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Antiandrogen therapy is an important modality in the treatment of prostate cancer.
Recent research into the role of angiogenesis in tumour growth and metastasis has
uncovered links between antiandrogen therapy, radiation therapy and
angiogenesis, which have exciting implications for the treatment of prostate
cancer. Angiogenic cytokines such as vascular endothelial growth factor (VEGF)
have been identified in prostate cancer cells and tumours, and androgens appear to
stimulate VEGF. This article assesses the antiangiogenic effects of hormonal
therapy and assesses the role that angiogenesis may play in the observed
cooperation between hormonal and radiation therapies for prostate cancer.
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Introduction

Prostate cancer is the most common malignancy affecting
men in the United States, and is the second leading cause
of cancer death, with approximately 20% of diagnosed
men expected to die of the disease.1,2 Prostate cancer is
frequently hormone dependent, and therefore antiandro-
gen therapy has been an important aspect of treatment
for patients with prostate cancer. While initial manage-
ment of prostate cancer with antiandrogen therapy has
been primarily limited to patients with metastatic
disease, androgen ablation therapy has been used
increasingly over the past decade as neoadjuvant therapy
in conjunction with surgery, radiation therapy and
prostate brachytherapy.

Multiple studies have examined the role of angiogen-
esis in tumour growth and metastasis and have recently

discovered links between antiandrogen therapy, radia-
tion therapy and angiogenesis, which have exciting
implications for the treatment of prostate cancer. The
aim of this article is to examine the effects of hormonal
therapy on angiogenesis and focus on this process as a
mechanism that may account, at least partially, for the
additive effect seen when hormonal and radiation
therapies are used in combination.

Methods

Data for this review were identified by searches of
MEDLINE, Current Contents, PubMed and references
from relevant articles using the search terms ‘hormonal
therapy’, ‘radiation therapy’, ‘antiangiogenesis’, ‘VEGF’
and ‘prostate cancer’. Only papers published in English
between 1980 and 2004 were included.

Current treatment modalities in prostate cancer

Currently, the appropriate treatment of adenocarcinoma
confined to the prostate at the time of diagnosis (stages
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T1–T2) includes either radical prostatectomy or external-
beam radiation therapy (EBRT)/intensity-modulated
radiation therapy (IMRT), with prostate brachytherapy
used as monotherapy for selected patients (Gleason score
o7, prostate-specific antigen level o10 ng/ml) or in
combination with EBRT/IMRT for intermediate-risk
patients. EBRT also plays a major role in the treatment
of locally advanced (T3–T4) prostate cancer.3 Androgen
deprivation therapy is being used with increasing
frequency as primary monotherapy in appropriately
selected patients with localised disease.4 The efficacy of
adjuvant hormonal therapy with radiation therapy has
been demonstrated in several studies.5

Angiogenesis

It is known that multiple angiogenic cytokines, including
basic fibroblastic growth factor (bFGF), transforming
growth factor-alpha, transforming growth factor-beta,
tumour necrosis factor-alpha and vascular endothelial
growth factor (VEGF), are expressed in normal prostate
cells.6 Among these, perhaps the most significant is
VEGF, the most potent and specific growth factor for
endothelial cells.7,8 Angiogenic factors such as VEGF and
bFGF are expressed in many human prostate cancer cell
lines9,10 and VEGF expression is induced in many cancer
cells as a result of multiple genetic alterations, including
P53 and PTEN loss of function, RAS and SRC gain of
function and Bcl-2 gain of function.11 In addition,
androgens can stimulate autocrine tyrosine kinase
signalling pathways involving epidermal growth factor
receptors (eg HER2 neu), which may lead indirectly to
VEGF upregulation.12 VEGF expression may also be
upregulated by Cox-generated PGE2.13 Moreover, human
tumours can induce stromal cells to produce significant
amounts of VEGF.14 In growing tumours, the distance
from the supporting capillaries increases as cells multi-
ply and tumour mass increases. When cells in the
tumour mass grow too far from their blood supply,
diffusion becomes insufficient for nutrient requirements
and cells begin to die. This results in an equilibrium
between the production of new cells in close proximity to
the capillaries and the death of existing cells more than
1–2 mm from a blood supply.15 This equilibrium can
apply to a stable carcinoma, which may exist for months
or even years before changes leading to more invasive
growth occur. One of the switches from a stable
carcinoma to a more invasive phenotype occurs when a
population of tumour cells develops the necessary
cytokine-signalling mechanisms to induce neovascular-
isation, and the hypoxic or hypoglycaemic environment
frequently experienced by tumours can result in upre-
gulation of VEGF.16 Newly formed tumour blood vessels
differ substantially from normal capillaries in several
ways that make them accessible targets for antiangio-
genic therapy.17–20 Some tumour vessels have a defective
cellular lining composed of disorganised, loosely con-
nected, branched, overlapping or sprouting endothelial
cells.21 Tumour-induced neovasculature exhibits in-
creased expression of receptors for angiogenic factors,
and angiogenic endothelial cells proliferate up to 50
times more than normal endothelial cells.17,22

Increases in VEGF, as well as in other angiogenic
factors, have been shown to correlate with a worse

prognosis in multiple solid tumours and direct
measurement of angiogenesis via microvessel density
(MVD) assays has also correlated negatively with
prognosis in multiple cancers, including prostate.23–27

VEGF expression and intratumoural MVD both corre-
late with decreased survival in men with prostate
cancer, and MVD correlates with disease progression
after radical prostatectomy.26–28 There is evidence
that plasma levels of VEGF are increased in patients
with metastatic prostate cancer29,30 and that anti-VEGF
antibodies can prevent the growth of in vivo pros-
tatic tumour models beyond the initial prevascular
growth phase.31,32

The effects of hormones and hypoxia on

angiogenesis

Data addressing the stimulatory effect of androgens on
angiogenesis suggest a possible role for androgens
themselves as angiogenic survival factors in prostate
cancer. In the prostate, testosterone stimulates angiogen-
esis in the ventral prostate and vascular regrowth in
castrated adult rats,33 with 1–2% of the endothelial cells
in the intact ventral prostate proliferating, a process in
which VEGF is likely implicated; castration downregu-
lates VEGF in normal tissues as well as in malignant
prostatic tissue, an effect that is reversed by testoste-
rone.10,34,35 In both tumour xenografts and primary
human tumours, the neovasculature contains a sizeable
fraction of immature blood vessels, characterised by a
lack of formed periendothelial cells, which undergo
selective apoptosis in the absence of VEGF.36 In
hormone-responsive prostate cancer, VEGF expression
is regulated by androgens: androgen deprivation leads to
decreased VEGF mRNA and protein expression in
LnCaP cells, and castration of mice bearing LnCaP
tumours results in a rapid decrease in mRNA expression
and markedly reduced tumour neovascularisation.9,10 In
an androgen-dependent prostate cancer model (Shionogi
carcinomas in castrated, severe combined immunodefi-
cient (SCID) mice), androgen withdrawal has been shown
to stimulate apoptosis in conjunction with tumour
regression and decreased VEGF: on androgen with-
drawal, tumour cell apoptosis is preceded by apoptosis
of endothelial cells, resulting in tumour vessels adopting
more normal vascular characteristics (ie, reduced dia-
meter, tortuosity, vascular permeability and leukocyte
adhesion).37 In this system, 2 weeks after castration,
extensive angiogenesis and tumour growth occured,
followed by apoptotic effects with a concomitant increase
in VEGF expression, suggesting a mechanism for relapse
following hormone ablation.37 Most recently, it was shown
that anti-VEGF treatment inhibits testosterone-stimulated
prostate growth in castrated mice.38

Although angiogenic signalling molecules differ in
their regulation by androgens (eg, castration was found
to inhibit VEGF, but not bFGF, in the androgen-
responsive PC-82 and A-2 human prostatic cancers when
grown in SCID mice9), when taken together, these reports
suggest that androgen withdrawal leads to vascular
regression. This regression occurs by downregulation of
VEGF expression in normal and malignant cells, firstly
causing apoptosis of endothelial cells of immature
vessels and then by contributing to the formation of a
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more normal vascular phenotype in which vessels are
supported by periendothelial cells. Immunohistochem-
ical studies in untreated and androgen-ablated patients
with prostate cancer have shown that significant levels of
VEGF are present, and that VEGF expression is down-
regulated by hormonal manipulation.39

Hypoxic conditions create a microenvironment in
which tumour cells become less dependent on angiogen-
esis, but more resistant to apoptosis, more capable of
existing under hypoxic conditions and more malignant
because of the development of genomic instability and
mutant genotypes impacting on apoptosis/survival
signalling pathways.40 Hypoxia is present in localised
prostate cancer: by measuring the partial pressure of
oxygen using Eppendorf pO2 microelectrodes, regions of
prostate cancer have been shown to be hypoxic when
compared with areas of normal prostate or adjacent
muscle.41,42 Oxygen measurements from the pathologi-
cally involved portion of the prostate were significantly
lower than those from normal muscle. Similarly, higher
pO2 readings were obtained from pathologically normal
prostates (in patients with bladder cancer) compared
with the prostates of patients with prostate cancer.
Increasing levels of hypoxia were observed with increas-
ing clinical stage. Movsas et al41 reported significant
predictors of oxygenation including the type of tissue
(pathologically involved prostate vs normal muscle or
normal prostate), clinical stage and type of anaesthesia.
This group found clinical evidence that increasing levels
of hypoxia in prostate cancer are associated with
increased expression of VEGF. A blinded comparison of
pO2 levels and VEGF staining intensity in radical
prostatectomy specimens from 13 men demonstrated a
significant correlation between increasing hypoxia and
the percentage of cells staining positive for VEGF
(r¼�0.721, P¼ 0.005).42 This correlation was also sig-
nificant when pO2 levels were compared with the overall
immunoreactive score, which takes into account staining
intensity (r¼�0.642, P¼ 0.018). This was the first study
demonstrating a significant association between increas-
ing levels of hypoxia and increased expression of VEGF
in human prostate carcinoma.

Hypoxic tumour cells are characterised by the upregu-
lation of the hypoxia-inducible factor-1 alpha (HIF-1a),
which, together with the constitutively expressed HIF-1b,
forms the heterodimeric transcription factor HIF-1.43–45

The expression of HIF-1a is regulated by cellular oxygen
tension and diverse signal transduction pathways.46

Genes regulated by HIF-1 may be active in adapting
tumours to the highly hypoxic and acidic microenviron-
ments in which they are often found, and fall into
four broad categories: angiogenesis-related genes; cell
viability-related genes; tumour metabolism-related genes
and genes coding for degradative enzymes involved in
tumour invasion and metastasis.47 Hypoxia, via HIF-1a
signalling, is the most potent stimulus for induction
of VEGF. HIF-1a regulates both hypoxia- and growth
factor-induced VEGF expression in tumour cells, and
genetic manipulation in human tumour xenograft
models has established causal relationships between
the level of HIF-1 activity, tumour growth and angio-
genesis,48 although non-HIF-1a-mediated signalling
pathways may also be involved.49 It has recently been
shown that upregulation of HIF-1a is an early event in
prostate carcinogenesis, which suggests that it may serve

as a surrogate marker for detecting premalignant lesions
of the prostate.50

The effects of ionising radiation

Several lines of evidence support a role for antiangio-
genic effects in explaining the cooperation between
androgen suppression and ionising radiation in prostate
cancer treatment, and the rationale for combining
inhibitors of angiogenesis with ionising radiation has
recently been reviewed by Wachsberger et al.51 Zietman
et al52 demonstrated that androgen deprivation enhances
the ability of radiation to eradicate tumours in SCID
mice: when radiation was combined with orchiectomy,
tumours were significantly more likely to be controlled
than when radiation was used alone. Androgen depriva-
tion beginning 12 days prior to radiation produced a
significantly greater decline in the dose of radiation
needed to control tumours than androgen deprivation
beginning 1 day or 12 days after radiation. In Lewis lung
carcinomas (LLC) growing in syngeneic mice, the
efficacy of experimental radiation therapy was found to
be potentiated by brief exposure to angiostatin, and
ionising radiation-induced VEGF in LLC both in vivo and
in vitro.53,54 Ionising radiation-induced killing of human
umbilical vein endothelial cells (HUVEC) was poten-
tiated by anti-VEGF antibody and decreased by the
addition of VEGF, leading investigators to propose a
model whereby ionising radiation induction of VEGF
contributes to tumour radioresistance.54 Although ioniz-
ing radiation may induce VEGF in tumors, over a
protracted fraction schedule, the destruction of the
microvasculature results in an antiangiogenic effect.
Using cell culture systems, Abdollahi et al55 reported a
potent antiangiogenic effect for ionising radiation,
inhibiting endothelial cell survival, but showed that
VEGF and bFGF were able to reduce the radiosensitivity
of endothelial cells. However, in PC3 tumour cells,
radiation induced angiogenic factor production (that
was abrogated by the addition of antiangiogenic agents),
suggesting a radiation-inducible protective role for
tumour cells in support of their associated vasculature.
In a genetic investigation of the role of VEGF in the
tumour response to ionising radiation in RAS-trans-
formed murine fibrosarcoma cell lines, Gupta et al56

showed that VEGFþ/þ xenografts were more resistant
to the cytotoxic effects of ionising radiation than
VEGF�/� xenografts. Antitumour strategies targeting
VEGF and other endothelial cell survival mechanisms
may enhance the cytotoxic effects of radiation therapy.
Indeed, in combination with a small-molecule VEGF
receptor tyrosine kinase inhibitor, ionising radiation
abrogated VEGF-dependent proliferation in HUVEC in
a dose-dependent way. Also, combined treatment ex-
erted a substantial, more than additive tumour growth
delay and decrease in MVD for radiation-resistant P53-
dysfunctional tumour xenografts derived from SW480
colon adenocarcinoma cells, supporting a model of a
cooperative antitumoral effect between angiogenesis
inhibition and irradiation.57

These data suggest that cooperation between andro-
gen suppression and radiation in the treatment of
prostate cancer may be the result of anti-VEGF activity
by antiandrogen therapy, resulting in potentiation of
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ionising radiation-induced lethality. Studies that have
examined factors upstream of VEGF have suggested
additional benefits of VEGF-targeting by hormonal
therapy. One such factor, HIF-1, mediates a response to
hypoxia partly through the transcriptional activation of
several genes including VEGF.58–60 Increased expression
of HIF-1a in rat and human prostatic carcinoma cell lines
is associated with increased cell growth rates and
metastatic potential.61–63 In addition, HIF-1a is also
expressed in normoxic cancer cells, suggesting that
HIF-1a may be dysregulated in prostate cancer and thus
drive the transcription of hypoxia-adaptive genes such as
VEGF. Loss or inactivation of P53, PTEN or pVHL or
oncogenic activation can all lead to increased HIF-1
activity, providing cancer cells with survival and
proliferation advantages to promote the formation of
vascular tumours.64

Why, then, does antiangiogenic activity mediated by
hormone ablation enhance the effects of radiation? It is
known that hypoxic cells are radioresistant, requiring 2–
3 times more radiation to kill them,65 that hypoxic
regions exist in human prostate carcinoma and that
tumour hypoxia is an independent prognostic indicator
of poor outcome in prostate and other tumours.41,66,67

Radioresistance may therefore arise because of the
hypoxic tumour microenvironment.68 There is evidence
to suggest that, paradoxically, antiangiogenic therapy
may actually increase delivery of oxygen to the tumour
by reducing vascular permeability, which allows for
increased oxygen delivery by more normal vascula-
ture.69–73 Therefore, an additive effect between radiation
therapy and androgen ablation in prostate cancer may

arise by a mechanism whereby decreased VEGF expres-
sion, resulting from androgen ablation, leads to endothe-
lial cell death in immature tumour vessels, decreased
tumour hypoxia and radiosensitisation of tumour cells.
Such a model may account for the apparent additivity
between hormonal therapy and EBRT for the treatment
of prostate cancer.

Conclusions

Advances in angiogenesis research have identified
promising targets for therapeutic intervention in the
treatment of cancer, including prostate cancer. Angio-
genic cytokines such as VEGF have been identified in
prostatic cells and tumours, and androgens appear to
stimulate VEGF. The stimulatory impact of androgen on
VEGF is significant, and there is compelling evidence
that part of the antitumour effect of antiandrogen
therapy is mediated by its downregulatory effect on
VEGF. Both androgen suppression and anti-VEGF treat-
ment target pathological neovasculature, which may
result in increased oxygen delivery to hypoxic tumour
areas (Figure 1), accounting for the additive effect
observed between antiandrogens and radiation therapy.
Addition of a VEGF inhibitor (or an inhibitor of other
components of angiogenic signalling) to hormonal
therapy could result in decreased tumour hypoxia and
have the potential to further potentiate radiation therapy.
Cytostatic antiangiogenic therapies may augment the
cytotoxic impact of radiation therapy via complementary
cell-killing mechanisms. Future laboratory and clinical
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Figure 1 Possible mechanism for VEGF-mediated radioresistance in androgen-sensitive tumour cells. Androgen-exposed tumour cells upregulate VEGF
leading to an increase in immature, leaky, tumour vasculature. This increase in leaky vasculature allows for increased interstitial pressure leading to
increased hypoxia among tumour cells. Hypoxia decreases the sensitivity of this tumour cell population to cell killing by ionising radiation and
consequently may allow for tumour progression in some patients. Androgen ablation can downregulate VEGF in androgen-sensitive tumour cells.
Downregulation of VEGF, a critical survival factor for endothelial cells, initiates endothelial cell death and subsequent death of perivasculature tumour
cells. The death of immature vasculature cells results in a ‘pruning’ effect, which selects for mature, nonleaky vessels. This creates an environment with
decreased interstitial pressure and decreased tumour hypoxia. The resulting increase in oxygenation in the tumour population increases the sensitivity of the
cells to ionising radiation, ultimately resulting in potentiation of radiation therapy by anti-VEGF-mediated androgen ablation.
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testing will determine if combinations of these modalities
can provide new therapeutic options for possibly curable
prostate carcinoma, as well as for hormone-resistant
metastatic disease.

Acknowledgements

Supported in part by the Commonwealth of Pennsylva-
nia Tobacco Settlement Act (Burd and Dicker), 1 R01
CA106633-01 and P30 CA 56036-03 (NCI).

References

1 Crawford ED. Epidemiology of prostate cancer. Urology 2003; 62
(6 Suppl 1): 3–12.

2 Jemal A et al. Cancer statistics, 2003. CA Cancer J Clin 2003; 53:
5–26.

3 Sosa M, Sanguineti G. External beam radiotherapy as defini-
tive treatment for prostate cancer. Minerva Urol Nefrol 2003; 55:
263–275.

4 Cooperberg MR, Small EJ, D’Amico A, Carroll PR. The evolving
role of androgen deprivation therapy in the management of
prostate cancer. Minerva Urol Nefrol 2003; 55: 219–238.

5 Gottschalk AR, Roach M. The use of hormonal therapy with
radiotherapy for prostate cancer: analysis of prospective
randomised trials. Br J Cancer 2004; 90: 950–954.

6 Campbell CL, Savarese DM, Quesenberry PJ, Savarese TM.
Expression of multiple angiogenic cytokines in cultured normal
human prostate epithelial cells: predominance of vascular
endothelial growth factor. Int J Cancer 1999; 80: 868–874.

7 Klagsbrun M, Soker S. VEGF/VPF: the angiogenesis factor
found? Curr Biol 1993; 3: 699–702.

8 Claffey KP, Robinson GS. Regulation of VEGF/VPF expression
in tumor cells: consequences for tumor growth and metastasis.
Cancer Metastasis Rev 1996; 15: 165–176.

9 Joseph IB, Isaacs JT. Potentiation of the antiangiogenic ability of
linomide by androgen ablation involves down-regulation of
vascular endothelial growth factor in human androgen-respon-
sive prostatic cancers. Cancer Res 1997; 57: 1054–1057.

10 Stewart RJ, Panigrahy D, Flynn E, Folkman J. Vascular
endothelial growth factor expression and tumor angiogenesis
are regulated by androgens in hormone responsive human
prostate carcinoma: evidence for androgen dependent destabi-
lization of vascular endothelial growth factor transcripts. J Urol
2001; 165: 688–693.

11 Fernandez A et al. Angiogenic potential of prostate carcinoma
cells overexpressing bcl-2. J Natl Cancer Inst 2001; 93: 208–213.

12 Mabjeesh NJ et al. Androgens stimulate hypoxia-inducible factor
1 activation via autocrine loop of tyrosine kinase receptor/
phosphatidylinositol 3’-kinase/protein kinase B in prostate
cancer cells. Clin Cancer Res 2003; 9: 2416–2425.

13 Fukuda R, Kelly B, Semenza GL. Vascular endothelial growth
factor gene expression in colon cancer cells exposed to
prostaglandin E2 is mediated by hypoxia-inducible factor 1.
Cancer Res 2003; 63: 2330–2334.

14 Fukumura D et al. Tumor induction of VEGF promoter activity
in stromal cells. Cell 1998; 94: 715–725.

15 Folkman J. What is the evidence that tumors are angiogenesis
dependent? J Natl Cancer Inst 1990; 82: 4–6.

16 Folkman J. Seminars in medicine of the Beth Israel Hospital,
Boston. Clinical application of research on angiogenesis. N Engl J
Med 1995; 333: 1757–1763.

17 Harris AL. Antiangiogenesis for cancer therapy. Lancet 1997; 349
(Suppl 2): SII13–SII15.

18 Thorpe PE. Vascular targeting agents as cancer therapeutics. Clin
Cancer Res 2004; 10: 415–427.

19 Albo D, Wang TN, Tuszynski GP. Antiangiogenic therapy. Curr
Pharm Des 2004; 10: 27–37.

20 Tortora G, Melisi D, Ciardiello F. Angiogenesis: a target for
cancer therapy. Curr Pharm Des 2004; 10: 11–26.

21 Hashizume H et al. Openings between defective endothelial cells
explain tumor vessel leakiness. Am J Pathol 2000; 156: 1363–1380.

22 Fox SB et al. Relationship of endothelial cell proliferation to
tumor vascularity in human breast cancer. Cancer Res 1993; 53:
4161–4163.

23 Lissbrandt IF, Stattin P, Damber JE, Bergh A. Vascular density is
a predictor of cancer-specific survival in prostatic carcinoma.
Prostate 1997; 33: 38–45.

24 Weidner N, Sample JP, Welch WR, Folkman J. Tumor angiogen-
esis and metastasis—correlation in invasive breast carcinoma. N
Engl J Med 1991; 324: 1–8.

25 Gettman MT et al. Prediction of patient outcome in pathologic
stage T2 adenocarcinoma of the prostate: lack of significance for
microvessel density analysis. Urology 1998; 51: 79–85.

26 Halvorsen OJ, Haukaas S, Hoisaeter PA, Akslen LA. Indepen-
dent prognostic importance of microvessel density in clinically
localized prostate cancer. Anticancer Res 2000; 20: 3791–3799.

27 Bono AV et al. Microvessel density in prostate carcinoma. Prostate
Cancer Prostatic Dis 2002; 5: 123–127.

28 Silberman MA, Partin AW, Veltri RW, Epstein JI. Tumor
angiogenesis correlates with progression after radical prosta-
tectomy but not with pathologic stage in Gleason sum 5 to 7
adenocarcinoma of the prostate. Cancer 1997; 79: 772–779.

29 Duque JLF et al. Plasma levels of vascular endothelial growth
factor are increased in patients with metastatic prostate cancer.
Urology 1999; 54: 523–527.

30 Kohli M, Kaushal V, Spencer HJ, Mehta P. Prospective study of
circulating angiogenic markers in prostate-specific antigen
(PSA)-stable and PSA-progressive hormone-sensitive advanced
prostate cancer. Urology 2003; 61: 765–769.

31 Borgstrom P et al. Neutralizing anti-vascular endothelial growth
factor antibody completely inhibits angiogenesis and growth of
human prostate carcinoma micro tumors in vivo. Prostate 1998;
35: 1–10.

32 Fox WD et al. Antibody to vascular endothelial growth factor
slows growth of an androgen-independent xenograft model of
prostate cancer. Clin Cancer Res 2002; 8: 3226–3231.

33 Franck-Lissbrant I et al. Testosterone stimulates angiogenesis
and vascular regrowth in the ventral prostate in castrated adult
rats. Endocrinology 1998; 139: 451–456.

34 Joseph IB, Nelson JB, Denmeade SR, Isaacs JT. Androgens
regulate vascular endothelial growth factor content in
normal and malignant prostatic tissue. Clin Cancer Res 1997; 3:
2507–2511.

35 Haggstrom S, Lissbrant IF, Bergh A, Damber JE. Testo-
sterone induces vascular endothelial growth factor synthesis in
the ventral prostate in castrated rats. J Urol 1999; 161: 1620–1625.

36 Benjamin LE et al. Selective ablation of immature blood vessels
in established human tumors follows vascular endothelial
growth factor withdrawal. J Clin Invest 1999; 103: 159–165.

37 Jain RK et al. Endothelial cell death, angiogenesis, and micro-
vascular function after castration in an androgen-dependent
tumor: role of vascular endothelial growth factor. Proc Natl Acad
Sci USA 1998; 95: 10820–10825.

38 Lissbrant IF et al. Neutralizing VEGF bioactivity with a soluble
chimeric VEGF-receptor protein flt(1-3)IgG inhibits testosterone-
stimulated prostate growth in castrated mice. Prostate 2004; 58:
57–65.

39 Mazzucchelli R et al. Vascular endothelial growth factor
expression and capillary architecture in high-grade PIN and
prostate cancer in untreated and androgen-ablated patients.
Prostate 2000; 45: 72–79.

40 Rak J, Yu JL, Kerbel RS, Coomber BL. What do oncogenic
mutations have to do with angiogenesis/vascular dependence of
tumors? Cancer Res 2002; 62: 1931–1934.

41 Movsas B et al. Hypoxic regions exist in human prostate
carcinoma. Urology 1999; 53: 11–18.

Antiangiogenesis and radiation therapy
WA Woodward et al

131

Prostate Cancer and Prostatic Diseases



42 Cvetkovic D et al. Increased hypoxia correlates with increased
expression of the angiogenesis marker vascular endothelial
growth factor in human prostate cancer. Urology 2001; 57:
821–825.

43 Kung AL et al. Suppression of tumor growth through disruption
of hypoxia-inducible transcription. Nat Med 2000; 6: 1335–1340.

44 Shweiki D, Itin A, Soffer D, Keshet E. Vascular endothelial
growth factor induced by hypoxia may mediate hypoxia-
initiated angiogenesis. Nature 1992; 359: 843–845.

45 Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-inducible
factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated by
cellular O2 tension. Proc Natl Acad Sci USA 1995; 92: 5510–5514.

46 Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer
2003; 3: 721–732.

47 Krishnamachary B et al. Regulation of colon carcinoma cell
invasion by hypoxia-inducible factor 1. Cancer Res 2003; 63:
1138–1143.

48 Fukuda R et al. Insulin-like growth factor 1 induces hypoxia-
inducible factor 1-mediated vascular endothelial growth factor
expression, which is dependent on MAP kinase and phospha-
tidylinositol 3-kinase signaling in colon cancer cells. J Biol Chem
2002; 277: 38205–38211.

49 Maity A et al. Epidermal growth factor receptor transcriptionally
up-regulates vascular endothelial growth factor expression in
human glioblastoma cells via a pathway involving phosphati-
dylinositol 30-kinase and distinct from that induced by hypoxia.
Cancer Res 2000; 60: 5879–5886.

50 Zhong H, Semenza GL, Simons JW, De Marzo AM. Up-
regulation of hypoxia-inducible factor 1alpha is an early event
in prostate carcinogenesis. Cancer Detect Prev 2004; 28: 88–93.

51 Wachsberger P, Burd R, Dicker AP. Tumor response to ionizing
radiation combined with antiangiogenesis or vascular targeting
agents: exploring mechanisms of interaction. Clin Cancer Res
2003; 9: 1957–1971.

52 Zietman AL, Nakfoor BM, Prince EA, Gerweck LE. The effect of
androgen deprivation and radiation therapy on an androgen-
sensitive murine tumor: an in vitro and in vivo study. Cancer J
Sci Am 1997; 3: 31–36.

53 Gorski DH et al. Potentiation of the antitumor effect of ionizing
radiation by brief concomitant exposures to angiostatin. Cancer
Res 1998; 58: 5686–5689.

54 Gorski DH et al. Blockage of the vascular endothelial growth
factor stress response increases the antitumor effects of ionizing
radiation. Cancer Res 1999; 59: 3374–3378.

55 Abdollahi A et al. SU5416 and SU6668 attenuate the angiogenic
effects of radiation-induced tumour cell growth factor produc-
tion and amplify the direct anti-endothelial action of radiation in
vitro. Cancer Res 2003; 63: 3755–3763.

56 Gupta VK et al. Vascular endothelial growth factor enhances
endothelial cell survival and tumor radioresistance. Cancer
J 2002; 8: 47–54.

57 Hess C et al. Effect of VEGF receptor inhibitor PTK787/
ZK222584 [correction of ZK222548] combined with ionizing

radiation on endothelial cells and tumour growth. Br J Cancer
2001; 85: 2010–2016.

58 Levy AP, Levy NS, Wegner S, Goldberg MA. Transcriptional
regulation of the rat vascular endothelial growth factor gene by
hypoxia. J Biol Chem 1995; 270: 13333–13340.

59 Liu Y, Cox SR, Morita T, Kourembanas S. Hypoxia regulates
vascular endothelial growth factor gene expression in endo-
thelial cells. Identification of a 50 enhancer. Circ Res 1995; 77:
638–643.

60 Forsythe JA et al. Activation of vascular endothelial growth
factor gene transcription by hypoxia-inducible factor 1. Mol Cell
Biol 1996; 16: 4604–4613.

61 Zhong H et al. Increased expression of hypoxia inducible factor-
1alpha in rat and human prostate cancer. Cancer Res 1998; 58:
5280–5284.

62 Gao N et al. Vanadate-induced expression of hypoxia-inducible
factor 1 alpha and vascular endothelial growth factor through
phosphatidylinositol 3-kinase/Akt pathway and reactive oxy-
gen species. J Biol Chem 2002; 277: 31963–39171.

63 Gao N et al. p38 Signaling-mediated hypoxia-inducible factor
1alpha and vascular endothelial growth factor induction by
Cr(VI) in DU145 human prostate carcinoma cells. J Biol Chem
2002; 277: 45041–45048.

64 Bardos JI, Ashcroft M. Hypoxia-inducible factor-1 and oncogenic
signalling. Bioessays 2004; 26: 262–269.

65 Coleman CN. Hypoxia in tumors: a paradigm for the approach
to biochemical and physiological heterogeneity. J Nat Cancer Inst
1988; 80: 310–317.

66 Movsas B et al. Increasing levels of hypoxia in prostate
carcinoma correlate significantly with increasing clinical stage
and patient age: an Eppendorf pO(2) study. Cancer 2000; 89:
2018–2024.

67 Wouters BG et al. Hypoxia as a target for combined modality
treatments. Eur J Cancer 2002; 38: 240–257.

68 Vaupel P, Kallinowski F, Okunieff P. Blood flow, oxygen and
nutrient supply, and metabolic microenvironment of human
tumors: a review. Cancer Res 1989; 49: 6449–6645.

69 Yuan F et al. Time-dependent vascular regression and perme-
ability changes in established human tumor xenografts
induced by an anti-vascular endothelial growth factor/vascular
permeability factor antibody. Proc Natl Acad Sci USA 1996; 93:
14765–14770.

70 Benjamin LE, Hemo I, Keshet E. A plasticity window for blood
vessel remodelling is defined by pericyte coverage of the
preformed endothelial network and is regulated by PDGF-B
and VEGF. Development 1998; 125: 1591–1598.

71 Boucher Y, Leunig M, Jain RK. Tumor angiogenesis and
interstitial hypertension. Cancer Res 1996; 56: 4264–4266.

72 Lichtenbeld HC, Ferarra N, Jain RK, Munn LL. Effect of local
anti-VEGF antibody treatment on tumor microvessel perme-
ability. Microvasc Res 1999; 57: 357–362.

73 Jain RK. Tumor angiogenesis and accessibility: role of vascular
endothelial growth factor. Semin Oncol 2002; 29 (Suppl 16): 3–9.

Antiangiogenesis and radiation therapy
WA Woodward et al

132

Prostate Cancer and Prostatic Diseases


