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SUMMARY

Aims: Down-regulation of AJAP1 in glioblastoma multiforme (GBM) has been reported.

However, the expression profiles of AJAP1 in gliomas and the underlying mechanisms of

AJAP1 function on invasion are still poorly understood. Methods: The gene profiles of

AJAP1 in glioma patients were studied among four independent cohorts. Confocal imaging

was used to analyze the AJAP1 localization. After AJAP1 overexpression in GBM cell lines,

cellular polarity, cytoskeleton distribution, and antitumor effect were investigated in vitro

and in vivo. Results: AJAP1 expression was significantly decreased in gliomas compared

with normal brain in REMBRANDT and CGCA cohorts. Additionally, low AJAP1 expression

was associated with worse survival in GBMs in REMBRANDT and TCGA U133A cohorts

and was significantly associated with classical and mesenchymal subtypes of GBMs among

four cohorts. Confocal imaging indicated AJAP1 localized in cell membranes in low-grade

gliomas and AJAP1-overexpressing GBM cells, but difficult to assess in high-grade gliomas

due to its absence. AJAP1 overexpression altered the cytoskeleton and cellular polarity in vi-

tro and inhibited the tumor growth in vivo. Conclusions: AJAP1 is dysregulated at an early

stage of gliomagenesis and may suppress glioma cell invasion and proliferation, which sug-

gests that AJAP1 may be a potential diagnostic and prognostic marker for gliomas.

Introduction

Gliomas are the most common primary tumors in the central ner-

vous system. Malignant glioblastoma multiforme (GBM), World

Health Organization (WHO) grade IV, has a median survival of

only 12–15 months [1]. Currently, resection of all enhancing

tumor with adjuvant chemo- and radiotherapies is the standard of

care but provides limited benefit. Target therapies are hypothe-

sized to be the future of more efficacious treatments. Recent clini-

cal trials indicate that an increased survival in recurrent GBM is

observed with combined targeting therapies in addition to stan-

dard therapy [2]. Experimental studies suggest that some targeted

agents may target various tumor behaviors such as reducing

angiogenesis, inducing hypoxia, and inhibiting tumor invasion
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[3]. Understanding gliomagenesis and malignant progression,

which are essential for inhibiting cancer invasion, will contribute

to the identity of novel biomarkers and therapeutic targets in gli-

oma therapy.

Accumulating evidence indicates the existence of tumor sup-

pressor-like genes encoded on the 1p36 region [4]. 1p36 genes,

including CHD5, CAMTA1, KIF1B, CASZ1, and miR-34a, demon-

strate loss of heterozygosity (LOH), mutation, and homozygous

deletion in astrocytomas and oligodendrogliomas [5]. Recent

investigations have reported adherens junctional associated pro-

tein-1 (AJAP1, also known as Shrew1) as another tumor suppres-

sor-like gene on chromosome 1 in the 1p36 region. It is

frequently deleted or epigenetically silenced in oligodendroglio-

mas and GBMs [6,7]. Radlwimmer’s group carried out compara-

tive genomic hybridization and microarray analysis of spheroid

cultures from GBM patients, where AJAP1, EMP3, and PDPN

were first described as biomarkers associated with GBM outcome

[8]. Subsequently, Zhang and his colleagues demonstrated that

AJAP1 promoter was highly methylated in a wide spectrum of

cell lines, and the expression was associated with survival in glio-

mas [9]. We and others also demonstrated that the AJAP1 pro-

moter was highly methylated in a wide spectrum of glioma cell

lines, and the loss of expression was associated with poorer sur-

vival in glioma patients [7].

AJAP1 has been suggested to interact with the E-cadherin–cate-

nin complex in polarized MCF7 and Madin-Darby canine kidney

cells [10]; however, AJAP1 does not appear to interact with the N-

cadherin complex in nonpolarized epithelial cells [11]. Addition-

ally, CD147 was shown to interact with AJAP1 and regulate cell

invasion [10]. Recently, researcher demonstrated that overexpres-

sion of AJAP1 could suppress cell invasion and migration in GBM

cell lines [9]. However, the altered expression profiles of AJAP1 in

gliomas as well as the underlying mechanisms of AJAP1 on glial

cell invasion and proliferation are still poorly understood. In this

study, we profiled the expression of AJAP1 in four independent

patient cohorts that came from North American and Chinese pop-

ulations. Cellular distribution of F-actin in the context of different

components of the extracellular compartment matrix (ECM) was

investigated in vitro, and its antitumor effect was tested in vitro and

in vivo.

Materials and methods

Patients, Microarray Data, and Statistical
Analysis

A total of four large gene expression-profiling cohorts of glioma

patients were used in this study. REMBRANDT is a robust bioin-

formatics knowledgebase framework that leverages data ware-

housing technology to host and integrate clinical and functional

genomics data from clinical trials involving 408 patients suffering

from gliomas (https://caintegrator.nci.nih.gov/rembrandt) [12].

408 gliomas are graded in the REMBRANDT database, with 225

GBMs, along with survival information for 188 of the GBMs.

Another independent cohort consists of 220 glioma samples col-

lected from the Chinese Glioma Genome Atlas (CGGA, http://

www.cgcg.org.cn) [13–15]. Gene expression data from TCGA

(data sets: AffyU133a has 558 GBM samples, and Agi-

lentG4502A_07_2 has 483 GBM samples) were downloaded

from the UCSC Cancer website (https://genome-cancer.ucsc.

edu/proj/site/hgHeatmap/). Within the two TCGA data sets, sub-

type information is available in 548 and 434 GBMs, and survival

information is available in 520 and 428 GBMs, respectively.

Kaplan–Meier survival analysis was used to estimate survival

distributions, and a log-rank test was used to assess the statistical

significance between stratified survival groups, using GraphPad

Prism 5.0 statistical software (GraphPad Software, Inc., La Jolla,

CA, USA).

Cell Culture and Gene Transfection

Glioma cell lines (U87, U251, D409) were maintained in

Improved MEM Zinc Option Medium (Invitrogen) supplemented

with 10% FBS at 37°C, 5% CO2. The AJAP1 cDNA was isolated

from normal cortex by PCR and subcloned into the pEGFP-N1

expression plasmid [7]. The pAJAP1-EGFP expression plasmid

was transfected with Lipofectamine 2000 (Invitrogen, Grand

Island, NY, USA) and selected by G418 for 10–12 weeks to

obtain stable clones for further analysis.

Immunofluorescence for Cultured Cells and
Paraffin-embedded Tissue Array

Cells were passaged on glass coverslips (poly-L-lysine or poly-L-

lysine/laminin; BD Biosciences, Bedford, MA, USA) overnight

to 70% confluence. Coverslips with cells were fixed by formalin

solution (neutral buffered, 10% v/v; Sigma-Aldrich, St. Louis,

MO, USA) for 10 min. Coverslips were then rinsed twice in

phosphate-buffered saline (PBS), pH 7.4, and incubated for

10 min in blocking solution (1% bovine serum albumin in PBS)

before antibody incubation. Primary antibodies were AJAP1

(1:200; Sigma), F-actin (1 unit/slide; Invitrogen), and b-tubulin
(1:200; Invitrogen). The slides were then incubated in the

appropriate antibodies in antibody dilution buffer overnight at

4°C. Secondary antibodies at 1:400 dilution such as Alexo Fluor

566, TexasRed 588, or Alexo Fluor 633 (Invitrogen) were used.

Cells were counterstained with mounting media containing

DAPI overnight at 4°C and analyzed by Zeiss 780 at 63X. Fluo-

rescence images were acquired by Zen software and analyzed in

ImageJ (National Institutes of Health [NIH], Bethesda, MA,

USA).

Tissue array slides were fixed in formalin, routinely processed,

and paraffin-embedded. Slides were heated for 2 h, then deparaff-

inized twice in xylene. 1% trypsin was used for epitope unmask-

ing. Slides were incubated for 10 min in blocking solution, then

incubated with AJAP1 antibody overnight at 4°C. Secondary anti-

bodies at 1:400 dilutions such as TexasRed 588 were used to detect

the expression of AJAP1. Cells were analyzed by Zeiss 780 and

analyzed in ImageJ.

Immunohistochemistry for Paraffin-embedded
Tissue Array

Primary tumors from 65 patients diagnosed with WHO II

(n = 15), WHO III (n = 8), and WHO IV (n = 42) were investi-

gated in this study per IRB-approved protocol, which were col-
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lected from Tiantan Hospital from January 2006 through June

2006. Patients were followed using clinical and laboratory moni-

toring on a regular basis starting at definitive diagnosis. Immuno-

staining was performed on paraffin sections of tumor specimens

by the avidin–biotin complex (ABC) method, as previously

described [16]. Sections with no labeling or with fewer than 5%

labeled cells were scored as 0. Sections with 5–30% of cells labeled

were scored as 1, with 31–70% of cells labeled as 2, and with

labeling of ≥71% as 3. The staining intensity was scored similarly,

with 0 used for negative staining, 1 for weakly positive, 2 for mod-

erately positive, and 3 for strongly positive. The scores for the per-

centage of positive tumor cells and for the staining intensity were

added to generate an immunoreactive score for each specimen.

The product of the quantity and intensity scores was calculated

such that a final score of 0–1 indicated negative expression, 2–3

indicated weak expression, 4–5 indicated moderate expression,

and 6 indicated strong expression. Each sample core was individu-

ally analyzed using the NIH Image J (v1.42) plug-in decon-

volTMA. Cases with discrepancies in the scores were discussed to

reach a consensus.

Western Blot, Transwell, and Colony Formation
Assay

Western blot, transwell, and colony formation assays were per-

formed as previously described [17].

Nude Mouse Glioma Intracranial Model and
AJAP1 Treatment

U87 cells were co-transfected with DOX-inducible AJAP1 recom-

binant adenovirus (SinoGenoMax, Beijing, China) and luciferase

lentivirus (GenePharma, Shanghai, China) in vitro for 2 days.

After confirmation of DOX-induced expression of AJAP1 (data not

shown), 500,000 cells in suspension were injected stereotactically

into the brain of 5-week-old BALB/c-nu mice [18]. The mice were

treated with 2 mg/mL freshly prepared DOX (Santa Cruz, Dallas,

TX, USA) in drinking water. Sucrose (5%) was added to decrease

the bitter taste of DOX water. A red bottle was used to prevent

light-induced DOX degradation, and water was replaced twice

weekly. Tumor growth was monitored by fluorescent images of

whole mice using an IVIS Lumina Imaging System (Xenogen,

Waltham, MA, USA) every 10 days until 30 days. The mice were

anesthetized, injected intraperitoneally with 50 mg/mL of D-lucif-

erin (Promega, Madison, WI, USA), and imaged with the IVIS

Imaging System for 5–10 min. Additionally, the body weight and

overall survival time of mice were also monitored. Paraffin-

embedded sections (5 lm) were stained with hematoxylin and

eosin and used for immunofluorescence stain.

Statistical Analysis

Significance analysis of microarrays (SAM, FDR < 0.05, q

value < 0.05) was used to identify significant genes. Kaplan–Me-

ier survival analysis was used to estimate the survival distribu-

tions, and the log-rank test was used to assess the statistical

significance between stratified survival groups using the median

value as the cutoff. One-way ANOVA, Student’s t-test, and the

Pearson correlation were used to determine significant differ-

ences. All data are presented as the mean � standard error. A

two-sided P value of <0.05 was regarded as significant.

Results

Gene Profiling Identifies Down-regulation of
AJAP1 in Early Stage of Gliomagenesis

To investigate the expression profile of AJAP1 in normal brain and

gliomas, the REMBRANDT cohort, which includes 21 normal

brains and 408 gliomas, was the first to be employed. In 408 glio-

mas, 99 (24.3%) were WHO II, 84 (20.6%) were WHO III, and

225 (55.1%) were WHO IV. AJAP1 was found to be significantly

down-regulated in all glioma patients, compared with normal

brain (P < 0.01, Figure 1A, left). However, AJAP1 expression in

WHO II was not significantly different between WHO III and

WHO IV (Figure 1A, left), indicating that loss of expression of

AJAP1 might be an early event in gliomagenesis. To further inves-

tigate the role of AJAP1 in GBM survival, we compared AJAP1

expression and overall survival using Kaplan–Meier survival

curve analysis with a log-rank comparison. Overall survival was

significantly associated with the expression level of AJAP1

(P = 0.027, top 30% vs. bottom 30%, Figure 1A, right, 188 cases).

To further verify AJAP1 expression across normal brain and gli-

omas with each WHO grade, we also conducted similar analysis

for the 220 patients with gliomas in the CGCA cohort, in which 84

(38.2%), 47 (21.4%), and 89 (40.4%) patients received a diagno-

sis of WHO II, WHO III, and WHO IV, respectively. These results

were consistent with the findings from the REMBRANDT cohort,

but with a mild difference between WHO III and WHO IV

(P = 0.0425, Figure 1B, left, 87 cases). Surprisingly, insignificance

was observed between overall survival and the expression levels

of AJAP1 by top 30% versus bottom 30% (P = 0.6888, Figure 1B,

right). To clarify the impact of AJAP1 expression on overall sur-

vival in GBMs, two TCGA cohorts with 948 cases were used. As

shown in Figure 1C,D, inconsistent results for top 30% versus

bottom 30% were observed in the two TCGA cohorts, one

approached significance (P = 0.0810, Figure 1C, 520 cases) and

the other was statistically significant (P = 0.0316, Figure 1D, 428

cases). These findings, which suggest AJAP1 might be associated

with overall survival in GBM, provide provocative evidence that

loss of expression of AJAP1 is involved in initial gliomagenesis and

remains decreased in expression in higher grades of gliomas.

AJAP1 is Down-regulated in Classical and
Mesenchymal Subtype of GBMs

Four molecular subtypes, that is, classical, mesenchymal, neural,

and proneural subtypes, were first described by TCGA in 2010 in

GBM [19]. To address whether AJAP1 expression might distin-

guish among GBM subtypes, we applied the TCGA classification

system to the REMBRANDT, CGCA, and TCGA data and anno-

tated the samples according to the TCGA four subtypes using the

Prediction Analysis of Microarrays classifier as previously

described [19]. One-way ANOVA indicated a significant difference

in AJAP1 expression between the four GBM subtypes in the four

cohorts. AJAP1 expression in the classical or mesenchymal sub-
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types was much lower than that in the neural subtypes in all four

data sets (Figure 2A–D). Additionally, AJAP1 expression in the

classical or mesenchymal subtypes was also lower than in the pro-

neural subtype, but only in the TCGA cohorts (Figure 2C,D). The

classical and mesenchymal subtype-specific expression of AJAP1

in GBMs, which was consistent among the four cohorts, suggested

that AJAP1 might be involved in the clinical prognosis and thera-

peutic response of specific subtypes of GBMs.

Expression and Localization of AJAP1 in Human
Glioma Samples

In the present study, 15 diffuse astrocytomas (WHO II), 8 ana-

plastic oligodendrogliomas (WHO III), and 42 glioblastoma

(WHO IV) tissues were prepared in a tissue array to character-

ize AJAP1 expression. In WHO II astrocytomas, AJAP1 was

expressed in 80.0% (8/10) of cases (Figure 3A). There was a

significant decrease in AJAP1 expression in high-grade cases

(WHO III and WHO IV), compared to low-grade cases (WHO

II) (Figure 3A bottom, P < 0.0001). Of note, AJAP1 was present

only in the cell membrane in WHO II cases, which was clearer

at higher magnification (Figure 3B). On the other hand, less

AJAP1 could be detected in almost two-thirds of WHO IV cases

(Figure 3C).

To further confirm subcellular localization of AJAP1 in gliomas,

we created an EGFP-AJAP1 fusion construct and established sta-

ble-transfected U87 cells as previously described [7]. As shown in

Figure 3D, AJAP1 (red) clearly localized along the cell membrane.

GFP (green) co-localized exactly with AJAP1, resulting in yellow

signal after merged with AJAP1 (red).

Restoration of AJAP1 Alters Growth Pattern and
Reorganizes Cytoskeleton in GBM Cells In vitro

We previously examined AJAP1 expression in 12 primary GBM

samples, eight glioma cell lines, and four normal brain samples

with qPCR, which proved that U87 GBM cell was absent of AJAP1

expression [7]. After stable transfection of AJAP1 in U87 cells

(U87-AJAP1), cell growth patterns and organization of the cyto-

skeleton were assessed by confocal microscopy (EGFP-vector

transfected U87 cell [U87-vector] was a negative control).

As indicated in Figure 4A, after growth to 80% confluence in vi-

tro, U87-vector cells formed a spheroid-like growth pattern, which

was clearly demonstrated in low magnification. After co-staining

with fluorescent phalloidin for F-actin and Alexa-Fluro 633 for b-
tubulin, U87-vector spheroid-like clusters under low magnifica-

tion displayed strong signal in the central area of cell clusters both

for F-actin and for b-tubulin (Figure 4A). In U87-vector group,

Figure 1 Down-regulation of AJAP1 in early

stage of gliomagenesis. The expression of

AJAP1 was detected in both REMBRANDT (A)

and CGCA (B) cohorts. AJAP1 was significantly

down-regulated in WHO II glioma patients,

compared with normal brain (P < 0.001).

Kaplan–Meier survival curve was used to

examine the function of AJAP1 expression

profile on the survival of GBM patients. (C–D)

Kaplan–Meier survival curve analysis was used

to study the impact of AJAP1 on the overall

survival in GBM patients selected from two

TCGA cohorts.
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outwardly elongating cells at the periphery of cell clusters

extended long projections into surroundings that were F-actin

and b-tubulin positive under high magnification (Figure 4B).

These projections (filopodia) were not prominent on U87-AJAP1

group. Filopodia projections distributed in the protrusion of cell

clusters periphery possibly represent cells migrating into sur-

roundings. Filopodia projections were even more prominent

when U87-vector cells were grown on laminin-/polylysine-dou-

ble-precoated cover slides (Figure 4C,D). Next, we asked whether

restoration of AJAP1 might alter the growth pattern and distribu-

tion of cytoskeleton components. U87-AJAP1 cells were unable to

form spheroid-like cell clusters under low magnification; how-

ever, the U87-AJAP1 cells were changed into a more round-like

morphology with fewer protrusions (Figure 4A,B). Moreover, F-

actin staining indicated the formation of lamellipodia (more broad

sheet-like extensions) and disappearance of filopodia in

U87-AJAP1 cells (Figure 4B), which is more prominent on

laminin-/polylysine-double-precoated cover slides (Figure 4C,D).

U251-vector and D409-vector cells had more lamellipodia than

U87-vector (Figure 4E,F compared to A). Nevertheless, AJAP1

overexpression appeared to also decrease the number of lamelli-

podia in U251 and D409 as well (Figure 4E,F, bottom panels com-

pared to top panels).

AJAP1 Overexpression Inhibits Glioma Cell
Proliferation and Invasion In vitro and In vivo

Overexpression of AJAP1 in U87 cells resulted in a marked

decrease in cell proliferation and invasion through colony forma-

tion and transwell assays as compared with the same cell type

transfected with pvector (Figure 5A,B). Next, we explored expres-

sion changes in proliferation and invasion proteins. Western blot

assays revealed that AJAP1 overexpression triggered a reduction

in MMP9 and Ki67 expression (Figure 5C).

To further evaluate the functional significance of AJAP1

overexpression on glioma development, we employed a glioma

xenograft model with U87 cells. To monitor treatment

responses in live animals, U87 cells were first engineered to

stably express firefly luciferase prior to intracranial implanta-

tion in mice, in addition to rAd-AJAP1. Bioluminescent imag-

ing showed tumor growth status in each treated group. The

rAd-AJAP1 mice treated with DOX displayed a marked

reduction in the tumor growth compared to the control group

(rAd-AJAP1 group without DOX) (Figure 6A,B). Moreover, in

accordance with the bioluminescent imaging results, immuno-

histochemical analysis revealed a DOX treatment-dependent

reduction in tumor growth (Figure 6C). The rAd-AJAP1 group

treated with DOX exhibited body weight loss from only during

the later stage of the experiment. In contrast, animals in the

control group exhibited progressive body weight loss from the

early stages of the experiment due to advanced disease (Fig-

ure 6D). A survival curve demonstrated that AJAP1 overexpres-

sion could significantly increase the survival time of mice as

compared with control group (Figure 6E). These data indicate

that overexpression of AJAP1 in vivo functions similarly as that

in vitro [7].

Next we examined whether the strict regulation of AJAP1

expression also occurs in animal model. High levels of EGFP and

AJAP1 expression were induced in tumor tissue from the mice

treated with Dox for 20 days, whereas low EGFP and AJAP1

(A) (B)

(C) (D)

Figure 2 Down-regulation of AJAP1 is

consistent in classical and mesenchymal GBM.

The REMBRANDT with 225 GBM cases (A),

CGCA with 89 GBM cases (B), TCGA

AgilentG4502A_07_2 with 548 GBM cases (C),

and TCGA AffyU133a with 225 GBM cases (D)

cohorts were applied to the classification

system, and the expression of AJAP1 was

detected to be down-regulated in classical and

mesenchymal subtypes compared with the

other two types.
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expression was detected in tumor from the mice not treated with

Dox (Figure 6F). These results indicate that the induction of

AJAP1 expression by the Dox-inducible system is strictly con-

trolled in intracranial U87 tumor-bearing mice.

Discussion

Uncontrolled proliferation and invasive growth are the funda-

mental hallmarks of epithelial cancers [20]. It is well known that

epithelial cancers, including GBM, present with highly invasive

growth patterns. Invasion of surrounding parenchyma precludes

complete pathologically total resection and thereby results in

recurrence from these tumors [21]. Thus, identifying new biomar-

kers and therapeutic targets becomes urgent. In the present study,

we firstly analyzed the expression of AJAP1 in the top four inde-

pendent cohorts from North American and Chinese populations.

Additionally, the TCGA subtype classifications were employed for

GBM. Our results demonstrated a significantly decreased expres-

sion of AJAP1 in WHO II gliomas compared with that in normal

brains. Similarly to WHO II gliomas, the expression of AJAP1 dis-

played a significant decrease in high-grade gliomas (WHO III and

WHO IV). In survival analyses, cross-validation from REM-

BRANDT and TCGA Agilent cohorts identified AJAP1 as a signifi-

cant biomarker in GBM outcome. GBMs in the bottom 30% of

AJAP1 expression had a shorter overall survival time (Figure 1).

These findings, together with robust decrease in expression in

WHO II, strongly imply that loss of AJAP1 expression most likely

occurs in an early stage of gliomagenesis and is continuously

down-expressed in high-grade gliomas. It remains unclear

whether AJAP1 expression acts as a key driver in gliomagenesis or

merely supports it.

To further understand the translational implications of AJAP1 in

GBM, we analyzed AJAP1 expression in four subtypes according

to current TCGA classifications. We found that AJAP1 was signifi-

cantly lower in classical and mesenchymal subtypes, compared

with neuronal and proneural subtypes in all four cohorts. To the

best of our knowledge, this is the first study that looks at the direct

linkage between AJAP1 expression and TCGA subtype classifica-

tions in human GBM. Most WHO grade III gliomas as well as 75%

of lower-grade gliomas from the validation sets in the TCGA data

sets were classified as proneural or neural. The lower expression

of AJAP1 in classical and mesenchymal suggests that expression of

AJAP1 in GBM might inhibit gliomagenesis in these less frequent

subtypes (Figure 2). In the TCGA study, intensive treatment was

defined as concurrent chemo- and radiotherapy or more than

three subsequent cycles of chemotherapy. Survival analysis indi-

cated that intensive therapy could benefit patient survival in clas-

sical and mesenchymal subtypes, which suggests that AJAP1

might be a potential biomarker to predict therapeutic response in

GBM. The mechanisms of AJAP1 sensitization to chemotherapy

(e.g., temozolomide) or radiotherapy warrant further study.

Dysregulation of AJAP1 expression has been reported in other

cancer types. Zhang et al. reported approximately 640-kb deletion

in 1p that contained AJAP1 in 177 oligodendroglioma samples.

This is the first evidence that connected AJAP1 to gliomas. Mean-

while, they demonstrated that restoration of AJAP1 in U251 GBM

(A) (B)

(C)

(D)

Figure 3 Expression and localization of AJAP1

in surgical samples and glioma cells. (A)

Primary tumor tissue array from 65 patients

diagnosed with WHO II 15 cases, WHO III 8

cases, and WHO IV 42 cases was prepared, and

immunohistochemistry was introduced to

detect the expression of AJAP1. U87 glioma

cells were infected with AJAP1 plasmid to

obtain U87 cells stably expressing AJAP1.

Immunofluorescence analysis was used to

examine the localization of AJAP1 in surgical

samples (B, C) and U87 cells with stable

expressing AJAP1 (D).
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cells could result in inhibition of cell adhesion and migration [6].

Our previous study indicated that loss of expression of AJAP1 was

found in more than 80% of primary GBM, and the loss of expres-

sion correlated with AJAP1methylation. Suppression of migration

in D409 GBM cells was also observed. In the present study, we

constructed the AJAP1 expression plasmid and the Dox-inducible

recombinant adenovirus expression system for restoration of

AJAP1 in vitro and in vivo. Confocal imaging demonstrated that cell

growth patterns, cell morphology, and cellular distribution of

F-actin and b-tubulin changed in AJAP1 stable-transfected GBM

cells (Figure 4). AJAP1 has been associated with E-cadherin-med-

iated adherens junctions by interacting with the cadherin–catenin

complex in polarized cells, which further supports a role for

AJAP1 in altering cell morphology in GBM cells [22]. Our study

suggests that AJAP1 may also suppress cell invasion and migration

through cytoskeleton reorganization, that is, decreasing the filo-

podia extending processes and changes in b-tubulin distribution.

F-actin is a major component of focal adhesion complexes, plays a

role in cell adhesion and migration, and facilitates the formation

of filopodia. These are essential processes in cell migration because

they function as sensors of the external microenvironment and as

plasma membrane extensions that form initial contacts with the

ECM [23]. Collectively, the decrease in filopodia, increase in

lamellipodia, and rearrangement of b-tubulin into a loose cyto-

skeleton network all suggest a suppressive effect of AJAP1 on cell

migration and invasion [24]. Accumulating evidence indicates

that many pathways are involved in the regulation of the cyto-

skeleton network, including G protein-coupled receptors (GPCRs),

integrins, receptor tyrosine kinases (RTKs), and numerous other

specialized receptors, such as the semaphorin 1a receptor PlexinA.

All of these can lead to diverse effects on cell activity, including

changes in cell shape, migration, proliferation, and survival [25].

The connections between AJAP1 and the cytoskeleton network

are likely complex and need further investigation.

In summary, gene profiling of gliomas showed that dysregulat-

ed AJAP1 exists in the early stage of gliomagenesis. In particular,

(A)

(B)

(C)

(D)

(E)

(F)

Figure 4 Overexpression of AJAP1 alters

growth pattern and reorganizes cytoskeleton

in GBM cells. (A) U87 cells were infected with

vector or AJAP1 plasmid. 48 to 72 h after

incubation, confocal assay was used to

examine the growth pattern. (B) U87 vector

cells and U87-AJAP1 cells were stained with

F-actin and b-tubulin to detect the filopodia

distribution. DAPI was used to mark the nuclei.

(C, D) AJAP1 depolarized glioma cell in

different ECMs. U87 glioma cells were infected

with or without AJAP-1. 48 h after infection,

round-like morphology with fewer protrusions

accompanied with larger lamellipodia could be

seen in AJAP1-transfected cells. U251 (E) and

D409 (F) glioma cells were infected with vector

or AJAP1 plasmid; F-actin and b-tubulin were

stained to examine the filopodia or lamellipodia

distribution.

(A)

(B)

(C)

Figure 5 Overexpression of AJAP1 suppresses proliferation and invasion

in U87 cells. (A) U87 cells were transfected with pvector or pAJAP1

plasmid. 48 to 72 h after transfection, transwell assay was used to

examine the invasive ability. (B) U87 cells were transfected with pvector

or pAJAP1 plasmid. 48 to 72 h after transfection, colony assay was used

to examine the proliferation. (C) Proteins related to proliferation and

invasion were tested after overexpressing AJAP1 in U87 glioma cells.
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AJAP1 expression is associated with low and high tumor grades, as

well as the clinical outcome of patients with GBMs. Its loss expres-

sion predicts poor clinical outcome and may serve as a promising

biomarker for intensive therapy, especially in classical and mesen-

chymal GBM patients. Few studies have investigated the function

of AJAP1 and cytoskeleton regulation in gliomas. Further studies

are warranted to explore the biological functions of AJAP1 that

may improve our understanding of the initiation of gliomas and

development of new biomarker and therapeutic target for individ-

ualized therapy for GBM.
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