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AMG232 inhibits angiogenesis in glioma through the
p53–RBM4–VEGFR2 pathway
Yao Xiao*, Mingliang Li*, Teng Ma, Hao Ning and Libo Liu‡

ABSTRACT
AMG232 effectively inhibits cancers with wild-type p53 (also known
as TP53) by reactivating p53, but whether it inhibits glioma
angiogenesis remains unclear. This study confirms that AMG232
inhibits the proliferation of glioma endothelial cells (GECs) in a dose-
dependent manner and inhibits the angiogenesis of GECs. p53 and
RNA-binding motif protein 4 (RBM4) were expressed at low levels in
GECs, while MDM2 and vascular endothelial growth factor receptor 2
(VEGFR2, also known as KDR) were highly expressed. In vitro and
in vivo experiments confirmed that AMG232 upregulated p53 and
RBM4, and downregulated MDM2 and VEGFR2 by blocking the
MDM2–p53 interaction. Both p53 silencing and RBM4 silencing
significantly upregulated the expression of VEGFR2, promoted the
proliferation, migration and tube formation of GECs, and reversed the
effects of AMG232 on downregulating VEGFR2 and inhibiting
the angiogenesis of GECs. AMG232 increased RBM4 expression
by upregulating p53, and p53 bound to RBM4 and promoted its
transcription. RBM4 bound to and shortened the half-life of VEGFR2,
promoting its degradation. Finally, AMG232 produced a significant
decrease in new vessels and hemoglobin content in vivo. This study
proves that AMG232 inhibits glioma angiogenesis by blocking the
MDM2–p53 interaction, in which the p53–RBM4–VEGFR2 pathway
plays an important role.
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INTRODUCTION
Glioma is a common intracranial tumor and one of the most malignant
brain tumors in humans, with low survival rate and high mortality
(Reifenberger et al., 2017). Despite great progress in tumor treatment,
such as surgery, radiotherapy and chemotherapy, glioma patients still
have a poor prognosis (Xu et al., 2020).Molecular targeted therapy has
become an important method for treating glioma. In the process of
tumor development, the normal static vascular system constantly
sprouts new blood vessels to help maintain the expansion of tumor
growth (Hanahan and Weinberg, 2011). Glioma is a vascular-rich
tumor, and angiogenesis plays an important role in its occurrence,
development and recurrence (Ma et al., 2017). Vascular endothelial
growth factor (VEGF) is the most abundant and important angiogenic
protein in glioma (Carvalho et al., 2021). Vascular endothelial growth
factor receptor 2 (VEGFR2, also known as KDR), a tyrosine kinase

receptor, is mainly expressed in endothelial cells and their embryonic
precursor cells, and is essential for angiogenesis of tumor endothelial
cells (Shibuya, 2013).

AMG232 is the most effective inhibitor currently known of mouse
double minute 2 (MDM2). It can block the interaction between
MDM2 and p53 (also known as TP53) and is currently undergoing
clinical trials (Konopleva et al., 2020). Studies have demonstrated that
the MDM2–p53 interaction plays an important role in cancer
prevention and treatment (Qin et al., 2018). As a tumor suppressor,
p53 plays a major role in controlling the occurrence and development
of cancer by regulating cell cycle arrest, apoptosis, senescence and
DNA repair (Sabapathy and Lane, 2019). About 50% of human
tumors contain a mutant TP53 gene, and mutant p53 is an oncogene
(Olivier, et al., 2010). In the remaining tumors, p53 is wild-type, but its
full activation and function may be blocked by other proteins, such as
MDM2, etc. (Oliner et al., 1992). MDM2 oncogene is located at
12q13-14 and is the main negative regulator of p53 (Juven-Gershon
and Oren, 1999). It can target p53 for ubiquitylation and degradation
by the proteasome, resulting in low expression of p53 in tumor cells. It
can also block the binding of p53 to its targeted DNA by interacting
with p53 and can reduce the transcriptional capacity of p53.
Meanwhile, MDM2 promotes the export of p53 from the nucleus,
further reducing the transcriptional capacity of p53 (Canon et al., 2015;
Freedman et al., 1999; Haupt et al., 1997). AMG232 binds MDM2
protein with picomole affinity and blocks the MDM2–p53 interaction,
thereby enhancing the activity of p53 and inducing cytotoxicity (Oliner
et al., 1992). In glioma, varying severities of p53 mutation can exist
(Cohen and Colman, 2015). Compared with p53 mutant glioma,
AMG232 is more effective in glioma containing wild-type p53 and
significantly inhibits the stemness of p53 wild-type glioblastoma stem
cells (Her et al., 2018). However, whether AMG232 can regulate
angiogenesis of glioma has not been reported.

Studies have shown that adducin 3 (ADD3) inhibits p53
expression and promotes glioma angiogenesis through a VEGF–
VEGFR2-mediated pathway (Kiang et al., 2020), suggesting that
AMG232 may upregulate p53 expression by blocking MDM2–p53
interaction, thereby inhibiting glioma angiogenesis. It has been
reported that mutant p53 binds near the transcription start site (TSS)
of the VEGFR2 promoter and influences its transcription through
interacting with the SWI/SNF complex, thereby regulating breast
cancer cell function (Pfister et al., 2015). However, it has not been
reported whether wild-type p53 can regulate VEGFR2 expression.
We found no wild-type p53-binding site in the VEGFR2 promoter
region through JASPAR analysis (https://jaspar.genereg.net),
suggesting that p53 regulates the expression of VEGFR2 through
an indirect pathway and affects glioma angiogenesis.

RNA-binding proteins (RBPs) are key components in RNA
metabolism and regulate all aspects of RNA biogenesis, from RNA
maturation and nucleoplasmic transport to subcellular localization,
translation and RNA degradation (Gebauer et al., 2021). RBPs can
interact with target RNA in a sequence- and structure-dependent
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manner through their unique RNA-binding domains to promote or
inhibit the stability and expression of target RNA (Majumder and
Palanisamy, 2020). The RNA-binding motif protein 4 gene (RBM4),
which is located in 11q13.2, is a multifunctional RNA-binding protein
that plays an important role in mRNA alternative splicing and
translation control (Huangfu et al., 2020). RBM4 inhibits tumor
development by inhibiting the proliferation, migration and invasion of
various cancer cells (Wang et al., 2020). Chang et al. reported that
RBM4 affects VEGFR2 expression and regulates lung cancer
endothelial cell function by regulating the expression of HIF-1α-
ex14, an isoform of hypoxia-inducible factor 1α (HIF1α) (Chang and
Lin, 2019), and suggested that RBM4 may have the function of
regulating tumor blood vessels. However, the role of RBM4 in glioma
and glioma angiogenesis remains unclear. Can RBM4 regulate the
expression of VEGFR2 in the same way as RBPs? To investigate this,
we used bioinformatics software RBPmap (https://rbpmap.technion.
ac.il/) to predict and analyze the existence of binding sites between
RBM4 and VEGFR2, suggesting that RBM4may influence VEGFR2
expression by regulating its stability, thereby regulating glioma
angiogenesis.
As an important tumor suppressor, p53 can act as a transcription

factor to regulate the transcription of dozens of target genes with
multiple biological functions to inhibit tumor growth (Li et al.,
2021). It can exert both transcriptional activation and
transcriptional inhibition effects (Gonzalez-Rellan et al., 2021;
Wu et al., 2019). However, it is not clear whether p53 can
transcriptionally regulate the expression of RBM4. Bioinformatics
software JASPAR predicts that there are transcriptional binding
sites of p53 within 2000 bp upstream of the RBM4 TSS,
suggesting that p53 can regulate the expression of RBM4
through transcription, which in turn regulates the expression of
VEGFR2 and affects glioma angiogenesis.
In this study, we have focused on the endogenous expression

of p53, MDM2, RBM4 and VEGFR2 in glioma endothelial
cells (GECs). We further explore the effects and molecular
mechanisms of AMG232 in regulating glioma angiogenesis
through the above molecules. The aim of this study was to prove
that AMG232 can inhibit glioma angiogenesis by blocking the
MDM2–p53 interaction, thereby inhibiting the malignant
progression of glioma and providing promising targets for glioma
therapy.

RESULTS
AMG232 inhibits the proliferation, migration and
tube formation of GECs
A CCK-8 assay was used to detect the effect of AMG232 on the
proliferation of GECs at different concentrations and different time
points. As shown in Fig. 1A, compared with the control group, there
was no statistical difference in the effect of DMSO on GEC viability
at 24 h, 48 h and 72 h. Compared with the DMSO group, the cell
viability of GECs treated with 0.5 μM, 1 μM, 2 μM, 4 μM and 8 μM
AMG232 for 24 h, 48 h and 72 h decreased gradually as the
concentration increased. The cell viability of GECs was not
significantly changed by treatment with 0.5 μM AMG232 for
24 h, 48 h and 72 h. The cell viability of GECs was significantly
decreased after treatment with 1 μM AMG232 for 24 h and 48 h,
and there was no statistical changed at 72 h. The cell viability of
GECs was significantly decreased by treatment with 2 μM, 4 μM
and 8 μM AMG232 for 24 h, 48 h and 72 h; the decrease produced
by 8 μM AMG232 was more significant. The IC50 of AMG232
acting on GECs was further calculated, and the results showed that
the IC50 values for AMG232 after 24 h, 48 h and 72 h of treatment

were 4.1 μM, 3.9 μMand 4.3 μM, respectively (Fig. 1B). Therefore,
normal human brain microvascular endothelial cells (ECs) were
cultured with U87-conditioned medium for 24 h to form GECs, and
then 3.9 μM AMG232 was added for 48 h for subsequent studies
(Fig. 1C). As shown in Fig. 1D–F, after treatment with 3.9 μM
AMG232 for 48 h, the cell viability and migration ability of GECs
were significantly decreased; meanwhile, the branch numbers and
tube lengths were significantly reduced, suggesting that AMG232
could significantly inhibit angiogenesis of GECs.

AMG232 regulates the expression of p53, MDM2 andVEGFR2
in GECs
The mRNA and protein expression levels of p53, MDM2 and
VEGFR2 in ECs and GECs were detected by qRT-PCR and western
blot assays. As shown in Fig. 2A, compared with the ECs group, the
mRNA and protein expression levels of p53 were significantly
decreased in GECs, while the mRNA and protein expression levels
of MDM2 and VEGFR2 were significantly increased in GECs
(Fig. 2B,C). As shown in Fig. 2D, compared with the control group,
the mRNA and protein expression levels of p53 were significantly
increased in GECs after AMG232 treatment, whereas the mRNA
and protein expression levels of MDM2 and VEGFR2 were
significantly decreased in GECs after AMG232 treatment
(Fig. 2E,F). These results demonstrated that in GECs, p53
expression was low, whereas expression of MDM2 and VEGFR2
was high. AMG232 significantly upregulated the expression of p53
and downregulated the expression of MDM2 and VEGFR2 by
blocking the MDM2–p53 interaction.

AMG232 inhibits glioma angiogenesis by upregulating the
expression of p53
In order to further clarify the role of p53 in the regulation of
glioma angiogenesis by AMG232, p53-silenced GECs were
constructed through stable transfection of p53 silencing
plasmids. The silencing efficiency of p53 was detected and
verified by qRT-PCR and western blot assays (Fig. 3A). As
shown in Fig. 3B, the results of qRT-PCR and western blot assays
showed that there was no statistical difference between the silencing
negative control (sh-NC) group and the untreated control group.
Compared with the sh-NC group, the mRNA and protein expression
levels of VEGFR2 in GECs in the p53-silenced (sh-p53) group
were significantly increased. Compared with the AMG232-treated
group, the mRNA and protein expression levels of VEGFR2 in
GECs in the AMG232-treated p53-silenced (AMG232+sh-p53)
group were significantly increased. Compared with the sh-p53
group, the expression levels of VEGFR2 in GECs in the
AMG232+sh-p53 group were significantly decreased. The above
results suggest that p53 silencing significantly upregulates
VEGFR2 expression and reverses the effect of AMG232 on
downregulation of VEGFR2 expression; that is, AMG232 can
downregulate VEGFR2 expression by upregulating p53.

Similarly, as shown in Fig. 3C–E, compared with the control
group, there were no significant differences in cell viability,
migration ability, branch numbers and tube lengths of GECs in
the sh-NC group. Compared with the sh-NC group, the cell viability
and migration ability of GECs in the sh-p53 group were
significantly enhanced, and the branch numbers and tube lengths
were significantly increased. Compared with AMG232 group, the
cell viability and migration ability of GECs in AMG232+sh-p53
group were significantly enhanced, and the branch numbers and
tube lengths were significantly increased. Compared with the sh-
p53 group, the cell viability and migration ability of GECs in the
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AMG232+sh-p53 group were significantly reduced, and the branch
numbers and tube lengths were significantly decreased. The above
results suggest that p53 silencing significantly enhances the
proliferation, migration and tube formation of GECs, and reverses
the effect of AMG232 on inhibiting the proliferation, migration and
tube formation of GECs. In conclusion, AMG232 can downregulate
VEGFR2 expression by upregulating P53, thereby inhibiting the
proliferation, migration and tube formation of GECs.

AMG232 upregulates p53, which in turn transcriptionally
promotes the expression of RBM4
As shown in Fig. 4A, the expression levels of RBM4 in ECs and
GECs were detected by qRT-PCR and western blot assays. The
results showed that, compared with the ECs group, the mRNA and
protein expression levels of RBM4 in GECs were significantly
decreased. As shown in Fig. 4B, compared with the control group,
the mRNA and protein expression levels of RBM4 in GECs were

Fig. 1. Effects of AMG232 on the proliferation, cell viability, migration and tube formation of GECs. (A) A CCK-8 assay was used to detect the effects
of AMG232 on the cell viability of GECs at different concentrations and at different times. Data are mean±s.d. (n=3 per group). *P<0.05 and **P<0.01 versus
DMSO group (one-way ANOVA with Tukey’s multiple comparisons test). (B) IC50 was calculated according to the inhibition rate of AMG232 on GECs for
24 h, 48 h and 72 h detected by a CCK-8 assay. Data are mean±s.d. (n=3 per group). (C) A schematic of GECs acquisition and AMG232 administration.
(D) A CCK-8 assay was used to detect the effect of 3.9 μM AMG232 on the cell viability of GECs. Data are mean±s.d. (n=3 per group). **P<0.01 versus
DMSO group (one-way ANOVA with Tukey’s multiple comparisons test). (E) The Hstudio M4 system was used to observe the effect of AMG232 on the
migration of GECs (n=3). Cell tracks over a period of 12 h are shown below the images, with the track start centered at the origin. Scale bar: 100 μm.
(F) A Matrigel tube formation assay was applied to determine the effect of AMG232 on the tube formation of GECs. Scale bar: 100 μm. Quantification of
number of branches and tube length is shown on the right as mean±s.d. (n=3 per group). **P<0.01 versus DMSO group (one-way ANOVA with Tukey’s
multiple comparisons test).
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significantly increased after AMG232 treatment. Meanwhile, the
results of qRT-PCR and western blot assays showed that mRNA and
protein expression levels of RBM4 in the sh-p53 group were
significantly lower than those in the sh-NC group. Compared with
AMG232 group, the mRNA and protein expression levels of RBM4
in the AMG232+sh-p53 group were significantly decreased, while
compared with the sh-p53 group, the expression levels of RBM4 in
the AMG232+sh-p53 group were significantly increased (Fig. 4C).
These results suggest that AMG232 can increase the expression of
RBM4 in GECs by upregulating p53.
In order to study the possible mechanism by which p53 regulates

the expression of RBM4, by searching JASPAR and UCSC (http://
www.genome.ucsc.edu/) databases it was determined that there are
two potential binding sites of p53 at 2000 bp upstream and 100 bp

downstream of RBM4 TSS. A ChIP assay was performed to verify
whether p53 could bind to the promoter region of RBM4. The result
of ChIP assay showed that IgG could not precipitate the RBM4
promoter sequence, and the negative control region did not recruit
p53. Among the predicted binding sites, binding site 2 of RBM4
was recruited to p53, suggesting that the interaction of RBM4 with
p53 was through this site (Fig. 4D). In order to further verify the
binding relationship between p53 and RBM4, a dual-luciferase
reporter gene assay was used. As shown in Fig. 4E, compared
with the RBM4 5′-UTR-Wt+p53 overexpressed negtive control
[p53(+)NC] group, the luciferase activity in the RBM4 5′-UTR-
Wt+p53 overexpressed [p53(+)] group was significantly reduced.
Compared with the RBM4 5′-UTR-Mut1+p53(+)NC group, the
luciferase activity in the RBM4 5′-UTR-Mut1+p53(+) group was

Fig. 2. The endogenous expression of p53, MDM2 and VEGFR2 in GECs, and the effect of AMG232 on their mRNA and protein expression.
(A–C) qRT-PCR (left) and western blot assays (right) were used to detect the expression of (A) p53, (B) MDM2 and (C) VEGFR2. Data are mean±s.d.
(n=3 per group), **P<0.01 versus ECs group (two-tailed unpaired Student’s t-test). (D–F) qRT-PCR (left) and western blot assays (right) were used to detect
the mRNA and protein levels of (D) p53, (E) MDM2 and (F) VEGFR2 after AMG232 treatment. Data are mean±s.d. (n=3 per group), **P<0.01 versus control
group (two-tailed unpaired Student’s t-test).
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also significantly reduced. However, there were no significant
differences in luciferase activity in the RBM4 5′-UTR-Mut2 and
-Mut3 groups compared with the respective control groups. These
results suggest that p53 could promote the expression of RBM4 at
the transcriptional level.

AMG232 inhibits glioma angiogenesis by upregulating
RBM4 expression
To further verify the role of RBM4 in the regulation of
glioma angiogenesis by AMG232, RBM4-silenced GECs were
constructed through stable transfection of RBM4-silencing

Fig. 3. The effects of p53 silencing on angiogenesis in GECs, and the role of p53 in the regulation of angiogenesis in GECs by AMG232. (A) The
silencing efficiency of p53 was verified by qRT-PCR (left) and western blot (right) assays. Data are mean±s.d. (n=3 per group), **P<0.01 versus the sh-NC
group (one-way ANOVA with Tukey’s multiple comparisons test). (B) qRT-PCR (left) and western blot (right) assays were used to detect the mRNA and
protein expression of VEGFR2. (C) A CCK-8 assay was used to detect the cell viability of GECs. (D) The Hstudio M4 system was used to observe the
migration ability of GECs in the indicated groups (n=3). Cell tracks are shown below the images, with the track start centered at the origin. Scale bar: 100 μm.
(E) Matrigel tube formation assay was applied to determine the tube formation of GECs in the indicated groups. Scale bar: 100 μm. Data in B, C and E are
mean±s.d. (n=3 per group). **P<0.01 versus control group, ##P<0.01 versus sh-NC group, &P<0.05 and &&P<0.01 versus AMG232 group, △△P<0.01 versus
sh-p53 group (one-way ANOVA with Tukey’s multiple comparisons test).
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Fig. 4. AMG232 increases the expression of RBM4 by upregulating p53, which can bind to the promoter region of RBM4 to promote its expression.
(A) The mRNA and protein expression levels of RBM4 in ECs and GECs were detected by qRT-PCR (left) and western blot (right) assays, respectively. Data
are mean±s.d. (n=3 per group). *P<0.05 and **P<0.01 versus ECs group (two-tailed unpaired Student’s t-test). (B) The mRNA and protein expression levels
of RBM4 after AMG232 treatment were detected by qRT-PCR (left) and western blot (right) assays, respectively. Data are mean±s.d. (n=3 per group).
**P<0.01 versus control group (two-tailed unpaired Student’s t-test). (C) qRT-PCR (left) and western blot (right) assays were used to detect the effects of p53
silencing and AMG232 alone or in combination on the mRNA and protein expression levels of RBM4. Data are mean±s.d. (n=3 per group). **P<0.01 versus
control group, ##P<0.01 versus the sh-NC group, &P<0.05 and &&P<0.01 versus the AMG232 group, △△P<0.01 versus the sh-p53 group (one-way ANOVA
with Tukey’s multiple comparisons test). (D) A ChIP assay was used to detect the binding of p53 in RBM4 promoter regions (2000 bp upstream to 100 bp
downstream of the TSS). Images shown are representative of three experiments. (E) A luciferase reporter assay was conducted to detect the relationship
between p53 and the target gene RBM4 promoter. The mutant sequences tested are shown in green. Data are mean±s.d. (n=3 per group). **P<0.01 versus
p53(+)NC group (one-way ANOVA with Tukey’s multiple comparisons test).
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plasmids. Silencing efficiency of RBM4 was detected and
verified by qRT-PCR and western blot assays (Fig. 5A). As
shown in Fig. 5B, the results of qRT-PCR and western blot assays
showed that mRNA and protein expression levels of VEGFR2

were not statistically different between the sh-NC group and the
control group. Compared with sh-NC group, the expression of
VEGFR2 in GECs in the RBM4-silenced (sh-RBM4) group was
significantly increased. Compared with AMG232 group, the

Fig. 5. The effects of RBM4 silencing on angiogenesis in GECs, and the role of RBM4 in the regulation of angiogenesis in GECs by AMG232.
(A) The silencing efficiency of RBM4 was detected by qRT-PCR (left) and western blot (right) assays. Data are mean±s.d. (n=3 per group). **P<0.01 versus
the sh-NC group (two-tailed unpaired Student’s t-test). (B) The mRNA and protein expression levels of VEGFR2 in GECs were detected by qRT-PCR and
western blot assay. (C) The cell viability of GECs was detected by a CCK-8 assay. (D) The Hstudio M4 system was used to observe the migration ability of
GECs (n=3). Cell tracks are shown below the images, with the track start centered at the origin. Scale bar: 100 μm; (E) Matrigel tube formation was conducted
to verify the tube formation of GECs. Scale bar: 100 μm. Data in B, C and E are mean±s.d. (n=3 per group). *P<0.05 and **P<0.01 versus control group,
##P<0.01 versus the sh-NC group, &P<0.05 and &&P<0.01 versus the AMG232 group, △P<0.05 and △△P<0.01 versus the sh-RBM4 group (one-way ANOVA
with Tukey’s multiple comparisons test).
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expression of VEGFR2 in GECs in the AMG232-treated and
RBM4-silenced (AMG232+sh-RBM4) group was significantly
increased. However, compared with the sh-RBM4 group, the
expression of VEGFR2 in GECs in the AMG232+sh-RBM4
group was significantly decreased. The above results suggest that
RBM4 silencing significantly upregulates VEGFR2 expression
and reverses the downregulation of VEGFR2 expression by
AMG232; that is, AMG232 can downregulate VEGFR2
expression by upregulating RBM4.
Similarly, as shown in Fig. 5C–E, compared with the control

group, there were no significant differences in cell viability,
migration ability, branch numbers and tube lengths of GECs
in the sh-NC group. Compared with the sh-NC group, the cell
viability and migration ability of GECs in the sh-RBM4 group
were significantly enhanced, and branch numbers and tube
lengths were significantly increased. Compared with AMG232
group, the cell viability and migration ability of GECs in the
AMG232+sh-RBM4 group were significantly enhanced, and
the branch numbers and tube lengths were significantly
increased. Compared with the sh-RBM4 group, the cell
viability and migration ability of GECs in the AMG232+sh-
RBM4 group were significantly reduced, and the branch numbers
and tube lengths were significantly decreased. The above results

suggest that RBM4 silencing significantly enhances the
proliferation, migration and tube formation of GECs, and
reverses the effect of AMG232 on inhibiting the proliferation,
migration and tube formation of GECs. In conclusion, AMG232
could downregulate VEGFR2 expression by upregulating RBM4,
thereby inhibiting the proliferation, migration and tube formation
of GECs.

RBM4 binds to VEGFR2 and promotes its degradation
As shown in Fig. 6A, the results of an RBP immunoprecipitation (RIP)
assay show that the expression ofVEGFR2 is significantly increased in
the anti-RBM4 group compared with the anti-IgG group, suggesting
that RBM4 could bind to VEGFR2. In order to determine whether
RBM4 regulates its expression by binding to VEGFR2, a nascent
RNA capture assaywas used to detect the effect of RBM4 silencing on
the nascent RNA of VEGFR2. The results showed that there was no
significant difference between the control group, the sh-NC group and
the sh-RBM4 group, suggesting that RBM4 did not affect the nascent
RNA of VEGFR2 (Fig. 6B). An actinomycin D assay was further used
to detect the change of VEGFR2 half-life, as shown in Fig. 6C,
compared with the control group, there was no significant difference
in the half-life of VEGFR2 in the sh-NC group. Compared with the
sh-NC group, the half-life of VEGFR2 in the sh-RBM4 group was

Fig. 6. RBM4 shortens its half-life by binding to VEGFR2. (A) A RIP assay verified the binding of VEGFR2 mRNA to RBM4, and a qRT-PCR assay
detected the mRNA expression level of VEGFR2. Data are mean±s.d. (n=3 per group). **P<0.01 versus IgG group (two-tailed unpaired Student’s t-test).
(B) The effect of RBM4 silencing on the nascent RNA of VEGFR2 was determined by RNA nascent capture assay. Data are mean±s.d. (n=3, per group).
(C) The relative levels of the VEGFR2 in the control group, sh-NC group and sh-RBM4 group after actinomycin D treatment at different times. Data are
mean±s.d. (n=3 per group).
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significantly prolonged, from 4.63 h to 6.56 h, suggesting that RBM4
could bind to and shorten the half-life of VEGFR2, and promote the
degradation of VEGFR2.

AMG232 regulates the expression of p53, MDM2, RBM4 and
VEGFR2, and inhibits glioma angiogenesis in vivo
To assess the effect of AMG232 on regulating the expression
of p53, MDM2, RBM4 and VEGFR2 in vivo, orthotopic brain
glioma xenograft nude mice models were used. The results of
western blot assay showed that, compared with the control group,
the protein expression levels of p53 and RBM4 were increased in
AMG232 group, whereas MDM2 and VEGFR2 were decreased
(Fig. 7A–D). This was consistent with the results of the experiments
in GECs. Meanwhile, to verify whether AMG232 inhibits GEC
angiogenesis in vivo, a Matrigel plug assay was performed.
As shown in Fig. 7E,F, the hemoglobin content in AMG232
group was decreased compared with the control group. This result
demonstrated that AMG232 could inhibit glioma angiogenesis
in vivo.

DISCUSSION
Angiogenesis, the formation of new blood vessels from pre-existing
blood vessels, is a process involved in physiological conditions such
as development and wound healing, but is also a key factor in many

pathological conditions, including cancer, infectious arthritis and
psoriasis. It includes several steps characterized by different
endothelial cell functions, such as proliferation, migration, tube
formation, differentiation and maturation. Each step involves a
variety of growth factors, receptors and molecules, resulting in a
diversity of signaling pathways that influences the pathogenicity of
angiogenesis in different diseases (Carmeliet, 2000; Unterleuthner
et al., 2020). Tumor metastasis and growth depend on angiogenesis
to provide oxygen, essential nutrients and metabolic functions, and
angiogenesis also provides structural support for distant metastasis
of tumor (Li et al., 2019). Glioblastoma is a highly vascularized
tumor, and the growth of the glioma depends on the formation of
new blood vessels (Balandeh et al., 2021). Studies have shown that
the activation of VEGFR2 receptor on the surface of cerebral
microvascular endothelial cells is the main way to promote glioma
angiogenesis (Liu et al., 2018). AMG232, now also known as KRT-
232, is a selective oral small molecule, currently under development
for the treatment of multiple myeloma, acute myeloid leukemia
(AML) and myelofibrosis (Bose and Verstovsek, 2021; Erba et al.,
2019; Taylor et al., 2021). It has been reported that AMG232 is an
effectiveMDM2 inhibitor in glioblastoma cell lines, patient-derived
stem cells and multiple tumor cell lines that have wild-type TP53,
thereby regulating tumor function, with no inhibitory effect on
MDM2 in mutant TP53 tumor cell lines (Her et al., 2018). However,

Fig. 7. The effect of AMG232 on
the protein levels of p53, MDM2,
RBM4 and VEGFR2, and on
angiogenesis in vivo.
(A–D) Western blot assays were
used to detect the protein levels of
(A) p53, (B) MDM2, (C) RBM4 and
(D) VEGFR2 after AMG232
treatment in vivo. Data are mean
±s.d. (n=3 per group). **P<0.01
versus control group (two-tailed
unpaired Student’s t-test). (E) The
effect of AMG232 on glioma
angiogenesis in vivo was tested by
Matrigel plug assay. Image is
representative of three experiments/
mice. (F) The content of hemoglobin
was detected after AMG232
treatment. Data are mean±s.d. (n=3
per group). *P<0.05 versus control
group (two-tailed unpaired Student’s
t-test).
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the effect of AMG232 on glioma angiogenesis has not been
reported. In this study, p53 wild-type U87 glioma cells were
co-cultured with ECs to obtain GECs. It was found that AMG232
could inhibit the proliferation of GECs in a dose-dependent manner,
and 3.9 μM AMG232 was selected to culture GECs for 48 h for
subsequent studies. Furthermore, we found that AMG232
significantly inhibited the proliferation, migration and tube
formation of GECs, suggesting AMG232 could inhibit
angiogenesis in p53 wild-type glioma.
p53, a tumor suppressor encoded by the TP53 gene, is a major

transcriptional regulator of genes involved in apoptosis,
proliferation, aging, metabolism and other cellular processes. In
normal cells, the level of p53 protein is low, which is mainly caused
by proteasomal degradation after polyubiquitylation mediated by
ubiquitin E3 ligase MDM2 (Kubbutat et al., 1997; Haupt et al.,
1997; Michael and Oren, 2003). In stressed cells, for example when
there is DNA damage, the MDM2–p53 interaction is disrupted and
p53 increases rapidly to activate p53 responses (Haronikova et al.,
2021). The interaction betweenMDM2 and p53 has always played a
key role in the development of tumors. For example, carcinogenic
factors that result in hepatocellular carcinoma are associated with
dysfunction of the MDM2–p53 axis, which presents with p53
inactivation and MDM2 overactivation (Cao et al., 2020). Our
results show that p53 is expressed at low levels in GECs andMDM2
is expressed at high levels in GECs. Furthermore, AMG232
significantly upregulates the expression of p53 and downregulates
the expression of MDM2 by blocking the MDM2–p53 interaction.
A study has shown that activated RhoA promotes VEGF expression
and hypoxia-induced angiogenesis by upregulating MDM2 and
decreasing the stability of p53 (Ma et al., 2020). To clarify the role
of p53 in the inhibition of angiogenesis in glioma by AMG232, the
expression of p53 in GECs was silenced, and the results showed that
the p53 silencing significantly upregulated the expression of
VEGFR2 and promoted the proliferation, migration and tube
formation of GECs. Moreover, the p53 silencing reversed the
downregulation of VEGFR2 expression by AMG232 and inhibited
the proliferation, migration and tube formation of GECs. Based on
the above results, we believed that AMG232 could inhibit glioma
angiogenesis by disrupting the MDM2–p53 interaction, thereby
upregulating the expression of p53.
RBPs can regulate the target RNA at the post-transcriptional level

by targeting and binding to target RNA (Tu et al., 2021). Studies
have shown that RBPs are widely involved in RNA production and
metabolism, and play key roles in regulating RNA stability,
alternative splicing, modification, localization and translation. In a
variety of cellular pathophysiological processes, the changes in the
expression, structure and function of RBPs have significant impacts
(Choi et al., 2018). Recent studies have shown that RBPs are
involved in the occurrence and development of various tumors. For
example, serine/arginine-rich splicing factor 6 (SRSF6) is highly
expressed in colorectal cancer (CRC) samples and cell lines, and
high expression of SRSF6 promotes the proliferation and migration
of CRC cells in vitro and in vivo (Wan et al., 2019). Overexpression
of QKI-5 in lung cancer cells significantly reduces the proliferation
and transformation of lung cancer cells (Zong et al., 2014). As a
tumor suppressor, RBM4 significantly inhibits the growth and
metastasis of gastric cancer (Zhang et al., 2021). However, the role
of RBM4 in the regulation of glioma angiogenesis by AMG232 has
not been reported. The results of this study show that RBM4 is
expressed at low levels in GECs, which is consistent with the
above report that RBM4 functions as a tumor suppressor gene.
Furthermore, it was found that AMG232 significantly upregulated

the expression of RBM4. p53 silencing could significantly
downregulate the expression of RBM4 and reverse the
upregulation of RBM4 expression by AMG232, suggesting that
AMG232 increases the expression of RBM4 through upregulating
p53; however, the mechanism by which p53 increases RBM4
expression remains unclear. As a transcription factor, p53 can
promote or inhibit the transcription of target genes. For example,
p53 can promote the expression level of Omi (also known as HtrA2)
by enhancing the promoter activity of Omi (Wu et al., 2019).
Therefore, we used the JASPAR and UCSC databases to analyze
this and found that there were two potential p53-binding sites
2000 bp upstream and 100 bp downstream of the RBM4 TSS. ChIP
and luciferase reporter gene assays confirmed that p53 could bind
and transcriptionally promote the expression of RBM4; this was
consistent with the research by Wu et al. (2019). These results
suggest that AMG232 upregulates the expression of p53 and
enhances p53-mediated RBM4 transcription, thereby inhibiting
glioma angiogenesis.

More and more studies have shown that RBPs are involved in the
regulation of tumor angiogenesis. For example, the expression of
sterile alpha motif domain-containing 4A (SAMD4A), which is a
RBP, is inhibited in breast cancer tissues and cells. Overexpression
of SAMD4A inhibits the angiogenesis in breast cancer (Zhou et al.,
2021). In addition, overexpression of human antigen R (HuR, also
known as ELAVL1) also impairs the angiogenesis and inhibits
tumor growth in triple-negative breast cancer (Gubin et al., 2010).
Downregulation of FUS significantly inhibits the angiogenesis in
glioma (He et al., 2019). To investigate the role of RBM4 in the
regulation of glioma angiogenesis by AMG232, the expression of
RBM4 in GECs was silenced. The results were similar to the above
results, RBM4 silencing significantly upregulated the expression of
VEGFR2 and promoted the proliferation, migration and tube
formation of GECs. These results indicate that RBM4 plays an
important role in regulating tumor angiogenesis and could inhibit
the angiogenesis in glioma. Further studies show that RBM4
silencing reverses the downregulation of VEGFR2 expression by
AMG232 and inhibits the proliferation, migration and tube
formation of GECs. This proves that AMG232 inhibits glioma
angiogenesis by upregulating RBM4 to inhibit the expression of
VEGFR2. RBPs are key regulators of gene expression and mediate
post-transcriptional regulation of gene expression mainly by
binding to the 3′-UTR and 5′-UTR of target gene mRNA through
specific sequences and secondary structural elements (Gerstberger
et al., 2014). Ye et al. have found that RBM38 promotes the
degradation of MDM2 by directly binding to it’s 3′-UTR in liver
cancer cells (Ye et al., 2018). Studies have shown that RBM4 can
participate in biological processes such as RNA translation
regulation (Lin et al., 2007). Although some studies have shown
that RBM4 can bind to the IRES element in the 5′-UTR region of
VEGFA mRNA to regulate the translation of VEGFA (Niu et al.,
2022), it has not been reported whether RBM4 can directly target
and bind to VEGFR2 to regulate its expression. Through RBPmap
database analysis, we found that there is a potential binding effect
between RBM4 and the 3′-UTR of VEGFR2 mRNA. A RIP assay
confirmed that RBM4 bound to VEGFR2. Nascent RNA capture
and actinomycin D assays confirmed that RBM4 had no effect on
the nascent RNA of VEGFR2, but could shorten the half-life of
VEGFR2, indicating that RBM4 could bind to VEGFR2 and
promote its degradation. This was consistent with the findings of
Ye et al. (2018). These results confirmed that RBM4 could inhibit
glioma angiogenesis by binding to VEGFR2 and promoting its
degradation.
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MDM2 gene amplification occurs in a variety of human
malignancies, including glioma, non-small cell lung cancer and
prostate cancer (Cabezón-Gutiérrez et al., 2021; Ding et al., 2019b;
Feng et al., 2016). Studies have reported that MDM2 plays an
important role in the regulation of tumor angiogenesis. For example,
blocking MDM2 can significantly inhibit the angiogenesis of breast
cancer, thereby inhibiting the growth of breast cancer (Xiong et al.,
2014). MDM2 can promote the proliferation, invasion and
angiogenesis of cervical cancer cells (Ding et al., 2019a). The
ubiquitylation activity of MDM2 can disrupt the anti-angiogenic
pathway of the p53–VHL complex, thus promoting tumor
angiogenesis (Wolf et al., 2020). In glioma, MDM2 can be
involved in the regulation of apoptosis and chemoresistance of
glioma cells (Zhanfeng et al., 2016). The regulation of cell cycle
progression byMDM2may be related to its proliferation function in
glioma cells (Dai et al., 2008). However, the roles andmechanism of
MDM2 in regulating glioma angiogenesis are still unclear. Our
results showed that AMG232 could significantly downregulate the
expression of MDM2 in GECs, but the mechanism by which
MDM2 regulates glioma angiogenesis has not been thoroughly
studied. This will be the purpose of our next research because
clarifying this mechanism will improve our understanding of how
AMG232 inhibits angiogenesis in glioma and assist in the
development of treatments for glioma.
In recent years, with the progress of cell biology and the

development of three-dimensional cell cultures, in vitro cell lines,
such as U251 and U87, are widely used in glioma genesis and
development research (Xiao et al., 2017). However, because the
immortal cell lines are derived from a single clone, and have adapted to
the in vitro environment, a large number of gene mutations are present
(Maqsood et al., 2013). This means that the in vitro experiments allow
only specific aspects of tumor cells to be investigated and do not fully
reflect the status of tumor cells in vivo. Studies have shown that after
VEGFR2 is activated in vivo, it regulates angiogenesis through
complex mechanisms. Greenberg et al. have confirmed that in ECs,
VEGFR2 can promote angiogenesis after being activated by VEGF,
but in vascular smooth muscle cells (VSMCs), VEGF negatively
regulates the vessel maturation by promoting a receptor complex
consisting of platelet-derived growth factor receptor β (PDGFRβ, also
known as PDGFRB) and VEGFR2 (Greenberg et al., 2008). Lu et al.
have found that the VEGFR2–MET heterocomplex negatively
regulates tumor cell invasion by recruiting protein tyrosine
phosphatase 1B (PTP1B, also known as PTPN1) (Lu, et al., 2012).
Therefore, in order to further verify the effect of AMG232 on the
expression of VEGFR2 and other molecules, and its role on glioma
angiogenesis, the glioma xenograft nude mice models were used. The
results showed that AMG232 significantly upregulated the expression
of p53 and RBM4 proteins, and downregulated the expression of
MDM2 and VEGFR2 proteins in the orthotopic brain glioma
xenograft nude mice. The results of an in vivo Matrigel plug assay
showed that AMG232 significantly decreased the new vessels and the
hemoglobin content. These were consistent with the results of in vitro
experiments. Both in vitro and in vivo experimental results revealed
that AMG232 inhibited glioma angiogenesis by regulating the p53–
RBM4–VEGFR2 pathway.
In conclusion, this study demonstrates that p53 and RBM4 are

downregulated in GECs, while MDM2 and VEGFR2 are upregulated.
The in vitro and in vivo studies show that AMG232 upregulates the
expression of p53 and RBM4 in GECs, and downregulates the
expression of MDM2 and VEGFR2. AMG232 upregulates the
expression of p53 by blocking the MDM2–p53 interaction; the
upregulated p53 transcriptionally promotes the expression of RBM4,

the targets of which bind to VEGFR2 to promote its degradation,
thereby inhibiting glioma angiogenesis. Our findings reveal the
mechanism by which AMG232 inhibits glioma angiogenesis, and
provide a new target for the diagnosis and therapy of glioma.

MATERIALS AND METHODS
Cell culture
The immortalized human cerebral microvascular endothelial cell line
hCMEC/D3 was provided by Dr Couraud (Cochin Institute, Paris, France),
cultured in EBM-2 medium and the endothelial medium was changed every
2 days. Each 500 ml EBM-2 medium was supplemented with 5.43 ml N-2-
hydroxyethylpiperazine-N-ethane-sulphonic acid (2× HEPES), 5.43 ml
chemically defined lipid concentrate, 2.75 ml ascorbic acid, 2.75 μl
hydrocortisone, 27.5 ml fetal bovine serum (FBS) and 10 ng human basic
fibroblast growth factor (bFGF). The human astrocyte cell line SVG12 was
purchased from Carlsbad Scientific Research Laboratory. Human U87
glioma cells were preserved in our laboratory. Human SVG12 astrocytes and
human U87 glioma cells were cultured in DMEM medium with high
glucose and 10% FBS was added. The medium was changed every 2 days.
All cells were cultured at 37°C in a humidified incubator containing 5%CO2

and all media were sterile filtered.

Establishment of normal human brain microvascular endothelial
cells and glioma microvascular endothelial cells
Human SVG12 astrocytes and human U87 glioma cells were inoculated in
100 mm cell culture dishes, and the culture medium was changed once a
day. When the cell density reached about 85%, the culture medium was
discarded and washed twice with PBS, then EBM-2 culture medium was
added to culture SVG12 astrocytes and U87 cells. After 1 day, the cell
culture medium was collected and centrifuged at 900 g for 5 min, the
supernatant was taken, and EBM-2 supplement was added to obtain
astrocyte- and glioma-conditioned media. The harvested conditional
medium was used to culture hCMEC/D3 to obtain ECs and GECs.

Configuration of AMG232
AMG232 powder (MedChemExpress) was dissolved in DMSO and normal
saline to prepare AMG232 solutions with concentrations of 0.5 μM, 1 μM,
2 μM, 4 μM and 8 μM (DMSO concentration was less than 0.1%).

Cell transfection
Short-hairpin p53 (sh-p53) and RBM4 (sh-RBM4) plasmids, and their
corresponding negative control (sh-NC) plasmids were constructed by
GenePharma Company. hCMEC/D3 cells were transfected with plasmids
using Lipofectamine LTX and Plus reagent (Life) according to the
manufacturer’s protocol. After 26 days of G418 screening, cell lines with
stable expression were selected and cultured in glioma-conditioned medium
to obtain p53 and RBM4-silencing GECs. Sequences of sh-p53, sh-RBM4
and sh-NC are shown in Table S1.

Quantitative real-time PCR
Total RNA was extracted using Trizol reagent. The RNA concentration
and OD260:OD280 ratio were determined using a NanoDrop
spectrophotometer. Quantitative reverse transcription PCR (qRT-PCR)
was performed using TB Green Premix Ex TaqII (Takara) according to the
manufacturer’s protocol. The reaction conditions were as follows: 25°C for
30 min, 37°C for 15 min, 85°C for 5 s and 4°C in a finite cycle. To quantify
the mRNA, qPCR analysis was performed using a LightCycler 96
fluorescent quantitative PCR instrument (Roche). PCR conditions were as
follows: 95°C for 30 s, 95°C for 3 s, 60°C for 30 s and 40 cycles in
sequence. Using GAPDH as an endogenous control, the relative expression
of target genes was calculated using the 2−ΔΔCt method. The primers used in
this study are listed in Table S2.

Western blot assay
Cells were collected and the same volume of radioimmunoprecipitation
(RIPA) buffer was added (1:100 PMSF:RIPA) (Beyotime Institute of

11

RESEARCH ARTICLE Journal of Cell Science (2023) 136, jcs260270. doi:10.1242/jcs.260270

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.260270
https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.260270


Biotechnology) to the cells. After thorough mixing, the mixture was
incubated on ice for 30 min. After ultrasonic crushing and centrifugation at
17,000 g at 4°C for 40 min, the supernatant was collected and the protein
concentration was determined using the BCA protein assay kit (Beyotime
Institute of Biotechnology). Equal amounts of protein samples were
separated by electrophoresis on 10% SDS-PAGE (Beyotime Institute of
Biotechnology) and transferred to PVDF membranes (Millipore). After
blocking with 5% fat-free milk in Tris-buffered saline containing 0.05%
Tween-20 (TTBS) at room temperature for 2 h, the membranes were
incubated with primary antibodies against MDM2 (Cat No. 19058-1-AP),
p53 (Cat No. 10442-1-AP), RBM4 (Cat No. 11614-1-AP), VEGFR2 (Cat
No. 67407-1-Ig) and GAPDH (Cat No. 6000004-1-Ig) (1:1000, 1:2000,
1:500, 1:1000 and 1:1000, respectively; Proteintech) at 4°C overnight. After
washing with TTBS, the membranes were incubated with HRP-conjugated
Affinipure Goat Anti-Rabbit IgG (Cat No. SA00001-2) or HRP-conjugated
Affinipure Goat Anti-Mouse IgG (Cat No. SA00001-1) secondary
antibodies (diluted at 1:10,000; Proteintech) for 2 h at room temperature.
Afterwards, an enhanced chemiluminescence kit (ECL; Beyotime Institute
of Biotechnology) was used for luminescence, and the integrated density
values (IDVs) of each band were calculated by ImageJ software. The full
unedited blots are provided in Fig. S1.

Cell proliferation assay and the determination of IC50
The cell viability of ECs and GECs cells were measured using the Cell
Counting Kit-8 (CCK8, Dojindo). 2×103 cells/well were seeded in a 96-well
plate, with three replicate wells in each group, and the total volume of each
well was 100 μl. The cells were placed in an incubator for pre-culture for
24 h at 37°C and 5% CO2. Afterwards, 10 μl of different concentrations of
AMG232 were added to each well, and after incubation for a period of time
(24 h, 48 h, 72 h), 10 μl of CCK-8 solution was added to each well. The
absorbance of each well was measured using a microplate reader at 450 nm
after incubation for about 2 h. The absorbance value results, the cell viability
and inhibition rate were calculated according to the manufacturer’s
protocols, and the IC50 was calculated.

Cell migration assay
Cell migration ability was performed using the HoloMonitor M4 culture
system (Phase Holographic Imaging) according to the manufacturer’s
protocols. After GECs were digested, they were pipetted evenly. The cells of
each group were inoculated into a six-well plate (Corning) at a concentration
of 2×104 cells/ml, and incubated for 12 h. After the cells adhered, the
medium was replaced with 2 ml glioma-conditioned medium, placed on the
HoloMonitorM4 culture system and set for imaging for 12 h at 1 h intervals.
For each experimental group, we showed the last image frame and the cell
movements. Five visually identified cells were randomly selected for
tracking in each experimental group at the beginning of the analysis, and
their movements were presented in spatial xy plots.

Tube formation assay
Matrigel matrix collagen solution (BD Biosciences) was thawed at 4°C
overnight, 100 μl Matrigel was added to each well of a pre-chilled 96-well
plate for 10 min at 4°C, and then incubated to polymerize at room
temperature for 10 min. GECs were seeded on Matrigel surface at a density
of 4×104 cells/well and incubated at 37°C for 4 h. The images of each well
were visualized using a phase contrast microscope (Olympus), and the total
numbers of branches and tubule lengths were calculated using ImageJ
software.

Chromatin immunoprecipitation assay
After 24 h of cells culture, GECs were washed with PBS and fixed with 1%
formaldehyde for 10 min at room temperature. The crosslinking reaction
was quenched by adding glycine (0.1 M), and incubated with gentle shaking
for 5 min. Subsequently, the cells were washed twice with ice-cold PBS and
cell lysates were prepared using ice-cold cell lysis buffer at 4°C for 1 h. The
cell lysates were ultrasound treated to fragment chromatin into 500 to 800 bp
lengths. The samples were pre-clarified with protein A agarose (Roche) at
4°C with gentle rotation for 1 h. Specific antibodies were then added and

kept at 4°C overnight on the rotator. To capture immune deposits, protein A
agarose was blocked using salmon sperm DNA. The purified chromatin
templates were amplified by PCR. The primers of each PCR set are listed in
Table S3. The amplified input, IgG and IP samples were subjected to
agarose gel electrophoresis.

Double luciferase reporter gene assays
The promoter region of RBM4 was cloned into the pmirGLO plasmid, and
the vector containing the p53 sequence was constructed at the same time.
According to the manufacturer’s protocol, cells were transfected with 50 nM
pmirGLO-NC, pmirGLO-RBM4-wt or PmirGLO-RBM4-mut and 50 nM
p53 or p53-NC using lipofectamine 3000. The firefly luciferase gene in the
vector PmirGLO-Control was used as an endogenous control to test the
transfection efficiency. After transfection for 48 h, the luciferase activities of
firefly and Renilla luciferase were detected using the dual luciferase analysis
reporting system. The firefly luciferase activity was normalized to the
corresponding Renilla luciferase activity.

RNA-binding protein immunoprecipitation
Sufficient GECs (density above 80%) were collected with a cell scraper,
centrifuged at 187 g for 5 min at room temperature, and precipitates were
collected. 2.8 ml polysome lysis buffer 1, 2.27 μl protease inhibitor and
8.6 μl Rnase inhibitor were then added to blow precipitates off, then the
mixture lysed on ice. 9.6 μl Dnase salt stock and 31 μl Dnase were added at
37°C for 10 min, then 9 μl 0.5 M EDTA, 3.6 μl 0.5 M EGTA and 17 μl DTT
were added in an ice bath then centrifuged at 16,000 g at 4°C for 14 min and
the supernatant transferred to a RNase-free centrifuge tube. 10 μl RBM4
antibody and an equal amount of IgG (1 μg/μl) were added to IP and IgG
samples, respectively, and incubated at 4°C for 16 h. Balanced protein A/G
was added and incubated for 1 h, before washing several times. The target
protein was then captured, RNA was extracted, and the concentration and
quality of RNAwas determined. Finally, the real-time PCR kit was used to
determine the enrichment efficiency of VEGFR2.

Nascent RNA capture assay
The Click-iT NascentRNACapture Kit (ThermoFisher Scientific) was used
to measure the nascent RNA of VEGFR2. Nascent RNA in GECs was
labeled with 5-ethynyluridine (EU), the cells were fixed, the EU was
biotinylated using the Click reaction and the RNA–protein complexes were
extracted using streptomycin affinity-coated beads. The RNA and protein
were crosslinked the using UV light at 254 nm, the EU-labeled RNA–
protein complexes were captured using magnetic streptavidin-binding
beads, and the RNA isolated from the EU-labeled RNA–protein complexes
was detected by qRT-PCR.

RNA half-life assay
Actinomycin D (5 μg/ml) was added to the culture medium of GECs to
inhibit the production of new RNA. Total RNAwas extracted from GECs at
0 h, 1 h, 3 h, 5 h, 7 h and 9 h, respectively, and the expression level of
VEGFR2 mRNA was detected by qRT-PCR.

Establishment of orthotopic brain glioma xenograft nude
mice model
For the animal studies, a protocol detailing experimental procedures
following the China Medical University guidelines was submitted to and
approved by Ethics Committee of China Medical University. Eight-week-
old female Balb/c nude mice were purchased from HFK Bioscience. The
model was established by a method described previously (Zhang et al.,
2022). A U87 glioma cell suspension, concentration 1×106/3 μl, was
prepared from FBS-free DMEM medium. The nude mice was anesthetized
and the cell suspension was injected into the caudate nucleus of the right
brain hemisphere using a Hamilton syringe and stereotaxic apparatus.
Fourteen days after the tumor implantation, the xenograft nude mice
were administered with AMG232 [12 mg/kg, selected according to the
research (Canon et al., 2015) and our preliminary experiment results] by
intraperitoneal injection. After 48 h, the brain glioma tissues were obtained
for western blot assay.
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In vivo Matrigel plug assay
A Matrigel plug assay was conducted to measure the angiogenesis as
previously described (Würdinger et al., 2008). Four-week-old BALB/c
female nude mice were used and divided into two groups: Control group and
AMG232 group. Briefly, GECs resuspended in 400 ml of solution
containing 80% Matrigel at a density of 3×105/ml were subcutaneously
injected into the right hindlimb interior root of nude mice. After 4 days, the
xenograft nude mice were administered with AMG232 by intraperitoneal
injection. The plugs were then removed, weighed, photographed and
collected by dissolving in 400 μm PBS (overnight incubation at 4°C). The
content of hemoglobin was detected using Drabkin’s solution (Sigma)
according to manufacturer’s directions.

Statistical analysis
SPSS (25.0) statistical software or GraphPad Prism software (7.0) were used
to analyze the data, and the results are presented as mean±s.d. A paired
Student’s t-test was used for analysis between two groups of data, and one-
way analysis of variance (ANOVA) was used for analysis between multiple
groups of data. *P<0.05 and **P<0.01 were considered statistically
significant. All experiments were repeated three times independently.
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