein, a key glycolytic enzyme, in dif-
ferent molecular phenotypes of IDH1 may lead to heterogeneity in
glycolytic energy metabolism in glioma cells and may affect glioma
cell migration, invasion, and prolit’eration.25'30’31 We found that
HK2 and LDHA expression was higher in IDH1"WT GBM cells than
in IDH1R1¥2" GBM cells, and the glycolytic and proliferative ca-
pacity of IDH1"T GBM cells were higher than those of IDH1?%2"
GBM cells.

U3 belongs to the RNU3 gene family of noncoding snoRNAs
that cause genomic instability and increase susceptibility to ge-
netic rearrangements, which play crucial roles in tumorigenesis and

tumor progression.lé Studies have shown that U3A increases the

sensitivity of breast cancer cells to 5-FU chemotherapy by upreg-
ulating UMPS expression.” Furthermore, U3 is highly expressed in
osteosarcoma cells and promotes cellular resistance to doxorubi-
cin chemotherapy.32 It has also been reported that SNORD3B-1 is
highly expressed in hepatocellular carcinoma and is utilized as a di-
agnostic molecular marker for early-stage hepatocellular carcinoma
and AFP-negative hepatocellular carcinoma.®® This study revealed
higher U3 expression in IDH1WT GBM cells than in IDH1R'**?" GBM
cells. Furthermore, the knockdown of U3 inhibited the aerobic gly-
colytic and proliferative capacity of IDH1IYT GBM cells, suggesting
that U3 exerts a pro-oncogenic role via its involvement in abnormal
energy metabolism in IDH1WT GBM cells.
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snoRNAs can form short RNA fragments of sdRNA via stem-
loop structures. The sdRNAs formed by snoRNAs were found to
be of either of two lengths of 17-19 nts or greater than 26 nts.34:3°
sdRNAs are processed by the Dicer enzyme and bind to the Ago2

protein to perform microRNA-like functions.®#3%%” Studies have

shown that SNORA-93 regulates pipox expression and promotes
breast cancer cell invasion by generating miRNA-like sdRNA-93.%8
Furthermore, in prostate cancer, the high expression of sdRNA-
D19b and sdRNA-A24 enhances prostate cancer cell proliferation,
metastatic ability, and resistance to chemotherapy by regulating
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FIGURE 7 ZBTB7A transcriptionally regulated HK2 and LDHA expression. (A) HK2 mRNA expression was analyzed after ZBTB7A
overexpression or knockdown via gRT-PCR in IDH1WT GBM cells. (B) LDHA mRNA expression was analyzed after ZBTB7A overexpression
or knockdown via gRT-PCR in IDH1YT GBM cells. **p <0.01 versus ZBTB7A(+)NC group; #p <0.01 versus ZBTB7A(-)NC group. (C) Diagram
showing ZBTB7A binding site of HK2 promoter (above). Chromatin immunoprecipitation (ChlP) assay revealed ZBTB7A bound to the HK2
promoter (below). (D) Schematic diagram of luciferase reporter construction and relative luciferase activity analyzed in cells co-transfected
with pEX3-ZBTB7A or empty vector and the HK2 promoter (1000 to Obp) (or HK2 promoter without the putative ZBTB7A binding site). (E)
Diagram showing ZBTB7A binding site of LDHA promoter (above). ChlIP assay revealed ZBTB7A bound to the LDHA promoter (below). (F)
Schematic diagram of luciferase reporter construction and relative luciferase activity analyzed in cells co-transfected with pEX3-ZBTB7A or
empty vector and the LDHA promoter (-1000 to Obp) (or LDHA promoter without the putative ZBTB7A binding site). **p <0.01 versus pEX3
empty vector group. Data are presented as the mean +SD of three independent experiments per group, unless otherwise specified. The data
were statistically analyzed via one-way ANOVA.

FIGURE 8 U3 knockdown combined with ZBTB7A overexpression suppressed tumor growth and prolonged survival time in nude

mice xenografts. (A) Subcutaneously xenografted nude mice treated with different transfected cells (above). Representative tumors from
different groups are shown (below). (B) Tumor growth curve. **p <0.01 versus control group; M‘p<0.01 versus U3(-) group; &&p<0.01 versus
ZBTB7A(+) group. Data are presented as the mean +SD of eight mice per group and analyzed by two-way ANOVA. (C) Survival curves

of different nude mice groups with orthotopic xenografts. (D) The mechanism of U3/ZBTB7A/HK2 LDHA pathway promoting aerobic
glycolysis and proliferation of IDH1WT GBM.
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the expression of CD44 and CDK12.%? In this study, we found
that U3 could form sdRNA U3-miR in GBM cells. Consistent with
parental U3 expression, U3-miR had an increased expression in
IDH1YT GBM cells when compared to IDH1?3?" GBM cells. We
found that U3 sdRNA needs to be processed by the Dicer enzyme
to form U3-miR, and U3-miR can then bind to the Ago2 protein
to exert a microRNA-like function in downregulating ZBTB7A
expression.

We also found that ZBTB7A expression was reduced in GBM
and was significantly lower in IDH1"T GBM than in IDH1R**?H GBM.
Moreover, overexpression of ZBTB7A significantly inhibited the
aerobic glycolytic and proliferative capacity of IDHIWT GBM cells,
whereas the knockdown of ZBTB7A significantly enhanced the aer-
obic glycolytic and proliferative capacity of IDH1YT GBM cells. As
members of the POK (POZ/BTB and Kriippel) family of proteins,
ZBTB7A recruits co-repressors to exert transcriptional repres-
sion of target genes.'®4% ZBTB7A recruits SMRT and BCOR39 and
transcriptionally represses p21 expression by binding to the p21
gene promoter region.*! In addition, ZBTB7A negatively regulates
androgen receptor-induced cell proliferation by recruiting NCoR1
and NCoR2 to the androgen response element of the target gene,
thus acting as a transcriptional co-repressor of androgen.42 It has
been reported that ZBTB7A also acts as a key transcription factor in
tumor cells, is closely related to the transcriptional regulation of key
glycolytic enzymes, and transcriptionally represses GLUT-3, PFKP,
and PKM2 expression, affecting tumor progression and patient
prognosis.43’44 In addition to the key glycolytic enzymes mentioned
above, we found that overexpression of ZBTB7A in GBM decreased
the expression of HK2 and LDHA mRNAs. The results of the ChIP
assay and luciferase reporter gene assay indicated that ZBTB4 could
directly bind to the promoter region of HK2 and LDHA and exert
transcriptional repression to downregulate HK2 and LDHA expres-
sion. The inhibition of the aerobic glycolytic energy metabolic path-
way could become a new strategy for the treatment of IDH1"T GBM
with low ZBTB7A expression.

Finally, the results of the in vivo tumor transplantation exper-
iments in nude mice revealed that the knockdown of U3 alone or
overexpression of ZBTB7A significantly inhibited the growth of
IDH1YT GBM tumors and prolonged the survival of nude mice;
Compared with the knockdown of U3 or overexpression of ZBTB7A
alone, a simultaneous knockdown of U3 combined with the over-
expression of ZBTB7A significantly inhibited IDH1"WT GBM tumors
growth, minimized the size of IDH1"T GBM tumors, and prolonged
the survival period. The results of the in vivo experiments suggest
that the simultaneous knockdown of U3 and overexpression of
ZBTB7A have the potential as a treatment of IDH1"T GBM.

In summary, this study demonstrated that U3 is highly expressed
and ZBTB7A is expressed at low levels in IDH1YT GBM. We found
that U3 formed the sdRNA U3-miR, which functioned similarly to
microRNA by binding to the ZBTB7A 3'UTR region to downregu-
late ZBTB7A expression. ZBTB7A transcriptionally repressed the
expression of HK2 and LDHA and regulated the aerobic glycolytic

1WT

and proliferative capacity of IDH GBM cells. We revealed a new

mechanism by which the U3/ZBTB7A/HK2 LDHA pathway pro-
motes tumorigenesis in IDH1YT GBM cells, thus providing new tar-
gets and strategies for the treatment of IDH1WT GBM.
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