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Abstract Neuroblastoma is the most common pediatric

abdominal tumor and principally a p53 wild-type, highly

vascular, aggressive tumor, with limited response to anti-

VEGF therapies alone. MDM2 is a key inhibitor of p53 and

a positive activator of hypoxia-inducible factor-1a (HIF-

1a) and vascular endothelial growth factor (VEGF) activity

with an important role in neuroblastoma pathogenesis. We

hypothesized that concurrent inhibition of both MDM2 and

VEGF signaling would have cooperative anti-tumor

effects, potentiating anti-angiogenic strategies for neuro-

blastoma and other p53 wild-type tumors. We orthotop-

ically implanted SH-SY5Y neuroblastoma cells into nude

mice (n = 40) and treated as follows: control, bev-

acizumab, Nutlin-3a, combination of bevacizumab plus

Nutlin-3a. Expression of HIF-1a and VEGF were measured

by qPCR, Western blot, and ELISA. Tumor apoptosis was

measured by immunohistochemistry and caspase assay.

Angiogenesis was evaluated by immunohistochemistry for

vascular markers (CD-31, type-IV collagen, aSMA). Both

angiogenesis and metastatic burden were digitally quanti-

fied. In vitro, Nutlin-3a suppresses HIF-1a expression with

subsequent downregulation of VEGF. Bevacizumab plus

Nutlin-3a leads to significant suppression of tumor growth

compared to control (P \ 0.01) or either agent alone.

Combination treated xenograft tumors display a marked

decrease in endothelial cells (P \ 0.0001), perivascular

basement membrane (P \ 0.04), and vascular mural

cells (P \ 0.004). Nutlin-3a alone and in combination

with bevacizumab leads to significant tumor apoptosis

(P \ 0.0001 for both) and significant decrease in incidence

of metastasis (P \ 0.05) and metastatic burden (P \ 0.03).

Bevacizumab plus Nutlin-3a cooperatively inhibits tumor

growth and angiogenesis in neuroblastoma in vivo with

dramatic effects on tumor vascularity. Concomitantly tar-

geting VEGF and p53 pathways potently suppresses tumor

growth, and these results support further clinical develop-

ment of this approach.
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Introduction

Neuroblastoma is the most common pediatric extracranial

solid tumor and accounts for almost 15% of all pediatric

cancer mortalities. Despite aggressive chemotherapy and

radiation protocols, survival remains poor for children with

high-risk disease [1, 2]. Current chemotherapy regimens
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are highly toxic with severe morbidity and risk of sec-

ondary malignancy [3–5]. With current treatment proto-

cols, approximately 80% of high-risk patients go into

remission [6]. However, long-term survival rates are less

than 50% as most of these patients relapse and develop

therapy-resistant tumors [7]. This motivates an ongoing

effort to develop novel, non-genotoxic targeted therapeu-

tics in order to reduce toxicities and improve survival.

Neuroblastoma is p53 wild-type in [98% of newly

diagnosed cases, with functional p53 activity regardless of

differentiation status [8, 9]. The primary inhibitor of p53

activity is MDM2, an E3 ubiquitin ligase which is found to

be overexpressed in neuroblastoma and other human can-

cers [10–13]. This is in part due to an activating single

nucleotide polymorphism (SNP309) in the MDM2 pro-

moter which confers significant impact on survival in

subsets of neuroblastoma and other cancers [14–17]. In

addition, we have recently shown that MDM2 plays a role

in MYCN-driven neuroblastoma tumorigenesis [18]. Thus,

significant interest has developed in the therapeutic appli-

cation of MDM2 small molecule inhibitors for neuroblas-

toma and other p53 wild-type cancers [19, 20]. Currently,

several small molecule inhibitors that competitively bind

MDM2 are under preclinical and clinical investigation

[21–23]. Herein, we utilize the small molecule inhibitor

Nutlin-3a, which binds to MDM2 and blocks its interaction

with p53. This blockade of MDM2 rapidly stabilizes p53

and protects it from ubiquitin-mediated degradation, thus

preserving apoptotic pathways [21, 24]. Nutlin has been

found to inhibit the growth of both chemosensitive and

chemoresistant neuroblastoma cell lines in vivo and in vitro

in a p53-dependent manner [19, 24]. In vivo, Nutlin-3 has

been shown to significantly suppress tumor growth by p53-

mediated tumor apoptosis in subcutaneous tumor models of

osteosarcoma and neuroblastoma [19, 21].

MDM2 also has a number of critical p53 independent

roles, including functional activation of hypoxia inducible

factor-1a (HIF-1a) [25–27]. Hypoxia is a defining charac-

teristic of solid tumors, and HIF-1a plays a central role in

tumor adaptation to hypoxia through transcription of a

variety of genes such as vascular endothelial growth factor

(VEGF) and glycolytic enzymes [28]. Overexpression of

MDM2 leads to increased transcriptional activity of HIF-1a
[26, 29], while in vitro inhibition of MDM2 by siRNA,

antisense oligonucleotides, and Nutlin-3a has demonstrated

decreased transcription of downstream targets [27, 30–32].

Most important of these is VEGF, a specific endothelial

cell mitogen, permeability and survival factor, which has

been found to be overexpressed in almost all human tumors

[33].

Antagonism of the VEGF pathway results in inhibition

of angiogenesis and tumor growth in a number of tumor

model systems [34]. Recently, clinical evidence has

validated anti-angiogenic therapies by VEGF blockade as

an effective cancer therapy in adult glioblastoma, renal,

colorectal, non–small cell lung, and other carcinomas [35–

38]. Phase I clinical trials with the VEGF-neutralizing

antibody bevacizumab in pediatric patients with refractory

solid tumors have demonstrated the safety of treatment in

this population [39]. However, many patients with a clin-

ical response to VEGF blockade ultimately develop pro-

gressive disease, prompting a search for synergistic agents

targeting other elements of tumor angiogenesis [35].

MDM2 inhibition with Nutlin-3a has been demonstrated

to have anti-angiogenic activity in in vitro assays [27, 40],

but no studies to date have examined the anti-angiogenic

effect of Nutlin-3a in an animal cancer model. In this study,

we utilize an orthotopic (renal capsule injection) xenograft

model of neuroblastoma, which closely recapitulates the

highly vascular and invasive growth pattern seen in chil-

dren, to assess the combined effect of MDM2 inhibition

and anti-VEGF antibody therapy on tumor growth and

angiogenesis. We demonstrate marked anti-angiogenic

activity of Nutlin-3a by suppressing HIF-1a expression and

downstream VEGF in neuroblastoma, independent of its

pro-apoptotic activity mediated through p53. By adding

upstream repression of HIF-1a with Nutlin-3a, the efficacy

of bevacizumab is increased. Our data support a re-

assessment of anti-angiogenic strategies for neuroblastoma

and may lead to the development of more effective non-

genotoxic approaches to this devastating pediatric

malignancy.

Materials and methods

Tissue culture and stable lentiviral vectors

The human neuroblastoma cell line SH-SY5Y, previously

transfected with a lentivirus, FUW, carrying a luciferase

construct (gift of Dr. Darrell Yamashiro, Columbia

University, New York) and maintained as described

(Supplemental Materials). Xenograft tumors confirmed

cells to be neuroblastoma by histology, immunohisto-

chemistry, and flow cytometry for neuroblastoma-specific

surface markers, including GD2 and NB-84. RT–PCR

was used to confirm expression of the sympathetic neu-

ronal lineage marker, norepinephrine transporter. Cells

were grown at 37�C in 5% CO2 until confluent and then

harvested by trypsinization, counted with trypan blue

staining, and washed and resuspended in sterile saline

solution (phosphate buffered saline) at a concentration of

107 per ml.

To generate a p53 knockdown cell line, we used the

lentiviral pLSLP vector containing a short-hairpin RNA

(shRNA) sequence targeting p53, a kind gift of Dr. Michael

256 Angiogenesis (2011) 14:255–266

123



Karin (UCSD, La Jolla, CA). SH-SY5Y cells were infected

for 24 h before removal of viral supernatant. Seventy-two

hours after transduction cells were grown in media con-

taining 1 lg/ml puromycin to select a stably transduced

cell line.

Antibodies and Western Blot Analysis

Primary antibodies for Western blot analysis are the fol-

lowing: a-HIF-1a (Milipore, Billerica MA), a-CyPB (Santa

Cruz Biotechnology). Secondary antibodies used are

a-mouse IgG IRDye800, a-rabbit IgG IRDye800, and a-

goat IgG IRDye700 (Rockland Immunochemicals, Gil-

bertsville, PA).

One hundred microgram aliquots of protein from SH-

SY5Y cells treated with vehicle (DMSO), Nutlin-3a

(5 lM), bevacizumab (1 mg/ml), or combination of Nutlin-

3a and bevacizumab were electrophoresed and transferred

as described [41]. Human Cyclophilin B was used for

loading control in the experiments. The Odyssey Infrared

Imaging System (Li-Cor, Lincoln, NE) with the above

secondary antibodies were used for detection and desi-

tometry (Odyssey software v3.0, Li-Cor).

Quantitative real-time PCR

RNA from SH-SY5Y cells was prepared with the RNeasy

Plus Mini Kit (Qiagen, Valencia, CA). Quantitative real-

time PCR was performed on DNA Engine Opticon

Real-Time Cycler (Bio-rad, Hercules, CA) (details in Sup-

plemental Materials).

Primers used are as follows: VEGF-A forward AGG

AGGAGGGCAGAATCATCAC, VEGF-A reverse ATGT

CCACCAGGGTCTCGATTG, GAPDH forward AAGGT

GAAGGTCGGAGTCAA, GAPDH reverse TGGACTCC

ACGACGTACTCA.

Enzyme-linked immunosorbent assay

SH-SY5Y and SH-SH5Y.siP53 cells were plated in 10 cm

dishes 24 h prior to the assay. Treated cells were analyzed

in triplicate. VEGF-A was measured using the human

VEGF Quantikine ELISA Kit (R&D Systems Inc, Minne-

apolis, MN) according to manufacturer’s instructions.

Optical density was determined with the DTX 800 multi-

mode detector and analyzed with Multimode Analysis

Software (Beckman Coulter, Brea, CA).

Animal model

The Institutional Animal Care and Use Committee of

Baylor College of Medicine approved the experiments

described below. An inoculum of 106 SH-SY5Y tumor

cells in 0.1 ml of PBS was surgically implanted under the

renal capsule of nude mice using a 27-gauge needle (see

Supplemental Materials). The MDM2 small molecule

inhibitor, Nutlin-3a was administered by oral gavage at a

dose of 200 mg/kg twice a day for 14 days. Nutlin-3a

vehicle was administered by oral gavage twice a day for

14 days as previously described [21]. Bevacizumab

(Genentech, South San Francisco, CA), a humanized anti-

VEGF monoclonal antibody, was administered by intra-

peritoneal injection twice a week for 14 days. All mice

tolerated bevacizumab and Nutlin-3a without morbidity.

Xenograft tumors were confirmed to be neuroblastoma

by histology, immunohistochemistry, and flow cytometry

for neuroblastoma-specific surface markers, including GD2

and NB-84. RT–PCR was used to confirm expression of the

sympathetic neuronal lineage marker, norepinephrine

transporter.

Starting 1 week after tumor implantation, xenograft

tumors from all mice were monitored weekly by biolumi-

nescent imaging (Xenogen IVIS 100 System, Caliper Life

Sciences, Hopkinton, MA). The flux (photons/second)

emitted from xenograft tumors was quantified using Living

Image Software (Caliper Life Sciences).

Immunohistochemistry

Immunostaining was performed on 5 lm sections of

xenograft tumor tissue preserved in either OCT compound

or paraffin using the following antibodies: PECAM-1

(CD-31)(mAP-0032 Angio Proteomie, Boston, MA), anti-

human a-smooth muscle actin (aSMA) antibody (A-2547,

Sigma–Aldrich, St. Louis, MO), and type-IV collagen

(LB-1403, Cosmo-Bio, Tokyo, Japan). Further details in

Supplemental Materials.

Terminal deoxynucleotidyl transferase-mediated nick-

end labeling (TUNEL) assay was performed using the

ApopTag Red In Situ Apoptosis Detection kit (Millipore-

Chemicon, Billerica, MA) on 5 lm sections of fresh frozen

xenograft tumor tissue.

Caspase 3/7 apoptosis luminescent assay

SH-SY5Y and SH-SY5Y.siP53 cells were plated in white

walled 96 well plates (Corning Life Sciences, Lowell, MA)

24 h prior to the assay. Activation of apoptosis was mea-

sured with Caspase-Glo� 3/7 Assay (Promega Corporation,

Madison, WI). Luminescence was detected with the

Luminoskan Ascent Microplate Luminometer and analysis

was performed with Ascent Software v2.6 (Thermo Fisher

Scientific).
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Digital quantification of vasculature and apoptosis

Quantitative assessment of angiogenesis was performed by

computer-assisted digital image analysis using Image Pro

Software (Media Cybernetics, Bethesda, MD) as previ-

ously described [42]. Random high-power field digital

images from immunostained xenograft tumor for vascular

elements (CD-31, aSMA, type-IV collagen) and apoptosis

(TUNEL) were analyzed and positive pixels quantified (see

Supplemental Materials).

Calculation of metastasis

Incidence of metastasis: For each mouse, 5 lm sections

from three different levels of the liver were H?E stained

and scored for metastasis using light microscopy (Leica

DM5500B microscope, Leica DFC 360FX digital camera).

Metastatic burden was calculated by determining the

area of the metastasis using Surveyor software (version

5.5.5.30, Objective Imaging, Cambridge, United King-

dom). An average area of metastasis (lm) was calculated

for each mouse using data from three slides.

Statistical analysis

Western blot analysis, qPCR, and ELISA were all per-

formed in triplicate, and data was compared using Stu-

dent’s t test. Tumor weights were expressed as mean ±

SEM. Xenograft tumor flux (photons/sec) ± SEM, mea-

sured by bioluminescent imaging, was compared using

Student’s t-test. Data from digital image analysis were

expressed as mean ± SE and compared by Student’s t-test.

Incidence of metastasis was calculated by Fisher’s exact

test and metastatic burden was calculated by Kruskal–

Wallis method.

Results

Nutlin-3a stabilizes p53 and suppresses HIF-1a
expression

Human neuroblastoma cells from the cell line, SH-SY5Y,

were treated under normoxic (21% O2) and hypoxic (1%

O2) conditions with vehicle, Nutlin-3a, bevacizumab, and

the combination of Nutlin-3a and bevacizumab. By Wes-

tern blot analysis, Nutlin-3a stabilizes p53 expression

levels, which induces a rebound increase in MDM2

expression (Supplemental Figure 1). This effect is seen in

both Nutlin-3a treated and combination treated groups.

Increase in p53 expression induces downstream p21

expression (Supplemental Figure 1). In addition to acti-

vating the p53 pathway, MDM2 inhibition leads to

inhibition of HIF-1a expression (Fig. 1). Western blot

analysis of treated SH-SY5Y cells demonstrates suppres-

sion of HIF-1a expression by Nutlin-3a when treated as a

single agent or in combination with bevacizumab

(Fig. 1A). Western blot densitometry verifies Nutlin-3a

treatment significantly inhibits HIF-1a compared to control

treatment (Fig. 1B).

Nutlin-3a suppression of HIF-1a leads to p53-

independent inhibition of VEGF

Quantitative real-time PCR was performed on treated

SH-SY5Y cells and SH-SY5Y cells with p53 knockdown

(SH-SY5Y.sip53, Fig. 2A) to determine VEGF mRNA

expression (Fig. 2B). Under normoxic and hypoxic con-

ditions, transcription of VEGF mRNA is inhibited by

Nutlin-3a (single agent or in combination with bev-

acizumab). ELISA was performed on treated SH-SY5Y

and SH-SY5Y.sip53 cells to determine expression of

secreted VEGF. In SH-SY5Y cells, Nutlin-3a treatment

leads to significant inhibition of VEGF expression

(Fig. 2C). As expected, treatment with bevacizumab (as a

single agent or in combination with Nutlin-3a) leads to

nearly undetectable levels of secreted VEGF (Fig. 2C and

2D). To determine if Nutlin’s effect on VEGF is dependent

on p53, we performed ELISA for VEGF expression on

Fig. 1 Nutlin-3a treatment suppresses HIF-1a expression. a Western

blot analysis of treated SH-SY5Y cells for HIF-1a expression.

Compared to control, Nutlin-3a treated cells (single agent or in

combination with bevacizumab) leads to decreased expression of

HIF-1a. b Western blot densitometry demonstrates significant

increase in HIF-1a from normoxic to hypoxic conditions

(* P \ 0.02). Nutlin-3a treatment leads to significant decrease in

HIF-1a expression (** P \ 0.05)

258 Angiogenesis (2011) 14:255–266

123



treated SH-SY5Y.sip53 cells. Nutlin-3a treatment signifi-

cantly inhibits VEGF expression in SH-SY5Y.sip53 cells,

suggesting a p53-independent process (Fig. 2D).

Comparison of treatment strategies on tumor growth

in experimental neuroblastoma

To determine the combined effect of Nutlin-3a and bev-

acizumab on tumor growth and tumor angiogenesis, we

employed a well-characterized xenograft model of neuro-

blastoma and monitored tumor growth by bioluminescent

imaging [43]. After tumor implantation, mice were ran-

domized and underwent treatment for 2 weeks. At the time

of sacrifice, Nutlin-3a alone and bevacizumab alone tumors

emit less flux than control tumors (Fig. 3A). Tumors

treated with the combination of Nutlin-3a and bevacizumab

demonstrate significantly less flux compared to control

(P \ 0.05). At necropsy, compared to control, Nutlin-3a

and bevacizumab partially suppresses tumor growth by 57

and 44%, respectively (P = not significant (NS) for both).

However, combination treatment significantly suppresses

tumor growth by 79% compared to control (P \ 0.02)

(Fig. 3B). Compared to bevacizumab alone, the addition of

Nutlin-3a to bevacizumab significantly decreases tumor

weight as well (P0.05). From this data, the combination of

Nutlin-3a and bevacizumab more effectively inhibits

xenograft tumor growth than either agent alone.

Anti-angiogenic effect of Nutlin-3a and bevacizumab

on neuroblastoma xenografts

The effect of the various treatment groups on angiogenesis

was evaluated by immunostaining for CD-31 (PECAM), a

marker of endothelial cells. CD-31 staining showed an

abundance of endothelial cells and blood vessels in control

tumors (Fig. 4A-i), a decrease in endothelial cell staining

Fig. 2 Nutlin-3a-mediated suppression of HIF-1a inhibits VEGF

expression in a p53-independent fashion. SH-SY5Y neuroblastoma

cells and SH-SY5Y cells with stable knockdown of p53 (SH-

SY5Y.sip53) were treated under normoxic (21% O2) and hypoxic

(1% O2) conditions with vehicle, Nutlin-3a, bevacizumab, and the

combination of Nutlin-3a and bevacizumab. a Western blot analysis

with band densitometry demonstrating 78% knockdown of p53 in SH-

SY5Y.sip53 cell line compared to SH-SY5Y wild-type cell line (*

P \ 0.004). b Quantitative real-time PCR to detect mRNA

transcription of VEGF in treated SH-SY5Y cells. Cells treated with

Nutlin-3a (single agent or in combination with bevacizumab)

demonstrated decreased VEGF mRNA transcription compared to

control (* P\0.03, ** P\0.04). c By ELISA, Nutlin-3a significantly

inhibits VEGF expression compared to control in treated SH-SY5Y

cells (* P \ 0.02). d In treated SH-SY5Y.sip53 cells, Nutlin-3a

significantly inhibits secreted VEGF in the setting of p53 knockdown

(* P\0.006). As expected, all cells treated with bevacizumab (alone

or in combination with Nutlin) have nearly undetectable levels of

VEGF
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in Nutlin-3a-treated and bevacizumab-treated tumors

(Fig. 4A-ii, 4A-iii), and a marked decrease in the combi-

nation-treated group (Fig. 4A-iv). Digital image analysis

was used to quantify CD-31 staining. Compared to control

tumors, there was significant suppression of microvessel

density (MVD) by 25% in the Nutlin-3a group, 29% in the

bevacizumab group, and 57% in the combination group

(Fig. 4A-v). While Nutlin-3a and bevacizumab both dem-

onstrate significant anti-angiogenic effect, combining the

two agents significantly suppresses CD-31 staining com-

pared to either treatment alone (P \ 0.0001 for both). This

data suggests that combination therapy cooperatively

inhibits endothelial cell development in neuroblastoma.

Effect of Nutlin-3a and bevacizumab on vascular

assembly in neuroblastoma

In addition to CD-31 staining, we examined other critical

aspects of angiogenesis, including the development of

perivascular basement membrane (type-IV collagen stain-

ing) and the recruitment of vascular mural cells (VMC)

(aSMA staining).

Compared to control, there was a slight increase in

perivascular basement membrane with Nutlin-3a treatment

(P = NS), a decrease of 14% with bevacizumab treatment

(P = NS), and a significant decrease of 32% with combi-

nation therapy (P \ 0.04) (Fig. 4B: i–v). As a single agent,

Nutlin-3a and bevacizumab did not significantly alter per-

ivascular basement membrane development compared to

control tumors. However, combination treatment demon-

strates significant suppression of perivascular basement

membrane compared to control and to Nutlin alone

(P \ 0.0006).

Utilizing aSMA staining, there was a decrease in vas-

cular mural cells of 16% with Nutlin-3a (P = NS), 45%

with bevacizumab alone (P \ 0.0001), and 32% with

combination treatment (P \ 0.004) compared to control

treatment (Fig. 4C: i-v).

Fig. 3 The effect of Nutlin-3a and bevacizumab on experimental

neuroblastoma. Two weeks after tumor implantation, nude mice were

randomly divided into four treatment cohorts and treated for 2 weeks:

Control (vehicle) (n = 10), Nutlin-3a (200 mg/kg/dose, twice a

day 9 14 days) (n = 10), bevacizumab (5 mg/kg/dose, twice a

week 9 14 days) (n = 10), and combination of Nutlin-3a and

bevacizumab (n = 10). a All mice underwent weekly monitoring of

tumors by bioluminescent imaging. After 2 weeks of treatment,

decreased flux (photons/second) was observed from Nutlin-3a and

bevacizumab treated tumors (flux at 6 weeks (photons/sec-

onds) ± SEM: control 1.35E?10 ± 4.67E?9, Nutlin-3a 7.70E?10

± 2.90E?9, bevacizumab 8.11E?9 ± 2.84E?9; P = NS for both).

However, combination treated tumors demonstrated a significant

decrease in flux when compared to vehicle control (combination

2.46E?9 ± 8.21E?8 photons/sec, * P \0.05). Representative biolu-

minescent images from each treatment group are seen on the right.

b After the treatment period, all mice were sacrificed, and tumors

were resected and weighed. Xenograft tumor weight correlated with

bioluminescent data (Fig. 3B). Nutlin-3a alone and bevacizumab

alone partially suppresses xenograft tumor growth by 57 and 44%,

respectively, compared to control (mean tumor weight in grams ± -

SEM: control 2.54 ± 0.55 gm, Nutlin-3a 1.10 ± 0.37 gm, bev-

acizumab 1.42 ± 0.38 gm, P = NS for both). Compared to control,

combination treatment inhibited neuroblastoma xenograft tumor

growth by 79% (combination 0.53 ± 0.16 gm, * P \ 0.02). Combi-

nation treatment tumors were 62% smaller than the bevacizumab

treated tumors (** P \ 0.05). Bars represent mean tumor

weight ± SEM
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Nutlin-3a alone does not appear to significantly alter the

recruitment of VMCs compared to control (P = NS),

however, bevacizumab alone has a potent effect with sig-

nificantly less VMC staining than control and Nutlin-3a

alone (P \ 0.0001 for both). Combination treatment also

demonstrates significantly less VMC staining than control

and Nutlin-3a alone treatments (P \ 0.004, P \ 0.03,

respectively), which most likely represents a bevacizumab

effect on VMC recruitment (Fig. 4C:v). From our data,

bevacizumab has a significant effect on VMC recruitment,

and this effect is not augmented by adding Nutlin-3a.

Nutlin-3a and bevacizumab increase tumor apoptosis

in neuroblastoma

By TUNEL immunostaining, Nutlin-3a treatment demon-

strates a marked increase in apoptotic tumor cells by

240% (P \ 0.0001), an increase of 94% by bevacizumab

(P \ 0.0001), and an increase of 175% by combination

treatment (P \ 0.0001) compared to control (Fig. 5A:

i-v). Potent tumor apoptosis observed with Nutlin-3a

treatment, through stabilization of p53, is strongly evident

both in the Nutlin-3a group and in the combination group.

While bevacizumab induces tumor cell apoptosis, pre-

sumably from hypoxia through its anti-angiogenic activity,

it is significantly less than Nutlin-3a (Nutlin-3a versus

bevacizumab, P \ 0.02). Additionally, bevacizumab

treatment does not appear to augment the tumor apoptotic

activity of Nutlin-3a (Nutlin-3a versus combination,

P = NS).

In addition to Tdt, we assessed the apoptotic effect of

the various treatments using an in vitro caspase assay

(Fig. 5B). Compared to control, bevacizumab did not elicit

an apoptotic effect, whereas Nutlin-3a, alone ([sixfold) or

in combination with bevacizumab ([fivefold), demon-

strated a significant increase in caspase activation

Fig. 4 Immunohistochemical analysis of neuroblastoma xenografts

after treatment with Nutlin-3a and bevacizumab. At the time of

sacrifice, tumors were resected, preserved in paraformaldehyde and

OCT compound, and then sectioned for immunohistochemical

analysis. Angiogenesis was evaluated by immunostaining for the

following vascular markers. a i–iv CD-31 (PECAM) staining for

endothelial cells for each treatment group. Compared to control,

combination treatment inhibits new blood vessel development more

effectively than Nutlin-3a or bevacizumab alone. v Positive immu-

nostaining was digitally quantified and measured as microvessel

density (MVD) in pixels per HPF ± SEM for the following treatment

groups: control 47,676 ± 2,711; Nutlin-3a 43,157 ± 2,889; bev-

acizumab 40,691 ± 2,325; combination 24,772 ± 1,404

(* P \ 0.0005, ** P \ 0.0001). Combination treatment show signif-

icantly less immunostaining compared to Nutlin-3a or bevacizumab

alone. b i–iv Type-IV collagen staining for perivascular basement

membrane for each treatment group. v Digital quantification of type-

IV collagen in pixels/HPF ± SEM: control 117,722 ± 8,125; Nutlin-

3a 140,715 ± 9,270; bevacizumab 100,701 ± 7,979; combination

79,513 ± 7,556. Bevacizumab combined with Nutlin-3a has a

marked effect on perivascular basement membrane development as

opposed to single agent treatment (* P \ 0.04, ** P \ 0.0006). c i–iv
aSMA staining for differentiated vascular mural cells for each

treatment group. v Digitally quantified staining for aSMA in pixels/

HPF ± SEM: control 96,245 ± 8,280; Nutlin-3a 80,594 ± 3,745;

bevacizumab 53,028 ± 2,805; combination 65,584 ± 5,819

(* P \ 0.0001, ** P \ 0.004, *** P \ 0.03). Bevacizumab, alone

or in combination with Nutlin-3a, has a potent inihibitory effect on

vascular mural cell recruitment. All images taken at 109 objective,

standard bar = 100 lm
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(P \ 0.0003 and P \ 0.0008, respectively). Using the p53-

knockdown cell line of neuroblastoma, there was no

change in apoptosis in Nutlin-3a treated cells compared to

control, thus suggesting that the mechanism of apoptosis is

p53-dependent (Fig. 5B).

From this data, p53-mediated apoptosis by Nutlin-3a,

alone or in combination with bevacizumab appears to be

the dominant pathway in tumor apoptosis.

The effect of Nutlin-3a and bevacizumab on metastasis

At the time of sacrifice, livers were resected from all mice

and embedded in paraffin. All liver sections were H&E

stained for visual scoring of metastasis as described (see

Supplemental Materials).

Control mice had a 67% incidence of metastasis while

bevacizumab treated mice had metastases in 50%. Nutlin-

3a treated mice and combination treated mice each had a

significantly decreased incidence of metastasis of 20%

each (P \ 0.05) (Fig. 6A). Evaluation of total metastatic

burden was calculated by digital image quantification of

metastatic foci (Fig. 6B and 6C and see Supplemental

Materials). Compared to control mice, Nutlin treated mice

demonstrated 78% less metastatic burden (P \ 0.04),

bevacizumab 45% less metastatic burden (P = NS), and

combination treated mice greater than 95% less metastatic

burden (P \ 0.03) (Fig. 6B). While not significant, there

was less metastatic burden in the combination treated mice

than Nutlin alone.

We conclude that Nutlin-3a treatment alone and in

combination significantly suppresses the incidence of

metastasis in neuroblastoma as well as the metastatic

burden.

Discussion

Neuroblastoma is an aggressively invasive and metastatic

extra-axial tumor which demonstrates pronounced angio-

genesis and high vascularity. Yet anti-angiogenic treat-

ments, specifically bevacizumab, have demonstrated

limited responses in preclinical animal models and limited

clinical trials [39, 43, 44]. Previous studies in other tumor

types (e.g. lung [45], colorectal [36], renal [35], and breast

cancer [37]) have shown that adjuvant chemotherapy can

enhance the response to bevacizumab. The recent charac-

terization of Nutlin as an MDM2 inhibitor which both

promotes p53 stabilization and represses VEGF-mediated

angiogenesis led us to assess the combination of Nutlin-3a

with bevacizumab, using an orthotopic animal model of

neuroblastoma.

We demonstrate that Nutlin-3a mediated tumor sup-

pression results from its effects on two parallel tumorigenic

pathways. First is the well-characterized stabilization of

Fig. 5 The effect of Nutlin-3a and bevacizumab on tumor apoptosis.

a i-iv Apoptosis of xenograft tumors was evaluated by TUNEL

immunostaining for each treatment group. v. Digital quantification of

TUNEL-positive cells/HPF ± SEM: control 92 ± 4; Nutlin-3a

313 ± 53; bevacizumab 179 ± 15; combination 254 ± 19 (* P\
0.0001, ** P \ 0.02, *** P \ 0.003). Apoptosis of orthotopic tumors

is most pronounced in tumors treated with Nutlin-3a, either alone or

in combination with bevacizumab. All images taken at 109 objective,

standard bar = 100 lm. b Caspase assay of treated wild-type

SH-SY5Y and SH-SY5Y.sip53 cells. Wild-type SH-SY5Y cells

treated with Nutlin-3a, alone or in combination, demonstrate a

marked increase in caspase activation compared to control or

bevacizumab alone (* P \ 0.0003, ** P \ 0.0008). Knockdown of

p53 in SH-SY5Y cells (SH-SY5Y.sip53) abolishes Nutlin-3a-medi-

ated apoptosis, suggesting that it is p53 dependent
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p53 and sensitization to apoptosis by MDM2 inhibition.

We demonstrate marked in vivo p53-mediated tumor

apoptosis in Nutlin-3a treated tumors by TUNEL immu-

nostaining and in vitro by caspase activation assays.

The second MDM2-mediated pathway of tumor sup-

pression is through inhibition of VEGF-mediated tumor

angiogenesis. Our evaluation of tumor angiogenesis dem-

onstrates a clear anti-angiogenic effect by Nutlin-3a, shown

by CD-31 immunostaining. Our in vitro studies suggest

that the anti-angiogenic properties of Nutlin-3a appear to

be through suppression of HIF-1a and downstream VEGF

transcription, and this effect is p53-independent. In vivo,

we have also observed decreased VEGF transcription in

Nutlin-treated xenografts (data not shown).

In addition to demonstrating anti-tumor and anti-

angiogenic properties of Nutlin-3a, we sought to determine

if MDM2 inhibition in combination with bevacizumab

would have a cooperative effect on tumor suppression and

angiogenesis by targeting the VEGF pathway at multiple

sites. In our study, combination treatment demonstrates

greater tumor suppression than either agent alone. Angio-

genesis, as measured by CD-31 immunostaining, is sup-

pressed most in the combination group than either single

agent treatment group. This suggests that part of the

cooperative effect of combination therapy is not only from

anti-angiogenic mechanisms mediated by VEGF inhibition,

but also by the anti-tumorigenic effect mediated by

upregulation of the p53 apoptosis pathway.

Fig. 6 The effect of Nutlin-3a and bevacizumab on metastasis in an

in vivo model of neuroblastoma. a Compared to control (67%

incidence), the incidence of metastasis is significantly decreased by

Nutlin-3a treatment (20%) and combination treatment (20%)

(* P \ 0.05). b Within liver sections analyzed, control mice had a

calculated metastatic burden of 825,000 ± 492,000 lm2 of tumor,

and bevacizumab treated mice 450,000 ± 394,000 lm2 of tumor

(P = NS). Nutlin-3a treatment and combination treatment demon-

strate significantly less metastatic burden compared to control

(Nutlin-3a 178,000 ± 174,000 lm2; combination 39,000 ± 26,000

lm2) (* P \ 0.04, ** P \ 0.03). c i A representative histologic

image of a H&E stained liver. i Histologic sectioned image at 59

objective of an entire mouse liver using a novel software program to

‘‘stitch’’ multiple smaller images together. Areas of neuroblastoma

metastases are distinct from hepatic parenchyma. One metastasis is

outlined in the black box. ii Zoomed in view of the boxed metastasis

at 109 objective. Standard bar = 100 lm
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In addition, we found that Nutlin-3a treatment, alone

and in combination, had a potent effect on metastasis

compared to control and bevacizumab treatment. While the

incidence of metastasis was significantly less in Nutlin-

treated mice (Nutlin-3a alone and combination), the met-

astatic burden was least in the combination group. This

data suggests that while MDM2 and inhibition of p53 is

critical to the initiation of metastasis, suppression of VEGF

may limit the growth of metastatic foci.

Bevacizumab was the first FDA-approved anti-angio-

genic drug for the treatment of cancer, and many other

inhibitors of the VEGF pathway have since been devel-

oped. These include VEGF ligand inhibitors, such as

VEGF Trap [46], and small molecule tyrosine kinase

inhibitors which block VEGF receptors, such as sunitinib

[47], sorafenib [48], and cediranib [49]. To date, these anti-

angiogenic therapies have only been used in combination

with chemotherapy, a genotoxic treatment. FDA approval

was granted to bevacizumab after phase III trials showed

increased efficacy of chemotherapy with the addition of

bevacizumab in metastatic colorectal carcinoma and in

non-small cell lung cancer [36, 45]. Newer agents, such as

cediranib (small molecule tyrosine kinase inhibitor which

blocks all three VEGF receptors), have also undergone

phase I trials to look at the safety of combining novel anti-

angiogenic therapies with a variety of chemotherapy regi-

mens [50]. Additionally, anti-angiogenic drugs have been

combined with ionizing radiation, another genotoxic ther-

apy, in preclinical studies, which demonstrate a synergistic

effect in non-small cell lung cancer and rhabdomyosar-

coma animal models [51, 52]. Unique to this study is the

sole use of two non-genotoxic therapies, which target two

major tumorigenic pathways. Combining these two agents

increased efficacy in suppressing tumor size, tumor angi-

ogenesis, and distant metastasis. Importantly, by combin-

ing non-genotoxic therapies in patients, the risks and side

effects of chemotherapy and radiation, namely secondary

malignancies and marrow suppression with resulting neu-

tropenia, may be averted.

In conclusion, we demonstrate for the first time that in

addition to suppressing tumor growth through p53-medi-

ated apoptosis, Nutlin-3a suppresses tumor angiogenesis

through a distinct, p53-independent inhibition of VEGF in

a murine model of neuroblastoma. Furthermore, our data

validates the novel combination of Nutlin-3a with bev-

acizumab, which more effectively inhibited tumor growth

and angiogenesis than either treatment alone. We also

demonstrate for the first time that Nutlin-3a significantly

suppresses tumor metastasis in a murine model of neuro-

blastoma, and that combination therapy may more effec-

tively inhibit metastatic progression. These data suggest a

novel therapeutic utility for MDM2 inhibitors, such as

Nutlin-3a, as adjuncts to anti-angiogenic strategies for p53

wild-type and potentially p53 mutant tumors. Further

optimization and clinical testing of this novel non-geno-

toxic combination therapy for highly vascular malignancies

such as neuroblastoma are warranted.
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