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Review

Targeting Hypoxia and Angiogenesis through HIF-1α Inhibition

ABSTRACT
Hypoxia is an important phenomenon in the tumor microenvironment. Hypoxic tumors

are more aggressive and resistant to anti-neoplastic treatments. HIF-1α plays a major role
in the response of tumors to hypoxia, and it is mainly responsible for the “angiogenic
switch”. HIF-1α contributes to tumor aggressiveness, invasiveness and resistance to radio-
therapy and chemotherapy. Targeting HIF-1α is an attractive strategy, with the potential
for disrupting multiple pathways crucial for tumor growth. We review recent findings on
the potential efficacy of small molecules to downregulate HIF-1α. These promising drugs
inhibit HIF-1α synthesis or transcriptional activity by blocking a variety of steps in several
different signaling pathways. Blocking HIF-1α activity should not only downregulate tumor
angiogenesis, but also interfere with glycolytic metabolism and tumor cell growth. This
strategy could also improve the efficiency of established tumor therapies.

ABBREVIATIONS
17-AAG, 17-allylamino, 17-demethoxygeldanamycin; 17-DAMG, 17-dimethylaminoethy-

lamino, 17-demethoxygeldanamycin; 2ME2, 2-methoxyestradiol; ARNT, aryl hydrocarbon
receptor nuclear translocator; ATP, adenosine triphosphate; CA9, carbonic anhydrase;
DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; EGFR, epidermal
growth factor receptor; EPO, erythropoietin; FTI, farnesyl transferase inhibitors; GA,
geldanamycin; GC, guanil cyclase; GLUT-1, glucose transporter 1; HIF-1, hypoxia
inducible factor-1; HRE, hypoxia response elements; Hsp90, heat shock protein 90; IL-1,
interleukin 1; ILGF, insulin-like growth factor; iNOS, inducible nitric oxide synthase;
MAPK, mitogen-activated protein kinase; mTOR, Mammalian target of rapamycin; NCI,
National Cancer institute; NF-κB, nuclear factor kappa-beta; NO, nitric oxide; PDGF, B
platelet-derived growth factor; PET, positron emission tomography; PI3K, phosphatidyli-
nositol 3-kinase; PTEN, phosphatase and tensin homolog deleted on chromosome 10;
pVHL, Von Hippel-Lindau tumor suppressor protein; TK, tyrosine kinase; Topo-1, topoiso-
merase I; TPT, topotecan; Trx-1, thioredoxin-1; VEGF, vascular endothelial growth factor

INTRODUCTION
HIF-1α as key regulator of response to hypoxia. Hypoxia plays a critical role in tumor

development and aggressiveness, and is an important prognostic factor for resistance to
antineoplasic treatments. Moreover, hypoxia is a key player in the “angiogenic switch”
during tumor development. Therefore, targeting the critical steps in tumor angiogenesis,
including hypoxia-induced pathways, has become an important area in basic, translational
and clinical cancer research.1

Hypoxia inducible factor-1 (HIF-1) is one of the main regulators of the molecular
mechanisms involved in the response to hypoxia. HIF-1 is a heterodimeric basic-helix-
loop-helix-PAS domain transcription factor composed of a stable and constitutively
expressed subunit (HIF-1β or ARNT) and an inducible subunit called HIF-1α, whose levels
are controlled by oxygen tension. HIF-1α is rapidly degraded under normoxic conditions,2

where it is hydroxylated at several proline residues, and acetylated at lysine 5328.3 This
post-translational modification serves as recognition motif for the subsequent ubiquitination
by the von Hippel-Lindau tumor suppressor protein (pVHL) thus targeting it for degradation
by the proteosome.4 Loss of pVHL or hypoxic conditions, inhibits prolyl-hydroxylation,
leading to accumulation of the HIF-1α protein in the cytoplasm. Translocation to the
nucleus results in a concomitant increase in transcriptional activity and expression of target
genes.
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The transcriptional activity of HIF-1 requires binding of the
HIF-1 heterodimer complex to hypoxia response elements (HRE)
located in the promoters of various target genes, of which there are
more than sixty. However, the presence of a HIF-1-binding site is
necessary, but not sufficient to activate gene expression: HIF-1α
interacts with coactivators such as CBP, p300, SRC-1 and TIF25 and
this association is regulated by both oxygen concentration and redox
state. For this reason it has been assumed that HIF-1 must interact
with other transcription factors to be fully active. Some examples of
the adaptive events regulated by HIF-1α are: the induction of angio-
genesis, through activation of the expression of vascular growth factors
(i.e.: VEGF and PDGF B); alterations in the glycolytic metabolism
towards anaerobic routes (GLUT-1); pH regulation (CA9); and
inhibition of apoptosis and cell cycle arrest.6 These events generate
a higher invasive capacity, increase tumor growth and so enhance
tumor hypoxia, in this manner creating a vicious circle.

HIF-1α synthesis and transactivation can also be activated by
nonhypoxia-mediated mechanisms present in many human tumors.
For instance, the activation and stabilization of HIF-1α can be
mediated through the phosphatidylinositol 3-kinase (PI3K)/Akt/
mTOR signaling pathway. It has also been shown that the mitogen-
activated protein kinase (MAPK) pathway enhances HIF-1α tran-
scriptional activity.

In summary, HIF-1α regulates the transcription of many genes
that confer a more aggressive phenotype, and HIF-1α activation is a
clear and definitive event in the tumor angiogenesis.7 Thus, the
downregulation of the activity of HIF-1α could have an immediate
effect on its target genes, causing a detrimental effect on tumor
growth and maintenance of the aggressive phenotype.

HIF-1α as prognostic factor. HIF-1α has been associated with
an unfavorable prognosis in patients with a wide range of tumors.
Immunohistochemical analyses using monoclonal antibodies
revealed that HIF-1α is overexpressed in many human cancers.8 For
instance, in oligodendroma, breast, ovary, cervix, lung, colon and
head and neck cancer an apparent correlation between HIF-1α over-
expression and a poor outcome has been described.9-20

HIF-1α expression confers resistance to radiation therapy and to
chemotherapy.21 In clinical studies, it had a negative impact on
response to radiotherapy and chemotherapy in patients with head
and neck cancer.14,18 Furthermore, links between radiation exposure
and HIF-1 signaling activation have been demonstrated.22 There are
several ways through which HIF-1α contributes to create a resistant
phenotype, mainly by the direct effects of severe hypoxia. The
expression of HIF-1α regulated proteins Ca9 and VEGF has been
associated with worse prognosis in a variety of tumors.23,24 HIF-1α
dysregulation can activate the expression of genes like MDR1 or
topoisomerase II. These phenomena confer increased target gene
expression as well as increased resistance to chemotherapy.25,26

Additionally, HIF-1α activation is shown to be a crucial step in the
radiotherapy-induced radioprotection of tumor vasculature, an
important mechanism of radioresistance.27 Thus, inhibition of
HIF-1α synthesis or activity can contribute to blocking tumor
angiogenesis, glycolysis and tumor cell growth. Furthermore, this
strategy could also improve the efficiency of classical tumor therapies.
For these reasons, HIF-1α has much potential as a new target for
cancer treatment.

INHIBITING HIF-1α
A potential clinically applicable strategy for targeting HIF-1α is

based on the use of small molecules acting on key steps of the path-
ways that regulate HIF-1α synthesis and activity. In the next pages,
we review the current status of research in terms of HIF-1α inhibition
with small molecules. For a more rational overview, we will follow
the different pathways regulating HIF-1α (Fig. 1), and will focus on
the molecules or pathways that have been demonstrated as inhibitors
of HIF-1α synthesis or activity. Many of the reviewed compounds
are not exclusive inhibitors of HIF-1α, but are also involved in the
blockage of related pathways. This is a potential caveat to take into
account, especially in evaluating the specific causal relationship
between HIF-1α inhibition and anti-tumor effect. The most impor-
tant HIF-1α regulatory systems reviewed are: PI3K/Akt/mTOR,
MAPK, the Hsp90 system, the enzymatic complexes Topo-1 isomerase
and redox protein thioredoxin-1. HIF-1α is also affected by small
molecules that disrupt the microtubule polymerization and miscella-
neous compounds with less known mechanisms of action (Table 1).

PI3K/Akt and HIF-1α. In response to cell stimulation by growth
factors and hormones, the phosphorylation of PI3K activates the
PI3K/Akt pathway, leading to cell cycle entry, cell division, migration
and survival.28 One of the major downstream targets of PI3K is Akt,
which regulates the transmission of angiogenic and oncogenic signals.
PI3K/Akt regulates the phosphorylation and activation of several
protein families like Forkhead BAD, GSK3 and mTOR. Multiple
mechanisms for the activation of the PI3K-Akt pathway have been
identified in a range of cancers. PTEN is a phosphatase that limits
activity of PI3K pathway. Loss of PTEN function also leads to
PI3K/Akt signaling activation. The PI3K/Akt pathway has been
recently (reviewed in refs. 29–31).

There are abundant data showing the relationship between Akt
and HIF-1α activity. Growth factors like EGF, HER2,32 androgens,33

ILGF34 or IL-1,35 increase the HIF-1α synthesis under normoxic
conditions through the PI3K/Akt activation. Under hypoxic and
normoxic conditions, Akt activation leads to a decrease in the
HIF-1α protein degradation.36 Additionally, the loss of PTEN func-
tion facilitates the activity of HIF-1α.37 The PI3K pathway appears
to be cell-type specific, and this may be why some studies have
questioned its role in the hypoxic response.38,39

Several molecules are able to downregulate HIF-1α protein by
interfering with the PI3K/Akt pathway:

LY294002 is a chemical inhibitor of PI3K. This drug has reduced
HIF-1α protein levels in vitro with a consequent reduction of tran-
scription and expression of HIF-1α target genes.36,40,41 However,
LY294002 has a small therapeutic window and is not suitable for
clinical use.

9-β-D-arabinofuranosyl-2-fluoroadenine (FARA-A), is a nucleo-
side analog which induces DNA damage in S-phase cells. FARA-A
inhibits HIF-1α and VEGF expression in ovarian cancer cell lines by
inhibiting Akt activation,42 but it does not affect cell viability.

SU5416 (Semaxanib®) is a potent and selective inhibitor of the
VEGF receptor (Flk-1/KDR). This compound facilitates the anti-
angiogenic effect of radiotherapy.43,44 SU5416 has been tested in
clinical trials either in monotherapy or in combination with
chemotherapy. SU5416 produces a decrease in HIF-1α protein and
VEGF mRNA through PI3K/Akt pathway in cell lines of ovarian
carcinoma.45

Inhibiting HIF-1α Activity 
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mTOR Inhibitors: HIF-1α has also been shown to be regulated
by mammalian target of rapamycin (mTOR). mTOR promotes
increased translation of HIF-1α mRNA into protein32,41 and HIF-1α
stabilization.46 The regulation of HIF-1α by mTOR is Akt dependent,
but Akt-independent regulation has also been described.47 Moreover,
there are in vivo data showing that Akt-dependent induction of
HIF-1α is entirely mTOR dependent.48 Rapamycin is a specific
inhibitor of mTOR. Rapamycin inhibits both the stabilization and
the transcriptional activity of HIF-1α in hypoxic cancer cells36 and
this effect is directly related to the disruption of mTOR-dependent
signaling functions. TSC2 also inhibits mTOR, and HIF-1 upregu-
lation in TSC2-deficient cells occurs as the result of increased
mTOR activity. In TSC2-deficient cells, HIF-1α levels can be returned
to normal by treatment with rapamycin.49

The prostate of transgenic AKT1 mice (a model where Akt is
activated) treated with mTOR inhibitor RAD001 showed decreased
expression of HIF-1α mRNA and HIF-1α regulated genes like
GLUT-1.48

The current hypothesis is that in cancer patients PI3K/Akt and
mTOR inhibitors (Rapamycin, CCI-779, RAD001, AP23573,
AP23481 and ABT-578) could be effective inhibitors of hypoxic
adaptation in developing tumors, with relevance to tumor growth,
invasiveness, and metastatic potential. These effects could be especially
relevant in tumors with loss of PTEN function.

MAPK pathway and HIF-1α. The MAPK pathway plays a role in
facilitating the transactivation activity of HIF-1 which requires the
recruitment of p300/CBP. Some authors suggested that MAPK
increased the phosphorylation of HIF-1α, leading to increased

transcription of a variety of
proangiogenic genes, like
VEGF. However, it has
recently been shown that
MAPK activation affects the
transactivation of p300 and
the HIF-p300/CBP interac-
tion, and it is this mechanism,
rather than direct phosphory-
lation of HIF-1α that is
responsible for the effects of
the MAPK pathway on
HIF-1α.50

Farnesyl transferase
inhibitors (FTI) downregu-
late HIF-1α. Another prom-
ising approach is to inhibit
the upstream MAPK pathway
activators Ras and Rho by
blocking their farnesylation.
Several FTIs have been tested
in phase I-II clinical trials for
different types of cancer with
dissimilar outcomes. R115777
(tipifarnib, Zarnestra®) and
SCH66336 (lonafarnib,
Sarasar®) are the only two
FTIs evaluated in phase III
clinical trials in hematological
and solid tumors. R115777
enhanced the radiosensitivity
of a T24 tumor cell xenograft

model with activated H-Ras51 and part of this effect may be due to a
reduction of hypoxia in tumors expressing H-Ras mutation.52 In
human glioblastoma xenografts, FTI reduced cellular HIF-1α levels
and also produced changes in blood vessel morphology and density.53

Heat shock proteins (Hsp90). Among other heat shock proteins,
Hsp90 plays an important role in mediating the correct folding and
activation of its client proteins. Hsp90 also cooperates with the
proteasomal pathway to eliminate miss-folded cellular proteins.54

Client proteins bind to Hsp90 in an intermediate complex needed
to reach their mature conformation. Hsp90 targets are numerous
and many of them are strongly implicated in cancer development.
Some of the more important are steroid receptors, tyrosine kinases
(v-src, Bcr-Abl, Her2/neu, EGFR) and serine/threonine kinases (Raf-1,
Akt).55-58

Hsp90 inhibitors and HIF-1α. Hsp90 also plays a role in
HIF-1α protein folding, protects against the degradation of HIF-1α
protein by the proteasome, and stabilizes the interaction between
HIF-1α and ARNT,59 regulating HIF-1α transcriptional activity60

and influencing the angiogenic response to hypoxia.60,61

Hsp90-inhibitor drugs bind to the N-terminal ATP-binding
pocket of Hsp90 and inhibit ATP binding and hydrolysis, inhibiting
binding of the client proteins, which are instead ubiquitinated and
targeted to the proteasome for degradation.58

Geldanamycin (GA) is a natural ansamycin antibiotic. GA binds
to Hsp90 preventing the stabilization of Hsp90 client proteins leading
to their degradation by the proteasome.62-64 GA has been shown to
reduce HIF1α protein levels via its effects on Hsp90,60 and to inhibit
HIF-1α transcriptional activity, particularly decreasing transcription

Inhibiting HIF-1α Activity 

Figure 1. HIF-1α molecular pathway. Small molecules acting at different steps are able to downregulate HIF-1α synthesis
and activity.
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of VEGF, antagonizing hypoxia-induced angiogenesis.60,61 GA also
blocked HIF-1α induction and VEGF expression in human
glioblastoma cell lines.65 In this study, GA induced inhibition of cell
migration, and this phenomenon was PTEN- and Akt-independent
and associated with HIF-1α downregulation. The connection
between HIF-1α downregulation, decreased VEGF expression and
inhibition of cell migration inhibition seems promising for clinical
studies with Hsp90 inhibitors. However, GA is extensively metabo-
lized by the liver and is not suitable for clinical practice, because of
a small therapeutic window.

The GA derivative 17-allylamino, 17-demethoxygeldanamycin
(17-AAG) is currently undergoing phase II clinical trials. This small
molecule has an improved therapeutic index and showed tumor
growth inhibition in cell lines,66 and in several human xenograft
models.66-68 An adequate profile of toxicity and activity in phase I
clinical trials has also been shown for this drug.69,70 An interesting
therapeutic point is that 17-AAG enhances the in vitro radiosensi-
tivity of several cell lines.71,72 However, this compound seems to
have some difficulties with its administration vehicle and substantial
interindividual variability in pharmacokinetic parameters.73

17-dimethylaminoethylamino, 17-demethoxygeldanamycin (17-
DMAG) was developed to be administered orally, is water soluble,
has better formulation properties and does not give rise to poten-
tially toxic metabolites.74 17-DMAG shows at least equivalent anti-
tumor activity to 17-AAG both in vitro and in vivo.75 17-DMAG
has just begun a phase I clinical trial. Moreover, 17-DMAG enhances
the in vitro and in vivo radiosensitivity of human tumor cells.76

Topoisomerase inhibitors: A novel connection between Topo-1
and HIF-1α. One of the approaches to identify new molecular

targeted drugs is to screen large libraries of small molecules using a
high throughput (HTS) cell-based assay.77 In a HIF-1-targeted HTS
screening of the NCI Diversity Set, four compounds were found to
specifically inhibit HIF-1α transcriptional activity in a glioblastoma
cell line. Three of these four molecules were camptothecin analogs
and topoisomerase I inhibitors. These drugs also inhibited the
hypoxic induction of VEGF at both transcriptional and translational
level.

Topotecan (NSC-609699, TPT) was the best studied compound.
TPT specifically inhibited hypoxic induction of HIF-1α protein and
DNA binding activity.78 TPT acts at the translational level, and
HIF-1α mRNA is not modified. Topo-1 is required for the inhibition
of HIF-1α and TPT downregulates HIF-1α independently of DNA
replication-dependent DNA damage. The dissociation between the
mechanisms of cytotoxicity and HIF-1α inhibition79 suggests a new
pathway connecting Topo-1 and HIF-1α protein accumulation.
Studies with glioblastoma xenografts showed that daily administration
of TPT (1mg/kg qdx10) causes a tumor growth delay associated with
a decrease of HIF-1α protein levels and a reduction of angiogenesis.
An intermittent schedule of TPT (10 mg/kg q4dx3) did not produce
this effect, suggesting that a sustained rather than a transient inhibi-
tion of HIF-1α is required.80 These results provide a rationale for
clinical trials of metronomic therapy with TPT to target HIF-1α.

SN38, the active metabolite of CPT11 (Irinotecan), was tested in
glioblastoma cell lines with three other antineoplasic agents: ACNU,
cisplatin, and etoposide for antiangiogenic affects. SN38 decreased
HIF-1α and VEGF in glioma cells and also selectively inhibited
endothelial cell proliferation. In this study the other chemotherapeutic
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Table 1 Small molecules inhibiting HIF-1α

Molecule Mechanism Effect Model Clinical Trial Ref.

PI3K/Akt/mTOR
FARA-A ∇ Akt â HIF-1α, VEGF In vitro: ovarian No 42
SU5416 ∇ PI3K/Akt â HIF-1α, VEGF In vitro: ovarian Yes 45

Rapamycin ∇ mTOR â HIF-1α In vitro: prostate Yes 49
RAD001 ∇ mTOR â HIF-1α, GLUT-1 In vivo: prostate Yes 48

Ras/MAPK
R115777 ∇ MAPK â HIF-1α, vascularity In vivo: Glioblastoma Yes 53

Hsp90 system
GA ∇ Hsp90-HIF1a â HIF-1α, VEGF In vitro: Renal, Prostate, Glioma Yes* 60, 61, 65

Topo-1
TPT ∇ Topo-1 â HIF-1α, vascularity In vivo: Glioblastoma Approved 80

Microtubule
polymerization

2ME2 ∇ Microtubule â HIF-1α, vascularity In vivo: Breast, Head&Neck Yes 89, 85
polymerization

Redox Protein
Thioredoxin-1

Px-12 ∇ Trx-1 â HIF-1α, VEGF, vascularity In vivo: Breast Yes 92
Others

Chetomin ∇ p300-HIF1a â VEGF, GLUT-1, EPO In vivo: Colorectal No 96
YC-1 Unknown â HIF-1α, VEGF, vascularity In vivo: several No 97

PX-478 Unknown â HIF-1α, VEGF, GLUT-1 In vivo: several No 99

∇, Downregulation; * GA Derivatives 17-AAG and 17-DMAG.
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agents did not reduce the neovascularization, except for weak inhi-
bition of vessel branch-points by etoposide.81

Disruption of microtubule polymerization. 2-methoxyestradiol
(2ME2) is an endogenous metabolite of estradiol that has shown
promising activity in a number of tumor models. 2ME2 and some
derivative compounds inhibit tubulin polymerization,82 resulting in
a G2/M arrest in a variety of tumor models.83-85 Like other microtubule
inhibitors, 2ME2 enhances radiosensitivity in vitro.86 There is also
evidence of synergism between 2ME2 and other modifiers of tubulin
stabilization as paclitaxel and vincristine.85,87 2ME2 is known for its
significant antiangiogenic activity.88 Although the mechanism for this
has not been fully explained, 2ME2 has been shown to act on
HIF-1α and VEGF.

2ME2 and HIF-1α downregulation. 2ME2 inhibited HIF-1α
protein levels and the subsequent VEGF expression in prostate and
breast cancer cells. 2ME2 inhibits HIF-1α at the translational level.
Perhaps the most interesting point is the link between microtubule
cytoskeleton disruptions and HIF-1α function inhibition.
Depolymerization of microtubules by 2ME2 is required to inhibit
HIF-1α accumulation. This effect seems to be independent of the
mitotic arrest.89 In a mouse orthotopic breast tumor model, 2ME2
affected microtubule polymerization and subsequently HIF-1α
downregulation, leading to inhibition of tumor vascularization,89

and this has also been demonstrated in a model of head and neck
cancer.85 This fact is especially interesting because of the extensive
evidence that tumor hypoxia and HIF-1α overexpression are poor
prognostic factors in these tumors. In a head and neck squamous cell
carcinoma xenograft, 2ME2 inhibited tumor vessel formation,
delayed tumor growth and improved the paclitaxel efficacy (an agent
that is particularly active in this type of cancer, and that can also act
as a radiosensitizer).85

Taken together, these data provide evidence for a connection
between microtubule cytoskeleton disruption, HIF-1α dysregulation,
and angiogenesis inhibition. This scenario suggests an exciting strat-
egy for clinical practice. 2ME2 has been recently registered as Panzem®

and is currently being tested in clinical trials, both in hematologic
and solid tumors.

Redox protein thioredoxin-1. Thioredoxin-1 (Trx-1) is a small
redox protein that has many functions: as a cofactor in DNA syn-
thesis; regulation of transcription factor activity (HIF-1α, NF-kB,
glucocorticoid and estrogen receptors, AP1 and AP2, p53) and the
regulation of enzyme activity by heterodimer formation. Trx-1 stim-
ulates cell growth and is an apoptosis inhibitor. Increased levels of
Trx-1 are found in many human tumors, where it is associated with
aggressive tumor growth (reviewed in ref. 90). Higher Trx-1 expression
was correlated with an increase of HIF-1α protein. In addition,
Trx-1 increases the transcriptional activity of HIF-1α, along with
increased VEGF production and enhanced tumor angiogenesis.91

PX-12 and Pleurotin are both Trx-1 inhibitors. Both molecules
decreased HIF-1α protein, HIF-1α trans-activating activity and
expression of the downstream targets VEGF, and iNOS. These
inhibitors also decreased expression of HIF-1α and VEGF proteins
and microvessel density in several tumor xenograft models, with
potent anti-tumor activity.92 PX-12 had been tested in a phase I
clinical trial in patients with advanced solid malignancies. Trx-1
participates in many processes involved in cancer development. The
anti-tumor activity of Trx-1 inhibitors may be mediated, in part, by
HIF-1α inhibition.

Inhibition of the DNA binding site: targeting p300. Since bind-
ing of HIF-1 to coactivator p300/CBP is required for transcriptional

activation, disruption of HIF-1α interaction with p300/CBP could
serve as a point of intervention in the hypoxia-response pathway.93-95

Chetomin is a small peptide derived from the fungus
Chaetomium. Chetomin specifically disrupts the CH1 domain of
p300 preventing its binding to HIF-1α and HIF-2α. Chetomin
attenuates hypoxia-inducible transcription of HIF-1α in vitro and
downregulates genes like GLUT-1, VEGF, and EPO in vivo when
systemically administered in mice. In addition, Chetomin attenuates
tumor growth in vivo. Nevertheless, the use of Chetomin in clinical
practice may be limited by its local toxicity.96

Other small molecules. YC-1. YC-1 is a soluble guanylyl cyclase
(GC) stimulator. Stimulators of GC have been developed as antihy-
pertensive and anti-platelet function agents. Nevertheless, YC-1
demonstrated HIF-1α inhibition and an anti-angiogenic effect in a
guanylyl cyclase independent pathway. YC-1 produced tumor
growth delay in mice xenograft models. A decrease of vascularization,
lower levels of HIF1α protein, and VEGF mRNA and protein in the
treated tumor correlated with the inhibitory effect on tumor growth.
No anti-platelet aggregation effect of YC-1 was detected.97 Despite
the promising results of this compound, difficulties regarding the
exact mechanism of action have been mentioned, especially regarding
the role of NO in angiogenesis regulation, and because of the many
effects attributed to this molecule.

PX-478. PX-478 is a small molecule that inhibits HIF-1α levels
and HIF-1-related gene expression in vitro and in vivo. PX-478
given to mice suppressed HIF-1α levels in xenografts and inhibited
the expression of HIF-1α targeted genes (VEGF, GLUT-1).
Additionally, this compound produced growth delay and regression
in several tumor models. The anti-tumor response was positively
correlated with HIF-1α tumor levels.98

MONITORING RESPONSE: MOLECULAR IMAGING
Molecular targeted therapies demand the development of accurate

noninvasive methods of molecular imaging. Molecular imaging is a
vital tool in identifying the specific molecular effect of new drugs.
Molecular imaging can be defined as the in vivo characterization and
measurement of biologic processes at the cellular and molecular lev-
els.99 However, many of the molecular targeted therapies have been
developed, even the most recent, with only indirect evidence of their
specific action in tumors. Recently, advances have been made in
incorporating imaging modalities into clinical drug development,
such as positron emission tomography (PET) to predict response
after administration of tyrosine kinase inhibitors, or the use of
dynamic contrast-enhanced magnetic resonance imaging (DCE-
MRI) to monitor the physiologic process following anti-angiogenic
agents.100,101

The link between specific pathways and induction of particular
protein products able to be imaged with radiolabeled antibodies may
have clinical relevance.102,103 Another strategy is to improve preclinical
models using reporter gene systems, which allows the monitoring of
new drugs. In this context, the possibility of imaging intratumoral
processes, such as hypoxia or angiogenesis, may assist the development
of therapeutic HIF-1α inhibition.

In the case of HIF-1α, some studies have used PET imaging in
rodent tumor models to detect activation of a thymidine kinase
reporter gene construct, placed under the control of HIF-1α. Thus,
by using 124I-FIAU or 18F-FEAU, drugs that are phosphorylated by
the TK protein and preferentially trapped in cells expressing
HIF-1α, tumor hypoxia can be detected noninvasively. Moreover,
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uptake of these tracers can be analyzed at the level of autoradiogra-
phy and compared using immunohistochemistry to established
hypoxia markers such as pimonidazole. This comparison will help
link the molecular events of tumor hypoxia and noninvasive nuclear
imaging.104,105 Additionally, the direct effect of HIF-1α inhibitors
could be tested in vivo with this methodology.

CONCLUSIONS AND CHALLENGES
HIF-1α plays a major role in the tumor response to hypoxia, and

is the link between hypoxia and angiogenesis. HIF-1α is involved in
mechanisms of tumor aggressiveness, invasion capacity, and resistance
to radiotherapy and chemotherapy. Targeting HIF-1α is an attractive
strategy, with potential for synergism with other therapies.

Many small molecules, some of them currently being evaluated
in clinical trials, have shown specific effects in the inhibition of
HIF-1α activity. Most of these compounds do not exclusively inhibit
HIF-1α, and in some cases they exert their effects through pathways
that had not been previously linked to HIF-1α. Thus, PI3K/Akt
inhibitors increase the apoptotic activity, decrease the glycolytic rate,
and produce cell cycle arrest in the G1 phase; Hsp90 inhibitors have
a role in the regulation of a variety of critical cancer pathways (e.g.,
Her2/neu and androgen receptor expression). Others show more
specific HIF-1α inhibition mechanisms, in some cases as an addi-
tional effect to their intrinsic anti-tumor activity (e.g., Topo-1
inhibitors, 2ME2). Most of these small molecules, through the effect
on HIF-1α expression and activity, decrease the expression of proan-
giogenic factors like VEGF and induce an antiangiogenic environ-
ment. The lack of specificity of most of these HIF-1α inhibitors
may limit the precise evaluation of their mechanism of action.
However, the multitarget properties of these compounds could in
fact be an advantage in the clinical setting. The concept of combining
therapies directed against different targets is currently growing. In
the case of many of the HIF-1α inhibitors discussed in the present
review, a multiple pathway effect could be achieved, although this
may require very finely tuned dosing analysis to minimize the side
effects to the different pathways in the normal cells. These drugs also
offer the interesting possibility of enhancing the effect of radiotherapy.
Some of the HIF-directed compounds are also radiosensitizers due
to their primary mechanism of action (e.g., Hsp90 inhibitors,
topo-1 inhibitors, microtubule polymerization inhibitors). In addition,
reduction of HIF-1α expression and subsequent effects on the vascu-
lature could lead to further radiosensitization.

Development of drugs against specific molecular targets is an
important component of current cancer research. Especial efforts are
going on to identify new molecules able to block critical pathways
for tumor progression, with an adequate therapeutic ratio. As
HIF-1α is a key transcriptional factor linking several important
pathways in tumor biology, the possibility of using more specific
HIF-1α inhibitors may offer a promising approach to cancer control.
Additionally, the possibility of using these new drugs to improve the
effectiveness of conventional anti-cancer treatments, as chemotherapy
and radiotherapy, makes this approach even more exciting.
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