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Abstract Oxygen homeostasis determines the activity

and expression of a multitude of cellular proteins and the

interplay of pathways that affect crucial cellular pro-

cesses for development, physiology, and pathophysiology.

Hypoxia-inducible factors (HIFs) are transcription factors

that respond to changes in available oxygen in the cellular

environment and drives cellular adaptation to such condi-

tions. Selective gene expression under hypoxic conditions

is the result of an exquisite regulation of HIF, from the pre-

transcriptional stage of the HIF gene to the final tran-

scriptional activity of HIF protein. We provide a dissected

analysis of HIF modulation with special focus on hypoxic

conditions and HIF pharmacological interventions that can

guide the application of any future HIF-mediated therapy.
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Introduction

The hypoxia-inducible transcription factors (HIFs) play a

central role in the regulation of oxygen homeostasis and are

the master regulators of the events that occur under hyp-

oxic conditions. The majority of publications so far are

concentrated on the effect of oxygen deprivation on HIF

expression and most of the chemical compounds that

modulate HIF are reported using cancer cells in such

conditions. A lower number of publications about non-

hypoxic stimuli that modulate HIF have been published,

even though hypoxia is only one factor among several HIF-

inducing stimuli [1, 2]. As reviewed elsewhere, different

non-hypoxic stimuli have been proven to enhance HIF

levels through the activation of regulatory mechanisms

distinct from protein stabilization [2] or regardless of the

oxygen concentration [3, 4]. Therefore, HIF activation does

not exclusively occur in a hypoxic environment but also in

normoxic conditions mediated by various stimuli such as

transition metals, nitric oxide, reactive oxygen species,

growth factors, mechanical stress or oncogene activation

[4–6]. HIF is a heterodimeric transcription factor composed

of an inducible a (1, 2, or 3) subunit that confers the sen-

sitivity to oxygen changes and a b-subunit, which is

constitutively expressed (also termed aryl receptor nuclear

translocator, ARNT). Their target genes have important

roles in many physiological and pathological events such

as angiogenesis, vascular remodeling, erythropoiesis, glu-

cose utilization, iron transport, cell proliferation, cell

survival, apoptosis, and tumor progression [7, 8]. Most of

the studies have concentrated on HIF-1a, which is by far

the better understood isoform, and information regarding

HIF-2a is mainly mentioned in this review when studied

alongside HIF-1a. The abundance of HIF-1a is controlled

through transcriptional, post-transcriptional, and post-

translational mechanisms. The main mode of HIF-a regu-

lation occurs at the level of protein stability and has been

extensively reported. Under normoxic conditions, the pro-

line residues of the oxygen-dependent degradation domain

(ODD), which is positioned within the N-terminal trans-

activation domain (N-TAD) are targeted by O2-dependent

prolyl hydroxylases (PHDs). Once the PHDs cause the

O2-dependent hydroxylation of prolyl residues in HIF, the

von Hippel–Lindau tumor suppressor protein (pVHL)
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recognizes them and initiates the ubiquitination and degra-

dation process of HIF via the proteasomal system. It has also

been reported that the ubiquitin ligase hypoxia-associated

factor (HAF) ubiquitinates HIF-1a for proteasomal degrada-

tion. HAF turns off the HIF-1a response in acute hypoxia but

turns on the HIF-2a response in prolonged hypoxia [9].

Therefore, post-translational protein regulation of HIF is the

major process for its modulation and traditionally has

received higher priority and attention in the scientific litera-

ture. However, in the last 5 years the volume of manuscripts

and reviews concerning the pre-transcriptional and tran-

scriptional regulation of HIF has increased exponentially. In

fact, HIF-1a can also be regulated at the mRNA level, not only

under hypoxic but also non-hypoxic conditions as, has been

reviewed elsewhere [10]. Under hypoxic conditions, HIF-a
proteins can translocate to the nucleus and form a heterodimer

with the constitutively expressed HIF-1b or ARNT and bind

to the hypoxia response elements (HREs) to initiate the

transcriptional activation of the target genes [11]. The ability

of each isoform to control independent cellular processes

seems to be important, either by targeting preferential genes or

by itself regulatory feedback of HIF-a isoforms. HIF-2a is a

key regulator for iron homeostasis and erythropoiesis [12].

Moreover, genes associated with pluripotency, such as Oct4

and Sox2, are also recognized as HIF-2a-specific target genes

[13, 14]. The recent work of Heikkila et al. shows that the

interaction of HIF-3a variants with HIF-1a or 2a was exclu-

sively associated with the negative regulation of these

isoforms by inhibiting their nuclear translocation. Long

variants of HIF-3a were capable of efficient induction of an

HRE-reporter in the hamster ovary cell line ChoK1 but

inhibited the transcriptional activation of the reporter by HIF-

1a and HIF-2a under conditions where ARNT is likely to be a

limiting factor [15]. HIF-3a is subject to alternative splicing in

human tissues and cancer cells and is regulated by HIF-1a but

not HIF-2a [16]. Although relatively little has been reported

about the pharmacological regulation of HIF-3a, it is likely

that drugs that affect the other a isoforms may also have an

effect on HIF-3a. For this review, we have disclosed the

available knowledge of HIF by an integrative analysis of its

regulation through the pharmacological arsenal described to

date, from a previous stage of the HIF transcriptional level to

the regulation of the activity of HIF as a transcription factor.

Pre-transcriptional regulation of HIF

Epigenetics is the study of heritable changes in gene

function that occur without alterations in the DNA

sequence, such as DNA methylation, histone modifications,

histone variants, and nucleosome positioning, amongst

others [17]. The epigenetic changes that occur under

hypoxia control the cellular response to such stressful

conditions. Conformational changes of chromatin and the

methylation status of DNA during hypoxia and the asso-

ciation of HIF with epigenetic regulators such as histone

deacetylases (HDACs) to form a complex for further

transcriptional activation are important for gene regulation

[18]. However, little is known about the epigenetic regu-

lation driving the transcriptional activation of HIF genes.

Epigenetic events can influence not only the transcriptional

regulation of HIF [19] but also the occupancy of HIF at the

binding motifs (HRE) of its target genes [20]. The most

well understood epigenetic process is DNA methylation by

covalent modification of cytosine at CpG dinucleotides

associated with gene silencing. Active promoters are

associated with unmethylated CpG islands and an open

chromatin conformation, whereas inactive promoters are

characterized by a repressive chromatin structure and

hypermethylated CpG islands. Abnormal DNA methylation

of certain promoters is a primary mechanism for the

inactivation of the transcription of genes and is of impor-

tance for the understanding of pathologies such as cancer.

It has been recently demonstrated that tumor-associated

CpG demethylation favors positive auto-regulation of HIF-

1a and its target genes [19]. The drug 5-AZA-dC increased

HIF-1a, but not HIF-2a, protein levels in the human colon

cancer cell line HCT116 grown under hypoxia. 5-AZA-dC

can modify the transcription of genes by changing the

status of DNA methylation and appears to be a potent tool

for dissecting the DNA methylated transcriptional control

of HIF and is likely to be used in further therapeutic

interventions [19]. In fact, this drug is currently in Phase I

trials for the treatment of lymphoma and intestinal neo-

plasms (http://www.clinicaltrials.gov). Recent evidence

demonstrates that DNA methylation is an important pro-

cess for the regulation of proteins that leads to negative

regulation of HIF, such as PHD3. Although regulation of

HIF is finely controlled by PHDs, a loss of PHD3 expres-

sion by aberrant promoter CpG methylation does not

correlate with an increase in HIF-1a protein levels or an

increase in the transcriptional activity of HIF in cancer cell

lines [21]. Currently, there is no evidence for DNA meth-

ylation-mediated regulation of other genes that regulate

HIF accumulation such as von Hippel–Lindau ubiquitin

ligase complex genes [21]. The gene silencing mediated by

CpG island hypermethylation is associated in many cases

with the deacetylation of histones within the regulatory

region of genes in certain pathologies. Camptothecin,

a selective inhibitor of DNA Top I, increases the modifi-

cations of histones that indicate active chromatin

(euchromatin) in the exonic regions of HIF-1a gene in

HCT116 cells [22]. Topoisomerase I (Top I) inhibition by

Camptothecin also affects histone modifications at the HIF-

1a gene locus, but at later time points, promoting a more

accessible chromatin structure in a manner dependent on
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cyclin-dependent kinase activity [22]. HIF-1a gene tran-

scription is dependent on a core promoter sequence, the

HREs that mediate activation and inhibition by binding

motifs located upstream from the transcription initiation

site. Several putative HREs have been identified in the

HIF-1a promoter in the human endothelial cell line

HMEC-1, suggesting a positive auto-regulatory feed back

with upregulation of HIF-1a mRNA [23]. Hypoxia also

induces HIF-1a mRNA expression via activation of other

transcription factors such as early growth response 1

(EGR1) in the prostate cancer cell line DU145 [24], SP1

[23] and nuclear factor kappaB (NF-jB) in pulmonary

artery smooth muscle cells [25]. Statins like simvastatin,

atorvastatin, and lovastatin are known to decrease the DNA

binding of SP1, NF-jB as well as HIF-1a in human

endothelial and vascular smooth muscle cells [26].

Although it remains unclear, these results suggest that the

statin might produce a synergetic effect on HIF transcrip-

tional activation by decreasing the trans-activation

mediated by SP1, NF-jB and the positive auto-regulation

of HIF.

Transcriptional regulation of HIF

Pharmaceutical agents that modulate trans-activation

mediated by HIF might also affect HIF auto-transcriptional

activation, however, for most agents, this assumption

remains to be clarified. Camptothecin can interfere with

specific transcriptional regulatory steps of HIF. The acti-

vation of antisense transcription is likely due to a more

open chromatin conformation, most likely provoked by

interference of Camptothecin with transcription regulation

[27]. Camptothecin is also able to alter the alternative

splicing of HIF-1a mRNA co-transcriptionally in HCT116

cells [22]. Some compounds affect mRNA stability. The

semi-synthetic compound derived from a plant toxin pod-

ophyllotoxin GL331 down-regulates HIF-1a expression

without decreasing the stability of HIF-1a mRNA, proba-

bly through transcriptional repression. GL331 decreases

the binding of the nuclear components derived from human

lung adenocarcinoma CL1-5 to the promoter of HIF-1a
gene [28]. Flavopiridol is a flavonoid derived from an

indigenous plant from India that inhibits HIF-1a in the

human glioma cell lines U87MG and T98G by a protea-

some-independent pathway, mainly at the level of gene

transcription [29].

Post-transcriptional regulation of HIF

RNA-binding proteins (RBPs) associate with mRNAs

specifically or non-specifically and regulate non-coding

RNAs, including microRNAs (miRNAs) and antisense

RNAs [30]. These powerful regulators can cause complex

effects on HIF. For example, the HIF antisense (aHIF)

transcript destabilizes HIF-1a mRNA in lung epithelial

cells, while the RBP human antigen R (HuR) stabilizes HIF

transcripts [31]. The pre-translation events that determine

HIF levels seem to operate under exquisite regulation and

depend on hypoxia [31]. For instance, increased aHIF

expression after hypoxia decreases HIF-1a transcripts

which in turn, can also contribute to its own negative

feedback by increasing the HRE-mediated up-regulation of

aHIF [31]. At the post-transcriptional level, Camptothecin

can also act by impairing the balance of cellular antisense

and sense transcripts at the HIF-1a gene locus in HCT116

cells [22]. In fact, Baranello et al. describe an increment in

the level of the antisense transcripts by increased antisense

transcription and decreased HIF-1a mRNA levels under

normoxic and hypoxic conditions. For instance, the

increase of HIF-1a after Camptothecin treatment occurs for

the antisense sequence located at the 50 end and the 30 ends

of the HIF gene.

The use of engineered RNA molecules is becoming

widely applied for intervention in specific gene regulation,

such as the ablation of the HIF gene during hypoxia [32].

The modification of HIF gene expression using small RNA

molecules has been considered as part of a combination

cancer therapy with other anti-tumor agents in established

tumors [33]. Cellular translation of HIF mRNA has been

shown to be enhanced or reduced by several regulatory

factors as reviewed by Galban and Gorospe [34]. For

instance, the cytoplasmic polyadenylation-element-binding

protein (CPEB) and polypyrimidine tract-binding protein

(PTB) increase HIF-1a translation while the following

several miRNAs: miR-17-92, miR-199a, miR-107, and

miR-22, repress HIF-1a in different cellular models [35–

39]. The induction of HIF-1a translation in the mouse

embryonic fibroblast cell line NIH3T3 is enhanced by the

RNA sequences for ribosome assembly (IRES) located

within the 50-untranslated region (50-UTR) of HIF [40]. The

modulation of gene expression at the post-transcriptional

level is also exerted by interaction of RBPs with the HIF-

1a 30-UTR, like that produced by the occupancy of HuR,

PTB, as well as the CPEB 1 and 2. Tristetraprolin is a

protein that can function as a tumor suppressor and is also

able to bind directly to the 30-UTR of HIF-1a mRNA to

down-regulate HIF mRNA stability in HCT116 cells [41].

In addition, androgenic hormones can modulate the binding

of some of these proteins like HuR, to the AU-rich 30 UTRs

of HIF-1a in Jurkat cell lysates [42]. Since HuR promotes

the translation of HIF [35], it has been suggested that low-

molecular-weight inhibitors of HuR, like dehydromutactin,

MS-444, and okicenone might be able to modulate HIF

expression [34]. On the other hand, the inhibition of
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HIF-1a translation is also known to be caused by the RBP

iron regulatory protein (IRP) and microRNAs, as reviewed

by Galban and Gorospe [34]. Therefore, proteins and non-

coding RNAs that interact with the HIF-1a mRNA are also

interesting targets for HIF regulation.

Inhibition of HIF-a translation

Although global repression of protein translation occurs

under hypoxic conditions, some selected proteins are

induced in order to respond to such stress, most of which

are targeted by HIF-mediated transactivation. Some drugs

can cause a reduction in the synthesis of HIF proteins under

hypoxia, and in some cases this effect is produced by

inhibition of those pathways that increase HIF protein

production during hypoxia such as the growth-signaling

pathway that includes PI3K/AKT/mTOR/p70S6K kinases.

The treatment of cells with specific inhibitors of PI3K and

mTOR indicates their requirement to increase HIF-1a
expression [43]. mTOR is positioned as an upstream acti-

vator of HIF and the mTOR inhibitor rapamycin inhibits

HIF-1a-dependent transcription induced by hypoxia [44],

HIF-1a protein accumulation by inhibition of HIF-1a
protein synthesis [45], as well as promotion of HIF-1a
protein degradation [44]. Rapamycin functions as an anti-

cancer agent by regulating HIF activity in the liver [46] and

in kidney cancer cell lines and mouse models [47]. The

recently discovered HIF inhibitor FM19G11 can impair

HRE-mediated trans-activation mediated by HIF as well as

down-regulating HIFa proteins under hypoxic conditions.

FM19G11 represses the target genes of two of the a-sub-

units of HIF affecting the differentiation status of

ependymal stem cells under low oxygen concentration

[13]. It is plausible that FM19G11 reduces HIF synthesis

affecting the level of HIFa isoforms and also FM19G11

could favor degradation of the already formed HIFa pro-

teins by proteasome-independent degradation. On the other

hand, FM19G11 mediates the molecular effects by acti-

vation of the AKT/mTOR pathway in HCT116 cells under

normoxia causing an increase in HIFa proteins [48]. This

dual effect dependent on the oxygen concentration has also

been shown for other drugs such as the plant-derived

flavonoid quercetin, indicating a fine regulation depending

on oxygen homeostasis. In fact, quercetin inhibits HIF-1a
protein synthesis under hypoxia in the human prostate

cancer cell line LNCaP, colon cancer cell line CX-1, and

breast cancer cell line SkBr3 [49]. However, under nor-

moxia increases HIF-1a in the human colon epithelial cell

lines HCT116 and SW620 [50], as well as HIF-1a/HIF-2a
by impairing its degradation by PHDs in the human pros-

tate adenocarcinoma cell lines LNCaP, DU-145 and PC-3

or HCT116 cells [50, 51]. Genistein, another flavonoid and

inhibitor of tyrosine kinases, completely blocks the syn-

thesis of both HIF-1 subunits in human retinal pigment

epithelium cells [52] as well as HIF-1 DNA-binding

activity [53]. Silibinin, an additional flavonoid isolated

from milk thistle (Silybum marianum) inhibits expression

of HIF-1a through suppression of protein translation in

PC-3 and LNCaP cells [54]. Wondonin reduces the

stability of HIF-1a protein and activity in the human

keratinocyte cells HaCaT [55]. Some inhibitors of the

enzymes that wind or unwind DNA for the synthesis

of proteins inhibit HIF-1a protein accumulation. For

instance, the Top I inhibitor topotecan (NSC-609699) in

the human glioma cell line U251 [56, 57], as well as the

inhibitors of Top II, like NSC-644221 in a cell type-

dependent manner [58], inhibit HIF-1a by decreasing HIF-

1a protein translation. These Top I and Top II inhibitors

are also able to decrease the transcriptional activation.

EZN-2208, a compound derived from the topoisomerase

inhibitor SN38, (the active part of Camptothecin-11)

down-regulates HIF-1a/HIF-2a protein in preclinical

neuroblastoma models [59] as wells as the expression of

proteins controlled by HIF-1a in a U251-HRE glioblas-

toma xenograft model [60]. In addition to Camptothecin,

other DNA damage inducing agents like Mitomycin C and

NSC-652287 also inhibit HIF-1a protein synthesis in the

human embryonic kidney cell line HEK293 [61]. Drugs

that target microtubules can also influence HIF-1a level by

microtubule-dependent regulation. Among these drugs are

taxotere, epothilone B, discodermolide, vincristine,

2-methoxyestradiol (2ME2), and colchicine. These drugs

affect HIF-1a protein by de novo-inhibition of HIF-1a
protein synthesis, but can also inhibit HIF-1a transcrip-

tional activity in the human ovarian cancer cell line 1A9.

However, no changes in mRNA levels were observed [62].

There is some controversy regarding the microtubule-

dependent regulation of HIF-1a by 2ME2, which can also

regulate HIF-2a in the human breast cancer cell line MDA-

MB-231 [63], as according to Hagen et al. [64] its dimi-

nution in HEK293 cells is due to an effect on protein

degradation rather than affecting the protein synthesis.

These apparently differing results observed for 2ME2

might be due to the particular cell type used in each study.

The anti-epidermal growth factor receptor monoclonal

antibody cetuximab (Erbitux) reduces HIF-1a at the level

of protein synthesis in the epidermoid carcinoma cell line

A431 under both normoxic and hypoxic conditions

through the RAS [65], a molecule that contributes to sta-

bilizing HIF-1a. 103D5R is another small molecule that

strongly reduces HIF-1a protein synthesis under normoxia

and hypoxia in cells derived from different cancer types,

including glioma, prostate, and breast cancers, whereas

HIF-1a mRNA levels and HIF-1a degradation are not

affected [66].
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Modulation of HIF post-translation

HIF proteins can undergo different post-translational

modifications that determine its stability. To find out

whether the repression of HIF occurs before or after the

translation of the protein, pharmacological tools can be

used to inhibit protein synthesis (Cycloheximide) or pro-

teasomal degradation (MG132) [49]. One of the mentioned

modifications is the well-documented ubiquitination of HIF

which leads to degradation by the proteasome. Also,

S-nitrosylation up-regulates as well as stabilizes HIF-1a in

a murine mammary carcinoma cell line 4T1 and murine

melanoma cell line B16F10 [67]. In contrast, the acetyla-

tion of HIF-1a enhances its degradation by the VHL

pathway in HEK293 cells and the fibrosarcoma cell line

HT1080 [68] and phosphorylation destabilizes HIF-1a in

murine embryonic fibroblasts (MEFs) [69]. However, it

still remains unclear whether full-length HIF-1a is acety-

lated in vivo and its putative role in HIF-1a stability [70].

In any case, this proposed model cannot explain the

HDAC-inhibitor-mediated, VHL and ubiquitination-inde-

pendent degradation of HIF-1a [70, 71]. Intermittent

hypoxia produces changes in the abundance of HIF-1a
phosphorylated/non-phosphorylated forms with enhanced

HIF-1a stabilization during each period of hypoxia in the

human endothelial cell lines EAhy926 and HMEC-1 [72].

The different phosphorylation status of HIF-1a and HIF-2a
determines expression of genes involved in the DNA

repair process in HCT116 cell line [73]. Compound C,

an inhibitor of the key intracellular energy sensor

AMP-activated protein kinase (AMPK) that enhances

phosphorylation, prevents HIF-1a stabilization in the

human osteosarcoma cell line 143B [74]. However, this

stabilization might be mediated by a process independent

of AMPK in MEFs [75]. HIF protein can also be

SUMOylated by ubiquitin E3 ligases that control its deg-

radation by the ubiquitin–proteasome pathway in the

human cervical cancer cell line HeLa [76]. Noscapine,

another microtubule modulator agent, promotes the deg-

radation of HIF-1a protein via the proteasome in the human

glioma cell lines U87MG and T98G [77]. Noscapine acts in

a similar way to the heat shock protein 90 (Hsp90) inhib-

itor, geldanamycin [78] by blocking the accumulation of

HIF-1a protein in the nucleus [77]. An alternative means of

protein homeostasis is the VHL-independent mechanism

mediated by Hsp90, which protects proteins degradation

through its ATPase activity [79]. Several studies have

demonstrated that Hsp90 is associated with HIF-1a and this

association may be required for the hypoxic activation of

HIF-1a by stabilizing the protein or by enhancing its DNA

binding [80]. Inhibitors of Hsp90 dissociate Hsp90 from

HIF-1a and induce O2/PHD/VHL-independent degradation

of HIF-1a. In contrast, Hur et al. [81] reported that the

Hsp90 inhibitor Radicicol does not affect the stability of

HIF-1a, but significantly reduces DNA binding of HIF-1a
in the human hepatoma cell line Hep3B under hypoxic

conditions. The receptor of activated protein C kinase

(RACK1) promotes the O2/PHD/VHL-independent degra-

dation of HIF-1a by competition with Hsp90 for binding to

HIF-1a and recruitment of the ubiquitin ligase complex for

further HIF-ubiquitination and degradation [82]. Some

proteins such as the stress kinase c-Jun NH2-terminal

kinase 1 (JNK1) mediate degradation of HIF-1a by a VHL-

independent mechanism that involves both chaperones

Hsp90 and Hsp70. JNK1 deficiency impairs HIF-1a protein

stabilization as well as its transcriptional activity [83].

Another example of Hsp90 inhibition that induces HIF-1a
degradation is 17-allylaminogeldanamycin (17AAG), an

analogue of the flavonoid geldanamycin, which requires

the contribution of RACK1 for such effect in HEK293T

cells [84]. The regulation of HIF by flavonoids seems to be

complex. The flavonoid apigenin possesses anti-tumor

properties and is able to reduce HIF levels. Apigenin

decreases HIF-1a protein stability and expression by inhi-

bition of PI3K/AKT/p70S6K but increases p53 pathways in

the human ovarian cancer cell lines OVCAR-3 and A2780/

CP70 [85]. This mode of action contrasts with that of

FM19G11 which increases HIF-1a proteins and impairs

tumor cell growth under normoxia by activation of both

AKT and p53 pathways in HCT116 cells [48], suggesting

that the regulation of HIF is complex. In addition, Flavo-

piridol inhibits HIF-1a by a proteasome-independent

pathway but mainly acts at the level of gene transcription

[77]. Geldanamycin and the thioredoxin redox inhibitors

facilitate HIF protein degradation by the proteasome

pathway in a similar way to the mentioned Noscapine [77,

86]. Thioredoxin (Trx-1) inhibitors exert heterogeneous

effects on protein regulation, since it was reported that

novel drugs like AJM290 and AW464 (quinols) might

increase HIF-1a but decrease functional transcriptional

activity, DNA binding, and degradation in the human

breast cancer cell line MDA-MB-468 [87]. Interestingly,

the anti-tumor agent PX-12, an inhibitor of Trx-1, causes

degradation of HIF-1a in a Trx-1 independent manner in a

range of cancer cell lines [88]. PX-478 inhibits HIF-1a
protein synthesis, the accumulation of HIF-1a by increased

polyubiquitination and further degradation, as well as HIF-

1a activity in a wide range of cancer cell types [89, 90].

The oncogene Ras stabilizes HIF-1a. Ras can interact

with intracellular membranes via the farnesyl group.

Without farnesylation, Ras does not interact with other

regulatory molecules and the MAPK pathway is not acti-

vated. Therefore, disruption of Ras by farnesyltransferase

inhibitors, such as tipifarnib (R115777) [91] and lonafarnib

(SCH66336) [92] destabilizes HIF-1a and decreases HIF

transcriptional activity [93, 94]. Another agent developed
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for circulatory disorders, YC-1 inhibits HIF-1a protein

synthesis under normoxia and affects protein stability in

the human hepatocellular liver carcinoma cell line HepG2

grown under hypoxia [95].

Some commonly used non-steroidal anti-inflammatory

drugs like Ibuprofen reduce the protein levels of HIF-1a
and HIF-2a in prostate cancer cells grown under normoxic

and hypoxic conditions [96]. A possible explanation for

inhibition of the accumulation of HIF-1a is the increment

of expression of the VHL tumor suppressor protein and

further degradation of the protein under hypoxic conditions

[97]. It has recently been reported that Honokiol obtained

from Magnolia grandifloris and used for thousands of years

in traditional Asian medicine modulates HIF at different

levels. Honokiol regulates the HIF-1a protein accumulation

as well as its transcriptional activity in subcutaneous

murine colon carcinoma [98].

Modulation of HIF transcriptional activity

Epigenetic regulation of HIF function

In the last decade, it has become increasingly evident that

epigenetic events that occur under hypoxia can drive the

molecular response to hypoxia and also control the

expression of HIF-1a. To induce target genes, HIF-1a
requires a conductive chromatin environment to allow

binding of specific factors to specific sequences. Trans-

criptionally repressed chromatin, heterochromatin, is

compact and restricts access of transcription factors to

DNA, while transcriptionally active chromatin, euchro-

matin, allows access of transcription factors to DNA.

Histones are proteins that package and order the DNA-

forming nucleosomes and their modification play a role in

gene regulation. Hypoxia induces chromatin modifications

by modulation of enzymes that modify the histones, which

causes global repression of transcription [99]. Therefore,

intervention with pharmacological agents may help to

elucidate the mechanisms that control the molecular

response to hypoxia prior to the activation of transcription.

There are several ways of modulating chromatin structure,

including histone tail modification and nucleosome

remodeling that results from the action of ATP-dependent

remodeling complexes. Drug discovery related to modu-

lation of gene expression cannot be done at the DNA level

alone. One important family of mammalian chromatin

remodeling complexes by nucleosome remodeling is

mediated by a family of ATP-dependent enzymes named

SWI/SNF (switch/sniff) that modulate the expression.

SWI/SNF interacts with only certain classes of transcrip-

tion factors and this property enables SWI/SNF to be

selectively recruited to particular promoters. SWI/SNF

complexes can be targeted to chromatin by p300, a co-

activator of HIF, while histone acetylation by CBP/p300

facilitates the recruitment of SWI/SNF in Xenopus oocytes

[100]. SWI/SNF is required for several of the cellular

responses induced by hypoxia. Moreover, HIF-1a is a

direct target of the SWI/SNF chromatin-remodeling com-

plex [102] and SWI/SNF components are found associated

with the HIF-1a promoter and modulation of SWI/SNF

levels results in pronounced changes in HIF-1a expression

and its ability to trans-activate target genes in the human

osteosarcoma cell line U2OS [102]. In addition to acety-

lation, chromatin can also be modified through

methylation, ADP-ribosylation, ubiquitination, SUMOyla-

tion and phosphorylation, amongst others. The acetylation

status of histones that are located within the regulatory

regions determine the accessibility of crucial transcription

factors such as HIF to their binding sites and the formation

of multiprotein co-regulatory complexes that define gene-

specific transcriptional responses under hypoxic conditions

[32, 102–104]. In general, histone acetylation leads to

increased access of transcription factors to the DNA.

Acetylation status is reversibly regulated by a dynamic

balance between histone acetyl transferases (HATs) and

HDACs. HDACs include a large family of enzymes that

remove the acetyl groups of histones, transcription factors,

coactivators, and other proteins. FM19G11 which inhibits

HIF-a proteins and transcriptional activity, also showed a

predominant involvement in epigenetic-associated events

[13]. FM19G11 causes a reduction of overall histone

acetylation with significant repression of p300, a histone

acetyltransferase required as a co-factor for HIF-tran-

scriptional activation, in rat ependymal stem cells. Type

I/II HDAC-inhibitors impair HIF function by either

reducing functional HIF-1a levels or repressing HIF-a
transactivation activity [105]. Low doses of HDAC-inhib-

itors that promote acetylation of HIF are not sufficient to

cause HIF-1a degradation but are sufficient to repress HIF-

1a transactivation potential under both normoxic and

hypoxic conditions [20]. The repression of HIF function by

the induction of hyperacetylation of histones by HDAC

inhibitors might explain their effects in the repression of

tumor growth and may be promising anti-cancer drugs for

clinical goals [70, 106, 107]. The different therapeutic

treatments that include HDAC inhibitors in combination

with other drugs have been reviewed elsewhere [108].

Although HDAC inhibitors are generally well tolerated, the

accumulation of acetylated histones and non-specific tar-

gets may induce undesired side-effects depending on the

dose, route, and drug [109]. The stimulatory transcriptional

effects of the HDAC inhibitor trichostatin A (TSA) could

be possibly caused by hyperacetylation of histones or other

transcription regulators, since the drug did not increase

endogenous HIF-1a levels [20]. However, the authors
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proposed that HDAC inhibitors-mediated repression, like

that produced by TSA requires both HIF-a protein and

HRE binding sites and is independent of the direct acety-

lation of HIF-a. It has also been reported that the HDAC

inhibitor FK228 is able to decrease the HIF-1a binding

activity in the human fibrosarcoma cell lines LLC and

HT1080 [110]. The transactivation potential of HIF-1a
needs certain deacetylation activity that is also impaired by

HDAC inhibitors [20]. Histone methylation or demethyla-

tion is another histone modification due to environmental

influence that occurs in dynamic regulation driven by

methyltransferases and demethylases. Hypoxia can

increase histone methylation, the repressive marks of his-

tones that impair transcription, which are also observed at

promoters of hypoxia-regulated genes [99]. The methyla-

tion of lysine residues in histones by the specific histone

methyltransferase (HMTs) is also implicated in alterations

of chromatin structure and the regulation of crucial

genes under hypoxic conditions [111]. However, little is

known about how these epigenetic events can influence

the transcriptional activation mediated by HIF but

this transcription factor exhibits a preferential binding for

transcriptionally active loci [112]. The regulation of

Jumonji-domain-containing histone demethylases (JHDMs)

that belong to a family of dioxygenases and share simi-

larities with PHDs are regulated by HIF by binding within

the promoters of histone demethylases (JARID1B,

JMJD1A, JMJD2B, and JMJD2C) [113–117]. Therefore,

HIF also contributes to control global levels of histone

methylation under hypoxic conditions that modulate gene

expression and determines cell type-specific responses to

hypoxia. A combination of inhibitors of DNA methyl-

transferase (DNMT) and HDACs have been used alone or

in conjunction with other pharmacological tools [108].

Histone demethylase enzymes in the Jumonji gene family

are in some cases induced by hypoxia in a HIFa-dependent

manner [118] and contribute to control the cell response by

epigenetic regulation under hypoxic conditions [119].

Therefore, besides HIF-mediated gene transcription, mod-

ulation of histone methylation is another way of cell

adaptation to hypoxic stress. In addition, some of these

proteins like JMJD1A could also potentially regulate gene

transcription in hypoxia independent of its histone

demethylase activity [118]. It is remarkable that the con-

currence of DNA methylation and histone deacetylation

can regulate gene expression including HIF in pathological

processes and in fact, synergy of both processes can silence

HIF-2a transcription in MYCN-amplified neuroblastoma

cells [120]. Phosphorylation of the N-terminal tail of his-

tone H3 by MAP-kinase signaling or de-phosphorylation

by phosphatases are crucial processes that might be

involved in the regulation of the transcriptional activation

and inactivation processes [121]. Histone phosphorylation

is caused by signaling kinases like AMPK that activate

transcription promoted by stress [122], such as hypoxia

conditions. However, little is known about the influence of

the phosphorylation status of histones in the regulatory

region of HIF target genes and the activity of HIF as a

transcription factor. It has been reported that AMPK is

rapidly activated in vitro by both physiologically and

pathophysiologically low-oxygen conditions, but this event

is independent of HIF-1a activity [123]. It is noteworthy

that the first ubiquitinated protein to be identified was

histone H2A [124]. Despite the early discovery of ubiqui-

tinated histones, it has only been in the last five or so years

that we have begun to understand how histone ubiquiti-

nation is regulated [125]. However, the role that histone

ubiquitination plays in chromatin folding and/or function

that control cells grown under hypoxic conditions remains

to be clarified.

HIF DNA binding

Effective transcriptional activation first requires a proper

heterodimerization of HIF-1a with HIF-1b in the absence

of DNA [126]. Jiang et al. reported a functional analysis of

HIF-1a and the identification of protein domains required

for HIF-1a heterodimerization, DNA binding, and the final

transcriptional activation [126, 127], and therefore there

are some drugs that can act at the mentioned stages. At the

heterodimerization stage, it has been reported that Acri-

flavine inhibits heterodimerization of HIF-1a with HIF-1b
in HEK293 cells [128, 129]. The search of chemical

products that affect the protein–DNA interactions offer

another possibility to intervene on the control of endogenous

gene regulation. Polyamides are a class of DNA-binding

molecules used to disrupt protein–DNA interactions in a

sequence-specific manner [130]. Echinomycin (NSC-13502)

is a DNA-binding product that inhibits binding of HIF-1a
and HIF-1b proteins to HRE sequences in U251 cells

[131]. Echinomycin acts in a similar way to polyamide but

has less sequence preference than polyamide in U251 cells

[132]. The anthracycline chemotherapeutic agents doxo-

rubicin and daunorubicin are potent inhibitors of HIF-

1a-mediated gene transcription by blocking its binding

to DNA in Hep3B cells and dimerization of HIF-1a and

HIF-1b in HEK293 cells [133]. Inhibitors of Hsp90 activity

such as geldanamycin in HMEC-1 cells and the monkey

kidney fibroblast cell line COS-7 [134] and Radicicol also

affect HRE binding by the HIF-1a and HIF-1b heterodimer

[81]. In addition, the iron-binding porphyrin hemin inhibits

HIF-1a-dependent gene transactivation through its binding

with Hsp90 in HCT116 cells [135]. The metabolite acti-

nomycin D, an inhibitor of transcription was shown to

abolish hypoxia-induced HIF-1a binding activity in Hep3B

cells [11]. The novel thioredoxin inhibitors AJM290 and
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AW464 significantly inhibited HIF-1a transactivation

activity by blocking HIF-1a HRE-DNA binding [87, 136].

The same authors also identified DJ12, a compound that

also blocks HIF-1a HRE-DNA binding and transcriptional

activation [136]. In addition to external pharmacological

tools, cell-signaling molecules like IL-1b and TNF-a can

cause a moderate activation of HIF-1a DNA binding under

normoxic conditions. The treatment of HepG2 cells grown

under hypoxia with these cytokines strongly increases

HIF-1a activity compared to the effect of hypoxia alone

[137].

HIF transactivation

The association between the histone acetyl transferase

CBP/p300 with HIF-1a is crucial for the activation of gene

transcription and can be disrupted by the hydroxylation of

HIF by FIH (factor inhibiting HIF) in HEK293 cells [138]

that blocks association with co-activators in HEK293T

cells [139]. FIH-1 binds to VHL that also functions as a

transcriptional co-repressor that inhibits HIF-1a transacti-

vation by recruiting HDACs [138]. It is accepted that the

HAT activity enhances the hypoxia inducible activity of

HIF-1a [140]. However, hyperacetylation of p300 medi-

ated by HDAC-inhibitors represses the HIF-1a-p300

complex in vivo indicating that deacetylase activity is

indispensable for the transactivation potential of HIF. In

fact, HDACs are known to be interacting partners for HIF-

1a and some of them (HDAC4, 5 and 7) interfere with FIH-

1 binding to the inhibitory domain causing increased

transcriptional activity [18]. It has also been recently

reported that the transcription factor NF-jB suppresses the

HIF-1a transcriptional response by competing for p300

binding in the human osteosarcoma cell line MG63, the

human osteoblast cell lines hFOB 1.19 and MC3T3-E1,

and the murine mesenchymal cell line C3H10T(1/2) [141].

The CBP/p300-interacting transactivator 2 (Cited2) is an

interacting transcriptional modulator and a proposed neg-

ative regulator of HIF-1a by competition for the binding

sites of CBP/p300 [142]. The impairment of formation of

the basal transcription complex that is necessary for HIF-

mediated transcriptional activation is also an object of

intervention at the pharmacological level. In addition to

cellular proteins, there are also external pharmacological

tools that regulate this interaction. The compound cheto-

min was identified through a target-based high-throughput

screen as a disrupter of HIF binding to p300 in Hep3B and

HepG2 cells, which affects HIF-1a/HIF-2a-mediated

transactivation [143]. The proteasome inhibitor bortezomib

(PS-341) also represses HIF-1a transcriptional activity by

stimulation of the interaction between HIF and FIH under

hypoxic conditions, impairing p300 recruitment in multiple

myeloma cells [144]. In Hep3B and HEK293 cells, the

antifungal agent amphotericin B enhances FIH binding to

HIF and blocks p300 recruitment with a resultant repres-

sion of HIF-1a transcriptional activity [145]. For other

drugs, their mechanisms of action require further studies

because they are still elusive or unclear. Some flavonoids,

like isorhamnetin, luteolin, methyl ophiopogonanone

(MOB) [146] and quercetin [147] can also regulate the

HIF-1a-mediated transcriptional activation. The phos-

phorylation status of HIF is critical for HIF-1a
transcriptional activity and the expression of its target gene

under hypoxic conditions [148]. The protein kinase C

inhibitor UCN-01 also modulates the HRE transcriptional

activation mediated by HIF in human endothelial cells

[149]. Flavonoids also inhibit HIF-1a activity by impairing

the MAPK-dependent phosphorylation of HIF-1a, thereby

decreasing its nuclear accumulation in HeLa cells [150].

The MAPK inhibitor PD98059 blocks the trans-activation

but not the stabilization or DNA binding ability of HIF-1a
in Hep3B cells [151]. The flavonoid kaempferol effectively

inhibits HIF-1a activity in the human hepatocarcinoma cell

line HuH-7 under hypoxic conditions by its relocalization

into the cytoplasm by inhibition of HIF-1a phosphorylation

rather than suppression of protein levels [152]. Silibinin

inhibits hypoxia-induced HIF-1a accumulation and tran-

scriptional activity that is correlated with inhibition of the

mTOR/p70S6K/4E-BP1 signaling pathway in HeLa and

Hep3B cells [153]. FM19G11 decreases the transcriptional

activity mediated by HRE in hypoxia, but increased mTOR

and HIF-1a accumulation in HCT116 cells in normoxia.

The topoisomerase inhibitors NSC607097 [57] and the

compound EZN-2208 derived from the SN38 (10-hydroxy-

7-ethyl-camptothecin) down-regulate HIF-1a-mediated

trans-activation of downstream targets in the cell line

U251-HRE [154]. Noscapine appears to interfere with

microtubule function and sensitizes chemoresistant ovarian

cancer cells to cisplatin through inhibition of HIF-1a
transcriptional activity in the human ovarian cancer cell

line C13K [155]. The thioredoxin redox inhibitors, PX-12,

pleurotin and PX-478 [86, 89] as well as Wondonin [55], a

novel compound derived from sponges inhibit the HIF-

1a-mediated transactivation.

HIF-positive regulators

HIF-positive regulators increase protein expression or

decrease degradation, thereby stabilizing HIF and

increasing HIF-mediated transactivation. The central ner-

vous system requires a constant supply of oxygen and

glucose, and neurons have developed specific mechanisms

to adapt to hypoxia/ischemia. HIFs have emerged as master

regulators of neuroprotection and survival, especially for

the application of neuronal degenerative diseases and aging
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[156]. Tilorone, a novel potent activator of HIF-1a and its

downstream target genes, provides prophylaxis against

brain stroke and traumatic spinal cord injury and helps

ameliorate these conditions [157]. In neurodegenerative

disorders such as Alzheimer’s, Parkinson’s, Huntington’s,

and amyotrophic lateral sclerosis, the associated accumu-

lation of toxins, lead to neuroinflammation and

degeneration, HIF-1a functions as a neuroprotector. The

neuroprotection is associated with VEGF-mediated

expression through activation of HIF-1a [158]. In addition,

some pre-conditioning strategies that induce HIF are

applied for ischemic rescue in the brain and for myocardial

infarction [159, 160]. HIF is important for development

[161], angiogenesis, and normal and pathological func-

tioning of the heart [162, 163]. Results obtained in the last

decade and reviewed elsewhere indicate that HIF-1a exerts

a critical role in mediating cardioprotection [164]. Induc-

tion of RTEF-1, a positive regulator of HIF-1a
transcription that acts by binding the MCAT-like elements

in the HIF-1a promoter region in endothelial cells, accel-

erates recovery from ischemia [165]. Calcineurin is

activated by calcium and calmodulin and plays a key role

in physiological responses such as cardiac hypertrophy.

Calcineurin dephosphorylates RACK-1, which impairs its

dimerization and consequently inhibits HIF-1a ubiquitina-

tion and proteasomal degradation in HEK293T cells under

both hypoxic and non-hypoxic conditions [166]. Astrag-

aloside IV, a constituent of Astragalus membranaceus, is

an example of an external chemical compound that

increases HIF and effects heart function. Recent findings

demonstrate that Astragaloside IV can stimulate HIF-1a
accumulation through the PI3K/Akt pathway of human

umbilical vein endothelial cells (HUVEC) cultured under

hypoxic conditions [167]. The authors proposed that

Astragaloside IV promotes angiogenesis and protects

against cardiac hypoxia during myocardial ischemia. It has

been proposed that dibenzoylmethane, a natural dietary

compound, induces HIF-1a by inhibition of protein deg-

radation and promotes activation of HIF-1 as measured by

reporter gene assay in LNCaP, PC-3, and HEK293 cell

lines, with possible applications in ischemic diseases [168].

The antimycotic ciclopirox olamine induces HIF-1a sta-

bility, HIF-1a transcriptional activity and modulates

angiogenesis [169]. Deferoxamine can induce HIF-1a by

inhibiting its degradation [170] as well as potentiating HIF

DNA binding [171] and has been proposed in the reduction

of brainstem blood [172] or prevention of cardiac hyper-

trophy [173]. Deferoxamine and the prolylhydroxylase

inhibitor dimethyloxalylglycine (DMOG) can also stimu-

late HIF-2a in human lung endothelial and epithelial

cells [174]. DMOG induces HIF-1a activation with a

possible positive effect in ischemia–reperfusion injury

[175]. Capsaicin-sensitive afferent neurons are related to

the transmission of cardiac nociception in acute myocardial

infarction [176]. Capsaicin induces HIF-1a expression and

binding activity under normoxic conditions, most likely by

inhibiting NF-jB activation, which may trigger stress-sig-

naling pathways [177]. The role of HIF-1a preconditioning

has also been shown to have excellent preventive and

therapeutic effects in various experimental models of

kidney disease [178]. However, HK-2 cells exhibit a non-

lethal but dysfunctional phenotype under hypoxic condi-

tions, which reflects the epithelial pathology of ischemic

acute renal failure [179]. In human kidney HK-2 cells, all

trans-retinoic acid (ATRA) treatment induces HIF-1a
under normoxic conditions and hypoxia. ATRA induces

stabilization of HIF-1a mRNA but not of HIF-1a protein

[180]. Other transcription factors such as Stat3, are asso-

ciated with HIF-1a in hypoxia by direct interaction that

causes its stabilization in human renal carcinoma cells

[181]. Human cytomegalovirus (HCMV) may cause sig-

nificant alterations to cellular physiology, not only related

to the innate immune responses but also to altered cellular

processes affected by an increment in HIF expression

[182]. Mersalyl [o-[(3-hydroxymercuri-2-methoxypropyl)

carbamoyl]phenoxyacetic acid] is an organic mercurial

diuretic with antiviral activity [183] that induces expres-

sion of HIF-1a by a mechanism involving the IGF-1/

MAPK pathways in Hep3B cells [184]. Some pathways

including the MAPK and PI3K/AKT cascades are involved

in HIF activation regardless of the oxygen tension [4, 5].

Some attempts have tried to elucidate whether the regula-

tion of HIF in normoxia or hypoxia is similar or different.

For instance, an overexpression of HIF induced by

doxycycline in HEK293 cells served to study a HIF-

1a-dependent gene regulation under normoxia or hypoxia

[185]. This strategy allowed the authors to differentiate the

hypoxia-dependent from hypoxia-independent effects on

HIF expression and some of its known target genes (i.e.,

VEGF or EPO) as well as the consequences in a crucial

process such as apoptosis. HIF-1a and the mentioned target

genes increase in a time-dependent manner after treatment

with doxycycline but at a lower level in comparison to the

induction caused by hypoxia. The authors tried to explain

the effect by the requirement of cofactors for HIF-

1a-induced action on target genes and the absence of post-

translational modifications under normoxia suggesting a

cofactor-dependent process in HIF-1a and hypoxia-related

apoptotic process. For the non-hypoxic stimuli of lipo-

polysaccharides (LPS), the upregulation of HIF-1a protein

takes more time compared to hypoxic induction but are

elevated for a longer period of time [2]. In addition, the

non-hypoxic induction of functional HIF-1a is not only cell

type-specific but also depends on the differentiation status

of the cells as in the innate immune response [186].

Therefore, it seems that the regulation of expression
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modulated by different non-hypoxic stimuli is distinct from

the hypoxia-induced response. It is also noteworthy that some

of the HIF regulators mentioned here are not selective inhib-

itors of HIF and can affect the general machinery in the cells.

For instance, the microtubule-stabilizing and microtubule-

destabilizing drugs that disrupt microtubule function affecting

the cell cytoskeleton or the HDAC-inhibitors that influence

the chromatin remodeling and transcriptional activation of

many genes. HIF regulation by pharmacological compounds

is the result of complex molecular events occurring under

different oxygen concentrations that requires further studies

for better comprehension (Fig. 1).

Concluding remarks

The HIF-a subunit is precisely regulated on multiple levels

depending on the oxygen availability. Pre-transcription, tran-

scription, translation, post-translation and the capability of

HIF-mediated transactivation to initiate the transcription of

target genes are important sites of regulation. Transcriptional

activity is regulated by epigenetic events and by the capability

to form heterodimers by HIF protein–protein interactions.

Controlling HIF modulation by molecular or pharmacological

strategies seems to be crucial for treatment of significant

malignancies directly influenced by angiogenesis such as

cancer or cardiac diseases. The multifaceted aspects of HIF

regulation provide different possibilities for therapeutic inter-

vention to up- or down-regulate HIF according to the desired

therapeutic effect, making HIF an attractive target. Although

there are many efforts to identify new HIF modulators, there is

still room for the discovery of new drugs and molecular

strategies that modulate HIF at different levels. These findings

contribute to clarify the cellular effects caused by HIF modu-

lation for further and secure interventions in clinical trials.
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Fig. 1 Pharmacological intervention of HIF regulation. The mode of action of both negative HIF regulators (red numbers) and the positive HIF

regulators (green numbers) are indicated at the corresponding regulatory stage
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