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Abstract

Background: Isocitrate dehydrogenase wild-type (WT) glioblastoma (GBM) accounts for 90% of all GBMs, yet only 27% of isoci-

trate dehydrogenase WT-GBMs have p53 mutations. However, the tumor surveillance function of WT-p53 in GBM is sub-

verted by mechanisms that are not fully understood.

Methods: We investigated the proteolytic inactivation of WT-p53 by asparaginyl endopeptidase (AEP) and its effects on GBM

progression in cancer cells, murine models, and patients’ specimens using biochemical and functional assays. The sera of

healthy donors (n¼48) and GBM patients (n¼20) were examined by enzyme-linked immunosorbent assay. Furthermore,

effects of AEP inhibitors on GBM progression were evaluated in murine models (n¼6–8 per group). The statistical significance

between groups was determined using two-tailed Student t tests.

Results: We demonstrate that AEP binds to and directly cleaves WT-p53, resulting in the inhibition of WT-p53-mediated tu-

mor suppressor function in both tumor cells and stromal cells via extracellular vesicle communication. High expression of

uncleavable p53-N311A-mutant rescue AEP-induced tumorigenesis, proliferation, and anti-apoptotic abilities. Knock down or

pharmacological inhibition of AEP reduced tumorigenesis and prolonged survival in murine models. However, overexpres-

sion of AEP promoted tumorigenesis and shortened the survival time. Moreover, high AEP levels in GBM tissues were

associated with a poor prognosis of GBM patients (n¼83; hazard ratio¼3.94, 95% confidence interval¼1.87 to 8.28; P < .001).

A correlation was found between high plasma AEP levels and a larger tumor size in GBM patients (r¼0.6, P ¼ .03), which de-

creased dramatically after surgery.

Conclusions: Our results indicate that AEP promotes GBM progression via inactivation of WT-p53 and may serve as a

prognostic and therapeutic target for GBM.

Glioblastoma (GBM) is the most common and aggressive central

nervous system neoplasm and is divided into two subtypes:

isocitrate dehydrogenase (IDH)-wild-type (WT)-GBM and IDH-

mutant-GBM. Besides their broadly similar histopathologies,

most GBMs appear to be driven by dysregulation of p53, RB tran-

scriptional corepressor 1, and receptor tyrosine kinase Ras signal-

ing (1). Among these regulators, p53 is a master regulator of

diverse cellular processes (2–4). Mutations that directly inactivate

or delete p53 itself are relatively few in IDH-WT-GBM (5).

Although the p53 pathway can be compromised by amplification

of MDM2, the mechanisms that suppress p53 functions remain

elusive in most IDH-WT-GBMs (6–9). Therefore, understanding

the inhibitory mechanisms targeting WT-p53 is extremely impor-

tant for addressing GBM, especially the IDH-WT form.

In addition to cancer cells, the malignant transformation

of host stromal cells within the tumor microenvironment is
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essential for tumor progression (10). Reactive astrocytes and

endothelial cells are stromal cells that constitute a large portion

of the tumor mass and are associated with GBM progression.

Recently, extracellular vesicles (EVs) have been shown to be

involved in cell-cell communication and proposed as tumor bio-

markers and novel therapeutic targets for GBM (11–16). The

functions and underlying mechanisms of EVs in the malignant

transformation of stromal cells in the GBM microenvironment

are barely known.

Asparaginyl endopeptidase (AEP), also called legumain, is cur-

rently the only known AEP of the mammalian genome that spe-

cifically cleaves peptide bonds at asparaginyl residue (17,18). AEP

has been found to play important roles in diseases including

immunity and neurodegenerative disease through the specific

proteolysis of substrates such as Toll-like receptor 9 and Foxp3

(19–29). AEP has been observed to be highly expressed in a variety

of tumors with little knowledge of its substrates (18, 25–30).

Here, we sought to determine the functional role of AEP

in GBM malignant progression and analyzed the prognostic sig-

nificance of AEP in GBM patients. Moreover, we explored the

underlying mechanisms of AEP, which involve proteolytic

inactivation of WT-p53 in GBM cells as well as in noncancerous

stromal cells via EVs.

Methods

Co-immunoprecipitation

Cell extracts were incubated with 0.5 lg individual antibody,

and 20 lL protein G beads (GE Healthcare, Pittsburgh, PA).

After overnight incubation, beads were washed four times with

lysis buffer, separated by Sodium Dodecyl Sulfate-

Polyacrylamide Gel Electrophoresis, and analyzed by

immunoblotting.

Immunofluorescence

The following primary antibodies were used for immunofluo-

rescence: anti-AEP (R&D Systems, MN, USA, AF2199, 1: 200) and

anti-p53 (Santa Cruz Biotechnology, sc-126, 1: 250); donkey anti-

goat or anti-mouse Alexa fluor 488 or 568 (Invitrogen, CA, USA,

1: 1000) were used as secondary antibodies.

Cell Functional Assays

For the colony formation assay, GBM cells with or without AEP

knockdown or overexpression were examined. For the tube for-

mation assay, GBM cells or human umbilical vein endothelial

cells (HUVECs) were added on the top of Matrigel in 96-well

plates. For the invasion assay, GBM cells or human normal glial

cells (HEBs) were plated in the upper chambers of Matrigel-

coated-Transwell inserts (Millipore, Billerica, MA). For details,

please see the Supplementary Methods (available online).

In Vivo Analysis of GBM Progression

All mice were maintained and treated in accordance with the

guidelines approved by the Institutional Animal Care and Use

Committee of Renji Hospital, Shanghai Jiao Tong University

School of Medicine. p16Ink4a/p19Arf; K-Rasv12; LucR Cre-LoxP-

based conditional mice aged 4 to 6 weeks, which were a kind

gift from Professor Olaf van Tellingen, were used in the experi-

mental procedures (31).

Patients

Glioma tissues were collected from patients at Renji Hospital,

Shanghai Jiao Tong University School of Medicine, after obtain-

ing the patients’ informed consent. Our study was approved by

the Ethics Committee of the Renji Hospital, Shanghai Jiao Tong

University School of Medicine. All patients obtained a confirmed

diagnosis of glioma after resection. Supplementary Table 2

(available online) describes the glioma patient characteristics by

AEP expression level. AEP expression levels were classified as

low expression and high expression. The median follow-up

time of glioblastoma was 12 (12.19) months. Patients who were

alive before April 1, 2019, were designated no death, and

patients who died before April 1, 2019, were designated death.

Enzyme-Linked Immunosorbent Assay

AEP concentrations in culture medium or serum were measured

as previously described (30). Recombinant human AEP (R&D

Systems) was used as the standard to determine the optical

density of each well immediately using a microplate reader at

450nm, with correction at 570nm.

Statistical Analysis

The statistical significance of the differences between two

groups was determined using the Student t test. For multiple

group comparisons, analysis of variance was followed by two-

tailed Dunn’s post hoc analysis, or the Tukey’s multiple com-

parisons test was performed. Survival analyses comparing the

prognoses of glioblastoma patients with low AEP or high AEP

took confounding risk factors into account. Statistical analysis

was performed using SPSS 15.0 software (Chicago, IL). All P val-

ues are two-sided. P values of less than .05 were considered sta-

tistically significant.

Detailed materials and methods are in the Supplementary

Materials (available online).

Results

Interaction Between AEP and Wild-Type p53 in GBM

To find the substrates of AEP in GBM, we screened a series of tu-

mor suppressor genes and found that WT-p53 could be cleaved

by AEP (Supplementary Figure 1A, available online, antibody

epitope mapping between amino acid residues 11–25 of p53).

The cysteine 189 (C189) residue is essential for AEP enzymatic

activity (18) and inactivation of this critical site (AEP-C189S)

failed to cleave p53 (Supplementary Figure 1B, available online).

We further knocked down AEP in p53-WT-GBM cells (U87-MG

and A172) and found that the silencing of AEP abolished p53

cleavage (Figure 1, A and B). However, the active form of AEP

was much lower in U251-MG and T98G (GBM cells with p53

mutations: p53-R273H in U251-MG and p53-M237I in T98G)

(Figure 1, A–D). Correspondingly, we did not notice any

cleavage of mutant p53 in these cells (Figure 1, C and D).

Immunofluorescent confocal microscopy revealed colocaliza-

tion of p53 and AEP in U87-MG and A172 but not in U251-MG

and T98G (Figure 1E). Moreover, silencing of AEP in U87-MG and
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Figure 1. Effect of AEP on p53 in GBM cells. A) Immunoblot analysis of p53, AEP, and actin in U87-MG cells with or without AEP silencing. B) Immunoblot analysis of

p53, AEP, and actin in A172 cells with or without AEP silencing. C) Immunoblot analysis of p53, AEP, and actin in U251-MG cells with or without AEP silencing. D)

Immunoblot analysis of p53, AEP, and actin in T98G cells with or without AEP silencing. E) Immunofluorescence analysis of p53 and AEP in U87-MG, A172, U251-MG,

and T98G cells (magnification: 400�; scale bar ¼ 10lm). The middle graph shows the colocalized signals between the green signal (p53) and the red signal (AEP). The in-

tensity profile plots also analyzed using image J software. F) Immunofluorescence analysis of p53 in U87-MG and A172 cells with AEP silencing (magnification: 400�;

scale bar ¼ 10 lm). G) Immunoblot analysis of p53, AEP, and actin in U87-MG cells with or without AEP overexpression. H) Immunoblot analysis of p53, AEP, and actin

in A172 cells with or without AEP overexpression. I) Immunoblot analysis of p53, AEP, and actin in U251-MG cells with or without AEP overexpression.

J) Immunoblot analysis of p53, AEP, and actin in T98G cells with or without AEP overexpression. K) Structure and activity analysis of AEPI. Data are presented as mean

(SD). The two-tailed Student t test was used to analyze the differences between the groups. L) Immunoblot analysis of p53 and AEP in AEP-overexpressing HEK293T

cells with or without AEPI treatment. AEP ¼ asparaginyl endopeptidase; AEPI ¼ AEP inhibitor; EV ¼ empty vector; GBM ¼ glioblastoma; MW ¼ molecular weight; NC ¼

negative control; SH ¼ short hairpin; WT ¼ wild type.
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A172 remarkably elevated the level of nuclear p53 (Figure 1F). To

further determine the cellular compartment in which AEP and

p53 interaction occurs, we performed co-immunostaining

of AEP, p53 with endosomal marker-EEA1, and lysosomal

marker-LAMP1 as well as endoplasmic reticulum (ER)- and

Golgi-associated marker-ERPp72 in U87-MG and A172. We found

that AEP and p53 could only colocalize with endosomal and

lysosomal markers, whereas no colocalization occurred with

the ER- and Golgi-associated marker (Supplementary Figure 2,

available online), indicating that AEP and p53 interaction occurs

in the endolysosomal system. Moreover, AEP and p53 were colo-

calized with endolysosomal markers but not with the ER- and

Golgi-associated marker in GFP-P53 and AEP cotransfected 293T

(Supplementary Figure 3, available online). Consistently, over-

expressing WT-AEP in U87-MG and A172 increased the endoge-

nous cleaved p53 truncates (Figure 1, G and H). Surprisingly,

overexpression of AEP in U251-MG and T98G also induced

mutant p53 cleavage (Figure 1, I and J).

AEP activity is pH dependent, remaining active at pH 6.0

and inactive at pH 7.0. P53 was completely degraded at pH 6.0,

whereas it remained intact at pH 7.0 (Supplementary Figure

4A, available online). Consistently, AEP-C189S mutant failed

to degrade p53 at pH 6.0 (Supplementary Figure 4B, available

online). We also lysed primary GBM tissues at pH 6.0 or pH 7.0

and found that p53 was robustly cleaved at pH 6.0 but

remained intact at pH 7.0 (Supplementary Figure 4C, available

online). Furthermore, we synthesized aza-Asn epoxide, which

is an AEP-specific small inhibitory compound (AEPI). AEPI ef-

fectively suppressed the enzymatic activity of AEP at 1 mM

(AEPI [SD]¼ 2.86[2.19]%, control [SD]¼ 100.18[0.27]%; P < .001)

(Figure 1K). AEP-induced cleavage of p53 was inhibited by

AEPI (Figure 1L).

AEP and p53 interacted directly with each other in U87-MG

and A172, and p53 can interact with pro-AEP and a smaller

amount of p53 could also interact with active AEP (Figure 2,

A and B). To determine the precise cleavage site in p53, we mu-

tated each individual asparagine (N) residue of p53 into an ala-

nine (A). We found that a p53-N311A-mutant remained intact,

whereas the WT-p53 was cleaved, indicating that p53 was selec-

tively cleaved at N311 (Figure 2, C and D). We further purified

the fragmented glutathione S-transferase (GST)-p53 proteins

and performed mass spectrometry analysis. The liquid

chromatography-tandem mass spectrometry analysis revealed

that the p53 peptide fragments cleaved at N311 from the partial

digested peptides with trypsin or Glu-C, respectively (Figure 2,

E and F).

There are three potential nuclear localization signals located

in the C-terminus of p53 after N311. AEP increased cytoplasmic

p53 but reduced its nuclear levels. Indeed, the active tetrameric

form of p53 in AEP-overexpressing cells was also reduced

(Figure 2, G–I; Supplementary Figure 5, A and B, available

online).

We then studied the impact of AEP in GBM cells by perform-

ing an RNA-array analysis of the control and AEP-silenced U87-

MG. More than 3388 transcripts were found to be differentially

expressed (fold change� 2) upon AEP silencing (P < .01). Among

the p53 targeted genes, those related to cell cycle arrest (37.1%

of the p53 downstream effector genes), apoptosis (81.7% of the

p53 downstream effector genes), DNA repair (74.3% of the p53

downstream effector genes), and autophagy (47.1% of the p53

downstream effector genes) were suppressed when p53 was

cleaved by AEP (Figure 2J; Supplementary Table 1, available

online). Transcription of genes such as Bax, MDM2, Bim, and

CDKN1A was elevated after AEP silencing (Figure 2K). The

protein levels of these genes were also increased in the same

cells (Figure 2, L and M). The chromatinic immunoprecipitation

of p53 in AEP-overexpressing cells displayed a reduction of gene

occupancy (Supplementary Figure 5, C, available online).

Moreover, both the proform and active form of AEP were

upregulated by estimated glomerular filtration rate (EGFR) acti-

vation, especially in U87-MG and A172 (Supplementary Figure 6,

A and B, available online). Overexpression of the EGFRvIII,

which is the predominant form in GBMs, consistently upregu-

lated AEP expression (Supplementary Figure 6, C–E, available

online). Although it is published that p53 regulates AEP expres-

sion (32), knockdown of p53 in GBM cells did not alter the ex-

pression of AEP (Supplementary Figure 7, available online).

Altogether, these data suggest that AEP binds to and directly

cleaves p53 at N311, resulting in the transcriptional inhibition

of WT-p53 downstream effector genes in WT-p53 GBM cells.

Effect of AEP on GBM Cell Malignant Functions

We then investigated the pathological functions of AEP in GBM

cells. Colony formation assays showed that AEP silencing re-

duced colony formation (Figure 3, A–F). Cell growth was slower

after AEP silencing in U87-MG and A172 (Figure 3, G and H).

Additionally, the percentage of apoptotic cells was increased

among AEP-silenced cells (Figure 3, I–L). However, suppression

of p53 in AEP-silenced cells rescued the tumorigenesis, prolifer-

ation, and anti-apoptotic abilities (Figure 3). The invasive

capacity was also reduced in AEP-silenced cells but remained

intact in AEP and p53 double-silenced cells (Supplementary

Figure 8, available online).

AEP overexpression promoted colony formation (Figure 4, A–

F). Cell growth was also faster after its overexpression (Figure 4,

G and H). The percentage of apoptotic cells among AEP-

overexpressing cells was decreased (Figure 4, I–L). However,

forcible expression of p53-N311A in AEP-overexpressing cells

suppressed the tumorigenesis, proliferation, and anti-apoptotic

abilities induced by AEP in U87-MG and A172 (Figure 4). AEP

overexpression also suppressed the DNA repair responses of

U87-MG after radiation (Supplementary Figure 9, available on-

line). Additionally, autophagy was increased after AEP silencing

or overexpression of the mutant-p53-N311A (Supplementary

Figure 10, available online). These results indicated that AEP

promotes malignant behaviors of GBM cells partially through

inactivation of p53.

Effect of AEP-Containing EVs Derived from GBM Cells on
Stromal Cell Functions

It is increasingly clear that the tumor microenvironment can

influence tumorigenesis. P53 has been found to exhibit loss of

function in the mesenchyme (10). Surprisingly, the culture me-

dium collected from GBM cells contained a large amount of AEP

protein, and p53 in HEBs and HUVECs was cleaved after incuba-

tion with culture medium derived from GBM cells (Figure 5, A

and B). We immunostained AEP in GBM cells and observed by

immunoelectron microscopy. AEP existed in the EVs secreted by

GBM cells (Figure 5, C and D). Thus, we separated the EVs and

incubated them with HUVECs and HEBs and found that the EVs

were endocytosed by these cells (Supplementary Figure 11,

available online). Consistently, p53 was cleaved in these cells af-

ter incubation (Figure 5, E and F). The tube formation activity of

HUVECs was increased with GBM-EVs but not with EVs collected

from GBM cells in which AEP was silenced (Figure 5, G and H).
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Figure 2. Interaction between AEP and WT p53 in GBM. A) Co-immunoprecipitation analysis of AEP and p53 in U87-MG cells. B) Co-immunoprecipitation analysis of

AEP and p53 in A172 cells. C) Immunoblot analysis of FLAG-tagged p53 in HEK293T cells transfected with WT p53 and a series of mutations of its asparagine residues.

D) Immunoblot analysis of FLAG-tagged p53 in HEK293T cells transfected with AEP and WT p53 or a series of mutations of its asparagine residues. E and F) Mass spec-

trometry analysis of recombinant p53 fragmented by AEP. The detected Mass Spectrometer/Mass Spectrometer peptides spectra are listed. Protein samples were in-gel

digested with trypsin (E) or Glu-C (F), respectively. G) Domain analysis of p53 with nuclear localization signals located at its C-terminal. H) Subcellular fractionation of

cytoplasmic and nuclear to gain quantitative insight into the amount of p53 that is relocated to the cytoplasm. I) The oligomeric forms of p53 were analyzed in GBM

cells with or without AEP-OE. J) Heatmap of a subset of p53 downstream genes differentially regulated in AEP-silenced cells. K) Reverse transcriptase polymerase chain

reaction (RT-PCR) analysis of BAX, MDM2, Bim, and CDKN1A expression in U87-MG and A172 cells with or without AEP knockdown. Data are presented as mean (SD).

The two-tailed Student t test was used to analyze the differences between the groups. L and M) Immunoblot analysis of BAX, MDM2, Bim, and CDKN1A in U87-MG and

A172 cells with or without AEP silencing. AEP ¼ asparaginyl endopeptidase; EV ¼ empty vector; GBM ¼ glioblastoma; MW ¼ molecular weight; NC ¼ negative control;

OE ¼ overexpression; SH ¼ short hairpin; TCL ¼ total cell lysate; WT ¼ wild type.
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Figure 3. Effect of AEP inhibition on p53 wild-type GBM cell malignant functions. A) Colony formation assay of U87-MG cells with the negative control (NC), AEP silenc-

ing, or AEP plus p53 silencing (magnification: 400�; scale bar ¼ 50lm). B and C) Statistical analysis of the (B) number and (C) size of the colonies shown in (A). D) Colony

formation assay of A172 cells with the NC, AEP silencing, or AEP plus p53 silencing (magnification: 400�; scale bar ¼ 50 lm). E and F) Statistical analysis of the (E) num-

ber and (F) size of the colonies shown in (D). G) CCK8 analysis of U87-MG cells with the NC, AEP silencing, or AEP plus p53 silencing. H) CCK8 analysis of A172 cells with

the NC, AEP silencing, or AEP plus p53 silencing. I and J) Apoptosis analysis of U87-MG cells with the NC, AEP silencing, or AEP plus p53 silencing. K and L) Apoptosis

analysis of A172 cells with the NC, AEP silencing, or AEP plus p53 silencing. Data are presented as mean (SD). The two-tailed Student t test was used to analyze the

differences between the groups. AEP ¼ asparaginyl endopeptidase; GBM ¼ glioblastoma; NC ¼ negative control; PI = Propidium Iodide; SH ¼ short hairpin.
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Figure 4. Effect of AEP overexpression on p53 wild-type GBM cell malignant functions. A) Colony formation assay of U87-MG cells with AEP overexpression or AEP plus

p53 N311A overexpression (magnification: 400�; scale bar ¼ 50 lm). B and C) Statistical analysis of the (B) number and (C) size of colonies shown in (A). D) Colony for-

mation assay of A172 cells with AEP overexpression or AEP plus p53 N311A overexpression (magnification: 400�; scale bar ¼ 50lm). E and F) Statistical analysis of the

(E) number and (F) size of colonies shown in (D). G) CCK8 analysis of U87-MG cells with AEP overexpression or AEP plus p53 N311A overexpression. H) CCK8 analysis of

A172 cells with AEP overexpression or AEP plus p53 N311A overexpression. I and J) Apoptosis analysis of U87-MG cells with AEP overexpression or AEP plus p53 N311A

overexpression. K and L) Apoptosis analysis of A172 cells with AEP overexpression or AEP plus p53 N311A overexpression. Data are presented as mean (SD). The two-

tailed Student t test was used to analyze the differences between the groups. AEP ¼ asparaginyl endopeptidase; GBM ¼ glioblastoma; NC ¼ negative control; OE ¼ over-

expression; PI = Propidium Iodide.
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Figure 5. Effect of AEP-containing EVs derived from GBM cells on stromal cell functions. A) Immunoblot analysis of p53, AEP, and actin in HEB cells cultured with or

without GBM cell-conditioned medium. B) Immunoblot analysis of p53, AEP, and actin in HUVECs cultured with or without GBM cell-conditioned medium. C)

Immunoelectron microscopy analysis of AEP in extracellular vesicles released by U87-MG cells (magnification: 33000�; scale bar ¼ 250nm). D) Immunoelectron micros-

copy analysis of AEP in extracellular vesicles released by A172 cells (magnification, 46000�; scale bar ¼ 100nm). E) Immunoblot analysis of p53, AEP, and actin in HEB

cells cultured with or without GBM cell-derived extracellular vesicles. F) Immunoblot analysis of p53, AEP, and actin in HUVECs cultured with or without GBM cell-de-

rived extracellular vesicles. G and H) Tube formation assay of HUVECs with or without p53 silencing cultured with conditioned medium derived from wild-type

GBM cells or AEP-suppressed GBM cells (magnification: 100�; scale bar ¼ 50 lm). Data are presented as mean (SD). The two-tailed Student t test was used to analyze the

differences between the groups. I and J) Transwell assay of HEB cells with or without p53 silencing cultured with conditioned medium derived from wild-type GBM cells

or AEP-suppressed GBM cells (magnification: 200�; scale bar ¼ 100 lm). Data are presented as mean (SD). The two-tailed Student t test was used to analyze the differen-

ces between the groups. AEP ¼ asparaginyl endopeptidase; CM ¼ culture medium; EVs ¼ extracellular vesicles; GBM ¼ glioblastoma; HEB ¼ human normal glial cells;

HUVEC ¼ human umbilical vein endothelial cells; MW ¼ molecular weight; NC ¼ negative control; SH ¼ short hairpin.
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However, HUVECs with p53 suppression showed increased tube

formation, even when the cells were incubated with EVs col-

lected from AEP-silenced GBM cells. Additionally, the invasive

ability of HEBs was regulated likewise (Figure 5, I and J).

Moreover, overexpression of AEP enhanced HEBs invasive abil-

ity and remarkably elevated the tube formation of HUVECs. P53

truncation and target gene repression were increased when AEP

were overexpressed in these cells (Supplementary Figure 12,

available online). Altogether, these results indicate that AEP de-

rived from the EVs of GBM cells regulates the tumor-promoting

functions of stromal cells in the tumor microenvironment.

Effect of AEP on GBM Progression In Vivo

Next, we studied the in vivo function of AEP by implanting a

subline of U87-NC, U87-AEP-short hairpin (SH), or U87-AEP-OE

cells into the corpus striata of athymic nude mice. After 16days,

at which point a few animals started to show signs of morbidity,

mice in each experimental group were assessed by magnetic

resonance imaging to confirm intracranial tumor formation.

Tumor growth in the AEP-SH group was much slower than that

in the control group. Treatment with AEPI statistically signifi-

cantly suppressed tumor progression (n¼ 8 per group; AEPI [SD]

¼ 3.42 [2.04] mm3, negative control [NC] [SD]¼ 9.54 [2.20] mm3;

P ¼ .002). In contrast, AEP-overexpression (OE) resulted in a sta-

tistically significant increased tumor volume (n¼ 8 per group;

AEP-OE [SD]¼ 42.64 [7.44] mm3; P < .001). Injection of EVs col-

lected from U87-NC into the mice inoculated with AEP-SH cells

restimulated tumor progression (Figure 6, A–C).

Consequently, mice implanted with AEP-OE cells died within

21days, whereas 100% of the control mice survived for that dura-

tion. Silencing of AEP or AEPI dramatically prolonged the survival

of the mice compared with that of the control group (n¼ 8 per

group; median survival: AEP-SH¼ 47, 95% confidence interval

[CI]¼ 38.95 to 55.05 days; AEPI¼ 42, 95% CI¼ 37.84 to 46.16 days;

NC¼ 29, 95% CI¼ 24.84 to 33.16 days; AEP-OE vs NC: P < .001;

AEP-SH vs NC: P < .001; AEPI vs NC: P < .001) (Figure 6D). The ex-

pression of AEP in each group of tumors was also examined

(Figure 6E). TUNEL assays of sections of inoculated tumors

revealed that apoptotic cells were increased in tumors inoculated

with AEP-silenced cells and were reduced in the AEP-

overexpressed group (Supplementary Figure 13, available online).

We further investigated the tumor-promoting function of

AEP by utilizing transgenic high-grade glioma mice, which were

established through stereotactic intracranial injections of CMV-

Cre lentivirus into LoxP-conditional mice, resulting in K-Rasv12

expression and loss of p16Ink4a and p19Arf (33). Lentiviruses tar-

geting AEP or overexpressing AEP were intracranially injected

into the transgenic mice. AEP-SH reduced glioma progression

(Figure 6F), and the total flux and the tumor weight were also

reduced after AEP-SH (n¼ 6 per group; total flux: AEP-SH [SD] ¼

0.89� 106 [0.58� 106] p/s; NC [SD] ¼ 2.68� 106 [0.98� 106] p/s;

P ¼ .005; tumor weight: AEP-SH [SD] ¼ 0.82 [0.20] g; NC [SD]

¼ 1.37 [0.16] g; P < .001) (Figure 6, G and H). Consistently, the sur-

vival time of these tumor-bearing mice indicated that AEP sup-

pression statistically significantly prolonged survival (n¼ 6 per

group; median survival: AEP-SH¼ 54, 95% CI¼ 49.2 to 58.8 days;

NC ¼ 40, 95% CI¼ 31.6 to 48.4 days; P ¼ .03) (Figure 6I). However,

overexpression of AEP enhanced glioma progression and short-

ened survival (n¼ 6 per group; median survival: AEP-OE¼ 29,

95% CI¼ 24.47 to 33.53 days; NC¼ 40, 95% CI¼ 31.6 to 48.4 days;

P < .001) (Figure 6, F–I).

The Influence of AEP Expression on Survival in GBM

We collected human low-grade gliomas (LGG), GBMs, and

normal tissue specimens to evaluate AEP expression.

Immunoblotting results showed that AEP was upregulated in

GBM tissues (Figure 7A). By analyzing TCGA data, we found that

AEP mRNA levels were not prognostic in GBMs as well as in

other solid tumors (data not shown), thus we analyzed the pro-

tein levels of AEP in GBM tissues. We performed immunohisto-

chemical analyses to examine AEP in a tissue array of 99 human

glioma specimens by using an antibody with validated specific-

ity (Supplementary Table 2, available online). AEP staining was

strong in tumor cells as well as in stromal cells (Figure 7B). The

survival durations of GBM patients with low and high AEP ex-

pression were compared (n¼ 83; hazard ratio [HR]¼ 3.94, 95%

CI¼ 1.87 to 8.28; P < .001) (Figure 7, C and D). Patients whose

tumors showed low AEP expression had a median survival time

of 26months (95% CI¼ 8.91 to 43.09), whereas the median sur-

vival time of patients decreased to 8months when their tumors

showed high levels of AEP (Figure 7D; Supplementary Table 3,

available online). These results demonstrate that AEP is highly

expressed in GBM and associated with poor prognosis. The en-

zyme-linked immunosorbent assay results showed that the AEP

concentration in the serum of GBM patients was statistically

significantly higher than of LGG patients or healthy donors

(GBM n¼ 20, GBM [SD]¼ 411.77 [414.20] ng/mL; LGG n¼ 16,

LGG [SD] ¼ 116.13 [165.15] ng/mL; healthy donors n¼ 48, healthy

donors [SD] ¼ 50.37 [66.19] ng/mL; GBM vs LGG: P ¼ .004; GBM vs

healthy donors: P ¼ .001) (Figure 7E). Intriguingly, the concentra-

tion of AEP in serum was decreased after surgery (n¼ 15, presur-

gery [SD]¼ 203.48 [260.15] ng/mL; postsurgery [SD] ¼ 40.95 [77.56]

ng/mL; P ¼ .003) (Figure 7F). Pearson correlation analysis

showed a statistically significant positive correlation of the

plasma AEP concentration with the tumor size (r¼ 0.6; P ¼ .03,

n¼ 14) (Figure 7G).

We further analyzed WT-p53 cleavage in protein lysates from

newly diagnosed human GBMs with WT-p53. We found that

46.7% (14 of 30) of human GBMs with p53-WT and IDH-WT

showed cleavage of p53 (Figure 7H). Furthermore, in the p53-WT

and IDH-WT-GBMs, the range in terms of the percent of p53 that

was cleaved in an individual tumor was 0.04–53.6% (Figure 7I).

The AEP activity was higher in samples where p53 cleavage was

more profound (Figure 7J). Thus, these data indicate that AEP is

highly expressed in GBMs and associated with poor prognosis.

Discussion

Among all cancers, IDH-WT-GBM has the lowest rate of p53

mutations, but the p53 pathway is functionally disabled (34, 35).

Our findings suggest a novel mechanism ofWT-p53 inactivation

in GBMs. Highly expressed AEP cleaves p53 specifically at the

asparaginyl bond, which disrupts the p53 tumor-suppressing

function and is critical for GBM progression. The strict specific-

ity of AEP for asparagine bonds is striking, which makes the

identification of new AEP substrates important. In our study, we

found that mutated p53 was barely cleaved by AEP. This might

be caused by a different property of mutant p53 proteins that

leads to a high accumulation in tumor cells.

In addition, AEP cleavage of p53 occurs in not only GBM cells

but also stromal cells in the tumor microenvironment through

EVs. GBM-derived EVs have been found to participate in modify-

ing the phenotype of stromal cells (36, 37). EVs derived from gli-

oma carry a variety of biomolecules, such as oncogenic growth

factors, receptors, and enzymes (36, 38, 39). We found that AEP
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Figure 6. Effect of AEP on GBM progression in vivo. A) Representative axial magnetic resonance images of xenograft GBM tumors orthotopically inoculated with U87-

NC, U87-AEP-SH, or U87-AEP-OE cells on day 16 postimplantation. Mice inoculated with U87-NC were treated with AEPI (1mg/mL) by tail vein injection. Mice inoculated

with U87-AEP-SH were treated with EVs collected from U87-NC cells by tail vein injection. B) Representative H&E images of every group are shown (magnification:

400�; scale bar ¼ 50lm). C) The tumor volume was calculated in every group (n¼8 per group). Data are presented as mean (SD). The two-tailed Student t test was used

to analyze the differences between the groups. D) Survival time comparison of all groups of mice. The time of death was recorded as days after the GBM cell implanta-

tion. The K-M method was used to estimate survival curves. The K-M survival analysis was performed by SPSS15.0. E) Representative immunohistochemistry images

of AEP in tumors collected from every group are shown (magnification: 400�; scale bar ¼ 50lm). F and G) Representative 2-D luminescence images of gliomas induced

in p16Ink4a/p19Arf; K-Rasv12; LucR mice with AEP knockdown or overexpression (n¼6 per group). The data are presented as the average radiance efficiency [(photons/s/

cm2/steradian)/(lW/cm2)]. Images are presented with the same scale bar. H) The tumor weight of each group is shown. Data are presented as mean (SD). The two-tailed

Student t test was used to analyze the differences between the groups. I) Survival time comparison of all groups of mice. The time of death was recorded as days after

the Cytomegalovirus promoter-cyclization recombinase (CMV-CRE) lentivirus injection. The K-Mmethod was used to estimate survival curves. The K-M survival analy-

sis was performed by SPSS15.0. AEP ¼ asparaginyl endopeptidase; AEPI ¼ AEP inhibitor; EVs RES ¼ extracellular vesicles rescue; GBM ¼ glioblastoma; H&E ¼ hematoxy-

lin and eosin; K-M ¼ Kaplan-Meier; NC ¼ negative control; OE ¼ overexpression; SH ¼ short hairpin.
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Figure 7. The influence of AEP expression on survival in GBM. A) Immunoblot analysis of AEP in fresh GBM tissues (n¼4), LGG (n¼4), and normal controls (n¼ 4).

The experiment was repeated three times. B) IHC staining with an antibody to AEP was performed on 83 glioma specimens. Images with representative staining are

presented (magnification: 400�; scale bar ¼ 50 lm). C) Representative cases indicating negative, weak, moderate, and strong AEP staining in 67 GBM tissues are shown.

The patient tumors were stratified into high and low AEP expression based on median cutoff of continuous H-scoring (cutoff value¼6 score; range ¼ 0–12; magnifica-

tion: 400�; scale bar ¼ 50 lm). D) K-M curves of AEP expression in GBM tumor tissues in relation to overall survival (n¼83; P < .001). The K-M survival analysis was

performed by SPSS13.1. E) ELISA of the AEP concentrations in the sera of GBM patients, low-grade glioma patients, and healthy controls (GBM: n¼20, LGG: n¼ 16,

healthy donors: n¼ 48). F) ELISA of the AEP concentrations in the sera of GBM patients pre- and postsurgery (n¼15). The two-tailed Student t test was used to analyze

the differences between the groups. G) Pearson correlation analysis showed a statistically significant positive correlation between plasma AEP concentration and tu-

mor size (n¼14, r¼ 0.6; P ¼ .03). H and I) Immunoblot analysis of AEP and p53 in fresh p53-WT/IDH-WT GBM tissues is shown (n¼30). J) The enzymatic activity of AEP

in fresh p53-WT/IDH-WT GBM tissues is shown (n¼30). AEP ¼ asparaginyl endopeptidase; dF = differential fluorescence; ELISA ¼ enzyme-linked immunosorbent as-

say; GBM ¼ glioblastoma; IB = immunoblot; IHC ¼ immunohistochemical; K-M ¼ Kaplan-Meier; LGG ¼ low-grade gliomas; MW ¼ molecular weight; WT ¼ wild type.
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was loaded in EVs and promoted GBM progression (Figure 8).

This finding provides more potential and importance of AEP re-

garding the circumstances in which p53 mutant tumor cells

propagate into an environment where stromal cells express

WT-p53. Moreover, p53 inhibition may improve the efficiency of

the genome editing of untransformed cells (40, 41). AEP proteol-

ysis of p53 may provide an alternative way to achieve p53

inhibition.

As in other cancer types, AEP was highly expressed in GBM

and associated with poor prognosis, which indicated that AEP is

a potential biomarker and therapeutic target for GBM. A poten-

tial limitation of the study concerns the mechanism of AEP

upregulation that remains to be uncharacterized in GBM. AEP

expression is increased in response to stress stimuli including

hepatocyte growth factor stimulation, hypoxia, and oxidative

stresses in tumors (30, 42). Our study found that AEP was likely

upregulated by EGFR activation in GBM. A second issue that

needs to be investigated further is the regulation of enzymatic ac-

tivity of AEP, which is important for its biological functions. As a

protease, AEP requires a multistep activation process to reach its

mature form, which is not completely elucidated. Besides its pH

dependence, AEP activity is regulated by cystatin C, cystatin E/M

(18). Integrin binding to AEP can also prompt AEP activity (43).

Targeting AEP with a vaccine has been found to be effective

in the targeted therapy of cancer (30). Individuals who over-

express AEP with their tumor infiltrating lymphocytes may be

more responsive to programmed cell death 1– and/or pro-

grammed death ligand 1–based immunotherapeutics (22).

Moreover, the strict substrate specificity of AEP combined with

its overexpression in various tumors has motivated the

exploitation of AEP as a prodrug activator in cancer treatment,

such as by adding a cleavable peptide chain to doxorubicin or

auristatin (25). Finally, we propose the small compound used in

our study as a potent inhibitor of AEP (44), which might have

therapeutic potential in GBM therapy.
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