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Abstract Prostate cancer (PCa) is the second leading
cause of cancer-associated death in men. Once a tumor is

established it may attain further characteristics via muta-

tions or hypoxia, which stimulate new blood vessels.
Angiogenesis is a hallmark in the pathogenesis of cancer

and inflammatory diseases that may predispose to cancer.

Heme oxygenase-1 (HO-1) counteracts oxidative and
inflammatory damage and was previously reported to play

a key role in prostate carcinogenesis. To gain insight into

the anti-tumoral properties of HO-1, we investigated its
capability to modulate PCa associated-angiogenesis. In the

present study, we identified in PC3 cells a set of inflam-

matory and pro-angiogenic genes down-regulated in
response to HO-1 overexpression, in particular VEGFA,

VEGFC, HIF1a and a5b1 integrin. Our results indicated

that HO-1 counteracts oxidative imbalance reducing ROS
levels. An in vivo angiogenic assay showed that intrader-

mal inoculation of PC3 cells stable transfected with HO-1

(PC3HO-1) generated tumours less vascularised than con-
trols, with decreased microvessel density and reduced

CD34 and MMP9 positive staining. Interestingly, longer

term grown PC3HO-1 xenografts displayed reduced neo-
vascularization with the subsequent down-regulation of

VEGFR2 expression. Additionally, HO-1 repressed nuclear

factor jB (NF-jB)-mediated transcription from an NF-jB
responsive luciferase reporter construct, which strongly

suggests that HO-1 may regulate angiogenesis through this

pathway. Taken together, these data supports a key role of
HO-1 as a modulator of the angiogenic switch in prostate

carcinogenesis ascertaining it as a logical target for inter-
vention therapy.
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Background

Angiogenesis is a rare phenomenon in healthy adults,

occurring only locally and transiently under distinctive

physiological conditions such as wound healing and
inflammation. It is required for an efficient blood supply

and also plays a critical role in tumor growth and metas-

tasis. Many stimuli including hypoxia, growth factors,
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cytokines and oxidative stress can increase the expression

of pro-angiogenic factors in tumor cells, which correlates
with increased microvessel formation and poor prognosis

in many human cancers [1]. VEGF, one of the most

important angiogenic factors, promotes angiogenesis by
signaling through the interaction with specific transmem-

brane receptors as VEGFR1, VEGFR2 and VEGFR3 [2].

Targeting VEGF receptor expressing cells is effective in
controlling the progression of cancer [3].

Elevated reactive oxygen species (ROS) generation, was
found in several tumors and has been associated with

malignant transformation and the regulation of angiogen-

esis [1]. The induction of heme oxygenase 1 (HO-1), the
rate limiting enzyme in heme degradation, represents a key

event in cellular responses to pro-oxidative and pro-

inflammatory insults [4]. It participates in the maintenance
of cellular homeostasis, by reducing oxidative injury,

attenuating inflammation and regulating cell proliferation

[5]. There are differences in HO-1 basal expression profiles
among cells and tissues and its pleiotropic effects to restore

homeostasis. Thus, HO-1 has been proposed to act as a

biosensor regulating cell destination [6]. However, the role
of HO-1 in angiogenesis may vary depending on the tissue

specific underlying conditions [7].

Prostate cancer (PCa) is one of the leading cause of
cancer-associated death in men. It has been recognized that

inflammation increases PCa tumorigenesis [8] and that a

chronic inflammatory microenvironment in cancer cells is a
decisive factor in the evolution of the disease. The

molecular mechanisms that underlie the pathogenesis of

cancer-associated inflammation are complex and involve a
delicate interplay between tumor and its microenvironment

[9]. In PCa tumors, the switch to an angiogenic phenotype

is known to be critical for its progression. Unless a tumor
can stimulate the formation of new blood vessels, it

remains restricted to a microscopic size [10]. Inflammation

and hypoxia are widely accepted as key elements in the
induction of angiogenesis. Although it is well accepted that

PCa dissemination and its capacity to survive in a distant

organ is affected by angiogenic factors [8], the earliest
molecular events that dictate the angiogenic switch remain

elusive in PCa, probably because they occur before a

clinical diagnosis can be established [11]. In tissues
undergoing angiogenesis, the process of neovascularization

involves a complex series of sequential events targeted in

the activation of matrix degrading enzymes and motility
[12].

One targeted approach for the control of prostate car-

cinogenesis should rely on the understanding of the
molecular events that govern PCa associated angiogenesis.

In this regard, our previous studies have shown that HO-1

is expressed in human primary ‘‘naive’’ treatment prostate
carcinomas [13] and other authors have reported its

expression in castrate-resistant PCa [14]. We have recently

demonstrated that HO-1 inhibits cell proliferation, migra-
tion and invasion in prostate cancer cells and impairs tumor

growth in vivo [15]. We also identified MMP9, a promoter

of angiogenesis [16], as a novel downstream target of HO-1
[15]. However, the role of HO-1 in PCa angiogenesis is

unexplored.

Increasing evidence suggests that inhibition of nuclear
factor jB (NF-jB) activity in PCa cells could suppress the

angiogenesis, invasion and metastasis by down-regulating
the expression of NF-jB downstream target genes, such as

VEGF, uPA, and MMP-9 [17].

Here, we found that PC3HO-1 xenografts displayed
impaired angiogenesis compared to control tumors which

established a novel role of HO-1 in angiogenesis. We

identified several pro-angiogenic factors downmodulated
by HO-1 in PC3 cells and proposed a mechanism mediated

by NF-jB inhibition. These findings provide cogent evi-

dence that HO-1 overexpression in PCa has a strong in vivo
anti-angiogenic effect challenging tumor development.

Results

Comparative gene expression analysis shows HO-1
down-modulation of pro-angiogenic genes in PC3 cells

In our original analysis of a comparative gene array study
between PCa cells over-expressing HO-1 and controls (RT-

qPCR Oligo GEArray" Human Angiogenesis Microarray

analysis), we found that HO-1 repressed the expression of
MMP9 [15], which has been correlated with PCa inva-

sion, angiogenesis and metastasis. This comparison also

revealed decreased expression of several pro-inflammatory
and angiogenic genes, which appeared to be downstream

targets of HO-1, including ANGPT1, ANGPTL3, FIGF,

IL6, VEGF A, VEGF C, VEGF D, THBS1 [15]. Here we
decided further our analyzes to include some other genes

involved in angiogenesis (e.g., integrins [18]). Currently,

a5b1 integrin is the best characterized integrin for its
function in cancer and its contribution to angiogenesis [18,

19]. In accordance with our previous findings [15], mRNA

levels of the a5 integrin subunit were found to be signifi-
cantly reduced (50%, P \ 0.05) in PC3 HO-1 over-

expressing cells (PC3HO-1) compared to controls

(Fig. 1a). We also found a 60% (P \ 0.05) reduction in the
expression of HIF1a mRNA levels in PC3 cells over-

expressing HO-1 compared to PC3bGal (Fig. 1b). Of all

the pro-angiogenic factors induced by HIF1a, VEGF is
particularly noteworthy, because it has potent angiogenic

properties and is expressed in a large number of human

cancers including prostate tumors [20, 21]. Accordingly,
PC3HO-1 cells showed a reduction of both VEGF C (70%,
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P \ 0.05) and VEGF A (30%, P \ 0.05) compared to

PC3bGal (Fig. 1c, d), key players throughout the devel-
opment of the tumor, helping vessels establish, grow and

survive. To examine the effect of HO-1 induction in VEGF

transcriptional activation, the cells were transfected with a
full-length human VEGF promoter cloned upstream of the

luciferase gene. HO-1 overexpression strongly inhibited

the VEGF reporter activity (Fig. 1e).
Previous studies provide strong evidence that endoge-

nous ROS play important roles in cancer cell induced
angiogenesis and tumor growth through VEGF expression

[17]. Thus, it is possible that ROS mediate HO-1 regulation

of VEGF transcripts. We used intracellular DCFHDA
staining method to measure ROS levels in PCa cells. When

cells were exposed to a stressor as H2O2, ROS levels were

significantly less in PC3HO-1 (P \ 0.05) compared to
controls as assessed by cell by cell immunofluorescence

quantification (Fig. 2). These data suggest that HO-1 might

regulate VEGF transcriptional activation by blocking ROS
generation.

Forced-expression of HO-1 inhibits in vivo
angiogenesis in nude mice

We next wanted to assess whether HO-1 impaired the
angiogenic process in vivo. Tumor microvessel density is

regarded as an important prognostic marker and an inde-

pendent predictor of pathological stages and malignant
potential of PCa [22]. We have previously demonstrated

that HO-1 overexpression inhibited prostate tumor growth

in vivo [15]. To assess whether the above mentioned

decrease in the expression of pro-angiogenic genes corre-
lated with changes in new blood vessel formation, we

performed an in vivo angiogenesis assay [23] and assessed

the adjacent tumor microvasculature density in PCa xeno-
grafts. PC3HO-1 and control cells were injected intrader-

mally in the right flank of athymic nu/nu male mice

together with a drop of trypan blue, in order to localize the
centre of the injected area, 6 days later. The left (contra-

lateral) flank was injected with vehicle. Small tumors
developed in all mice injected after 6 days post-inoculation

(early stage xenografts). No significant difference was

observed in body weight for mice bearing PC3HO-1 and
PC3bGal tumors (data not shown). Microvessel density

(MVD) of tumor sections was determined as an index of

tumor angiogenesis. Six days after xenograft generation,
the vasculature on the adjacent skin was photographed,

quantified and compared with the microvasculature of the

contralateral flank. Capillary tubular formation was visu-
alized in both PC3HO-1 and PC3bGal xenografts (Fig. 3a,

b). Although no significant difference was observed in the

number of medium vessels (Fig. 3c), HO-1 overexpression
caused a significant disruption on the tubular formation

ability of small capillary-like vessels (number of small

vessels per area (mm2) in the PC3HO-1 group (0.59 ±
0.11, mean ± SEM) versus the control group (1.53 ±

0.11, mean ± SEM) (Fig. 3d). Furthermore, Masson’s tri-

chrome staining, that highlights vessel walls confirmed
these results (Fig. 3b). The microscopic sections showed

well-preserved subcutaneous tumors in PC3bGal group and

Fig. 1 HO-1 downmodulates pro-angiogenic genes in PC3 cells. PC3
cells were stably transfected with pcDNA3HO1 (PC3HO-1) or empty
vector (PC3bGal). mRNA expression levels of a a5 integrin subunit
b HIF1a, c VEGF C, d VEGF A, were analyzed by RealTime-PCR.
Data were normalized to b-actin. One representative from at least
three independent experiments is shown. *Significant difference,

P \ 0.01. e PC3HO-1 and PC3bGal cells were transfected with the
VEGF luciferase reporter plasmid. Then cells were lysed and
luciferase activity assay was performed. Data were normalized to
protein values. One representative from at least three independent
experiments is shown. *Significant difference, P \ 0.05
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numerous large calibre vessels were observed in the sur-

rounding normal tissue adjacent to tumor. Control xeno-

grafts also displayed intratumoral medium calibre vessels,
predominantly of peripheral disposition (Fig. 3b). In

accordance, PC3HO-1 xenografts showed a decrease in

vessel number and size in both intratumoral and adjacent
normal tissue (Fig. 3b).

To confirm the anti-angiogenic effect of HO-1 in vivo, we

investigated intratumoral microvessel density by immuno-
histochemistry analysis of the endothelial cell specific

marker CD34. The microscopic examination showed only

sporadic CD34 positive cells in the PC3HO-1 xenografts
(Fig. 4a, b) but numerous positive cells in the control group

of tumors (Fig. 4c, d). In agreement with our previous

findings in long-term xenografts (grown s.c. for 23 days)
[15], PC3HO1 tumors showed weak nuclear and cytoplas-

matic MMP9 immunostaining in few cells arranged in a

diffuse pattern (Fig. 4e, f). Meanwhile, control tumors
showed intense nuclear and cytoplasmatic immunostaining

for MMP9 in numerous neoplastic cells with predominance
of those located in the peripheral area (Fig. 4g, h). Alto-

gether, these results further confirm that HO-1 rises as a

novel in vivo modulator of angiogenesis in PCa.

HO-1 induction abrogates NF-jB signaling pathway

One other factor that regulates angiogenesis is NF-jB,

possibly by inducing expression of pro-angiogenic factors

such as VEGF [17]. Activation of NF-jB is also a central
event in the initiation and amplification of inflammatory

responses and tumor progression [24]. TNF-a, an upstream

regulator of NF-jB, was found to be downregulated by

genetic induction of HO-1 (82%, P \ 0.01) compared to
control cells (Fig. 5a). Since several of the HO-1 down-

regulated genes are NF-jB target genes, we sought to

assess NF-jB activity in PC3 cells under HO-1 modula-
tion. We then analyzed whether HO-1 controls NF-jB

activity using a reporter construct containing five repeats of

the NF-jB consensus binding sequence cloned upstream of
the luciferase gene (pNFjB-luc). Hemin significantly

repressed (36.6%, P \ 0.05) the transcriptional activity of

the pNFjB-luc in PC3 cells (Fig. 5b). Moreover, a similar
response was observed in PC3 cells transiently transfected

with HO-1 (45.6% reduction, P \ 0.05) (Fig. 5c). Over-

expression of RelA/p65 was used as a positive control of
NF-jB activation, resulting in a significant threefold

increase (P \ 0.05) of NF-jB luciferase activity. In order

to determine whether the effect of HO-1 on NF-jB-medi-
ated transcription had the same effect that a specific

repressor of this pathway, we used the mutated inhibitor of
NF-jB (IjBss). This mutant is not susceptible to phos-

phorylation and, for that reason, constitutively suppresses

NF-jB activation. As shown in Fig. 5c, overexpression of
IjBss entirely inhibited NF-jB transactivation (72%,

P \ 0.05) to a similar extent as HO-1 overexpression. It is

note worthy the fact that the PC3 cell line (androgen
receptor null) displays high constitutive NF-jB activation

consistent with that observed in other androgen-insensitive

PCa cells compared with their androgen-responsive coun-
terparts [25, 26].

Fig. 2 HO-1 abrogates ROS generation. a PC3HO-1 and b PC3bGal
cells were treated with (H2O2 200 lM, 1.5 h), stained with CM2-
DCFHDA (10 lM, 1 h), sensitive to ROS. Imaging was performed in
PBS by wide field microscopy (Olympus IX71). All images were
acquired with the same exposure time to allow comparison of signal
intensities. Scale bars 10 lm. a and b Left Panels represent

fluorescent images, an indicative of the presence of ROS. a and
b Right Panels represent bright field images. c Segmentation of cell
region (blue line). d Cell to cell quantification of DCFHDA levels by
the generation of a Matlab routine. Cells with similar sizes were
considered for the statistical analysis. The results are shown as the
mean ± SEM. *Significant difference, P \ 0.01
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NF-jB is normally sequestered in the cytoplasm by the
NF-jB inhibitor (IjB). The IjB kinase (IKK), involved in

propagating the cellular response to inflammation, spe-

cifically phosphorylates the inhibitory IjB protein. This
phosphorylation results in the dissociation of IjBa from

NF-jB and thereby NF-jB activation. In accordance with

the repressed NF-jB-mediated activation observed under
HO-1 modulation, we also detected increased expression

levels of IjB mRNA in PC3 cells when HO-1 was

induced genetically or pharmacologically (Fig. 5d) and
significantly repressed mRNA levels of IKK (36%,

P \ 0.05) in PC3HO-1 cells (Fig. 5e). Taken together

these results suggest that the anti-angiogenic effect of
HO1 are at least mediated by the downregulation of NF-

jB activity.

HO-1 overexpression inhibits VEGFR2 in PC3

long-term xenografts

To further explore the anti-angiogenic role of HO-1 in

vivo, we examined VEGFR2 expression, a specific

angiogenic marker which mediates almost all of the
known cellular responses to VEGF [27]. Long-term

PC3HO-1 tumors (grown s.c. for 23 days) showed a sig-

nificant lower VEGFR2 expression with a weak positive
cytoplasmic immunostaining in scanty tumor cells com-

pared to PC3bGal tumors with intense positive cytoplas-

mic immunostaining for VEGFR2 in many tumor cells
with a cell membrane pattern (Fig. 6a). The differential

staining intensity between both tumor groups was quan-

titatively assessed (Fig. 6b). Accordingly, VEGFR2

Fig. 3 HO-1 inhibits angiogenesis in vivo. PC3HO-1 and PC3bGal
cells were injected intradermally in the right flank of nu/nu mice.
Vehicle was injected in the left flank (contralateral side). After 6 days
the skin was removed and photographs were taken under a stereo
microscope. Small and medium vessels were measured. a Images of
skin adjacent to PC3HO-1 (upper panels) and PC3bGal (lower
panels) tumors (Original magnification: Left 912.5, scale bars
200 lm; Right 940, scale bars 100 lm). Arrow heads indicate small
vessels. b Trichrome staining of tumor samples (PC3HO-1 upper
panel and PC3bGal lower panel; Original magnification: 9100, scale

bars 50 lm). Few small vessels are observed in PC3HO-1 tumor
(circle with solid line) and in the surrounding tissue (circle with
dashed line). Medium-sized vessels are observed in the PC3bGal
tumor periphery (circle with solid line) and in peri-tumor tissue
(circle with dashed line); large vessel in adjacent tissue is indicated
(arrow). c Number of medium vessels in the tumors (open bar) and in
the contralateral side (full bar). d Quantification of small vessels.
Relativization of small blood vessels in tumor side to contralateral
side in each animal. Fisher test. *Significant difference, P \ 0.05
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mRNA levels were found to be significantly reduced

(32%, P \ 0.01) in PC3HO-1cells compared to controls

(Fig. 6c). PC3HO-1 tumors grown for 23 days, not only
were smaller [15] but also clearly less vascularized as it

can be macroscopically and quantitative determined

(Fig. 6d, e).
These results provide strong evidence in support of the

anti-angiogenic activity of HO-1 in vivo, which could be

partially responsible for its anti-tumor activity previously
reported in PCa [15].

Discussion

PCa cancer is one of the leading cause of cancer in men

[28]. Several molecular alterations leading to constitutively

active mitogenic and cell survival signaling, as well as loss
of apoptotic response, are involved in uncontrolled growth

of PCa, leading to castrate-resistant progression, apoptotic

resistance and increased expression and secretion of
angiogenic factors [29]. The conversion to the angiogenic

phenotype, known as the ‘‘angiogenic switch’’, is thought

to contribute to the growth and progression of prostate
tumors from latent and localized focal carcinomas to

invasive carcinomas. Thus, anti-angiogenic therapy emer-

ges as an essential strategy for the treatment of cancer [3].
However, angiogenesis is a complex process mediated by

multiple factors (e.g., hypoxia, growth factors, cytokines

and oxidative stress [30]) and thus it is essential to decipher
the critical steps involved in this process in prostate cancer.

We believe that our studies had identify new players in this

process and thus open new opportunities for therapy
development for prostate cancer.

ROS function as signaling molecules to mediate several

angiogenic responses such as cell proliferation, migration
and gene expression in endothelial and cancer cells [1].

Moreover, high ROS production in cancer cells are

implicated in the regulation of angiogenesis and tumor
growth, probably regulating HIF1a and VEGF expression

[31]. In agreement with these reports, we document here
that ROS levels are diminished when PC3 cells over-

expressing HO-1 are exposed to a stressor (Fig. 2), likely

as one of the pathways favouring reduced angiogenesis.
It is well accepted that HO-1 confers cytoprotection

against oxidative stress and inflammation and several sig-

naling molecules are implicated in the cytoprotection [31].
In addition, this protein exerts vital metabolic functions

limiting the axis of heme degradation and maintaining the

cellular homeostasis. Although classical recognized as a
microsomal protein, its presence has been detected in other

subcellular compartments [13, 32–34] such as the nucleus,

with a non-catalytic canonical function [35], thus implying
that there are HO-1 functions that remain to be elucidated.

Pathological angiogenesis is a hallmark of cancer [36].

Unlike physiological forms of angiogenesis that occur
during embryonic development and normal wound healing,

pathological, tumor-induced angiogenesis often ensues due

to imbalances in either angiogenic activators or inhibitors
[37]. Recent pre-clinical and clinical studies have

employed strategies to target tumor vasculature as a mean

to impede tumor growth and eventual metastasis [38].
However, anti-angiogenic therapies in human subjects have

proven to be limited due to marginal effectiveness, toxic-

ities, and relative lack of specificity [38]. Therefore, further

Fig. 4 Decreased expression of CD34 and MMP9 in PC3HO-1
xenografts. Tumors were generated as described in ‘‘Methods’’ and
Legends to Fig. 3. Tissue sections of PC3HO-1 (upper panels) and
PC3bGal (lower panels) were immunostained for CD34 (a–d) and
MMP9 (e–h). a Subcutaneous tumor edge with few, medium caliber,
vascular structures. b Intratumor isolated vascular structure of
medium size. c Subcutaneous tumor edge with numerous vascular
structures of medium and large calibre. d Intratumor vascular
structures of medium and large calibre with prominent endothelium.
Arrows indicate positive staining for CD34. e Few tumor cells with
mild positive immunostaining. f Mild nuclear immunostaining.
g Numerous tumor cells with intense positive immunostaining.
h Nuclear and cytoplasmatic immunostaining pattern. Arrows indicate
positive staining for MMP9. a, c, e and g Original magnification
9250. b, d, f and h Original magnification 9400. Scale bars 20 lm
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exploration is currently underway for more specific drugs

that target tumor angiogenesis.
The role of HO-1 in both, tumor growth and angiogenesis

is controversial [5]. While it has been reported that HO-1

accelerates tumor angiogenesis of human pancreatic cancer
[39] and urothelial carcinoma of the urinary bladder [40], in

colon cancer, inhibition of the HO pathway increases

metastasis to the liver [41]. Our results together with those
reports suggest that HO-1 function is context-dependent and

demonstrate once again the complexity of HO-1 signaling.
The controversial results indicate that HO-1 exhibits dis-

tinct effects on tumorigenesis, which may represent dif-

ferent phases of the multistep carcinogenesis process. In
turn, HO-1 effect may be related to its relative expression

levels and their synergistic/antagonistic interactions with

other signaling molecules and angiogenic players. Thus,
cancer cells and the surrounding stroma are exposed in a

milieu and received several signalling stimuli, where HO-1

may enforce or restrict tumour-promoting functions,
according to the selected tumoral microenvironment.

Furthermore, Bussolati et al. [4, 42] proposed a dual role for

HO-1: whereas VEGF induced angiogenesis required HO-1
activity, blood vessel formation induced by inflammation

was attenuated by HO-1 overexpression. Therefore, the

mechanism of HO-1 in pathological angiogenesis is not
clear and in cancer it may depend on the type of tumor or

other still not defined factors.

We previously reported the nuclear expression of HO-1
in human primary prostate carcinomas [13]. In PCa cell

lines we further confirmed that HO-1 up-regulation induced
its nuclear localization and inhibited cell proliferation,

migration and invasion. Moreover, it impaired tumor

growth in vivo and downregulated the expression of target
genes associated with inflammation and angiogenesis [15].

In the present report we confirmed that HO-1 forced-

expression in PC3 cells, a highly aggressive and invasive
PCa cell line, repressed VEGFA, VEGFC and HIF1a at the

transcriptional level (Fig. 1). HO-1 overexpression greatly

inhibited the VEGF promoter activity (Fig. 1). Further-
more, in vivo studies showed that HO-1 overexpression

Fig. 5 HO-1 abrogates NF-jB
signaling pathway. PC3 cells
were transiently transfected
with pcDNA3HO1 (PC3HO-1)
or empty vector (PC3bGal).
a TNFa mRNA expression
levels. Data was normalized to
b-actin. One representative from
at least three independent
experiments is shown.
*Significant difference,
P \ 0.01. PC3 cells, b treated or
not with hemin (70 lM, 24 h),
c transiently transfected with
pcDNA3HO-1, empty vector,
p65 expression vector or a
specific repressor of NF-jB
(ssIjB), were transfected along
with the NF-jB reporter
construct containing five repeats
of the NF-jB consensus binding
sequence linked to the luciferase
gene (pNFjB-luc). Cells were
then lysed and luciferase
activity assay was performed.
Data were normalized to protein
values. One representative from
at least three independent
experiments is shown.
*Significant difference,
P \ 0.05. d IjB and e IKK
mRNA levels were analyzed by
RealTime-PCR. *Significant
difference, P \ 0.05
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significantly impaired the ability of early-stage PC3HO-1
xenografts to form vascular structures, with a marked

decrease in the number of small vessels, microscopically

corroborated by Masson trichrome staining (Fig. 3).
Finally, the expression of CD34 and MMP9, markers of

angiogenesis, was significantly impaired in PC3HO-1 xe-
nografts (Fig. 4), further confirming the anti-angiogenic

capability of HO-1.

The process of tumor cell invasion and metastasis requires
the degradation of connective tissue associated with vascular

basement membranes and interstitial connective tissue [17].

In addition, VEGF stimulation can enhance the motility of
targeted tumor cells in cooperation with MMPs and uroki-

nase plasminogen activator (uPA)-mediated pathways [43].

In accordance, early stage PC3HO-1 xenografts displayed a

striking lower MMP9 expression compared with control
xenografts (Fig. 4), coincident with reduced microvessel

density (Fig. 3). It is note worthy that MMP9 expression did

not increase over time, and that tumor volume remained
significantly small in PC3HO-1 xenografts compared to

controls [15]. Immunohistochemical analysis also revealed
decreased expression of VEGFR2 in PC3HO-1 long-term

xenografts (Fig. 6). VEGF and VEGFR are expressed at high

levels by prostate carcinoma cells and their expression cor-
relates with increasing grade, vascularity, and tumorigenic-

ity [44]. These relationships have been observed in humans

as well as in animal models of PCa. Evidence from clinical
studies have also shown that high VEGF levels in PCa are

associated with poor prognosis [45] and that plasma levels of

VEGF increase with PCa progression to skeletal metastases.

Fig. 6 Impaired angiogenesis in long-term xenografts. Athymic nude
(nu/nu) mice were injected s.c. in the right flank with PC3 cells
overexpressing HO-1 (PC3HO-1) or control (PC3bGal). Animals
were sacrificed after 23 days and tumors excised. a Histological
analysis of tumors showing VEGFR2 immunostaining. PC3HO-1 (left
panel) showed few cells with weak positive cytoplasmic stain, while
PC3bGal (right panel) presented numerous cells with intense
cytoplasmatic positive stain and cell membrane pattern. Arrow heads
indicate positive VEGFR2 immunoreactivity. Magnification 9400,
scale bars 20 lm. b Cell area was segmented in each image for
quantification of the mean immunostaining intensity. The results were

expressed as mean ± SEM. *Significant difference, P \ 0.05.
c VEGFR2 mRNA expression levels were analyzed by RealTime-
PCR in PC3HO-1 and PC3bGal cells. Data was normalized to b-actin.
*Significant difference, P \ 0.01. d Representative images of tumors
excised at day 23 showing the reduced growth and vascularization of
HO-1 overexpressing xenografts. e Blood vessel formation was
quantified using Image J. Tumor area was segmented in each image
and were converted to grey scale. Grey mean intensity was assessed.
The difference between this value and the background was considered
and normalized to tumor volume. The results were expressed as
mean ± SEM. *Significant difference, P \ 0.05
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Given that inflammation is a critical component of

tumor growth and progression [46], and that several
molecular and cellular linking pathways have been pro-

posed but yet not fully elucidated, we next sought to

identify a possible mechanism by which HO-1 impairs
angiogenesis, with an eye toward the NF-jB pathway. NF-

jB activation was found to stimulate angiogenesis, possi-

bly by inducing expression of pro-angiogenic factors as
VEGF [47]. Classical activation of NF-jB proceeds by the

degradation of IjB proteins, which is mediated by the
activity of the IjB kinase complex (IKK). Here we dem-

onstrated that HO-1 overexpression in PC3 cells repressed

NF-jB activation, induced the accumulation of IjB and
decreased IKK mRNA levels (Fig. 5). Our results are in

line with evidence that points to a pathophysiologic role for

NF-jB in PCa [48]. This factor was also associated with
high expression of MMP9 and VEGF in PCa [49].

Moreover, NF-jB was found to be involved in the inte-

grin-coupled ECM signaling following oxidative stress. It is
of particular significance that many genes which are regu-

lated by oxidative stress are targets of NF-jB such as inte-

grins [19]. In this context, in our study HO-1 overexpression
reduced a5 integrin subunit transcript levels (Fig. 1).

NF-jB is constitutively activated in human prostate

adenocarcinoma and correlates with disease progression
[49]. It is worthy to remark that NF-jB blockade results in

decreased angiogenesis in several PCa models [50, 51].

Given that NF-jB transcriptionally regulates the expression
of genes involved in angiogenesis and that our previous

findings show that HO-1 reduces tumor growth in PCa xe-

nografts [15], these data strongly supports the notion that
the HO-1-inhibitory effect on NF-jB signaling is perhaps

partially critical in mediating the growth-suppressive

effects of HO-1. Additionally, we cannot rule out the direct
inhibitory effects of HO-1 on angiogenic targets. Figure 7

provides a schematic representation of the different angio-

genic targets downmodulated by HO-1 overexpression,
which is supported by our in vitro and in vivo studies and

give ground to HO-1 anti-angiogenic capability.

In summary, we have demonstrated that HO-1 induction
attenuates tumor angiogenesis in vivo and propose a novel

role for HO-1 in prostate cancer progression providing a

target for state of the art therapeutic strategies and a new
sight in prostate carcinogenesis.

Methods

Cell culture and antibodies

PC3 cells were obtained from the American Type Culture

Collection (Manassas, VA, USA) and were routinely

cultured in RPMI1640 (Invitrogen) supplemented with

10% FBS. PC3HO-1 and PC3pcDNA3 cells were obtained
previously described [15]. Antibodies: anti-HO-1 was from

Stressgen Biotechnologies Corp. (San Diego, CA, USA),

anti-MMP9 (Santa Cruz Biotechnology, USA), anti-bactin
from Sigma (UK), anti-mouse secondary antibody from

Amersham Ltd (UK), anti-VEGFR2 (Cell Signaling,

Technology, Beverly, MA, USA) and anti-mouse CD34
(eBioscience, San Diego, CA, USA).

Plasmids

VEGF luciferase reporter plasmid was kindly provided by

Dr. Omar Coso (Laboratory of Physiology and Molecular
Biology, School of Sciences, University of Buenos Aires,

Bs As, Argentina). The human pcDNA3HO-1 expressing

vector was kindly provided by Dr. M. Mayhofer (Clinical
Institute for Medical and Chemical Laboratory Diagnos-

tics, Vienna).

NF-jB luciferase (luc) plasmid, IjBss expression
vector carrying mutated Ser 32 and Ser 36 to prevent

phosphorylation and proteolysis of IjB, and p65 expres-

sion vector were kindly provided by Dr. Mónica Costas,
Laboratory of Molecular Biology and Apoptosis, Institute

of Medical Research Alfredo Lanari, Buenos Aires,

Argentina [52].

Fig. 7 Schematic representation of the anti-angiogenic effect of HO-
1 in PCa. HO-1 overexpression impairs angiogenesis by downmod-
ulating pro-angiogenic factors expression, inhibiting NF-jB activa-
tion and reducing ROS generation. In turn NF-jB inactivation and
lower ROS levels also contribute to decrease angiogenesis in PC3
cells
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Luciferase assay

PC3bGal and PC3HO-1 cells were transfected using
Lipofectamine 2000 (Invitrogen) with the human wild-

type promoter region of VEGF A or NF-jB luciferase

vector. After transfection, cells were incubated in
Reporter Lysis Buffer (Promega, Madison, WI, USA) and

luciferase activity was determined by the Luciferase

Assay system (Promega, Madison, WI, USA) in a HIDEX
luminometer. Each transfection was done in triplicate and

each experiment was repeated at least three times. Data

were normalized to total protein determined by the
Bradford assay.

RNA isolation and RT-qPCR (reverse transcription
quantitative PCR)

Total RNA was isolated with the RNeasy Mini Kit (Qia-
gen). cDNAs were synthesized with Omniscript Reverse

Transcriptase (Qiagen) and amplified by real-time PCR

amplification with Taq HotStart master mix kit (Qiagen).
Primers were designed to amplify a 100 bp region present

in the fully mature RNA species of HO-1 (50-GAGTGT

AAGGACCCATCGGA-30 and 50-GCCAGCAACAAAGT
GCAAG-30); MMP9 (50-AGACCTGGGCAGATTCCAA

ACC-30 and 50-GCAAAGGCGTCGTCA ATCACC-30);

VEGFA (50-GCCTTGCCTTGCTGCTCTACC-30 and 50-G
TGATGATTCTGCCCTCCTCCTTC-30); VEGF C (50-AG

GCTGGCAACATAAC AGAGAAC-30 and 50-GCGACTC

CAAACTCCTTCCC-30); ACTB (50CGGTTGGCC TTA
GGGTTCAGGGGGG-30 and 50-GTGGGCCGCTCTAGG

CACCA-30); HIF1a: (50-AGCCCTAACGTGTTATCTGT

CGCT-30; 50-GCTGCATGATCGTCTGGCTGCT-30; IRGA
a5 50-CTGGCACCCCAAGGACAGAGGT-30 and 50-TC

GGGGGCTTCAACTTAGACGCG-30; IKK 50-CCCACA

GCTATGACACCGGAAG-30 and 50-TCCCCAGAGGA-
GACTCTTCGCC-30 and IjB 50-TCCCCTCGTCTTCGGC

TACGTC-30 and 50-TCAGTGCCGGCCGAGAAGCCT

AG-30; VEGFR2 50-GCAGAGCCATGTGGTCTCTCTG
G-30 and 50-TGGCGCACTCTTCCTCCAACTGC-30. Each

PCR was performed in duplicate and three biological inde-

pendent experiments were performed.

Intracellular ROS detection and cell by cell

quantification of DCFHDA

PC3bGal and PC3HO-1 cells were seeded in 12-well plate

at density of 1 9 105 cells per well on a coverslip over-
night. Cells were treated with 200 lM H2O2 for 1.5 h,

washed twice with PBS and then stained with 10 lM 20,70-
Dichlorofluorescein diacetate (CM2-DCFHDA; Invitrogen-

Molecular ProbesTM) for 1 h at 37#C. Cells were then

washed with PBS thrice and fixed with methanol.

Imaging was performed with a wide field microscope

Olympus IX71 using a water immersion objective UApo
40 9 1.15 NA and a Hamamatsu Orca CCD camera

(C4742-95, Japan). Samples were imaged in PBS. Filters

were as follow: excitation filter, band pass (BP):
447/40 nm; dicroic mirror, 495 nm; emission filter, band

pass: 520/50 nm. The same acquisition parameters were

used during all the imaging process (light potency and
exposure time). Quantification was performed by creation

of a routine with DIPimage for Matlab (TU Delft, The
Netherlands, http://www.ph.tn.tudelft.nl/DIPlib/index.html

) as described: Green channel background (median) was

subtracted and a median filter (size: 7 pixels, shape:
elliptic) was applied. Segmentation was performed for each

cell using the transmission image and we generated the

region denominated cell. For the estimation of the
DCFHDA levels values in cell were summed for green

channel, and also sizes were measured. We considered

cells with similar sizes for the statistical analysis. Images
for qualitative presentation were prepared using Image J

(http://www.rsb.info.nih.gov, NIH, USA). Background of

green channel (mean of empty region) was subtracted and a
median filter was applied (radius: 1 pixel).

In vivo angiogenesis assay

Six- to eight-week-old male athymic nude (nu/nu) mice,

each weighing at least 20 g, were utilized in accordance
with ‘‘Guidelines for the Welfare of Animals in Experi-

mental Neoplasia’’ (United Kingdom Coordinating Com-

mittee on Cancer Research) and the local ethical review
committee. Mice were randomized into two groups:

PC3HO-1 and PC3bGal. In vivo angiogenesis assay was

carried out as previously described [23]. Briefly, 2 9 105

PC3bGal or PC3HO-1 cells together with a drop of Trypan

Blue were injected intradermally into the right flank of

mice. Vehicle (culture medium with a drop of Trypan
Blue) was injected in the contralateral flank. After 6 days,

mice were sacrificed; the skin was dissected out, the

inoculated sites were photographed under a magnifying
lens (Carl Zeiss, Stemi 2000-C), attached to a Canon digital

power shot A-640 camera (10 megapixels and optic zoom

49). The individual small and medium vessels adjacent to
the tumoral area and in the contraletral flank were counted

at 940 magnification. The MVD was calculated according

to the mean number of microvessels mm2.

Blood vessel quantification in human prostate cancer

xenografts

PC3HO-1 and PC3bGal harvested tumors were photo-

graphed, and blood vessel formation was quantified using
Image J. Tumor area was segmented in each image and
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RGB images were converted to grey scale. Grey mean

intensity was assessed. The difference between this
value and the background was considered and normalized

to tumor volume. The results were expressed as the

mean ± SEM. The P values were estimated using Stu-
dent’s T test (two tails).

Human prostate cancer xenograft model

Long term mice xenografts using PC3HO-1 and PC3bGal
cell lines were generated as previously described [15].

Histological and immunohistochemical analysis

All tumors were processed and fixed using a routinely

established protocol and stained as previously described
[13]. Briefly, the skin and underlying tumors were fixed in

buffered formalin and embedded in paraffin. Microscopic

staggered cuts were stained with H&E; Masson’s tri-
chrome technique was also performed to highlight vas-

cular structures. IHC technique was performed starting

with the inhibition of the endogenous peroxide activity
using hydrogen peroxide in methanol for 30 min (3%).

Antigen retrieval was done by microwaving (4 cycles of

5 min each in 0.1 M citrate buffer, 750 W). Tissue slides
were incubated overnight with the following primary

antibodies: monoclonal mouse anti-MMP9 (1:400) from

Santa Cruz Biotechnology, rabbit monoclonal anti-VEG-
FR 2 (Cell Signaling, Technology, Beverly, MA, USA)

(1:200); monoclonal anti-mouse CD34 (eBioscience, San

Diego, CA, USA) (1:100). Detections were performed
with the Vectostain Elite ABC immunoperoxidase system

(Vector Laboratories, Burlingame, CA, USA) in accor-

dance with the manufacturer’s instructions. The peroxi-
dase reaction was conducted, under microscope, using

3,30-diaminobenzidine. Slides were counterstained with

Mayer’s hematoxylin and analyzed by standard light
microscopy. Negative control slides were prepared by

substituting primary antiserum with PBS. For semiquan-

titative analysis, the degree of staining was rated as high,
moderate, low, or not detectable (3?, 2?, 1?, and 0,

respectively); the staining was also observed for locali-

zation. For quantitative analysis cell area was segmented
in each image (five sections from each group of tumors

were examined). Mean intensity was assessed. The dif-

ference between this value and the background was
considered. The results were expressed as the mean ±

SEM. The P values were estimated using Student’s t-Test

(two tails). Three independent experiments were per-
formed with five tumors in the PC3HO-1 group and five

tumors in the PC3bGal group for early-stage (6 days) and

long-term (23-days) xenografts.

Statistical analysis

All results are given as mean ± SD of ‘n’ separate inde-
pendent experiments unless stated otherwise. Student’s

t-Test was used to ascertain statistical significance with a

threshold of P \ 0.05 and P \ 0.01. Comparisons for in
vivo experiments were made with one-way ANOVA fol-

lowed by Dunnett’s test, with P \ 0.05 as the criterion for

statistical significance. Fisher’s test was used for the
angiogenesis in vivo assay, statistical significance

P \ 0.05.
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