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LABORATORY INVESTIGATION - HUMAN/ANIMAL TISSUE
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Abstract We reported that PAX6 suppresses glioblas-

toma cell growth in vivo and anchorage-independent

growth without significant alteration of cell proliferation

in vitro, suggesting that PAX6 may alter the tumor micro-

environment. Because we found that PAX6 downregulates

expression of the gene encoding vascular endothelial

growth factor A (VEGFA) in glioma cells, we used a sub-

cutaneous xenograft model to verify PAX6 suppression of

VEGFA-induced angiogenesis based on CD31-immuno-

staining of endothelial cells. The results showed a signifi-

cant reduction of VEGFA at the transcription level in

PAX6-transfected cells in xenografts and PAX6 has a

suppressive effect on the microvascular amplification typ-

ically seen in glioblastoma. We showed that PAX6 sup-

pression of VEGFA expression requires its DNA binding-

domain. The C-terminal truncation mutant of PAX6, how-

ever, did not show the dominant negative function in reg-

ulating VEGFA expression that it showed previously in

regulating MMP2 expression. In the glioma cell line

U251HF, we further determined that blocking the PI3K/Akt

signaling pathway with either adenoviral-mediated PTEN

expression or LY294002 enhanced PAX6-mediated sup-

pression of VEGFA in an additive manner; thus, PAX6-

mediated suppression of VEGFA is not via the canonical

pathway through HIF1A. These two VEGFA-regulatory

pathways can also be similarly modulated in another

malignant glioma cell line, U87, but not in LN229 where the

basal VEGFA level is low and PTEN is wild-type. PAX6

suppression of VEGFA appears to be blocked in LN229. In

conclusion, our data showed that PAX6 can initiate in gli-

oma cells a new signaling pathway independent of PI3K/

Akt-HIF1A signaling to suppress VEGFA expression.

Keywords Human GBM cell lines � Xenograft model �
Angiogenesis � PAX6 � VEGFA � PTEN � PI3K signaling

Abbreviations

ELISA Enzyme immunometric assay

AqRT-PCR Absolute quantitative reverse transcriptase-

polymerase chain reaction

s.c. Subcutaneous

MI Modulated imaging

Introduction

PAX6 is an early central-nervous-system (CNS) regulatory

gene which has pleotropic effects during development of

both the CNS and eye [1–3], and it contributes to both
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embryonic and adult neurogenesis as a multifunctional

player regulating proliferation and differentiation through

the control of expression of different downstream mole-

cules in a highly context-dependent manner [4]. We have

identified PAX6 as a glioma tumor suppressor gene, based

on data showing PAX6 underexpression in higher grade

gliomas as opposed to lower grade, in high tumorigenic

glioma cell lines in comparison with low- and non-

tumorigenic ones, suppression of glioma-cell anchorage-

independent growth, invasion, and tumorigenicity, and

sensitization of glioma cells to detachment-induced stress

[5–8]. Since glioma cells with stable expression of ectopic

PAX6 cDNA showed dramatically suppressed growth

in vivo, but no significant alteration of cell proliferation

in vitro, it appears that PAX6 suppression of glioma

tumorigenicity is mediated through changes in the tumor

microenvironment, e.g. suppression of tumor angiogenesis.

Microvascular amplification is a histopathology hall-

mark in diagnosis of glioblastoma multiforme (GBM)—the

highest grade and the most common type of glioma [9].

Vascular endothelial growth factor A (VEGFA) is the

major angiogenic factor that is overexpressed in GBM [5].

An antiangiogenic agent effective in glioma, Bevacizumab

(monoclonal antibody), blocks secreted VEGFA and sig-

nificantly prolongs survival in patients with malignant

glioma. Several small-molecule tyrosine-kinase inhibitors

of the VEGFRA receptor show promise as well. Unfortu-

nately despite promising overall results, more then 30% of

patients initially fail to respond to anti-angiogenic treat-

ment, and ultimately all patients will relapse and shortly

thereafter die of their disease [10]. Understanding path-

ways abnormally suppressed/activated in glioma cells to

affect VEGFA gene expression and VEGFA-induced

angiogenesis will improve our understanding of resistance

to anti-angiogenic therapies for malignant gliomas.

Enhanced expression of the VEGFA gene by glioma cells

was found to occur through the stabilization of hypoxia-

inducible factor 1 alpha (HIF1A) under hypoxic conditions

[11, 12], through the expression of the gene encoding tissue

factor (TF) [13–16], or through direct suppression of pro-

moter activity mediated by the von Hippel-Lindau tumor

suppressor gene (VHL) [17]. The action of phosphatase and

tensin homolog (PTEN), a tumor suppressor, in suppressing

VEGFA expression has been shown to occur via downreg-

ulation of HIF1A in a normoxic environment, which is

mediated by blocking of the PI3K/Akt signaling pathway—

an oncogene pathway active in malignant glioma known to

be inactivated by PTEN [18].

By examining gene expressions in four GBMs and their

adjacent normal tissues, we found that PAX6 levels were

low while VEGFA levels were high in all four of the GBMs

relative to adjacent normal tissues from the same patients

[19], suggesting that PAX6 may suppress VEGFA gene

expression in glioma cells. Here we report our study of

PAX6 in glioma cell expression of VEGFA and glioma

angiogenesis, and interestingly, co-regulation by PAX6 and

PTEN of VEGFA expression in glioma cells.

Materials and methods

Cell lines, stable transfectants, and adenoviral vectors

The following cell lines were described in our previous study

[7]: GBM cell lines U251HF, U87 and LN229, and stable

PAX6 transfectants of U251HF established through trans-

fection of a plasmid vector (pRC-CMV) expressing 1: wild-

type PAX6, 2: C-terminal truncated PAX6 (PAX6-344), 3:

mutant form of PAX6 with two mutations (R26G and I87R)

in the DNA-binding domain (PD-dmt). The adenoviral

vectors for PAX6 (Ad-PAX6) and GFP (Ad-GFP) were

described in our previous study [6]. The adenoviral vector for

PTEN (Ad-PTEN) and GFP (Ad-GFP) are from Dr. T. J. Liu

(M.D. Anderson Cancer Center), which is the same adeno-

virus type-5 vector as that of Ad-PAX6. Cells were cultured

in a DMEM/F12 medium supplemented with or without 5%

calf serum in 37�C under normoxic conditions with 5% CO2.

A hypoxic condition in experiment was established using a

sealed chamber filled with 95% N2 and 5% CO2.

Subcutaneous (s.c.) implantation

Cells of either U251HF or stable transfected U251HF

expressing ectopic PAX6 (PAX6_2.2), were suspended in

DMEM/F12 medium, and 5 9 106 cell in 50 ll were

subcutaneously (s.c.) injected into 4 to 6-week-old female

NCrNu-M mice (Taconic, Hudson, NY). Three mice per

group were treated, and s.c. injections were anterior to their

right and left thighs. Mice were terminated at 25 days after

the implantation, and the tumors were dissected, weighted

and subjected to RNA extraction as described previously

[20]. The s.c. experiment was repeated three times.

Immunohistochemistry analyses of s.c. xenografts

Mice with s.c. xenografts were euthanized, and xenografts

were removed and embedded in cryopreservation medium

on dry ice. The cryosections were cut 10 lm thick and

mounted on cleaned glass slides. After 1 h of 37�C drying,

the sections were stored at -80�C. Before immunohisto-

chemistry, sections were removed from -80�C, incubated

5–10 min in the oven at 37�C, and fixed in 4% PFA for 20–

30 min at room temperature. Endothelial cells were stained

immunohistochemically with primary rat anti-mouse PE-

CAM-1 [CD31] antibody (1:300) from Millipore Corp

(Temecula, CA), using hematoxylin to counterstain the
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nucleus, and detected with biotin-goat anti-mouse SS LINK

and DAB detection system from BioGenex (San Ramon,

CA). Images were taken on the edge and central part of tumor

sections, and blood vessel density (BVD) was calculated. We

also performed double-staining of xenograft sections with rat

anti-CD31 antibody (1:100) and rabbit anti-PAX6 antibody

(1:1,000, kindly provided by Dr. Gary Philips), double-

staining with mouse anti-VEGF (1:100) and rabbit

anti-PAX6 antibodies, and immunofluorescence detection

with fluorescein anti-mouse IgG (H ? L) and rhodamine

anti-rabbit IgG (H ? L) (Minipore Corp), using DAPI to

counterstain the nucleus. Image analysis procedure and

definitions of microvascular parameters were followed in

reference [21].

Modulated imaging (MI)

The MI system has been developed at the Beckman laser

institute and medical clinic, and the details of the system

have been described previously [22]. We applied the MI

technique to determine angiogenesis in vivo non-inva-

sively. Briefly, the MI instrument uses patterned illumi-

nation and camera-based detection to obtain quantitative

subsurface images of biological tissues over a wide field of

view, with information on the optical properties of the

tissue being imaged. Imaging at multiple wavelengths

(between 650 and 980 nm) provides quantitative measures

of the in vivo concentrations of oxy- (OHb), deoxy- (RHb)

and total hemoglobin (THb) from subcutaneous xenografts.

Oxygen saturation (StO2) is a ratio of OHb to THb.

Real-time absolute quantitative reverse transcription

(AqRT-) PCR

The cDNA was reverse transcribed from 0.2 to 2 lg of

total RNA from the glioma cell lines, transfectants, and s.c.

xenografts using 5 units of Superscript II reverse trans-

criptase (Invitrogen, Carlsbad, CA). The cDNA was diluted

30 times with 10 mM Tris–HCl (pH = 7.5) and quantified

for VEGFA, VHL, and internal reference genes (GAPDH

and ENO1) by real-time PCR with human-gene-specific

primers (Ziren Research, Irvine, CA). Standard curves

were used to determine quantities of the transcripts in

cDNA samples. Absolute quantification of VEGFA and

VHL expressions relative to reference genes (GAPDH or

ENO1) was achieved by using the single standard for both

target and reference genes provided by Ziren Research

LLC (Irvine, CA). The primer set for VEGFA was designed

to amplify all seven transcription variants of VEGFA

reported in GeneBank. The primer set for GAPDH and

ENO1 were designed to avoid amplification of pseudo-

genes that have high sequence similarities to the genes’

cDNA sequences. The primer set for VHL specifically

amplifies VHL transcription variant 1 (NM_000551).

Primer sequence information is available upon request to

Ziren Research LLC (www.zirenresearch.com).

Western hybridization and VEGFA enzyme

immunometric assay

Whole cell lysate extraction, western blotting, and PAX6

antibody were described previously [17]. Antibodies of Akt,

Phopho-Akt (Ser473), and Phospho-GSK3b (Ser9) were

from Cell Signaling Technology (Beverly, MA), while

PTEN (A2B1) was from Santa Cruzis (Santa Cruz, Califor-

nia), and Actin was from EMD Bioscience (San Diego, CA).

A human VEGFA enzyme immunometric assay (ELISA) kit

(Assay Designs, Ann Arbor, MI) was used for quantification

of the secretory VEGF165 in the conditioned media

according to the manufacturer’s instructions.

VEGFA promoter luciferase assay

The VEGFA promoter-luciferase constructs were a gener-

ous gift from V. P. Sukhatme (Beth Israel Deaconess

Medical Center, Harvard Medical School) [17]. Transient

transfection assay were performed using cells (250,000

cells per 35 mm dish plated 1 day before transfection) of

U251HF and three clones of U251HF expressing ectopic

PAX6 with 0.1 lg pRL-CMV expressing Renilla luciferase

as an internal control together with 1 lg VEGFA promoter

constructs. Cell were cultured in serum-free medium for

48 h before harvesting cells for detection of luciferase

activity using a Dual-Luciferase Reporter Assay System

(Promega, Madison, WI) and a TD-20/20 Luminometer

(Turner Designs, Sunnyvale, CA).

Infection of Ad-PAX6 and Ad-PTEN in GBM cells

Cells (U251HF, U87 and LN229) in triplicate were plated

in 35-mm wells at a density of 4 9 105 cells per well and

cultured overnight in DMEM/F12 medium supplemented

with 5% calf serum. Cells were then infected in serum-free

medium with adenovirus, 50 viral particles per cell for

single infection and 25 viral particles per cell for double

infection of Ad-PAX6 and Ad-PTEN together or 1 day

apart. Cells were grown in normoxic or hypoxic (95% N2,

5% CO2) for 24 or 48 h after infection, and then subjected

to RNA extraction and cDNA synthesis for real-time

AqRT-PCR. The medium was taken for VEGFA ELISA.

Statistical analysis

Data from real-time AqRT-PCR, ELISA, and luciferase

assays were log-transformed to stabilize variance and reduce

right-skewing. In some experiments, data were further
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normalized to the mean of the control treatment within each

independent experiment replication. Depending on the

design and number of groups, statistical analysis consisted of

two-sample t-test, one-way ANOVA or randomized-block

ANOVA. Multiple-comparison adjustments in ANOVA

post-hoc analysis included Dunnett’s procedure for pairwise

comparisons of treatment groups to the control group, and

Bonferroni’s procedure for other pre-planned comparisons

of interest. All analyses were conducted using SAS version

9.1.3 (The SAS Institute, Cary, NC).

Results

PAX6 suppress angiogenesis in glioma subcutaneous

xenografts

We have tested multiple clones of the stable PAX6-trans-

fected glioblastoma cell line U251HF in our previous study,

and concluded that it was PAX6, not the clonal artifact, that

suppressed U251HF cells’ anchorage-independent growth,

tumorigenicity and invasiveness, and that the vector-trans-

fected clones showed no significant difference in these

functional aspects to parental cells [6, 7]. Here we investi-

gated PAX6 regulation of glioma-cell-induced angiogenesis

in subcutaneous (s.c.) xenografts derived from one of the

transfectants (PAX6_2.2), in comparison with that from

the parental cells. Consistent with our previous finding, the

PAX6_2.2 cells form significantly smaller tumors com-

pared to the parent cell U251HF after s.c. implantation in

nude mice (Fig. 1a). Immunohistochemical (IHC) analysis

of endothelial cell marker CD31, as shown in Fig. 1b,

reveals that there is a significant reduction in the number

and size of blood vessels in xenografts of PAX6_2.2 com-

pared to that of U251HF. IHC analysis revealed severe

central necrosis in U251HF s.c. xenografts 25 days after

implantation, and significantly fewer blood vessels in the

central necrotic area compared to the periphery. We thus

Fig. 1 PAX6 overexpression in glioma cell line U251HF suppresses

cell tumorigenicity, tumor angiogenesis and VEGFA expression.

a Comparison of the weights of U251HF (n = 8) and its PAX6 stable

transfectant PAX6-2.2 xenografts (n = 24) 24 days after subcutane-

ously implantation in nude mice. Fold change is 3.85; P \ 0.0001 by

two-sample t-test. b Immunofluroscent analysis of the xenografts

from a for expression of PAX6 and CD31, with counterstaining of

nuclei by DAPI. See [21] for image analysis procedure and definitions

of microvascular parameters. c Comparison of blood vessel density

(BVD) normalized to peripheral region of U251HF tumor.

d Comparison of total hemoglobin (THb) concentration and tissue

oxygen saturation (StO2) in the two groups of s.c. xenografts (four

tumors each group, two mice per group) by modulated imaging, all

were subjected to CD31-IHC for BVD data above. Two-sample t-test

P values were 0.043 for THb, and 0.70 for StO2, after Tukey-adjusted

for comparisons among groups. e VEGFA expression in the s.c.

xenografts from a by real-time AqRT-PCR. Fold change is 2.52 as

shown; P = 0.025 by two-sample t-test
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compared the blood vessel density (BVD) in tumor

periphery regions of U251HF xenograft to that from an

overall region of xenografts from PAX6-2.2 that showed a

more even distribution of blood vessels. As shown in

Fig. 1c, there is a significantly lower BVD in tumor from

PAX6_2.2 cells (Fig. 1c).

To confirm histological data, we analyzed a group of

mice carrying the tumor with modulated imaging (MI) to

monitor the blood uptake and consumption in tumor

in vivo [22]. MI data revealed that PAX6-2.2 xenografts

have significantly lower levels of both oxy-hemoglobin

(OHb) and deoxy-hemoglobin (RHb) compared to U251HF

xenograft. Consequently, as shown in Fig. 1d, PAX6-2.2

xenografts have a significantly lower level of total hemo-

globin (THb) (sum of OHb and RHb), but no significant

difference in oxygen saturation (StO2) (ratio of OHb to

THb). Therefore, increasing PAX6 level in U251HF cells

does not change cellular metabolic activity, but does sup-

press tumor angiogenesis.

PAX6 suppresses VEGFA expression in vivo

We compared the VEGFA gene expression in the glioma

cells in s.c. xenografts shown in Fig. 1, based on data from

real-time AqRT-PCR using human-specific gene primers

unable to amplify the murine homologues. As shown in

Fig. 1e, we found a significantly lower level of VEGFA

expression in the s.c. xenografts of PAX6_2.2 compared to

those of U251HF; thus, PAX6-suppression of VEGFA

takes place in vivo as well as in vitro.

We then quantified the VEGFA expression in U251HF

and PAX6_2.2 s.c. xenografts in a different experiment in

which we remove the tumor at different times after

implantation. As respectively shown in Fig. 2a and b,

normalized VEGFA expression was found always higher,

and PAX6 always lower, in U251HF xenografts compared

to PAX6-2.2 xenografts that were grown for the same

period of time in vivo. However, PAX6 in the PAX6-2.2

xenografts showed a 20% decrease in 15-day tumors

compared to 11-day tumors (Fig. 2b), suggesting a nega-

tive selection pressure on the cells overexpressing PAX6

in vivo. Consistent with this finding, immunostaining of

PAX6 in the 24-day PAX6_2.2 tumors showed loss of

PAX6 signal in some tumor cells (Fig. 2d). Co-staining for

PAX6 and VEGFA in PAX6_2.2 tumors showed distinct

areas of cells with expression of either PAX6 or VEGFA

but not both. This is consistent with the trends in Fig. 2a

and b, which show that the decrease in PAX6 correlates

Fig. 2 Decrease of PAX6 is related to increase of VEGFA expression

during tumor growth. a–b Comparison of PAX6 and VEGFA mRNA

levels in U251HF and PAX6-2.2 cells grown in vitro or in vivo under

nude mice skin at various time. The gene expression was quantified

by real-time qRT-PCR, normalized to GAPDH, and compared with

U251HF arbitrarily set to unity. c Comparison of tumor volumes that

were measured 6 days after s.c. implantation of U251HF and PAX6-

2.2. d Co-immunostaining PAX6_2.2 xenografts 24 days after

implantation showing single pictures of PAX6 staining and VEGFA

staining and merge picture of PAX6 and VEGFA, with cell nucleus

counterstained by DAPI
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with the increase in VEGFA in overall tumor mass.

Importantly, the transient changes in PAX6 and VEGFA

mRNA levels in the tumors are related to increase of the

tumor volumes (Fig. 2c). Overall, these results indicate that

PAX6-mediated suppression of VEGFA expression is

responsible for the suppression of tumorigenicity of glio-

mas, which is shown to be related with suppression of

angiogenesis.

PAX6 downregulation of VEGFA expression

at transcription level requiring its DNA-binding domain

We then examined in vitro cell cultures under normoxic

condition for changes on secretion of VEGFA in condi-

tioned medium by U251HF and multiple clones of its

stable transfectants of wild-type or mutant forms of PAX6.

As shown in Fig. 3a, it is the expression of wild-type

PAX6, not the mutant forms of PAX6, that changed the

VEGFA level secreted by the modified cells.

We further investigated PAX6 regulation of VEGFA

promoter activity. The transcriptional regulation of the

VEGFA promoter seems to play the pre-eminent role in the

control of VEGFA expression, and several response ele-

ments within the VEGFA promoter region have been

characterized in vitro. A key region of the VEGFA pro-

moter, located at approximately -930 from the transcrip-

tion initiation site, is a target for a number of transcription

factors, including HIF1A, TP53, VHL, and SP1. We thus

investigated VEGFA promoter activity by transfection of

luciferase constructs containing various regions of the

VEGFA promoter (2.6, 1.5, 0.35 and 0.2 kb as described

previously [17]) in U251HF and its PAX6-transfectants.

Since the suppressive effects of PAX6 on the VEGFA

promoter were observed in all promoter constructs in

PAX6_2.2 cells (data not shown), we focused on examin-

ing the 0.2 kb VEGFA promoter, which contains the -52/

?144 promoter sequence. This region does not contain any

of the binding sites for HIF1A, TP53, VHL, and SP1. As

shown in Fig. 3b, the -52/?144 VEGFA promoter activity

was lower in all three PAX6-transfectants compared to the

parental cell line U251HF; the average of activities relative

to U251HF among the three transfectants was 40%

(P \ 0.0001). Overall, the data showed that PAX6 sup-

pressed VEGFA expression in glioma cells under normoxic

in vitro and subcutaneous in vivo conditions.

PAX6-mediated regulation of VEGFA expression

is independent of HIF1A or VHL

Although VEGFA expression is regulated via complex

pathways, regulation of HIF1A synthesis and stability has

been considered to be the central mechanism underlying

regulation of VEGFA expression. The tumor suppressor

PTEN was reported to suppress VEGFA expression by

Fig. 3 PAX6 regulation of VEGFA expression. a Comparison of

secreted VEGFA quantified by VEGF-165 ELISA from condition

medium of cells expressing transfected cDNA constructs of wild-type

or two mutant forms of PAX6 (dmt and 344) to the parental glioma

cell U251HF, which was arbitrarily set to unity. Bonferroni adjusted

P-value with fold of increase (?) and decrease (-) were shown with

averages for the clones use for comparison. On top depicts the PAX6

mutants in functional domains, with PAI and RED and HD represent

three DNA-binding domain of PAX6, with two point mutations in the

paired domain R26G and I87R reported to cause loose of in vitro

DNA binding ability [7]. b Luciferase assays of VEGF promoter

activities in U251HF and three of U251HF PAX6 transfected clones,

with comparison of -52/?144 VEGF promoter activities between

parental and PAX6-transfected cells. Mean and SD were from 4 to 8

repeats of transfection and luciferase assay, which were carried out in

2–4 independent experiments
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blocking the PI3K/Akt signaling pathway with sub-

sequent reduction of HIF1A protein level under a

normoxic environment [18]. We thus examined the pos-

sible influence of PAX6 on regulation of VEGFA through

the PI3K/Akt signaling pathway. Western blots were used

to detect the activation of the PI3K/Akt signaling path-

way in response to adenoviral-mediated overexpression

of PAX6 in glioma cells. The result showed that PAX6

did not attenuate the phosphorylation of Akt and GSK3B

(Fig. 4a), nor the level of HIF1A (Fig. 4b), in contrast to

what was found with adenoviral-mediated overexpression

of PTEN in glioma cells.

Data from real-time AqRT-PCR quantification of the

VHL gene expression revealed a high expression of VHL in

U251HF cells: more than 4-fold higher than the level of the

reference gene ENO1 (Fig. 4c, first column). We further

examined VHL expression 48 h following infection of

U251HF cells with adenovirus of PAX6 (Ad-PAX6), with

Ad-PTEN, or with both, in two independent experiments.

Compared to the mock infection, Ad-PAX6 transfection

produced a reduction in the VHL/ENO1 expression ratio of

25% when used alone (Fig. 4c, second column; P = 0.035)

and 27% when co-transfecting with Ad-PTEN (Fig. 4c,

fourth column; P = 0.026), whereas transfection with Ad-

PTEN alone produced a 36% increase in VHL/ENO1

(Fig. 4c, third column; P = 0.027). Since the VHL-

expression changes in U251HF cells did not support a

suppressive function on VEGFA expression following

overexpression of PAX6 alone or together with PTEN, it

implies that VHL is unlikely to contribute to PAX6 sup-

pression of VEGFA expression.

PAX6 suppression of VEGFA expression was enhanced

by blocking PI3K/Akt signaling pathway

Based on data shown above, PAX6 does not activate the

PI3K/Akt signaling pathway, which suggests that the

mechanism by which PAX6 suppresses VEGFA differs

from that by which PTEN suppresses VEGFA. In agree-

ment with this conclusion, we observed that co-transfection

of U251HF cells with Ad-PAX6 and Ad-PTEN enhanced

suppression of VEGFA at the levels of both mRNA

(Fig. 5a) and secreted VEGFA (Fig. 5b), while no change

was seen from transfection with Ad-GFP, excluding pos-

sible viral effect. Statistical analysis showed that PAX6 and

PTEN work on mRNA levels in an additive manner, i.e.

with no significant synergism or antagonism (Table 1). The

significant main effects coupled with the lack of significant

interaction shows that co-transfection with PAX6 and

PTEN produces significantly more suppression of VEGFA

expression than either mono-transfection.

Consistent with PTEN blockage of PI3K/Akt signaling

to mediate suppression of VEGFA expression, treatment of

cells with the PI3K inhibitor, LY294002, also gave rise to

reduction of VEGFA expression in a dose-dependent

manner. Co-treatment of Ad-PAX6 and LY294002 further

increased the suppression of VEGFA. As shown in Fig. 5a,

treatment of U251HF cells with LY294002 alone for 48 h

decreased VEGFA expression, to 72% (normalized to

GAPDH) and 64% (normalized to ENO1) with a 2 lM

dose, and to 65% (normalized to GAPDH) and 49% (nor-

malized to ENO1) with a 10 lM dose. In the same culture

condition, infection of Ad-PAX6 alone at a lower dose (10

Fig. 4 PAX6 does not alter PI3K/Akt signaling and HIF1A level in

glioma cells under normoxic condition. By Western blot assay,

phosphorylation status of Akt and the downstream target GSK-3b (a)

and HIF1A level (b) were shown unchanged in U251HF cells 48 h

after treatment of cells with of Ad-PAX6. Analysis of cells with Ad-

PTEN infection was positive control for antibodies, and detections of

Actin as control equal protein loading while PAX6 and PTEN for

positive infections. c AqRT-PCR revealed the level of VHL expres-

sion relative to ENO1 in U251HF cells with or without adenoviral

infections. The mean and SD are based on data of two independent

experiments, with viral dose of 10 viral partial per cell, cultured for

48 h under serum-free condition after 1 h of infection. P-values are

shown for comparisons to mock infection, and are computed using

Dunnett’s ANOVA post-hoc procedure
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viral particles per cell) decreased the expression of VEGFA

down to 74% (normalized to GAPDH) and 81% (normal-

ized to ENO1). However, combined treatment with Ad-

PAX6 and LY294002 enhanced the overall suppression of

VEGFA, yielding expression levels of 55% (normalized to

GAPDH) or 53% (normalized to ENO1) with 2 lM

LY294002, and expression levels of 44% (normalized to

GAPDH) or 37% (normalized to ENO1) with 10 lM

LY294002. Statistical analysis showed that PAX6 and

LY294002 work in an additive manner, i.e. with no sig-

nificant synergism or antagonism (Table 1).

Similar effects on the enhanced suppression of VEGFA

by co-overexpression of PAX6 and PTEN were observed

in another glioma cell line, U87. Interestingly, such

enhancement can be achieved only when the cells were

co-infected by Ad-PAX6 and Ad-PTEN, regardless of

whether conditions were normoxic or hypoxic (Fig. 6).

Changes in cell viability after vial infection were determined

to be minimal based on a Trypan Blue exclusion assay.

Infection of another glioma cell line LN229 with Ad-

PAX6 alone or together with Ad-PTEN at a lower dose (10

viral particles per cell) decreased the expression of VEGFA

down to 70% (normalized to GAPDH or ENO1) (Fig. 6b).

But since Ad-GFP also caused a similar level of reduction

when normalized to GAPDH, it brings the attention to viral

effect in LN229. Trypan Blue exclusion assay showed that

LN229 is sensitive to adenoviral infection as well as

LY294002 treatment, which apparently cause reductions of

ENO1 expression and increase of VEGFA/ENO1 values in

Ad-GFP and LY294002 treatments. In contrast to Ad-

PAX6, Ad-PTEN slightly increased VEGFA expression in

LN229 by about 1.5 fold (Fig. 6b). Glioma cell line LN229

is one of the few glioma cell lines that has a wild-type form

of the PTEN gene. We compared the basal VEGFA

expression in LN229 with other glioma cell lines with

mutant PTEN. As shown in Fig. 6c, basal VEGFA

expression in LN229 is low; 4 or 9% of U251HF normal-

ized to GAPDH or ENO1, respectively, and 2 or 6% of U87

normalized to GAPDH or ENO1, respectively. Thus

VEGFA expression in LN229 apparently is under partial

suppression, and can be further suppressed by PAX6 such

that expression is nearly blocked, but cannot be further

suppressed by increasing PTEN-blockage of PI3K/Akt

signaling.

Discussion

Our data show, for the first time, that PAX6 acts as a tumor

suppressor in glioma cells by suppressing angiogenesis,

and that VEGFA is a target of PAX6-mediated pathways in

Fig. 5 PAX6 suppression of VEGFA expression was enhanced by co-

expression of PTEN or blocking Akt-signaling pathway in U251HF

cells under normoxic condition. Comparison of VEGFA expression in

U251HF cells after treatment Ad-PAX6 and/or Ad-PTEN, and/or

PI3K inhibitor LY294002 at mRNA level (a) and at secreted protein

level (b). Bonferroni adjusted P value were shown

Table 1 Statistical analysis of VEGFA expressions normalized to

either GAPDH or ENO1 in U251HF cells response to Ad-PAX6, Ad-

PTEN, and LY294002 by post-hoc comparisons and contrasts of the

treatments

Effect on VEGFA expressions F-statisticsa DFb P valuesc

PAX6 main effect ± PTEN 30.03 (1,24) \0.0001

11.49 \0.0001

PTEN main effect ± PAX6 56.81 (1,24) \0.0001

13.93 \0.0001

PAX6-by-PTEN interaction 0.67 (1,24) 0.42

1.99 0.17

PAX6 main effect ± LY294002 34.12 (1,24) \0.0001

34.09 \0.0001

LY294002 main effect ± PAX6 136.10 (2,24) \0.0001

36.60 \0.0001

PAX6-by-LY294002 interaction 0.34 (2,24) 0.72

0.42 0.66

a Contrast F-statistics for indicated effect. Top: VEGFA/ENO1;

bottom: VEGFA/GAPDH
b Contrast degrees of freedom (DF) for indicated effect, expressed as

(effect DF, error DF)
c Contrast P values for indicated effect. Top: VEGFA/ENO1; bottom:

VEGFA/GAPDH
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a normoxic condition. We found that PAX6 suppression of

VEGFA is under a mechanism different from the canonical

mechanism involving HIF1A and VHL. Consequently, an

additive suppressive effect on VEGFA expression was seen

by introduction of both PAX6 and PTEN or PAX6 and

PI3K inhibitor. Yet our data from this study did not identify

a mediator of the PAX6 reduction of VEGFA promoter

activity and consequent mRNA expression. Through

transfection of different forms of PAX6 mutants, we

determined that PAX6 needs its DNA-binding domain to

suppress VEGFA expression, but this study did not solve

the question of whether PAX6 functions directly to bind

the VEGFA promoter or indirectly via another transcrip-

tion factor. Data from this study reveal that PAX6 medi-

ated a novel mechanism for regulating VEGFA expression

that is independent of the PI3K/Akt-HIF1A-VHL pathway.

In this study, we used the s.c. xenograft glioma model to

study the direct effect of PAX6 on angiogenesis. In this

model, we can avoid complications delineating the mech-

anisms affecting angiogenesis in the brain, where angio-

genesis can also be affected by microglia/microphage

infiltration [22, 24]. Since PAX6 was found to suppress

expression of the gene encoding chemokine (C–C motif)

ligand 2 (CCL2) in glioma cell lines [25], using a s.c.

xenograft model allowed us to exclude the microglia effect

on angiogenesis in an intracranial xenograft model. With

regards to the potential regulation of inflammation-induced

angiogenesis by PAX6 expression in glioma cells, the

intracranial xenograft model will be used. Identification of

PAX6 regulation of VEGFA expression and the underlying

mechanisms will provides new clues to dissect the com-

plexity of mechanisms underlying glioma angiogenesis.
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