Received: 22 August 2019

Revised: 27 December 2019

Accepted: 2 January 2020

DOI: 10.1111/cas.14308

ORIGINAL ARTICLE

Cancer Science Ri4ina%

Transcription factor AP-4 (TFAP4)-upstream ORF coding 66 aa
inhibits the malignant behaviors of glioma cells by suppressing
the TFAP4/long noncoding RNA 00520/microRNA-520f-3p

feedback loop

Yipeng Wang®?? | Chunging Yang??® | Xiaobai Liu¥*® | Jian Zheng

1,2,3 |

Fangfang Zhang*>® | DiWang'?® | Yixue Xue*>® | XiaozhiLi®¥?® | Shuyuan Shen*>*
Liangi Shao*>® | Yang Yang®?® | Libo Liu*>® | JunMa*>® | Yunhui Liu*"*3

1Department of Neurosurgery, Shengjing
Hospital of China Medical University,
Shenyang, China

2Lijaoning Clinical Medical Research Center
in Nervous System Disease, Shenyang, China

3Key Laboratory of Neuro-oncology in
Liaoning Province, Shenyang, China

4Department of Neurobiology, School of
Life Sciences, China Medical University,
Shenyang, China

°Key Laboratory of Cell Biology, Ministry
of Public Health of China, China Medical
University, Shenyang, China

Key Laboratory of Medical Cell Biology,
Ministry of Education of China, China
Medical University, Shenyang, China

Correspondence

Yunhui Liu, Shengjing Hospital of China
Medical University, Shenyang, China.
Email: liuyh_cmuns@163.com

Funding information

Natural Science Foundation of China, Grant/
Award Number: 81872073, 81672511,
81872503 and 81573010; Liaoning Science
and Technology Plan Project, Grant/Award
Number: 2017225020; Project of Key
Laboratory of Neuro-oncology in Liaoning
Province, Grant/Award Number: 112-
2400017005; special developmental project
guided by the central government of Liaoning
Province, Grant/Award Number: 2017011553-
301; outstanding scientific fund of Shengjing
Hospital, Grant/Award Number: 201802

Abstract

Upstream ORF (UORF) is a translational initiation element located in the 5'UTR of eukar-
yotic mRNAs. Studies have found that uORFs play an important regulatory role in many
diseases. Based on The Cancer Genome Atlas database, the results of our experiments
and previous research evidence, we investigated transcription factor AP-4 (TFAP4) and
its UORF, LIM and SH3 protein 1 (LASP1), long noncoding RNA 00520 (LINC00520), and
microRNA (miR)-520f-3p as candidates involved in glioma malignancy, which is a poorly
understood process. Both TFAP4-66aa-uORF and miR-520f-3p were downregulated,
and TFAP4, LASP1, and LINCO0520 were highly expressed in glioma tissues and cells.
TFAP4-66aa-uORF or miR-520f-3p overexpression or TFAP4, LASP1, or LINCO0520
knockdown inhibited glioma cell proliferation, migration, and invasion, but promoted
apoptosis. TFAP4-66aa-uORF inhibited the translation of TFAP4 by binding to the
TFAP4 mRNA. MicroRNA-520f-3p inhibited TFAP4 expression by binding to its 3'UTR.
However, LINC00520 could promote the expression of TFAP4 by competitively binding
to miR-520f-3p. In addition, TFAP4 transcriptionally activated LASP1 and LINC00520
expression by binding to their promoter regions, forming a positive feedback loop of
TFAP4/LINC00520/miR-520f-3p. Our findings together indicated that TFAP4-66aa-
UOREF inhibited the TFAP4/LINC00520/miR-520f-3p feedback loop by directly inhib-
iting TFAP4 expression, subsequently leading to inhibition of glioma malignancy. This

provides a basis for developing new therapeutic approaches for glioma treatment.
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1 | INTRODUCTION

Glioma is the most invasive intracranial tumor in the central nervous
system.>? The current treatment methods are surgery-based with
postoperative radiotherapy and chemotherapy, but the prognosis is
still very poor.>* An in-depth knowledge of the molecular mecha-
nism of the malignant biological behaviors of glioma could help im-
prove the treatment of gliomas.

Upstream ORF is a translational initiation element located in
the 5'UTR of eukaryotic mRNAs. The uORFs could encode pro-
teins and usually start at the upstream start codon uAUG and ter-
minate in an upstream terminator.® The main function of uORF
is to regulate gene expression during gene translation.® There is
evidence that uORF has a vital regulatory role in some diseases
including cancer, endocrine and metabolic diseases, and neurolog-
ical diseases.”®

Transcription factor AP-4 is a member of the basic helix-loop-he-
lix-zipper family, which contains a basic DNA binding domain.
Transcription factor AP-4 can activate viral and cellular genes by bind-
ing to the CAGCTG of a symmetrical DNA sequence.” Transcription
factor AP-4 could be a major regulator of neuroblastoma, and its
knockdown can induce the differentiation of neuroblastoma.’® In ad-
dition, scrutiny of the GEPIA bioinformatics database revealed high
expression of TFAP4 in LGGTs, and the survival curve based on its ex-
pression level in patients with LGG is shown in Figure S1. At present,
the expression and function of TFAP4 in glioma remains unexplored.

LIM and SH3 protein 1 belongs to the subfamily of LIM pro-
teins and the nebulin family of actin-binding proteins. It is highly
expressed in invasive breast cancer'! and colon cancer tissues, and
promotes colon cancer cell proliferation.'?

Long noncoding RNA has a length of more than 200 nucleotides
and are mainly involved in gene transcription and posttranscriptional
regulation.’*> For example, LINCO0667 is upregulated in glioma tis-
sues and cells.'® Growth arrest-specific 5 ncRNA is under-expressed
in glioma cells, and the overexpression of GASS5 inhibits the malignant
behaviors of glioma cells.'” LINC00520, which is located on the human
chromosome 14 arm, aggravates renal ischemia/reperfusion injury by
activating the PI3K/AKT pathway.*® LINC00520 inhibits the PI3K/AKT
pathway for epidermal growth factor receptor, subsequently inhibiting
the formation of squamous cell carcinoma tumors in skin.X However,
the expression and function of LINC00520 in glioma cells is still unclear.

MicroRNAs, which are 20-25 nucleotides in length, are involved in
posttranscriptional regulation of gene expression in multicellular or-
ganisms. Mutations and disorders of miRNAs are often closely related
to human tumors.?>%! As examples, miR-217 is underexpressed in gli-
oma tissues and cells,?? miR-4286 inhibits proliferation and migration
of nonsmall-cell carcinoma cells,?® and miR-494 reduces the activity
of CASP2 and inhibits the proliferation of nonsmall-cell lung cancer.?*
A study implicated miR-520f-3p as a potential tumor suppressor for
breast cancer.?’ However, the influence and mechanism of miR-520f-3p
on the malignant biological behaviors of glioma cells are unknown.

The current study investigated the endogenous expression of
TFAP4-66aa-uORF, TFAP4, LASP1, LINC00520, and miR-520f-3p in

glioma tissues and cells, and examined the intermolecular regulatory
relationship and mechanism of these molecules in cell biology. The
purpose was to reveal developmental mechanisms of gliomas that can

assist in the development of novel treatment strategies for gliomas.

2 | MATERIALS AND METHODS
2.1 | Tissue specimens

All human glioma specimens were obtained from patients under-
going surgery in the department of neurosurgery of Shengjing
Hospital of China Medical University (Shenyang, China), from
March 2015 to March 2018. All patients provided informed con-
sent and the project was approved by the ethics committee of
Shengjing Hospital of China Medical University. According to the
WHO 2007 classification, we divided glioma specimens into 2
groups: grade I-1l (n = 12), and grade IlI-1V (n = 12). Normal brain
tissues, which were regarded as the negative control (n = 12),
were collected from fresh autopsy materials donated by patients
who died in traumatic events and were verified as without brain

disease.

2.2 | Cellculture

Human U87 and U251 glioma cell lines and HEK293 cells were
bought from Shanghai Institutes for Biological Sciences Cell
Resource Center. Primary normal HAs were purchased from the
Sciencell Research Laboratories and cultivated according to the
manufacturer under the indicated conditions. Also see Appendix
S1.

2.3 | Reverse transcription and gRT-PCR

TRIzol reagent (Life Technologies) was used to extract total RNA,
which consisted of human tissue samples and HA, U87, and U251
cells. More details are provided in Appendix S1. The primers are
shown in Table S1.

2.4 | Western blot analysis

Western blot assay was executed as previously reported.*® For more
details, see Appendix S1.

2.5 | Cell transfections

Cell transfections were undertaken as previously reported.'® More

details are provided in Appendix S1. The transfection efficiency is

indicated in Figure S2.
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FIGURE 1 Endogenous expression and malignant biological behavior of transcription factor AP-4 (TFAP4)-66aa-upstream ORF (UORF)
in glioma. A, 66aa-uORF protein level in normal brain tissues (NBTs) and glioma tissues of different grades. Integrated density values (IDVs)
of the blot bands were statistically analyzed. Data are presented as the mean + SD (n = 12). *P < .05, **P < .01, #p < .05. B, 66aa-uORF
protein level in human astrocytes (HA), and glioma cell lines (U87 and U251). Data are presented as the mean + SD (n = 3). **P < .01. C-E,
CCK-8 assay, Transwell assay, and flow cytometry analysis was used to detect the effects of TFAP4-66aa-uORF overexpression (pre-uORF)
on proliferation, migration, invasion and apoptosis. *P < .05 vs pre-NC (negative control), **P < .01 vs pre-NC. Scale bar = 50 pum. Data are
presented as the mean + SD (n = 3). HGGT, high-grade glioma tissue; LGGT, low-grade glioma tissue; PE, phycoerythrin
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2.6 | Cell Counting Kit-8 assay

Cell Counting Kit-8 assay was used to detect glioma cell prolifera-
tion. More details are provided in Appendix S1.

2.7 | Cell Transwell assays

Cell Transwell assays were used to explore glioma cell migration and
invasion. For more details, see Appendix S1.

2.8 | Apoptosis analysis

Apoptosis was determined by Annexin V-PE/7AAD staining (Southern
Biotech) according to the manufacturer’s instructions (Appendix S1).
2.9 | Reporter vector construction and luciferase
reporter assays

Reporter vector construction and luciferase reporter assays was
carried out as previously reported.’® More details are available in
Appendix S1.

2.10 | RNA immunoprecipitation assay

RNA immunoprecipitation assay was carried out as previously re-
ported.'® For more details, see Appendix S1.

2.11 | Chromatin immunoprecipitation assay
Chromatin immunoprecipitation assay was undertaken as previously
reported.’® More details are available in Appendix S1. The primer
sequences are shown in Table S2.

2.12 | Microarray analysis

Microarray hybridization and data collection were undertaken with
the help of KangChen Bio-tech.

2.13 | Tumor xenografts in nude mice

Four-week-old female athymic nude mice (BALB/C) were purchased
from the National Laboratory Animal Center. Tumor xenografts in nude
mice was undertaken as previously reported.® Stably expressing U87
and U251 glioma cells were used for in vivo assays. All experiments
with nude mice were carried out strictly in accordance with a protocol
approved by the Administrative Panel on Laboratory Animal Care of
the China Medical University. For more details, see Appendix S1.

2.14 | Statistical analysis

Statistical analysis was undertaken using GraphPad Prism version
5.01 (GraphPad Software) with Student’s t test (2-tailed) or 1-way
ANOVA. When P < .05, the differences were considered significant.

3 | RESULTS

3.1 | Overexpression of TFAP4-66aa-uORF
inhibited malignancy of glioma cells

The expression of TFAP4-66aa-uORF in NBTs, LGGTs, high-grade
glioma tissues, HA cells, and U87 and U251 glioma cells were tested
by western blot analysis. The results revealed that the expression
of TFAP4-66aa-uORF in glioma tissues was lower than that in NBTs,
and the expression decreased as the pathological grade level in-
creased (Figure 1A). The expression in U87 and U251 glioma cells
was significantly lower than that in HA cells (Figure 1B).

The U87 and U251 glioma cells were then transfected with over-
expression plasmid of TFAP4-66aa-uORF. Compared with the pre-NC
group, the cell proliferation, migration, and invasion ability of the pre-
UORF group were significantly reduced, while the apoptosis rate was
increased (Figure 1C-E). Together, these results indicate that TFAP4-
66aa-uORF expression can inhibit the malignant behaviors of glioma cells.

3.2 | Expression of TFAP4 negatively regulated by
TFAP4-66aa-uORF

The expression of TFAP4 was higher in glioma tissues than in NBTs,
and increased with the pathological grade level (Figure 2A). Its

FIGURE 2 Transcription factor AP-4 (TFAP4) expression and its effects on glioma. TFAP4-66aa-upstream ORF (UORF) inhibits the
expression of TFAP4. A, TFAP4 protein level in normal brain tissue (NBT) and different grades glioma tissues. The integrated density values
(IDVs) of the blot bands were statistically analyzed. Data are presented as the mean + SD (n = 12). **P < .01, #p < .05. B, TFAP4 protein

level in human astrocytes (HA), and glioma cell lines (U87 and U251). Data are presented as the mean + SD (n = 3). **P < .01. C-E, Effects

of TFAP4 overexpression (TFAP4(+)) and knockdown (TFAP4(-)) on proliferation, migration, invasion, and apoptosis. Data are presented as
the mean + SD (n = 3). **P < .01 vs TFAP4(+)-NC, *#P < 0.01 vs TFAP4(-)-NC. F, Expression of TFAP4-66aa was detected by western blot
after TFAP4-66aa-uORF overexpression. *P < .05 vs pre-NC (negative control) group. G, Expression of TFAP4 was detected by western blot
after TFAP4-66aa-uORF overexpression. *P < .05 vs pre-NC group; **P < .01 vs pre-NC group. H, RIP confirmed that 66aa-uORF bound to
TFAP4 mRNA. Relative enrichment of TFAP4 was measured using gRT-PCR. **P < .01 vs anti-normal IgG group. Data are presented as the
mean * SD (n = 3). HGGT, high-grade glioma tissue; LGGT, low-grade glioma tissue; PE, phycoerythrin
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expression in glioma cell lines was also significantly higher thanin HA
cells (Figure 2B). To explore the function of TFAP4 on glioma cells,
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cells. As shown in Figure 2C-E, the proliferation, migration, and inva-
sion ability of the TFAP4(+) group were increased, and the apoptosis

rate was decreased. In contrast, the cell proliferation, migration, and
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invasion ability of the TFAP4(-) group were decreased, and the ap-
optosis rate was increased.

Moreover, TFAP4-66aa-uORF was overexpressed in glioma
cells, and the expression of TFAP4-66aa in the pre-uORF group
was significantly increased (Figure 2F). Interestingly, we also found
that the expression of TFAP4 was decreased in the pre-uORF group
(Figure 2G). The above results showed that the TFAP4-66aa-uORF
could inhibit the expression of TFAP4. Consistent with this, the RIP
assay showed that the enrichment of TFAP4 mRNA in the anti-66aa
group was significantly higher than that in the negative control an-

ti-IgG group (Figure 2H).

3.3 | LASP1 and LINC00520 upregulated in glioma
tissues and cells and acted as cancer-promoting genes
in glioma cells

The mRNA microarray revealed that several mRNAs were down-
regulated following knockdown of TFAP4 in glioma cells. Notably,
LASP1 mRNA was significantly downregulated in glioma cells,
which was confirmed by qRT-PCR (Figure S1F,G). Hence, we hy-
pothesized that LASP1 was likely to be involved in the TFAP4-
mediated regulation of glioma cells. The expression of LASP1
was upregulated in different grades of tissues and glioma cells
(Figure 3A,B). To explore the effect of LASP1 on glioma cells, we
examined the proliferation, migration, invasion, and apoptosis of
the U87 and U251 glioma cells after LASP1 overexpression and
knockdown. The results showed that the proliferation, migra-
tion, and invasion ability of the LASP1(+) group was significantly
increased, whereas the apoptosis rate was reduced. Moreover,
the proliferation, migration, and invasion ability of the LASP1(-)
group was dramatically reduced, whereas apoptosis was increased
(Figure 3C-E).

Using IncRNA microarrays, we found several IncRNAs to be
downregulated, and LINC00520 was confirmed to be signifi-
cantly downregulated in the glioma cells using qRT-PCR (Figure
S1H,1). Therefore, we hypothesized that LINCO0520 might also
be involved in the TFAP4-mediated regulation of glioma cells. The
expression of LINCO0520 was observed to be upregulated in tis-
sues and glioma cells (Figure 3F,G). Moreover, the proliferation,

migration, and invasion ability of the glioma cells was decreased

following silencing of LINC00520 (sh-LINC0O0520 group), whereas
the apoptosis rate was increased (Figure 3H-J).

3.4 | MicroRNA-520f-3p might be involved
in LINC00520 knockdown-mediated effects on
malignant behavior of glioma cells

The miRNA microarray showed that miR-520f-3p was significantly
upregulated in glioma cells treated with sh-LINC0O0520 (Figure
S1J,K). The expression of miR-520f-3p was further detected by
gRT-PCR, which confirmed that the expression of miR-520f-3p in
glioma tissues and glioma cells was downregulated (Figure 4A,B). To
investigate the function of miR-520f-3p in glioma cells, the biological
behaviors of the glioma cells were examined after inhibiting or pro-
moting the expression of miR-520f-3p. The proliferation, migration,
and invasion of the Agomir-520f-3p group was decreased, while the
apoptosis rate was increased. In contrast, the proliferation, migra-
tion, and invasion of the Antagomir-520f-3p group were increased,
while the apoptosis rate was decreased (Figure 4C-E).

Next, the expression of miR-520f-3p was determined follow-
ing LINC00520 knockdown, and its expression was found to be
increased in the sh-LINC00520 group (Figure 4F). However, the
expression of LINCO0520 in the Agomir-520f-3p group was signifi-
cantly decreased, whereas that in the Antagomir-520f-3p group was
significantly increased (Figure 4G).

Using the bioinformatics database DIANA, the potential binding
site between LINC00520 and miR-520f-3p was predicted. Dual lucif-
erase reporter system assay showed that the relative luciferase activ-
ity of LINCO0520-Wt in the Agomir-520f-3p group was significantly
lower than in the Agomir-520f-3p-NC group, whereas the relative
luciferase activity of LINCO0520-Mut did not significantly change in
the Agomir-520f-3p-NC or Agomir-520f-3p groups (Figure 4H).

To further clarify whether LINC00520 and miR-520f-3p could co-
exist in the RISC, we undertook RIP assays. As shown in Figure 4l,J,
the expression of LINCO0520 and miR-520f-3p in the anti-Ago2
group was significantly increased.

The effects of LINCO0520 and miR-520f-3p on the biological be-
haviors of glioma cells showed that, compared with sh-LINCO0520+Ag-
omir-520f-3p-NC group, the proliferation, migration, and invasion
ability of sh-LINC00520+Agomir-520f-3p group were decreased, but

FIGURE 3 Expression and effects of LIM and SH3 protein 1 (LASP1) and long noncoding RNA (LINC)00520 in glioma. A, LASP1

protein level in normal brain tissue (NBT) and different grades of glioma tissues. Integrated density values (IDVs) of the blot bands were
statistically analyzed. Data are presented as the mean + SD (n = 12). **P < .01, *P < .05. B, LASP1 protein level in human astrocytes (HA),
U87, and U251 glioma cells. Data are presented as the mean + SD (n = 3). *P < .05, **P < .01. C-E, Effects of LASP1 overexpression (LASP1(+))
and knockdown (LASP1(-)) on proliferation, migration, invasion, and apoptosis. Data are presented as the mean + SD (n = 3). *P < .05 vs
LASP1(+)-NC, **P < .01 vs LASP1(+)-NC, #P < .05 vs LASP1(-)-NC, ##P < .05 vs LASP1(-)-NC. F, NBTs and glioma tissues of different grades
were analyzed for LINCO0520 expression by quantitative real-time (qRT)-PCR. **P < .01, #P < .05. Data are presented as the mean + SD
(n=12). G, LINCO0520 expression was detected by gRT-PCR in HA and glioma cell lines (U87 and U251). Data are presented as the

mean + SD (n = 3). **P < .01. H-J, Effects of LINC0O0520 knockdown (sh-LINCO0520) on proliferation, migration, invasion, and apoptosis.

**P < .01, vs sh-NC (negative control). Scale bar = 50 pm. Data are presented as the mean + SD (n = 3). HGGT, high-grade glioma tissue;

LGGT, low-grade glioma tissue; PE, phycoerythrin
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the apoptosis was increased. Whereas, in the sh-LINCO0520+Antago-
mir-520f-3p group, the result indicated that Antagomir-520f-3p could
reversed the inhibitory effects of sh-LINC00520 on the biological be-
havior of glioma cells (Figure 4K-M). In summary, these results clarified
that Antagomir-520f-3p could reverse the inhibitory effects of sh-
LINC00520 on the biological behaviors of glioma cells.
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3.5 | MicroRNA-520f-3p inhibited TFAP4 expression
by directly binding its 3'UTR, thereby inhibiting LASP1
expression and the biological behavior of glioma cells

We overexpressed or knocked down miR-520f-3p in glioma cells and
evaluated the mRNA and protein expression of TFAP4. The results
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FIGURE 4 MicroRNA (miR)-520f-3p exerted tumor-suppressive functions in glioma. miR-520f-3p mediated the tumor-suppressive
effects of long noncoding RNA (LINC)00520 knockdown on glioma cells. A, Normal brain tissue (NBT) and glioma tissues of different

grades were analyzed for miR-520f-3p expression by quantitative real-time (qRT)-PCR. Data are presented as the mean + SD (n = 12).

**P < .01, #P < .05. B, miR-520f-3p expression was detected by gRT-PCR in human astrocytes (HA) and U87 and U251 glioma cells. Data are
presented as the mean + SD (n = 3). **P < .01. C-E, Effects of Agomir-520f-3p and Antagomir-520f-3p on proliferation, migration, invasion,
and apoptosis. **P < .01 vs Agomir-520f-3p-NC, #P < .05 vs Antagomir-520f-3p-NC, ##P < .01 vs Antagomir-520f-3p-NC. Scale bar = 50 pm.
Data are presented as the mean + SD (n = 3). F, Expression of miR-520f-3p was detected by gRT-PCR after LINC00520 knockdown.

*P < .05 vs sh-NC (negative control) group. G, Expression of LINCO0520 was detected by qRT-PCR after miR-520f-3p overexpression

or knockdown. Data are presented as the mean £ SD (n = 3). **P < .01 vs Agomir-520f-3p group, #P < .05 vs Antagomir-520f-3p group,

##P < .01 vs Antagomir-520f-3p group. H, Predicted miR-520f-3p binding sites in the LINC00520 sequence (LINC00520-Wt) and the
designed mutant sequence of miR-520f-3p binding site (LINCO0520-Mut) are indicated. Relative luciferase activity was carried out after cells
were transfected with LINCO0520-Wt or LINC00520-Mut. Data are presented as the mean + SD (n = 5). **P < .01 vs Antagomir-520f-3p-NC
group, **P < .01 vs Antagomir-520f-3p-NC group. I, J, RNA immunoprecipitation confirmed that LINC00520 and miR-520f-3p were in the
RNA-induced silencing complex. K-M, Effects of LINC0O0520 and miR-520F-3p on proliferation, migration, invasion, and apoptosis. *P < .05
vs sh-LINC00520+Agomir-520f-3p-NC, **P < .01 vs sh-LINC00520 + Agomir-520f-3p-NC, #P < 0.05 vs sh-LINC00520+Antagomir-520f-3p-

NC, ##P < 0.01 vs sh-LINC00520+Antagomir-520f-3p-NC. Scale bar = 50 pm. Data are presented as the mean = SD (n = 3)

showed that the expression of TFAP4 in the Agomir-520f-3p group
was significantly reduced, whereas that in the Antagomir-520f-3p
group was significantly increased (Figure 5A,B). It was predicted
that the TFAP4 3'UTR harbored a direct binding site of miR-520f-
3p based on the bioinformatics database TargetScan. Dual luciferase
reporter system assays indicated significantly reduced luciferase
activity in the TFAP4-Wt+Agomir-520f-3p group (Figure 5C). These
data suggest that miR-520f-3p could inhibit the transcription of
TFAP4 by directly binding its 3'UTR.

To investigate whether TFAP4 could reverse the tumor-suppressive
effects of miR-520f-3p on glioma cells, these cells were cotransfected
with TFAP4 and miR-520f-3p and their biological behaviors were eval-
uated. As shown in Figure 5D-F, the proliferation, migration, and in-
vasion of the Agomir-520f-3p+TFAP4(+)-NC group were decreased,
whereas the apoptosis rate was increased. Moreover, the proliferation,
migration, and invasion of glioma cells in Agomir-520f-3p-NC+TFAP4(+)
group were enhanced, but the apoptosis was reduced. However, res-
cue effects on proliferation, migration, invasion, and apoptosis were
observed in the Agomir-520f-3p+TFAP4(+) group. Together, these data
clarified that TFAP4(+) could reverse the inhibitory effects of Agomir-
520f-3p on the biological behaviors of glioma cells.

Quantitative real-time PCR and western blot results showed
that TFAP4 mRNA and protein levels were significantly reduced
when LINC00520 was knocked down (Figure 5G,H). We next
tested the TFAP4 mRNA and protein levels in cotransfected sh-
LINC00520 and Agomir-520f-3p or Antagomir-520f-3p cells; the
results showed that the expression of TFAP4 in the cotransfected
sh-LINC00520 and Agomir-520f-3p group was significantly re-
duced. However, Antagomir-520f-3p could reverse the inhibition
of TFAP4 expression levels caused by LINCO0520 knockdown
alone (Figure 51,J). Taken together, these results indicated that
LINC00520 regulated the mRNA and protein expression levels of
TFAP4 through miR-520f-3p.

Interestingly, we also found that LASP1 protein level was
reduced in the LINC00520 knockdown group (Figure 5K).
Furthermore, LASP1 protein expression was decreased by over-
expression of miR-520f-3p, whereas miR-520f-3p knockdown in-

creased LASP1 protein expression (Figure 5L). The expression of

LASP1 protein level was significantly inhibited by cotransfection
of sh-LINC00520 and Agomir-520f-3p, and Antagomir-520f-3p
could notably reverse the decrease in LASP1 protein levels caused
by LINC00520 knockdown alone (Figure 5M). The overexpres-
sion of TFAP4 reversed the decrease in LASP1 protein induced by
overexpression of miR-520f-3p alone (Figure 5N). The above data
indicated that LINC00520 might regulate the expression of LASP1
through TFAP4 to regulate the malignant biological behaviors of
glioma cells.

3.6 | Transcription factor AP-4 transcriptionally
activated LINC00520 and LASP1 expression by
directly binding their promoter regions

The results showed that the mRNA and protein levels of LASP1
were evidently increased in the TFAP4(+) group, but decreased in
the TFAP4(-) group (Figure 6A,B). Potential binding sites in the pro-
moter region of LASP1 were found using the biological information
database software JASPAR. The ChlIP assay was used to validate the
prediction. As shown in Figure 6C, 3 putative TFAP4 binding sites in
the LASP1 promoter region were identified. The data revealed that
TFAP4 directly bound to binding site 1 of the LASP1 promoter region.
Likely, the expression level of LINCO0520 was significantly increased
in the TFAP4(+) group and was significantly decreased in the TFAP4(-)
group (Figure 6D). Four binding sites were predicated for TFAP4 in
the promoter region of LINCO0520 from the bioinformatics database
(JASPAR). As shown in Figure 6E, the data revealed that TFAP4 directly
bound to binding site 4 of the LINCO0520 promoter region.

3.7 | Combination of LINC00520 knockdown,
TFAP4 knockdown, and TFAP4-66aa-uORF
overexpression inhibited tumor growth and
prolonged survival

The function of LINC00520, TFAP4, and TFAP4-66aa-uORF was

further determined using a s.c. tumor model and an orthotopic
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FIGURE 5 Longnoncoding RNA (LINC)00520 and microRNA (miR)-520f-3p regulated the expression of transcription factor AP-4
(TFAP4). LINC00520 regulated the expression of LIM and SH3 protein 1 (LASP1) by TFAP4. A, B, mRNA and protein level expression of
TFAP4 after miR-520f-3p overexpression and knockdown. Integrated density values (IDVs) of the blot bands were statistically analyzed.
Data are presented as the mean + SD (n = 3). *P < .05 vs Agomir-520f-3p-NC (negative control) group, **P < .01 vs Agomir-520f-3p-NC
group, #P < .05 vs Antagomir-520f-3p-NC group, ##P < .01 vs Antagomir-520f-3p-NC group. C, Predicted miR-520f-3p binding sites in the
TFAP4 sequence (TFAP4-3'UTR-Wt) and the designed mutant sequence of miR-520f-3p binding site (TFAP4-3'UTR-Mut) are indicated.
Relative luciferase activity was evaluated after cells were transfected with TFAP4-3'UTR-Wt or TFAP4-3’'UTR-Mut. Data are presented

as the mean + SD (n = 5). **P < .01 vs Antagomir-520f-3p-NC group. D-F, Effects of miR-520f-3p and TFAP4 on proliferation, migration,
invasion, and apoptosis. *P < .01 vs Agomir-520f-3p-NC+TFAP4(+)-NC, **P < .01 vs Agomir-520f-3p-NC+TFAP4(+)-NC, ##P < .01 vs
Agomir-520f-3p+TFAP4(+)-NC. Scale bar = 50 pum. Data are presented as the mean + SD (n = 3). G, H, mRNA and protein level expression of
TFAP4 after LINC00520 knockdown. Data are presented as the mean = SD (n = 3). **P < .01 vs sh-NC group. |, J, Expression of TFAP4 was
detected by LINCO0520 and miR-520f-3p on quantitative real-time PCR and western blot analysis. Data are presented as the mean + SD
(n = 3). **P < .01 vs sh-LINC00520+Agomir-520f-3p-NC group, #P < .05 vs sh-LINC00520+Antagomir-520f-3p-NC group, ##P < .01 vs
sh-LINCO00520+Antagomir-520f-3p-NC group. K, Expression of LASP1 was detected by western blot after LINCO0520 knockdown. Data
are presented as the mean + SD (n = 3). **P < .01 vs sh-NC group. L, Expression of LASP1 was detected by western blot after miR-520f-

3p overexpression and knockdown. Data are presented as the mean + SD (n = 3). **P < .01 vs Agomir-520f-3p-NC group, ##P < .01 vs
Antagomir-520f-3p-NC group. M, Expression of LASP1 was detected by LINC00520 and miR-520f-3p on western blot. Data are presented
as the mean + SD (n = 3). **P < .01 vs sh-LINC00520+Agomir-520f-3p-NC group, #P < .05 vs sh-LINC00520+Antagomir-520f-3p-NC
group, ##P < .01 vs sh-LINCO0520+Antagomir-520f-3p-NC group. N, Expression of LASP1 was detected by LINC00520 and miR-520f-3p
on western blot. Data are presented as the mean + SD (n = 3). *P < .05 vs Agomir-520f-3p-NC+TFAP4(+)-NC, #P <.05 vs Agomir-520f-3p

+TFAP4A(+)-NC, ##P < .01 vs Agomir-520f-3p+TFAP4(+)-NC

transplantation model. As shown in Figure 7A,B, TFAP4-66aa-uORF
overexpression, TFAP4 knockdown, LINC00520 inhibition, and the
combination of the 3 resulted in smaller tumors compared with the
control group. In addition, minimal tumors were observed in the
combination of TFAP4-66aa-uORF overexpression, TFAP4 knock-
down, and LINCO0520 inhibition group. As shown in Figure 7C,
survival analysis indicated that mice in the pre-uORF, TFAP4(-),
sh-LINC00520, and pre-uORF+TFAP4(-)+sh-LINC00520 groups
showed longer survival time than the control mice. The mice in the
pre-uORF+TFAP4(-)+sh-LINC00520 group displayed the longest

survival time.

4 | DISCUSSION

Upstream ORF is ubiquitous as a regulatory element in eukaryotic
mRNA. Its primary function is to regulate the translation of the
mRNA CDS region.?®?’ A recent study reported the dysregula-
tion of UORF in tumors and its important regulatory role in tumo-
rigenesis.?® In this study, TFAP4-66aa-uORF was downregulated
in glioma tissues and in glioma cells. Overexpression of TFAP4-
66aa-uORF inhibited the malignant biological behavior of glioma
cells. The results clarify the role of TFAP4-66aa-uORF as a tumor
suppressor gene in gliomas. A similar study identified NR2C2-
47aa-uORF as a tumor suppressor gene in gliomas.29 Additionally,
TFAP4 was highly expressed in glioma tissues and in U87 and
U251 glioma cells, and knockdown of TFAP4 inhibited the malig-
nant biological behavior of glioma cells. These results support the
function of TFAP4 as an oncogene in gliomas. High expression of
TFAP4 promotes the development of liver cancer and colorectal
cancer.?%3! |t is also upregulated in estrogen receptor-positive
ovarian cancer cells.2

Upstream ORF could inhibit the translation initiation rate of

downstream CDS regions by retaining or dissociating ribosomes

from mRNA. A short ribosome-encoded peptide interacts with the
ribosome to induce the arrest of the ribosome located on the initi-
ation codons of uORFs to the terminator, which affects the transla-
tion of downstream CDS.%® Two studies reported that the presence
of UORFs of 25 codons in the 5'UTR region of CPA1 mRNA, which
encodes a fungal AAP that regulates ribosome function. Ribosomal
retention of AAP at the stop codon, which is induced by increasing
arginine, inhibits the translation of CPA1.34%% In this study, a vector
of 66aa was generated upstream of the start codon of the 5'UTR of
TFAP4 mRNA using the ORF Finder bioinformatics database. When
TFAP4-66aa-uORF was overexpressed, TFAP4-66aa expression
was increased, while the protein level of TFAP4 was decreased. The
RIP assay findings confirmed the interaction between TFAP4-66aa
and TFAP4 mRNA. The collective results suggest that TFAP4-66aa-
UORF might inhibit the translation of TFAP4 mRNA by its encoded
TFAP4-66aa. A similar study found that the uORF could be used as a
translational inhibitor of CEBPA mRNA.*¢ Upstream ORF can reduce
the expression of NR2C2 in glioma by inhibiting the translation of
NR2C2 mRNA.%

In this study, LASP1 was highly expressed in glioma tissues
and in glioma cells. Knockdown of LASP1 significantly inhibited
the malignant biologicals behavior of glioma cells. These findings
confirmed that LASP1 might act as a cancer-promoting gene in gli-
omas. LASP1 is highly expressed in different kinds of tumors as an
adhesive protein, and in U87 and LN229 glioma cells.®” The LASP1
gene promotes the proliferation of oral squamous cell carcinoma
cells.®8 It is also highly expressed in breast cancer tissues and cells,
and downregulation of LASP1 inhibits proliferation, migration, and
invasion of breast cancer cells.®? LASP1 functions as an oncogene
in liver cancer and promotes the occurrence and development of
hepatoma cells.*®

Increasing evidence indicates that IncRNAs have important
regulatory roles in tumorigenesis.***? The present study con-

firmed the high expression of LINC00520 in glioma tissues and in
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FIGURE 6 Transcription factor AP-4 (TFAP4) bound to the promoters of LIM and SH3 protein 1 (LASP1) and long noncoding RNA
(LINC)00520 in U87 and U251 cells. A, B, mRNA and protein level expression of LASP1 after TFAP4 overexpression and knockdown.
Integrated density values (IDVs) of the blot bands were statistically analyzed. Data are presented as the mean + SD (n = 3). *P < .05 vs
TFAP4(+)-NC group, **P < .01 vs TFAP4(+)-NC group, #P < .05 vs TFAP4(-)-NC group, ##P < .01 vs TFAP4(-)-NC group. C, TFAP4 bound to
the promoter of LASP1 was detected by ChlP assay. D, Expression of LINC0O0520 was detected by quantitative real-time PCR after TFAP4
overexpression and knockdown. Data are presented as the mean + SD (n = 3). *P < .05 vs TFAP4(+)-NC group, **P < .01 vs TFAP4(+)-NC
group, ##P < .01 vs TFAP4(-)-NC group. E, TFAP4 bound to the promoter of LINC00520 was detected by ChIP assay
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glioma cells, and LINCO0520 promoted the malignant biological
behaviors of glioma cells. A similar study described the expression
of LINC00520 in nasopharyngeal carcinoma, and the relationship
between LINC0O0520 overexpression and the proliferation of na-
sopharyngeal carcinoma cells.** LINC00520 also acts as a tumor
promoting factor in renal cell carcinoma, and promotes the devel-
opment of renal cell carcinoma.** Therefore, LINC00520 could be
an oncogene in glioma, nasopharyngeal carcinoma, and renal cell
carcinoma.

MicroRNAs are involved in the important regulation of a vari-
ety of tumors, such as promoting the mRNA degradation of target
genes and inhibiting translational regulation of genes.45 Presently,
miR-520f-3p was expressed in low levels in glioma tissues and
cells, and inhibited the malignant biological behavior of glioma
cells. Similarly, miR-520f-3p is regarded as a potential tumor sup-
pressor in breast cancer.?’> MicroRNAs usually bind to the 3'UTR
region of target gene mRNA to inhibit its translation. In this study,
a dual luciferase reporter system gene assay indicated that miR-
520f-3p bound to the 3'UTR region of TFAP4 mRNA. The mRNA
and protein expression levels of TFAP4 were decreased when miR-
520f-3p was overexpressed. A similar study reported the targeting
of miR-326 to the 3'UTR region of MAPK1 mRNA, and determined
that the overexpression of miR-326 could reduce MAPK1 mRNA
and protein, inhibiting the occurrence and development of cervi-
cal cancer.*® MicroRNA-145 targets the 3'UTR region of REV3L
mRNA, and the mRNA and protein expression levels of REV3L are
significantly downregulated when miR-145 is overexpressed in
esophageal squamous cell carcinoma.*’

Long noncoding RNAs act as competitive endogenous RNAs
of miRNA and inhibit the negative regulation of miRNA on target
genes. Presently, LINCO0520 and miR-520f-3p displayed opposite
effects on the biological behavior of glioma cells. AAGCACUU was
determined to be the binding sequence of LINCO0520 and miR-
520f-3p based on the DIANA bioinformatics database, and results
of a dual luciferase assay validated the binding of LINC00520 and
miR-520f-3p.

In addition, knockdown of miR-520f-3p reversed the inhibi-
tory effect of LINCO0520 knockdown on the malignant biologi-
cal behaviors of glioma cells. The collective findings indicate that
LINC00520 might act as a competing endogenous RNA with miR-
520f-3p in the binding to the 3'UTR of TFAP4, to promote the
malignant biological behaviors of glioma cells. A similar study doc-
umented that SOX20OT can attenuate the binding of miR-194-5p to
SOX3 3'UTR by competitively binding to miR-194-5p, thus accel-
erating the development of glioma.*® Another study reported that
UCA1 can attenuate the inhibitory effect of miR-582 on CREB1
by competitively binding to miR-582 to promote the occurrence
and development of osteosarcoma.* HMMR-AS1 is able to at-
tenuate its inhibitory effect on SIRT6 by competitively binding to
miR-138, accelerating the development and progression of lung
adenocarcinoma.>®
We also observed the upregulation of the mRNA and protein

expression levels of LASP1 by TFAP4 overexpression. The ChIP

assay confirmed the prediction of the JASPAR bioinformatics
database that TFAP4 bound to the promoter region of LASP1.
These results indicated that TFAP4 transcriptionally activated
the expression of LASP1 by binding to its promoter region.
Similarly, LINCO0520 expression was increased when TFAP4
was overexpressed. It was also confirmed that TFAP4 promoted
the transcription of LINCO0520 by binding to its promoter re-
gion according to the prediction of the JASPAR bioinformatics
database and ChIP assay. A positive feedback loop of TFAP4/
LINC00520/miR-520f-3p was formed to promote the malignant
biological behavior of glioma. A similar study found that SOX5
directly binds to the promoter region of SNHG12 to form a pos-
itive feedback loop of SOX5/miR-195/SNHG12, which regulates
the malignant biological behavior of glioma cells.’! Others re-
ported the direct binding of ZNF143 to the FAM224A promoter
region to form a positive feedback loop of ZNF143/FAM224A/
miR-590-3p, which regulates the malignant biological behaviors
of glioma cells.?

Finally, the nude mouse xenograft experiment showed that
TFAP4-66aa-uORF overexpression, TFAP4 knockdown, and
LINC00520 knockdown alone or together could significantly in-
hibit the xenograft volume and prolong the survival time of nude
mice, with the combination of these 3 phenomena minimizing tumor
development and resulting in the longest survival time. The find-
ings suggest the potential therapeutic value of the combination of
TFAP4-66aa-uORF overexpression, LINC0O0520 knockdown, and
TFAP4 knockdown.

In summary, low expression of TFAP4-66aa-uORF facilitated
TFAP4 expression by attenuating the inhibitory effect of TFAP4-
66aa on TFAP4 translation. High expression of LINC00520 elevated
the expression of TFAP4 by competing with miR-520f-3p bound to
the 3’UTR region of TFAP4 mRNA. Transcription factor AP-4 acti-
vated the transcription of LINC00520 and LASP1 by directly binding
to its promoter region, forming a TFAP4/LINC00520/miR-520f-3p
feedback loop to regulate the malignant biological behaviors of
glioma cells. Our findings implicate TFAP4-66aa-uORF in a novel
mechanism to regulate the malignant biological behavior of glioma
cells, and could inform the development of new strategies and ap-

proaches for the treatment of gliomas.
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