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Abstract We have established a pair of animal models

(J3T-1 and J3T-2) with different invasive and angiogenic

phenotypes, and demonstrated that annexin A2 is expressed

at higher levels in J3T-1 than J3T-2 cells. The function of

annexin A2 in relation to angiogenesis and invasion was

investigated using these models. Stable silencing or over-

expression of annexin A2 in J3T-1 and J3T-2 cells (J3T-

1shA and J3T-2A cells) was established and used. Thirty

human glioblastoma samples were evaluated for expression

of annexin A2, vascular endothelial growth factor (VEGF)

and platelet-derived growth factor (PDGF). Immunohisto-

chemical and quantitative reverse-transcription polymerase

chain reaction analyses revealed higher expression of

annexin A2, VEGF and PDGF in J3T-1 and J3T-2A cells.

Cultured J3T-1 and J3T-2A cells exhibited higher adhesive

ability to endothelial cells. Histopathological analysis of

animal brain tumors revealed that J3T-1 and J3T-2A

tumors displayed marked angiogenesis and invasion along

the neovasculature, whereas J3T-2 and J3T-1shA tumors

exhibited diffuse, infiltrative invasion without angiogen-

esis. Positive expression of annexin A2 was observed in

tumor cells surrounding dilated vessels in 25/30 human

glioblastoma specimens. Our results reveal that the phe-

notype of glioma invasion is closely related to

angiogenesis. We identify annexin A2 as a factor regulat-

ing angiogenesis and invasion of malignant gliomas.
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Introduction

Glioblastoma is the most common and lethal form of brain

tumor, with a median survival time of 14–15 months. To

date, the established therapeutic regimen is surgical

resection followed by radiation and temozolomide (TMZ)-

based chemotherapy. TMZ, a DNA-alkylating agent, pro-

longs the survival time of glioblastoma patients for several

months [1]. Despite advances in surgical and medical

therapy, glioblastoma still remains a fatal disease. The

formation of abnormal tumor vasculature and glioma cell

invasion, coupled with neovasculature or white matter

tracts, is believed to be the major factor underlying the

resistance of these tumors to treatment. Therefore, under-

standing the mechanisms underlying angiogenesis and

invasion in glioblastoma is essential for the development of

novel, curative therapies. However, glioma angiogenesis

and invasion are challenging to study in experimental set-

tings since the majority of animal models fail to mimic the

unique angiogenesis and invasiveness of human glioma

cells [2, 3].

We have established two novel animal models with

different invasive and angiogenic phenotypes [2, 3]. Two

subclones, J3T-1 and J3T-2, were established by passaging

the parental canine glioma cell line, J3T, in immunocom-

promised animals. These cells form tumors following

intracerebral inoculation in athymic mouse and rat brains.

J3T-1 cells clustered around dilated blood vessels at tumor
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borders, whereas J3T-2 cells exhibited diffuse, single-cell

infiltration into surrounding normal parenchyma. Marked

angiogenesis was observed only in J3T-1 gliomas. These

animal glioma models mimic the two phenotypes of human

glioblastoma invasion: angiogenesis-dependent and angio-

genesis-independent invasion. Our models can be readily

established without complicated cell preparation, and pro-

vide a reproducible model of tumor development with the

same phenotypic growth as that observed in human glioma

[2].

Proteomic analysis of invasion-related proteins using

these invasive glioma cell lines was previously reported

[4]. These studies identified increased expression of four

proteins in J3T-1 cells and 14 proteins in J3T-2 cells, using

liquid chromatography–mass spectrometry analysis (LC–

MS/MS). One of these candidate proteins, annexin A2, was

expressed at higher levels in J3T-1 cells, which exhibit

angiogenesis-dependent invasion in the rat brain. While

annexin A2 has been shown to mediate a wide variety of

biological effects, to date, its functional role in glioma

remains unknown [5]. In this study, the role of annexin A2

as an invasion and angiogenesis factor in malignant glioma

was investigated.

Materials and methods

Glioma cell lines

Two cell lines, J3T-1 and J3T-2, were developed from the

J3T parental canine glioma cell line, as previously descri-

bed [3]. J3T-1 and J3T-2 cells were seeded in tissue culture

dishes (BD Falcon, Franklin Lakes, NJ) and cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with 10 % fetal bovine serum (FBS), penicillin

(100 U/ml) and streptomycin (0.1 mg/ml) [2–4, 6].

Establishment of cell lines with targeted

downregulation or overexpression of annexin A2

Targeted downregulation of annexin A2 in J3T-1 cells

(J3T-1shA) was achieved by transfection of an shRNA-

targeting annexin A2 (CAAGGGGACTCGTGATAAATA

GTGCTCCTGGTTGTTTATCTCGAGTCCCCTTG) en-

coding plasmid (RNAi-Ready pSIREN-RetroQ-ZsGreen

vector, Takara Bio Inc., Shiga, Japan) using TransIT-LT1

reagent (Takara Bio Inc., Shiga, Japan), according to the

manufacturer’s instructions. The annexin A2-over-

expressing J3T-2 cell line (J3T-2A) was established by

transfection of J3T-2 cells with an annexin A2-encoding

plasmid (pIRES-EGFP vector, Clontech Inc., CA). For

each of these cell lines, single-cell clones were selected for

experiments. Cells were cultured in DMEM supplemented

with 10 % FBS, penicillin (100 U/ml) and streptomycin

(0.1 mg/ml) in a standard tissue incubator at 37 �C with a

5 % CO2 atmosphere.

Cell surface immunofluorescence assay

J3T-1, J3T-1shA, J3T-2 and J3T-2A cells were seeded into

four-chamber, polystyrene vessel, tissue culture-treated

glass slides (BD Falcon, Franklin Lakes, NJ) and incubated

overnight. For immunofluorescence, cells were fixed in

4 % paraformaldehyde in phosphate-buffered saline (PBS)

for 15 min. Following fixation, cells were rinsed three

times with PBS. Non-specific binding was blocked by

incubation in blocking buffer containing 2 % bovine serum

albumin in PBS for 30 min at room temperature. Cells

were then incubated overnight at 4 �C with a mouse

monoclonal anti-annexin A2 antibody (1:20, Zymed

Laboratories, San Francisco, CA) or mouse monoclonal

anti-canine vascular endothelial growth factor (VEGF)

antibody (1:20, R&D SYSTEMS, Minneapolis, MN)

diluted in blocking buffer. Cells were washed three times

in blocking buffer for 5 min before incubation with a

secondary anti-mouse Cy3-conjugated antibody (1:300,

Jackson ImmunoResearch Laboratories, Inc., West Grove,

PA) for 2 h at room temperature in the dark. After three

washes in PBS, the cells were counterstained with 40,6-
diamino-2-phenylindole (DAPI; 1:500, 100 ng/ml, Invit-

rogen, Carlsbad, CA) for 20 min at room temperature. The

slides were washed three times in PBS and mounted.

Quantitative reverse-transcription polymerase chain

reaction (qRT-PCR)

Total RNA was isolated from cultured J3T-1, J3T-1shA,

J3T-2 and J3T-2A cells using an RNeasy� Mini Kit

(QIAGEN, Hilden, Germany) and reverse-transcribed with

oligo dT primers using SuperScript III First-Strand Syn-

thesis System for RT-PCR (Invitrogen, Carlsbad, CA),

according to manufacturer’s instructions. Target gene-

specific primers were designed using Primer 3 Software

(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3

plus.cgi) and synthesized by Invitrogen. The resulting

cDNA was amplified by PCR using gene-specific primers

and the 7300 Real Time PCR system (Applied Biosystems,

Foster City, CA) and QuantiTectTM SYBR� Green PCR kit

reagents (QIAGEN). A log-linear relationship between the

amplification curve and quantity of cDNA in the range of

1–1000 copies was observed. Quantification was performed

by the Comparative Ct method using 7300 Real Time PCR

System with Sequence Detection Software version 1.4

(Applied Biosystems, Foster City, CA). The amount of

cDNA in each sample was normalized to the crossing point

of the housekeeping gene, b-actin. The following thermal

Brain Tumor Pathol (2015) 32:184–194 185

123

http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi


cycling parameters were used: denaturation at 95 �C for

10 min, followed by 45 cycles of 15 s at 94 �C, 30 s at

55 �C and 30 s at 72 �C. The relative expression for each

gene in J3T-2 cells was calculated using their respective

crossing points according to the following formula:

F ¼ 2 TH� TGð Þ� OH�OGð Þ

where F fold difference, T J3T-2 cells, O each cells,

H housekeeping gene (b-actin) and G gene of interest.

Canine b-actin primers were b-actin F (forward), 5-GG

CATCCTGACCCTGAAGTA-3 and b-actin R (reverse),

5-ACGTACATGGTTGGGGTGTT-3. Canine annexin A2

primers were annexin A2 F (forward), 5-CAGAGGATGG

GTCTGTCATCG-3 and annexin A2 R (reverse), 5-CCCT

TGGTGTCTTGCTGGAT-3. Canine hypoxia-inducible

factor-1 (HIF-1) primers were HIF-1 F (forward), 5-TGCT

CATCAGTTGCCACTTC-3 and HIF-1 R (reverse), 5-CC

ATCCAGGGCTTTCAAATA-3. Canine VEGF primers

were VEGF F (forward), 5-CTACCTCCACCATGCCAAG

T-3 and VEGF R (reverse), 5-GCAGGATGGCTTGAA-

GATGT-3. Canine platelet-derived growth factor (PDGF)

primers were PDGF F (forward), GCCCGTTCAGGTGA-

GAAAAA and PDGF R (reverse), 5-GTGCTTGAACTTC

CGGTGCT [7].

Cell adhesion assays

A confluent monolayer of human umbilical venous cord

endothelial cells (HUVECs) was incubated overnight at

37 �C in 24-well cell culture plates prior to performing cell

adhesion assays. Cultured tumor cells (J3T-1, J3T-1shA,

J3T-2, J3T-2A) were trypsinized with a 0.02 % EDTA and

0.05 % trypsin solution and resuspended at a concentration

of 1 9 107 cells/ml in DMEM supplemented with 10 %

FBS. Tumor cells were labeled by incubation with

DiIC12(3) Fluorescent Dye BDTM (10 lg/ml, BD Bio-

sciences, Franklin Lakes, NJ) at 37 �C for 1 h. Cells were

subsequently washed to remove excess DiIC12 and resus-

pended at a concentration of 2 9 105 cells/ml. The cell

suspension (1 ml) was placed on the HUVEC monolayer in

24-well cell culture plates and incubated for 20, 40 and

60 min at 37 �C. Non-adherent cells were removed by

aspiration and a gentle rinse with PBS. Adherent, labeled

tumor cells count/low power fields (LPFs) were measured

in each well by fluorescence microscopy [8].

Animal glioma xenograft models

All experimental animals were housed and handled in ac-

cordance with the guidelines of the Okayama University

Animal Research Committee. Prior to implantation, sub-

confluent (85–90 %) J3T-1, J3T-1shA, J3T-2 and J3T-2A

cells were trypsinized, rinsed with DMEM supplemented

with 10 % FBS, and centrifuged at 1009g for 5 min. The

resulting cell pellet was then resuspended in PBS, and the

cell concentration was adjusted to 2.0 9 105 cells/lL.
Athymic rats (F344/N-nu/nu; CLEA Japan, Inc., Tokyo,

Japan) were injected with 5 lL of each tumor cell sus-

pension. Animals were anesthetized following intraperi-

toneal injection of nembutal (30 mg/kg) and placed in

stereotactic frames (Narishige, Tokyo, Japan) with their

skulls exposed. Tumor cells were injected with a Hamilton

syringe (Hamilton, Reno, NV) into the right frontal lobe

(4 mm lateral and 1 mm posterior to the bregma at a depth

of 4 mm), and the syringe was slowly withdrawn after

5 min to prevent reflux [9]. The skulls were then cleaned,

the holes sealed with bone wax, and the incision was

sutured.

Histopathological analysis of glioma in rats

For histopathological analysis, athymic rats harboring brain

tumors were killed 35 days after tumor implantation. Prior

to killing, for immunohistochemistry and hematoxylin and

eosin (HE) staining, athymic rats were anesthetized,

euthanized by cardiac puncture, perfused with PBS

(100 ml) and fixed with 4 % paraformaldehyde (200 ml).

Brains were removed and stored in 4 % paraformaldehyde

for at least 24 h. For HE staining, sections were immersed

in hematoxylin for 1 min and rinsed with tap water. Sec-

tions were then immersed in eosin stain for 1–2 min and

rinsed with tap water. For immunofluorescent staining,

snap-frozen tissue samples were embedded in a compound

of optimal cutting temperature for cryosectioning, and

20-lm cryostat sections were processed for indirect

immunofluorescence. Slides were blocked with 10 % horse

serum in PBS at room temperature for 60 min, and incu-

bated overnight at 4 �C with either a mouse monoclonal

anti-RECA-1 antibody (1:20, Abcam, Cambridge, MA) or

a mouse monoclonal anti-annexin A2 antibody (1:20,

Zymed Laboratories), diluted in 1 % horse serum in PBS.

After three washes with PBS for 5 min, slides were incu-

bated with a Cy3-conjugated anti-mouse antibody and

DAPI (1:500) in PBS for 60 min. Slides were then washed

in PBS and mounted. Sections were examined by fluores-

cence microscopy. Microvessel diameter and micro-

vascular density was measured in 5-week-old brain tumors

to assess angiogenic activity in these models (J3T-1,

n = 3; J3T-1shA, n = 3; J3T-2, n = 3; J3T-2A, n = 3).

For samples stained for RECA-1, five digital images were

obtained (2009, 0.15 mm2) from areas at the tumor bor-

ders and in the contralateral normal basal ganglia. Image J

software (http://rsb.info.nih.gov/ij) was used to measure

the diameter of vessels in these images. For double im-

munofluorescent staining, sections were incubated at room

temperature for 1 h with a mouse monoclonal anti-annexin
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A2 antibody (Invitrogen, 1:25) and rabbit polyclonal anti-

CD31 antibody (Abcam, Boston, MA, 1:50) or rabbit

polyclonal anti-a-SMA antibody (Abcam, 1:50) diluted in

PBS containing 0.5 % skimmed milk. After three washes

with PBS with 0.01 % Tween-20 for 5 min, sections were

incubated with Alexa Fluor 594 or 488-conjugated sec-

ondary antibody (Invitrogen) in PBS for 60 min. Slides

were then washed in PBS and observed.

Immunohistochemical analysis of human glioblastoma

specimens

Human glioma samples were intraoperatively obtained

from patients undergoing surgical removal of tumors for

diagnostic and therapeutic purposes (Okayama University

Hospital, Okayama, Japan). Written, informed consent was

obtained from all patients prior to surgery. Lobectomies

were performed to remove the entire tumor and any sur-

rounding brain parenchyma beyond the boundaries of the

tumors observed on MRI. Glioma specimens were diag-

nosed and graded according to the World Health Organi-

zation classification of tumors of the central nervous

system, with all 30 specimens diagnosed as glioblastomas.

No patient had received radiation or chemotherapy prior to

surgery. For immunohistochemical staining, sections were

first deparaffinized in xylene and rehydrated in decreasing

concentrations of ethanol. Sections (4 lm) were incubated

in 0.3 % H2O2 for 30 min and autoclaved for 10 min at

121 �C in distilled water. After washing three times in PBS,

sections were incubated at room temperature for 1 h with a

mouse monoclonal anti-annexin A2 antibody (1:20, Zymed

Laboratories), mouse monoclonal anti-VEGF antibody

(1:100, Abcam, Boston, MA), rabbit polyclonal anti-PDGF

antibody (1:100, DBS, Pleasanton, CA) or mouse mono-

clonal anti-HIF-1a antibody (1:20, Abcam, Boston, MA)

diluted in PBS containing 5 % skimmed milk. The Dako

Cytomation Envision? System-HRP Kit was then applied

according to the manufacturer’s protocol (DakoCytoma-

tion, Carpintaria, CA). After three washes in PBS, sections

were counterstained with hematoxylin. For immuno-

fluorescent staining, sections were incubated at room tem-

perature for 1 h with a mouse monoclonal anti-annexin A2

antibody (Invitrogen, 1:25), rabbit polyclonal anti-CD31

antibody (Abcam, Boston, MA, 1:50), rabbit polyclonal

anti-a-SMA antibody (Abcam, 1:50) diluted in PBS con-

taining 0.5 % skimmed milk. After three washes with PBS

with 0.01 % Tween-20 for 5 min, sections were incubated

with Alexa Fluor 594 or 488-conjugated secondary anti-

body (Invitrogen) in PBS for 60 min. Slides were then

washed in PBS and observed. Expression of annexin A2,

VEGF, PDGF and HIF-1a was scored qualitatively as fol-

lows: negative, no staining; weakly positive, weak to

moderate, diffuse staining or sparse, intensive staining; and

strong, diffuse staining. This classification was made by two

neurosurgeons (M.O., J. I.) without prior knowledge of

clinical or radiological patient data.

Statistical analysis

Student’s t test was used to test for statistical significance.

Statistical significance of vessel diameter was examined

using the Mann–Whitney U test. A P\ 0.05 was con-

sidered to be statistically significant in both cases. Data are

presented as the mean ± standard error. Statistical analysis

was performed using Stat View statistical software (version

5.0; SAS Institute Inc., Cary, NC).

Results

Immunohistochemical analysis of annexin A2

and VEGF in canine glioma cell lines

Immunofluorescence assays were performed to determine

the expression of annexin A2 and VEGF in J3T-1, J3T-

1shA, J3T-2 and J3T-2A cells. We observed stronger

expression of annexin A2 in J3T-1 and J3T-2A cells

compared with J3T-2 and J3T-1shA cells (Fig. 1a–d).

Similarly, the expression of VEGF was markedly higher in

J3T-1 and J3T-2A cells than J3T-2 and J3T-1shA cells

(Fig. 1e–h).

qRT-PCR

We next examined the levels of annexin A2 (Fig. 2a),

VEGF (Fig. 2b), PDGF (Fig. 2c) and HIF-1 (Fig. 2d)

mRNA in J3T-1, J3T-1shA, J3T-2 and J3T-2A cells com-

pared with J3T-2 cells by qRT-PCR. Annexin A2 expres-

sion was significantly higher in J3T-1 and J3T-2A cells

compared with J3T-2 and J3T-1shA cells (10.0-fold and

3.3-fold vs 1.0-fold and 1.6-fold, respectively, P\ 0.05).

Targeted silencing of annexin A2 in J3T-1 cells by shRNA

(J3T-1shA cells) led to an 84.3 % decrease in annexin A2

expression compared with parental cells. Conversely,

transfection of J3T-2 cells with a cDNA encoding annexin

A2 (J3T-2A cells) led to a 232 % increase in annexin A2

expression compared with their parental counterpart. The

relative expression of VEGF and PDGF was significantly

higher in J3T-1 and J3T-2A cells compared with J3T-1shA

and J3T-2 cells (VEGF: 7.6-fold and 15.2-fold vs 1.2-fold

and 1.0-fold, respectively, PDGF: 41.7-fold and 25.7-fold

vs 3.0-fold and 1.0-fold, respectively, P\ 0.05). In con-

trast, we observed no significant difference in the relative

expression of HIF-1a in J3T-1 and J3T-2A cells compared

with J3T-1shA and J3T-2 cells (1.7-fold and 1.1-fold vs

1.2-fold and 1.0-fold, respectively).
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Adhesion assays

We next investigated the effect of modulating annexin A2

expression on cell adhesion. Adhesion of J3T-1 and J3T-

2A cells to HUVEC monolayers was significantly higher

compared with J3T-1shA and J3T-2 cells (Fig. 3a–d).

Analysis of adherent glioma cells per LPF after 1 h re-

vealed that J3T-1shA cells exhibited significantly reduced

adhesive ability to HUVECs compared with J3T-1 cells

(Fig. 3e, 6.8 9 10 ± 4.8 vs 1.4 9 102 ± 1.1 9 10 cells/

LPF, P\ 0.05). In contrast, J3T-2A cells exhibited sig-

nificantly increased adhesion to HUVECs compared with

parental J3T-2 cells (1.81 9 102 ± 1.6 9 10 vs

4.0 9 10 ± 5.4 cells/LPF, P\ 0.05).

A DCB

E F G H

J3T-1 J3T-2AJ3T-2J3T-1shA

Fig. 1 Immunohistochemical analysis of annexin A2 and VEGF

expression in cultured glioma cells. The expression of annexin A2

(red) in J3T-1 cells (a) and J3T-2A cells (d) was significantly stronger
than in J3T-1shA cells (b) and J3T-2 cells (c). The expression of

VEGF (red) in J3T-1 cells (e) and J3T-2A cells (h) was higher than in
J3T-1shA cells (f) and J3T-2 cells (g) (scale bar 50 lm, blue DAPI)

(color figure online)
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Fig. 2 Analysis of annexin A2,

VEGF, PDGF and HIF-1

mRNA expression in cultured

glioma cells. Annexin A2,

VEGF, PDGF and HIF-1

mRNA levels were assessed by

quantitative reverse-

transcription polymerase chain

reaction (qRT-PCR). The

relative expression of annexin

A2 (a), VEGF (b) and PDGF

(c) was significantly higher in

J3T-1 and J3T-2A cells

compared with J3T-1shA and

J3T-2 cells (*P\ 0.05). HIF-1

(d) levels were not significantly

different between these cell

lines (J3T-1 and J3T-1shA:

P = 0.262, J3T-1 and J3T-2:

P = 0.378, J3T-2 and J3T-2A:

P = 0.872)
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Immunohistochemical analysis of annexin A2

expression in animal glioma models

To confirm silencing or overexpression of annexin A2

in vivo, immunohistochemical staining was also performed

in brain sections of animals harboring either J3T-1, J3T-

1shA, J3T-2 or J3T-2A brain tumors (Fig. 4). Intense

staining of annexin A2 was observed in J3T-1 (Fig. 4a) and

J3T-2A (Fig. 4d) tumor cells, whereas expression was

almost undetectable in J3T-1shA (Fig. 4b) and J3T-2

tumor cells (Fig. 4c).

Invasive phenotypes in animal brains

Athymic rats inoculated with J3T-1, J3T-1shA, J3T-2 or

J3T-2A cells developed brain tumors after 28 days. J3T-1

cells formed well-demarcated, highly angiogenic tumors

in rat brains (Fig. 4e). In normal parenchyma adjacent to

the main J3T-1 tumor mass, multiple satellites of tumor

cells were observed, containing dilated blood vessels

(Fig. 4e inset). J3T-1 brain tumors exhibited an ‘‘angio-

genesis-dependent invasion’’ pattern. J3T-1shA brain tu-

mors (Fig. 4f) and J3T-2 brain tumors (Fig. 4g) exhibited

similar histological patterns, forming poorly demarcated

tumors. Tumor cells were observed in a gradually dis-

persed pattern from the tumor center to the normal brain

parenchyma with a gradient of cell density, making the

tumor border unclear. In normal parenchyma adjacent to

the main tumor mass, single-cell infiltration into the

normal brain parenchyma without angiogenesis was ob-

served (Fig. 4f, g inset). J3T-1shA brain tumors and J3T-2

brain tumors thus exhibited an ‘‘angiogenesis-independent

invasion’’ pattern. In contrast, the invasion border of J3T-

2A brain tumors was clearer than that of J3T-2 brain tu-

mors (Fig. 4h). In normal parenchyma adjacent to the

J3T-2A main tumor mass (Fig. 4h inset), numerous, small

tumor clusters surrounding blood vessels were observed.

We also observed co-option and invasion of several J3T-

2A cells to blood vessels, in addition to infiltration of

single J3T-2A cells into normal brain parenchyma. While

J3T-2A cells exhibited an ‘‘angiogenesis-independent in-

vasion’’ pattern, they demonstrated a more ‘‘angiogenesis-

dependent invasion’’ phenotype compared with parental

J3T-2 cells.

Angiogenesis in brain tumors

To characterize the neovasculature of J3T-1 brain tumors,

brain sections were stained with annexin A2 and CD31, an

endothelial marker, or a-SMA, a pericyte marker (Fig. 5).

J3T-1 brain tumor collected from the invasive edge

exhibited positive staining for annexin A2 (red) in clusters

of tumor cells surrounding the dilated vessels. In dilated

neovasculature, inner lining cells were positive for CD31

(Fig. 5a). Outer lining of multiple layers of cells were

positive for a-SMA (Fig. 5b). Neither endothelial cells nor

pericytes were positive for annexin A2 (scale

bar = 50 lm).
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Fig. 3 Adhesive ability of

glioma cells to HUVECs.

Fluorescence microscopy of

DiIC12-labeled tumor cells

revealed that adhesion of J3T-1

cells (a) and J3T-2A cells (d) to
HUVEC monolayers was

significantly higher compared

with J3T-1shA cells (b) and
J3T-2 cells (c) (*P\ 0.05). The

number of adherent glioma cells

per low power field (LPF) was

as follows; J3T-1:

1.44 9 102 ± 1.1 9 10 cells/

LPF, J3T-1shA:

6.76 9 10 ± 4.8 cells/LPF,

J3T-2; 4.0 9 10 ± 5.4 cells/

LPF, J3T-2A;

1.81 9 102 ± 1.6 9 10 cells/

LPF (e)

Brain Tumor Pathol (2015) 32:184–194 189

123



To analyze the angiogenic activity of J3T-1, J3T-1shA,

J3T-2 and J3T-2A brain tumors, brain sections were stained

with RECA-1 and DAPI. In J3T-1 (Fig. 6a) and J3T-2A

(Fig. 6d) brain tumors, large, dilated vessels, recognized as

neovascular vessels, were observed at the tumor centers. In

contrast, dilated vessels were not observed at the centers of

J3T-1shA (Fig. 6b) or J3T-2 (Fig. 6c) tumors. We next

quantitated angiogenic activity by measuring the diameter of

vessels in each brain tumor and in the contralateral normal

brain area using Image J software. We observed a significant

increase in the diameter of vessels in J3T-1 and J3T-2A

tumors, but not in J3T-1shAand J3T-2 tumors, comparedwith

those in contralateral normal brain tissue

(1.0 9 10 ± 0.6 lm, 1.0 9 10 ± 0.7 lm, 6.6 ± 0.2 lm,

6.2 ± 0.1 lm vs 3.7 ± 0.2 lm, respectively, *, **P\ 0.05,

Fig. 5e). Microvascular density of J3T-1, J3T-1shA, J3T-2

and J3T-2Abrain tumors and normal areawas8.8 ± 1.9/LPF,

7.2 ± 1.2/LPF, 7.4 ± 1.9/LPF, 9.6 ± 1.9/LPF, 2.4 ± 1.4/

LPF, respectively. There was no statistic difference in

microvascular density of J3T-1, J3T-1shA, J3T-2 and J3T-2A

brain tumors (Fig. 6f).

Immunohistochemical analyses of annexin A2, VEGF,

PDGF and HIF-1a expression in human glioblastoma

samples

Immunohistochemical analyses of glioblastoma specimens

collected from the invasive edge of tumors revealed posi-

tive expression of annexin A2 in the clusters of tumor cells

around the dilated vessels (Fig. 7a). The majority of human

glioblastoma cases were positive for annexin A2 expres-

sion (25/30 cases), with 11/30 cases strongly positive,

14/30 cases weakly positive and the remaining five cases

negative. Clusters of tumor cells surrounding the dilated

vessels were also positive for VEGF (Fig. 7b), PDGF

(Fig. 7c) and HIF-1 (Fig. 7d) expression. Multiple layers of

vessel cells were also positive for PDGF (Fig. 7c) and HIF-

1 (Fig. 7d), while only the lining cells of the vessels were

E F G H

A B C D

J3T-1 J3T-2AJ3T-2J3T-1shA

red: ANXA2
blue: DAPI

Fig. 4 Histopathological analysis of animal glioma models. Immu-

nohistochemical analysis of animal brain tumors revealed that J3T-1

tumors (a) and J3T-2A tumors (d) were positive for annexin A2

expression (red), whereas J3T-1shA tumors (b) and J3T-2 tumors

(c) were negative for annexin A2 (scale bar 200 lm, blue DAPI).

Macroscopic and high magnification at tumor borders (inset),

photomicrographs of J3T-1 (e), J3T-1shA (f), J3T-2 (g) and J3T-2A

(h) brain tumors in athymic rats are shown. J3T-1 cells formed well-

demarcated and highly angiogenic tumors (e). In normal parenchyma

adjacent to the main J3T-1 tumor mass, multiple satellites of tumor

cells were observed, containing dilated blood vessels (e, inset). J3T-
1shA brain tumors and J3T-2 brain tumors exhibited very similar

histological patterns (f, g). In the tumor border area, single-cell

infiltration into the normal brain parenchyma without angiogenesis

was observed (f, g, inset). The invasion border of J3T-2A brain

tumors was more distinguishable than that of J3T-2 brain tumors (h).
In normal parenchyma adjacent to the main tumor mass, the majority

of tumor cells exhibited single-cell infiltration; however, several

tumor cells co-opted blood vessels (inset, scale bar 2 mm, 200 lm)

(color figure online)

Annexin A2
α-SMA

Annexin A2
CD31

A B

Fig. 5 Immunehistopathological analysis of neovasculature in animal

glioma models. J3T-1 brain tumor collected from the invasive edge

exhibited positive staining for annexin A2 (red) in clusters of tumor

cells surrounding the dilated vessels. In dilated neovasculature, inner

lining cells were positive for CD31, an endothelial marker (a). Outer
lining of multiple layers of cells was positive for a-SMA, a pericyte

marker (b). Neither endothelial cells nor pericytes were positive for

annexin A2 (scale bar 50 lm) (color figure online)
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positive for annexin A2 (Fig. 7a) and VEGF (Fig. 7b).

Double staining for annexin A2 (red) and CD31 (endo-

thelial marker) (Fig. 7e) or a-SMA (pericyte marker)

(Fig. 7f) revealed annexin A2 was positive in lining cells

which were positive for CD31 but negative in pericyte

(scale bar = 100 lm).

The expression of annexin A2, VEGF, PDGF and HIF-

1a was next qualitatively scored and compared. We ob-

served a positive correlation between annexin A2 expres-

sion and VEGF (Fig. 8a) and PDGF (Fig. 8b) staining

(Annexin A2/VEGF: R = 0.73, P\ 0.05, Annexin A2/

PDGF; R = 0.37, P\ 0.05). In contrast, no correlation

was observed between annexin A2 and HIF-1a expression

(data not shown).

Discussion

Annexin A2 is a member of the annexin superfamily of

Ca2?-dependent phospholipid-binding proteins which are

expressed in most eukaryotic cell types, with 12 members

found in vertebrates (anx1–anx11, anx13) [10]. Increased

expression of annexin A2 has been described in several

tumor types, including gastric carcinoma [11], colorectal

cancer [12], pancreatic cancer [13], breast cancer [14],

kidney cancer [15], vascular tumors [16] and high-grade

gliomas [17]. In gliomas, annexin A2 expression is ob-

served more frequently in high-grade glioma than low-

grade glioma [18, 19], and was proposed to serve as a

histological marker for high-grade gliomas [17]. In our

study, the majority of human glioblastoma cases (25/30

cases) were positive for annexin A2 expression. Previous

studies indicate that annexin A2 mediates a wide variety of

biological effects. Recent evidence suggests that annexin

A2 plays an important role in neovascularization, by pro-

moting the degradation of extracellular matrix, vascular

endothelial cell migration and vascular remodeling [20,

21]. However, despite numerous studies, the functional role

of annexin A2 in gliomas remains unclear [5]. In this study,

the function of annexin A2 in malignant glioma in relation

to angiogenesis and invasion was investigated by regulat-

ing annexin A2 expression using novel animal models. We

showed that annexin A2 has at least two major functions in

malignant glioma: first to mediate adhesion of glioma cells
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Fig. 6 Angiogenic activity of

animal brain tumors. To analyze

the angiogenic activity of J3T-1,

J3T-1shA, J3T-2 and J3T-2A

brain tumors, brain sections

were stained with RECA-1 (red)

and DAPI (blue). High

angiogenic activity and

numerous dilated vessels were

present at the center of J3T-1

(a) and J3T-2A (d) tumors. No

dilated vessels were present in

J3T-1shA and J3T-2 tumors (b,
c). Vessel diameter was

significantly increased in J3T-1

and J3T-2A tumors but not in

J3T-1shA and J3T-2 tumors,

compared with contralateral

normal brain (e) (*J3T-1, J3T-
2A: P\ 0.05, J3T-1shA:

P = 0.9626, J3T-2:

P = 0.3632) (scale bar

200 lm). There was no

difference in microvascular

density of J3T-1, J3T-1shA,

J3T-2 and J3T-2A brain tumors

(f) (color figure online)
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to vascular endothelial cells, and second to induce angio-

genesis by promoting angiogenic factors in glioma cells.

First, we demonstrate that annexin A2 induces vascular

co-option of tumor cells. Adhesion of J3T-1 and J3T-2A

cells to HUVEC monolayers was significantly higher

compared with J3T-1shA and J3T-2 cells. In human

glioblastoma specimens, annexin A2 expression was posi-

tive in clusters of tumor cells surrounding the dilated

vessels. These results suggest that expression of annexin

A2 may promote glioma cell binding to endothelial cells.

These results are strengthened by findings from Tressler

et al., where annexin A2 was prominently expressed on the

external surface of a lymphoma cell line, and mediated

adhesion of these lymphoma cells to hepatic sinusoid

endothelial cells [22]. Jung et al. [23] also reported that

annexin A2 regulates hematopoietic stem cell homing and

binding to bone marrow microenvironmental niches,

including vascular and endosteal niches.

Second, we also demonstrate that annexin A2 regulates

angiogenesis. The expression of annexin A2, VEGF and

PDGF was higher in J3T-1 and J3T-2A cells compared

with J3T-1shA and J3T-2 cells. The intensity of VEGF and

PDGF staining positively correlated to annexin A2

expression in human glioblastoma specimens. These results

suggest that annexin A2 induces angiogenesis by promot-

ing angiogenic factors, such as VEGF and PDGF. In pre-

vious studies, Bao et al. [24] reported that silencing of

annexin A2 by siRNA inhibited the expression of proan-

giogenic molecules. Zhao et al. [25] also reported that

annexin A2 regulates VEGF expression through a positive

feedback mechanism.

To induce ‘‘angiogenesis-dependent invasion’’, glioma

cells first co-opt around existing cerebral blood vessels and

remove astrocyte foot processes, leading to the disruption

of normal contacts between endothelial cells and the

A B

C D

Annexin A2
α-SMA

Annexin A2
CD31

E F

Fig. 7 Immunohistochemical staining for annexin A2, VEGF, PDGF

and HIF-1a in human glioblastoma specimens. Glioblastoma speci-

mens collected from the invasive edge exhibited positive staining for

annexin A2 (a), VEGF (b) and PDGF (c), in clusters of tumor cells

surrounding the dilated vessels. Multiple layers of vessel cells were

also positive for PDGF (c) and HIF-1 (d) while only the lining cells of
the vessels were positive for annexin A2 (a) and VEGF (b). Diffuse,
positive staining for HIF-1a was observed in tumor cells (d). Double
staining for annexin A2 (red) and CD31 (endothelial marker) (e) or a-
SMA (pericyte marker) (f) revealed annexin A2 was strongly positive

in tumor cells surrounding dilated vessels and lining cells which were

positive for CD31 and weakly positive in pericyte (scale bar 100 lm)

(color figure online)
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Fig. 8 Correlation of annexin

A2, VEGF, PDGF and HIF-1a
expressions in human

glioblastoma specimens. The

majority of human glioblastoma

cases were positive for annexin

A2 (25/30 cases). The intensity

of VEGF (a) and PDGF

(b) staining correlated with the

expression of annexin A2

(correlation coefficient: annexin

A2/VEGF; R = 0.73,

P\ 0.0001, annexin A2/PDGF;

R = 0.37, P\ 0.05)
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basement membrane [26]. Subsequently, angiogenesis

progression is mediated by several angiogenic factors

secreted by glioma cells, including VEGF or PDGF. J3T-

1shA and J3T-2 cells were not able to establish ‘‘angio-

genesis-dependent invasive’’ tumors, since they lacked the

ability to adhere to vascular endothelial cells and to express

angiogenic factors. Previous clinical reports also suggest

that angiogenesis is an important factor underlying inva-

sive phenotypes. de Groot et al. [27] reported cases of

gliomas demonstrating an apparent phenotypic shift to a

predominantly infiltrative pattern of tumor progression

following treatment with bevacizumab, a monoclonal

antibody to VEGF. Although glioma cells possess the

innate ability to invade normal brain parenchyma, inde-

pendently of vascular structures, they gain the ability to co-

opt and migrate along the external walls of the vasculature

when they express annexin A2. Therefore, expression of

annexin A2 is capable of switching these two invasion

phenotypes.

The transcription factor HIF-1, which is composed of

two subunits, HIF-1b and HIF-1a, is the classical and most

well-characterized hypoxia-regulated molecule contribut-

ing to tumor invasion and angiogenesis. VEGF is an ex-

ample of a gene regulated by HIF-1. In our study, J3T-1,

J3T-1shA, J3T-2 and J3T-2A cells did not exhibit sig-

nificant differences in HIF-1a expression levels. Based on

this, we conclude that changes in VEGF and PDGF ex-

pression were not affected by HIF-1, but by annexin A2

expression.

Recent studies revealed that locally proliferated pericyte

was the main constituent of microvascular proliferation in

high-grade glioma [28]. In our study, J3T-1, angiogenesis-

dependent invasion phenotype brain tumor, showed peri-

cyte hyperplasia around neovasculature, which was similar

to that of human glioblastoma. However, there was a dif-

ference in annexin A2 expression pattern between our

animal model and human glioblastoma. This might reflect

difference in the mechanisms of angiogenesis. Further

study is necessary for the clarification of mechanisms of

angiogenesis in malignant gliomas.

In this study, we show that the expression of annexin A2

correlates with that of VEGF and PDGF. Therefore, an-

nexin A2 may represent an important anti-angiogenesis

therapeutic target in the treatment of glioma [25, 29]. Our

study demonstrated that J3T-1 animal brain tumors ex-

hibiting an ‘‘angiogenesis-dependent invasion’’ phenotype

shift to an ‘‘angiogenesis-independent invasion’’ phenotype

following silencing of annexin A2 in J3T-1shA brain tu-

mors. This phenotypic shift caused by annexin A2-targeted

therapy is similar to the phenomenon observed following

anti-angiogenic therapy with bevacizumab [27]. Thus,

concomitant therapeutic strategies employing anti-

angiogenic and anti-invasive agents are necessary to con-

trol this complicated disease [4].

Conclusions

Our results demonstrate that the phenotype of glioma in-

vasion is closely related to angiogenesis. The level of an-

nexin A2 controls invasion phenotypes by regulating

angiogenesis and vascular co-option. Annexin A2 is one of

the several factors regulating angiogenesis and invasion of

malignant gliomas.
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