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Hypoxia inducible factor-1: a novel target for cancer therapy
Vladimir E. Belozerov and Erwin G. Van Meir

Hypoxia develops in the majority of solid tumors due to the

inability of the existing vascular system to supply the

growing tumor mass with adequate amounts of oxygen. A

large body of clinical evidence suggests that intratumoral

hypoxia correlates with the elevated aggressive behavior of

cancer cells and their resistance to therapy, leading to poor

patient prognoses. A heterodimeric transcription factor,

hypoxia inducible factor-1 (HIF-1), has been shown to

orchestrate a large number of molecular events required

for the adaptation of tumor cells to hypoxia. Therefore, HIF-

1 has become an attractive target for the development of

anti-cancer drugs. Here, we highlight some of the recently

developed small-molecule inhibitors of HIF-1 function.

These drugs disrupt the HIF-1 signaling pathway through a

variety of mechanisms, including the inhibition of HIF-1a
protein synthesis, stabilization, nuclear translocation and

HIF-1 transactivation of target genes. Anti-Cancer Drugs
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Hypoxia and cancer
Targeted therapeutic agents are a relatively recent

addition to the arsenal of anti-cancer drugs. These

molecules are designed to disrupt molecular pathways

that are critical to the survival of tumor cells, but are

either inactive or dispensable in normal cells. Clinical

success of such drugs as imatinib (Bcr–Abl), and erlotinib

and gefitinib (epidermal growth factor receptor) demon-

strates the validity of targeted approaches and encourages

the search for new molecular targets [1].

Hypoxia, a condition of oxygen deprivation, is a common

feature of many forms of solid tumors [2–4]. It emerges

when the stromal vascular system fails to deliver a

sufficient amount of oxygen to the growing tumor

(Fig. 1). As a result, many tumors undergo adaptive

genetic changes that allow them to avoid hypoxia-induced

cell death and necrosis. Such adaptation also makes

tumors more aggressive and confers resistance to

conventional therapy. For example, successful radio-

therapy relies on the generation of oxygen radicals in

order to destroy tumor tissue, thus allowing low-oxygen or

hypoxic areas to escape major damage. Chemotherapy is

also less effective in the areas of hypoxia. First, the

diffusion of drugs is greatly attenuated due to the large

distances between the stromal blood vessels and the

hypoxic tumor cells. Second, hypoxic cells exhibit

decreased rates of cell division and most drugs target

dividing cells. Hypoxic cells also exhibit increased

expression of drug-resistance genes, such as MDR1 and

P-glycoprotein. Finally, hypoxia drives genetic selection of

cells that are resistant to p53-mediated apoptosis, making

tumors less prone to drug-induced cell death [5].

Collectively, these factors explain why the development

of intratumoral hypoxia strongly correlates with the

unfavorable outcome of cancer treatment [6].

Hypoxia is a major driving force of tumor progression in

over 70% of human cancers including those of breast [7],

prostate [8], cervix [9], ovary, oropharynx [10], head and

neck [11], lung [12], and brain [3,13,14]. In recent years,

considerable research effort, both in academic and

industrial sectors, has focused on the development of

therapies that specifically target hypoxic cells. In addi-

tion, several clinically used agents have been evaluated

for their activity against hypoxic cells.

Molecular biology of the hypoxic response
Many events that occur during the adaptation of a tumor

to hypoxia are mediated through a group of hypoxia

inducible factors (HIFs), of which HIF-1 is the most

significant and best studied [15,16]. HIF-1 is a hetero-

dimeric transcription factor, consisting of an oxygen-

sensitive HIF-1a subunit and a constitutively present

HIF-1b subunit [also known as aryl hydrocarbon nuclear

translocator (ARNT)]. The two proteins have similar

domain structure. Both contain a basic helix–loop–helix

domain required for their dimerization and DNA binding,

a Per-ARNT-Sim domain (PAS) that is also involved in

dimer formation and transactivation domains (TAD). The

TAD domain of HIF-1a has been shown to bind co-

activator proteins p300/CBP, SRC-1 and TIF2, whereas

the TAD of HIF-1b appears to be dispensable for the

activity of the HIF-1 complex. In addition, HIF-1a
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contains an oxygen-dependent degradation domain be-

tween residues 401 and 603. This domain contains

several amino acid residues that target HIF-1a for

proteosomal degradation under normoxic conditions.

The HIF-1a gene promoter contains recognition sites

that bind several ubiquitous transcriptional activators

such as Sp-1, AP-1, AP-2 and NF-1, causing the gene to be

constitutively expressed. The levels of HIF-1a are largely

regulated on a post-transcriptional level, by the rate of

protein synthesis and degradation. Under normal oxygen

conditions, HIF-1a is hydroxylated at proline residues

402 and 564 by three prolyl hydroxylases, PHD1–3 [17].

These modifications allow binding to the tumor suppres-

sor protein Von Hippel–Lindau (pVHL), a recognition

component of an E3 ubiquitin ligase. This leads to HIF-

1a ubiquitylation, which mediates its rapid proteosomal

degradation [18]. In addition, HIF-1a is acetylated at

Lys532 by the ARD1 acetyltransferase [19]. Although

this modification also facilitates recognition of HIF-1a by

pVHL, the activity of ARD1 does not appear to be

dependent on oxygen concentration. Another mecha-

nism of HIF-1 regulation prevents its transcriptional

activity under normoxia. Factor inhibiting HIF-1 (FIH-1)

is an oxygen-dependent enzyme that hydroxylates

Asn803 within the TAD of HIF-1a, disrupting its

interaction with the transcription co-activators p300 and

CBP [20].

Under hypoxic conditions these hydroxylation steps are

inhibited, slowing the rate of HIF-1a degradation and

allowing large quantities of the protein to accumulate in

the cell. Although the global protein translation rate is

significantly reduced in cells during hypoxic stress, the

rate of HIF-1a protein synthesis does not appear to be

compromised. This may be related to the presence of an

efficient internal ribosome entry site (IRES) in the HIF-

1a mRNA, making its translation cap-independent during

hypoxia [21]. To become functional HIF-1a needs to

translocate into the nucleus where it will bind to HIF-1b
and co-activator proteins. The resulting complex forms a

functional transcription factor that can bind to hypoxia

response elements (HRE) with the consensus DNA

sequence 50-RCGTG-30 [22] in the promoter and

enhancer regions of over 70 human genes, and activates

their expression.

Two broad classes of HIF-1 target genes contribute to

tumor survival and progression. The first class consists of

the genes that allow short-term survival of oxygen-starved

cells by switching the cell’s energy generating metabo-

lism from oxidative phosphorylation to anaerobic glyco-

lysis. The second class of HIF-1 target genes ensures

the long-term sustainability of the tumor cell mass

by inducing the formation of new blood vessels [4].

Several examples of these genes are presented in

Table 1.

Fig. 1

Visualization of intratumoral hypoxia. A section of a s.c. grown xenograft of LN-229 human glioma was stained with an oxygen-sensitive reagent,
pimonidazole. Normal oxygenation area (inside the dashed line) extends to a distance of approximately 10 cell layers from the blood vessel. Dark
staining indicates the areas of hypoxia. Decreasing oxygen concentration coincides with the increasing levels of the HIF-1 transcription factor [4].
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Under normal oxygen concentrations, HIF-1 can be

induced by a variety of stimuli, such as growth factors,

cytokines, hormones and viral proteins. Phosphatidylino-

sitol 3-kinase (PI3K) [23,24] and MEK1/ERK pathways

are known to mediate the accumulation of HIF-1 in

normoxic cells. These pathways are often upregulated in

tumor cells due to the activation of oncogenes and loss of

tumor suppressors, notably PTEN, pVHL and p53 [49].

Pharmacological targeting of HIF-1
Given the central role of hypoxia and HIF-1 in the

activation of numerous pathways responsible for tumor

progression, it is not surprising that targeting hypoxic

cells has become an attractive therapeutic strategy that is

being actively pursued [25,26]. Disruption of hypoxic

pathways is expected to cause tumor cell death due to

metabolic dysregulation and reduced formation of blood

vessels. The following general strategies have been used

to target hypoxic cells: (i) inhibition of HIF-1 by small-

molecule therapeutics and antisense approaches [27,28],

and (ii) design of hypoxia-dependent cytotoxic drugs [29]

and hypoxia-responsive viral vectors [30,31]. Here, we

highlight some of the recent advances in pharmacological

targeting of HIF-1. The discussion is limited to the

inhibitors of the molecular pathways shown in Fig. 2.

Further overview of HIF-1 as a cancer drug target can be

found elsewhere [32,33].

Topotecan

Cell-based reporter assays have been used for the rapid

screening of large chemical libraries to identify agents

that inhibit HIF-1 transcriptional activity [34,35]. In the

first study, U251MG human glioma cells were stably

transfected with a luciferase reporter construct regulated

by canonical HREs. A‘diversity set’ of approximately 2000

compounds, representative of the three-dimensional

structures in a larger National Cancer Institute library,

was screened to identify compounds that attenuated

hypoxia-induced luciferase expression. One of the

compounds identified in the screen was topotecan

(NSC-609699), a topoisomerase I inhibitor with known

anti-cancer activity [34]. It inhibited hypoxia-induced

accumulation of HIF-1a in cell culture at a low nanomolar

concentration (EC50 = 54 nM). The ability of topotecan

to inhibit HIF-1 was tested in a s.c. U251MG glioma

xenograft model. Daily, low-dose administration (1 mg/kg

topotecan, qd�10) led to a significant reduction of large

preformed tumors. A decrease in tumor cellularity and an

increase in deposition of extracellular matrix components

were also observed in treated animals. Importantly, these

changes accompanied a dramatic reduction of HIF-1a
protein level and the level of its target gene products.

Tumor levels of human VEGF and phosphoglycerate

kinase 1 mRNAs decreased by 95 and 90%, respectively.

These results suggest that topotecan may exert some of

its anti-tumor properties via inhibition of one of the HIF-

1 activation pathways. Indeed, a recent study demon-

strated that topotecan treatment inhibits HIF-1a transla-

tion through a topoisomerase I-dependent mechanism,

but does not affect HIF-1a gene transcription or HIF-1a
protein half-life [36].

Topotecan chemotherapy is currently used in the clinic to

treat small cell lung cancer and ovarian cancer. Its

cytotoxic activity in cancer cells is linked to replication-

mediated DNA damage. However, a large-dose, inter-

mittent schedule (10 mg/kg, q4d� 3) of topotecan

administration did not affect tumor growth in the

U251MG glioma xenograft model, suggesting that

a metronomic treatment may be critical for efficient

HIF-1 targeting. It is possible that changing the schedule

may expand the range of applications of this drug.

103D5R

A second study used a similar cell-based assay to screen a

combinatorial library of 10 000 natural product-like

compounds based on the 2,2-dimethylbenzopyrane motif

[35]. The screen was conducted in LN229 human

glioblastoma cells stably expressing an alkaline phospha-

tase reporter gene controlled by six copies of the

Table 1 Major classes of HIF-1 target genes

Short-term adaptation Long-term survival and proliferation

Function Gene Function Gene

Glucose transport Glut-1 angiogenesis VEGF
Glucose metabolism GAPDH TGF-b3

enolase 1 cell survival EPO
hexokinase 1 ADM

LDHA cell proliferation TGF-a
PFKBF3 IGF2

Amino acid metabolism transglutaminase 2 drug resistance MDR1
Iron homeostasis transferrin P-glycoprotein
Nucleotide metabolism adenylate kinase 3 invasion MMP2
pH regulation carbonic anhydrase 9 UPAR

Glut-1, glucose transporter 1; GAPDH, glyceraldehyde-3-P-dehydrogenase; LDHA, lactate dehydrogenase A; PFKBF3, 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase-3; VEGF, vascular endothelial growth factor; TGF-b3, transforming growth factor-b3; EPO, erythropoietin; ADM, adrenomedullin; TGF-a, transforming
growth factor-a; IGF2, insulin-like growth factor 2; MDR1, multidrug resistance 1; MMP2, matrix metalloproteinase 2; UPAR, urokinase plasminogen activator receptor.
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VEGF gene HRE [37]. One of the most potent inhibi-

tors identified in the screen, 103D5R, had an

EC50 = 35 ± 6 mM. In addition to reducing HIF-1a levels

under hypoxia, 103D5R also reduced the phosphorylation

of Akt, SAPK/JNK and Erk1/2. These changes occurred

after the decrease in the level of HIF-1a, suggesting that

the effects of 103D5R on these pathways are unlikely the

cause of HIF-1a inhibition. Initial characterization of the

mechanism of action of this inhibitor demonstrated that

it does not influence the rate of transcription of the HIF-
1a gene or the half-life of the protein, but rather causes

diminished synthesis of the HIF-1a protein. The

mechanism by which 103D5 may regulate HIF-1a protein

synthesis is currently unknown. Among many possibili-

ties, one attractive hypothesis is that the drug may inhibit

the activity of the IRES transacting factors (ITAFs) [38]

that are required for efficient translation initiation at the

HIF-1a mRNA IRES during hypoxia. Treatment of

glioblastoma cells with 103D5R dramatically decreases

the expression levels of HIF-1 target genes VEGF and

Glut-1, both of which are associated with the aggressive

tumor phenotype. Studies are currently underway to

determine the anti-tumor effect of this novel inhibitor in

preclinical models.

Cell-based assays, such as the ones described above, are

designed to measure transcriptional activity of HIF-1 and,

therefore, could identify inhibitors of a wide range of

upstream molecular pathways. These inhibitors are likely

to exhibit pleiotropic characteristics making it difficult to

determine if their anti-cancer effects are exerted via the

inhibition of HIF-1 or other molecular targets.

Redox pathway inhibitors: pleurotin, PX-12 and PX-478

Thioredoxin (Trx)-1 is a small redox protein that

modulates the activity of a number of signaling mole-

cules, such as protein kinase C, NF-kB and p53, in

response to the redox state of the cellular environment.

Trx-1 has been shown to also reduce Ref-1, a protein with

DNA repair endonuclease and redox regulatory activities.

Ref-1 reduces a cysteine residue in the C-terminal TAD

of HIF-1, augmenting its transactivating potential [39]. It

has been demonstrated that overexpression of Trx-1 leads

to increased angiogenesis in tumor xenografts as a result

of elevated levels of HIF-1a and VEGF. Conversely, the

expression of an inactive mutant of Trx-1 reduces the

activity of HIF-1a and VEGF expression levels [40]. Two

potent irreversible inhibitors of Trx-1, PX-12 and

pleurotin, have been tested for their ability to inhibit

HIF-1 in cell culture and xenograft models. Both

inhibitors reduced the levels of HIF-1a and its transacti-

vating potential, the levels of VEGF and inducible nitric

oxide synthase, and microvessel density in tumors [41].

Another inhibitor that may act through the redox-sensing

mechanism is PX-478. The drug decreases cellular levels

Fig. 2

Small-molecule inhibitors of the HIF-1 pathway. Molecular events that contribute to the cellular homeostasis of HIF-1a are grouped into four general
classes (shaded areas). HIF-1a inhibitors that affect protein synthesis, folding, nuclear translocation and transactivation function are shown in grey
boxes. The mechanism of action and molecular targets are known for some inhibitors, but remain putative for others.
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of HIF-1a in a VHL and p53-independent manner [42].

The anti-tumor activity of PX-478 was tested in mouse

subcutaneous xenograft models corresponding to several

aggressive tumor types that are resistant to experimental

therapies [43]. The initial tumor size varied between 100

and 410 mm3. The drug was administered on a q1d� 5

schedule at 60–120 mg/kg/day. Ovarian (OvCar-3), pros-

tate (PC-3 and DU-145), breast (MCF-7), renal (Caki-1),

pancreatic (Panc-1, MiaPaCa and BxPC-3) and small cell

lung (SHP-77) cancer xenografts were all significantly

affected by the treatment. At the higher dose of the drug

these tumors underwent 20–100% regression and more

than 20-day growth delays. SHP-77 xenograft with an

initial volume of 160 mm3 was completely cured by either

100 or 75 mg/kg/day dosing of PX-478. An important

feature of PX-478 is that it appears to be more active on

large, well-established tumors than on smaller ones.

Given the refractive nature of large tumors to many

existing therapies, this characteristic of PX-478 may

become extremely beneficial in the clinic. The agent has

a favorable toxicity profile in mice, with neutropenia

being the major toxic effect, along with weight loss and

decreased food intake. These effects were reversible

upon the cessation of treatment. No acute liver or renal

toxicities were observed.

PX-478 caused a reduction in the levels of the HIF-1a by

71%, of VEGF by 38% and of Glut-1 by 76%. A relatively

small effect of the drug on the expression of VEGF

compared to a larger and more prolonged decrease in

Glut-1 levels suggests that the dysregulation of glucose

metabolism, rather than disruption of neovascularization,

may be the predominant cause of the pronounced anti-

tumor activity of PX-478. This notion is supported by the

observed lack of major differences in the degree of

vascularity between treated and untreated tumors.

Potential HIF-1-independent effects of PX-478 on

tumour growth have not been investigated.

Microtubule cytoskeleton inhibitors: 2ME2, vincristine

and taxol

In addition to the search for novel drugs that target HIF-1

signaling, several established anti-tumor agents have

been evaluated for their ability to inhibit HIF-1.

2ME2 is an orally available, well-tolerated compound that

is currently undergoing phase II clinical trials in patients

with multiple myeloma, breast, prostate and ovarian

cancer [44]. It is a natural metabolite of estrogen that

exhibits pleiotropic anti-tumor properties by inducing

cancer cell apoptosis and inhibiting angiogenesis. These

effects have been attributed to the ability of 2ME2 to

interact with the colchicine-binding site in tubulin and

cause depolymerization of microtubules. Indeed, in a

mouse orthotopic breast tumor model, daily administra-

tion of therapeutic quantities of 2ME2 (150 mg/kg) led to

the appearance of aberrant mitotic arrest in both tumor

and endothelial cells as a result of microtubule depoly-

merization and multiple mitotic asters. A recent study

showed that the anti-angiogenic activity of 2ME2 is likely

in part mediated through the HIF-1 pathway and its

downstream targets [45]. Treatment of cancer cells with

2ME2 resulted in significant reduction of HIF-1a protein

level without affecting the rates of HIF-1a gene

transcription or HIF-1a proteosomal degradation. The

mechanism of 2ME2-mediated effect on the HIF-1a
protein is not known, but it may be linked to the role of

microtubules in the process of HIF-1a nuclear transloca-

tion. Taxol and vincristine, agents that stabilize micro-

tubules, also cause the reduction of HIF-1a protein

levels. Elucidation of the role of microtubules in HIF-1a
synthesis will likely identify new strategies for the

pharmacologic targeting of HIF-1.

Heat shock protein 90 (Hsp90) inhibitors: geldanamycin

(GA) and 17-allylamino-17-demethoxygeldanamycin

(17-AAG)

GA specifically binds to the ATP-binding pocket in the

N-terminus of the molecular chaperone Hsp90 and

inhibits its ATPase activity [46]. Hsp90 is involved in

the activity of many cancer-related signaling proteins,

such as p53, Akt, Bcr–Abl, HIF-1a and others. Treatment

of the human PC-3 prostate cancer cell line with GA was

shown to destabilize HIF-1a protein and cause its

proteosomal degradation without affecting the rates of

its transcription or synthesis [47]. The effect of GA on

the level of nuclear and cytoplasmic HIF-1a was blocked

by the proteasome inhibitors LCN and MG-132. How-

ever, preventing proteosomal degradation of HIF-1a did

not restore its transcriptional activity in GA-treated cells,

suggesting that Hsp90 is also required for the proper

folding of HIF-1a. The effect of GA on HIF-1a was also

shown to be independent of the PI3K pathway.

GA effectively inhibits HIF-1a in cells derived from a

variety of cancers, including prostate, colonic, hepatic,

ovarian, brain and breast tumors, all of which develop

intratumoral hypoxia. Therefore, the established anti-

tumor activity of GA and its chemical derivative 17-AAG

[48] are likely to be, at least in part, due to the inhibition

of HIF-1 activated targets.

PI3K/Akt/mammalian target of rapamycin (mTOR)

pathway inhibitors: wortmannin, LY294002, rapamycin,

CCI-779 and Rad001

HIF-1 is present at high levels under normoxic conditions

in over 70% of human cancer cell lines, contributing to

the aggressive phenotype of the corresponding tumor

types. The PI3K/Akt/mTOR signaling pathway plays a

major role in HIF-1 upregulation in these cell lines,

primarily by increasing the rate of HIF-1a protein

translation. Therapeutic inhibition of PI3K by wortman-

nin and LY294002 attenuates HIF-1a protein synthesis

Pharmacological targeting of HIF-1 Belozerov and Van Meir 905
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rate with a minimal effect on the level of gene

transcription in osteosarcoma, renal carcinoma, and

prostate cancer cell lines [23]. The tumor suppressor

PTEN is known to control the activity of Akt. Its loss in

human glioblastoma leads to upregulation of Akt activity

and over-expression of HIF-1a under normoxic conditions

[49].

One of the downstream targets of the PI3K signaling

cascade is mTOR. mTOR regulates protein synthesis

through phosphorylation of two targets: p70 S6 kinase

and translation-repressor protein 4E-BP1 (PHAS-1) [50].

The only known physiologic substrate of p70S6K is the

40S ribosomal protein S6 whose phosphorylation leads to

enhanced protein translation. Phosphorylation of 4E-BP1

induces its dissociation from eIF-4E and consequently

increases the rate of translation initiation. Thus, both

targets of mTOR/p70S6K signaling lead to an increased

rate of protein synthesis. A clinically used drug rapamycin

[51], and its chemical derivatives CCI-779 and Rad001

[52], are specific inhibitors of mTOR and have been

shown to reduce cellular levels of HIF-1a.

Both the inhibitors of PI3K and mTOR are currently in

clinical trials as anti-cancer agents (Table 2). Since PI3K

signaling affects a wide variety of cellular processes, it will

be a major challenge to establish whether and to what

extent the anti-tumor activities of these agents are due to

the inhibition of HIF-1a.

HIF-1a transactivation: chetomin, echinomycin and

polyamide inhibitors

To find more specific HIF-1 inhibitors, several groups

focused on the transcriptional activity of HIF-1 as a

therapeutic target. One study attempted to identify

specific inhibitors of the interaction of HIF-1 with the

transcriptional co-activator p300 [53]. Prior studies had

shown that disrupting this interaction with retrovirally

expressed polypeptides had anti-tumor effects in colon

and breast xenograft models [54]. An in vitro screening

system was developed in which a peptide corresponding

to the p300-interacting region of HIF-1a was immobi-

lized on a test plate. A second peptide consisting of

the CH1 domain of p300 fused to GST was added

and the interaction between the two polypeptides was

quantitatively assessed using an anti-GST antibody

fluorescently labeled with europium. Screening a library

of over 600 000 compounds led to the identification of

chetomin, a submicromolar inhibitor of the HIF-1a/p300

interaction. Chetomin binds to the CH1 domain of p300,

perturbing its three-dimensional structure and rendering

it incapable of interacting with HIF-1a. This effect,

however, appears to be limited to the CH1 domain, since

the activity of transcription factors (RAR, SREBP2

and SRC-1) that bind to other domains of p300 are

unaffected.

The anti-cancer efficacy of chetomin was investigated in

the HCT116 colon cancer xenograft model. Mice bearing

small s.c. tumors of an average size of 50 mm3 were given

daily chetomin injections at 2 mg/kg. Drug-treated mice

showed significant levels of necrosis in tumor tissues

compared to the vehicle control. Lowering the dose of

chetomin to 1 mg/kg was shown to still produce an anti-

tumor effect in PC-3 prostate xenografts. The observed

side-effects of chetomin treatment include coagulative

necrosis at sites of injection, anemia and leukocytosis. No

end-organ toxicity was detected.

Since the CH1 domain of p300 interacts with a number of

additional transcription factors, including STAT2, NF-kB,

c-myb, c-Jun, Elk and p53, it was important to show that

the observed effects are caused by the inhibition of HIF-

1. Indeed, the introduction of a p300-independent form

of HIF-1a (HIF-1a-VP16) into the tumor cells partially

rescued their growth in the xenografts in chetomin-

treated animals.

The interaction of HIF-1 with the HRE was also shown to

be a tractable therapeutic target. A fluorescently-labeled

N-methylpyrrole and N-methylimidazole polyamide was

designed to specifically bind to the minimal HRE

sequence 50-WTWCGW-30 from the VEGF gene promoter

[55]. The molecule was shown to accumulate in the

nucleus, and inhibit hypoxia-induced VEGF transcription

by 60% at 1 mM concentration in cultured cells. The HIF-

1–HRE interaction can also be disrupted by a small-

molecule drug echinomycin [60]. Echinomycin specifi-

cally binds to the core of the HIF-1 recognition sequence

50-CGTG-30 and inhibits HRE-mediated reporter activa-

tion in U251 glioma cells with an EC50 = 1.2 nM.

Hypoxia-induced expression of the endogenous VEGF
gene is also inhibited at a low nanomolar concentration.

The DNA binding sites of HIF-1a and c-Myc are known

to share the 50-CGTG-30 core sequence. Therefore, it will

be useful to determine the global transcriptional response

in echinomycin-treated cells. Finally, it is important to

note that the anti-cancer activity of echinomycin has

been evaluated in clinical trials in the past. The results of

these studies have been disappointing [56,57]. New

information on the molecular mechanism of this drug may

prove useful in re-evaluating available clinical data.

Conclusion and future directions
Hypoxia, and the HIF-1 transcription factor in particular,

have become important and widely pursued targets in the

development of small molecule therapeutics. Cell-based

and in vitro high-throughput screening strategies (see

Fig. 3 below) have proven instrumental in identifying

drug candidates with promising pharmacology and

efficacy profiles. Furthermore, inhibitors of several

signaling pathways have been tested for their ability to

inhibit HIF-1 and its downstream targets.
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HIF-1 inhibitors identified to date interfere with the

following general mechanisms: (i) control of HIF-1a
synthesis, (ii) folding, stabilization and nuclear transloca-

tion, and (iii) HIF-1a transactivation of target genes. The

inhibitors representing each mechanistic group are high-

lighted in Fig. 2 and listed in Table 2. None of the

presently available inhibitors appears to disrupt the HIF-

1 pathway as their exclusive target. However, the fact

that some drugs may target multiple pathways could be

therapeutically beneficial if the other targets are also

involved in cancer progression. On the other hand,

pleiotropic inhibition of the pathways involved in normal

cellular homeostasis could result in an unacceptable

toxicity profile in vivo. Therefore, the design of more

specific HIF-1 targeting agents is likely to become the

focus of future research efforts. It is clear that the success

of these studies will critically depend on the availability

of sensitive screening methodologies (Fig. 3). Cell

culture-based library screens that detect the inhibition

of the HRE-induced expression of a reporter have two

major limitations: they tend to identify the inhibitors of

numerous pathways upstream of HIF-1 and the mechan-

istic basis of identified compounds is not immediately

apparent. Hence, secondary screens are necessary to

further characterize ‘hit’ compounds and in vitro screen-

ing approaches may become increasingly useful.

The formation of an active HIF-1 transcription factor

complex and its binding to HREs appear to be parti-

cularly promising targets for the development of specific

inhibitors (Fig. 3). The first attempt to disrupt protein

interactions in this complex led to the identification of

Fig. 3

Strategies for the high-throughput identification of HIF-1 inhibitors. Both in vitro (lower box) and cell-based assays (upper left box) have been used to
screen chemical libraries for HIF-1 inhibitors. Several examples are shown of specific protein–protein and DNA–protein interactions that can be used
for inhibitor screening in vitro (three tubes on left). An alternative use of in vitro assays is to screen for the agonists of the enzymes involved in
physiologic degradation of HIF-1a (two tubes on right). The structural information on the HIF-1 transcription activation complex can be used in
rational inhibitor design and in silico library screening (upper right box). HIF-1a CTAD, the C-terminal activation domain of HIF-1a. For other
abbreviations see text.
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chetomin. A very recent study tested the potential of

HIF-1–HRE and HIF-1a–HIF-1b (G. Mellilo, personal

communication) interactions for in vitro high-throughput

screening. One such screen identified a promising agent,

echinomycin, that disrupts the HIF-1–HRE interaction,

but not other tested transcription factor–DNA inter-

actions.

Modulation of the physiologic mechanisms of HIF-1

degradation constitutes a conceptually different approach

to inhibiting HIF-1. Large chemical libraries could be

screened in vitro for the agonists of the enzymes involved

in HIF-1a degradation (PHD1-3 and ARD1), and

transcriptional activity (FIH-1). Small molecule-

mediated reactivation of mutant tumor-suppressors such

as pVHL, p53 and PTEN can also be exploited for HIF-1

inhibition in certain cancers [58,61].

Finally, the integration of the elements of rational drug

discovery is likely to facilitate both cell-based and in vitro
screening efforts. The detailed structural information has

already been obtained for the complexes of HIF-1a with

p300 CH1 and pVHL, and the structures of other

important HIF-1 complexes are likely to become available

in the near future. In combination with the modern

docking algorithms, these structures can be used to

optimize binding characteristics of existing compounds as

well as to predict novel inhibitor molecules in chemical

libraries.
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