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KEYWORDS Abstract Hypoxia-inducible factor (HIF) is a main heterodimeric transcription factor that
Angiogenesis; regulates the cellular adaptive response to hypoxia by stimulating the transcription of a series
HIF; of hypoxia-inducible genes. HIF is frequently upregulated in solid tumors, and the overexpres-
Hypoxia; sion of HIF can promote tumor progression or aggressiveness by blood vessel architecture and
Metabolism; altering cellular metabolism. In this review, we focused on the pivotal role of HIF in tumor
VHL angiogenesis and energy metabolism. Furthermore, we also emphasized the possibility of
HIF pathway as a potential therapeutic target in cancer.
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Solid tumors are known for a long time to contain poorly
vascularized regions, including low pH, severe hypoxia and
nutrient starvation." The unlimited proliferation of tumor
cell results in increased oxygen consumption, thus, most
part of solid tumors develop hypoxia as compared to sur-
rounding normal tissue.? Tumor hypoxia is typically corre-
lated with poor prognosis, partly because of refractory to
therapy, in particular to radiotherapy that kills tumor cells
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by generating reactive oxygen species (ROS). In laryngeal
cancer, hypoxia has been shown to promote cell invasion
and metastasis via epithelial—mesenchymal transition
(EMT).? Hypoxia-inducible factor (HIF) plays an important
role in the adaptive cellular response to hypoxia in tumor
microenvironment.*

Hypoxia-inducible factors (HIFs) are a heterodimer
consisting of an oxygen-dependent «-subunit (HIF-«) and an
oxygen-independent B-subunit (HIF-B). The HIF-a has three
isoforms, HIF-1a, HIF-2e., and HIF-3c..> There are two iso-
forms of HIF-B that also called as the aryl hydrocarbon re-
ceptor nuclear translocator (ARNT), namely, HIF-13 and
HIF-2B8.6 Among those HIFs, the most important is HIF-1a,
responsible for activating transcriptional responses under
hypoxia. Similar to HIF-1a, HIF-2¢ is involved in the regu-
lation of hypoxia. Nevertheless, their ability to transcrip-
tionally regulate specific hypoxia-responsive genes, HIF-2a
and HIF-1a have distinct functions and only partially over-
lap. For example, HIF-2 is the predominant regulator of
fatty acid storage, whereas glycolytic genes appear to be
primarily regulated by HIF-1.° HIF-30 acts as a down-
regulator, reducing the anoxia response by a HIF-1¢. inhib-
itor mediator.” As a consequence of the hypoxia-inducible
transcription factors stabilization, the cell constitutively
upregulates the hypoxic response pathway resulting in gene
expression programs, which are responsible for global shift
in glucose uptake, cell proliferation, differentiation,
apoptosis, energy metabolism, erythropoiesis, and angio-
genesis.® These physiological adaptive responses are also
commonly observed in human cancer. Thus, Warburg effect
(altering glucose metabolism), resistance to apoptosis and
angiogenic switch are all hallmarks of cancer. Recently,
HIFs have been shown to control cancer stem cells (CSCs)
proliferation, differentiation and pluripotency through
activating specific signaling pathways such as Oct4, Wnt
and Notch."%'° Furthermore, these features are important
during tumor progression. Accordingly, hypoxia-inducible
factor (HIF) contributes to tumor progression in a positive
feedback loop."""?

HIF expression in cancer

A recent survey found that HIF-1oc and HIF-2a. were
commonly upregulated in a variety of human tumors,
including breast, bladder, brain, glial, hepatocellular, colon,
ovarian, pancreatic, prostate, and renal tumors.’® Clini-
cally, high levels of HIF-1a. expression positively correlate
with tumor progression and poor patient outcome in non-
small cell lung cancer,™ head and neck cancer,' colon
cancer, '® gastric cancer,'” breast cancer,'®" prostate can-
cer,?® pancreatic cancer,?’ esophageal cancer,?” osteosar-
coma,”® endometrial carcinoma,?* ovarian carcinoma,?’
bladder carcinoma,?® and nasopharyngeal carcinoma,?’
while elevated HIF-2o expression correlate with tumor
progression and poor patient outcome in non-small cell lung
cancer,' bladder cancer,?®?° breast cancer,’® colorectal
cancer,®' clear cell renal cell carcinoma (ccRCC),*? and
hepatocellular carcinoma,*® HIF-3a expression is commonly
found in various human tissues and cancer cell lines,
and while the dominant-negative HIF-3a. inhibits the tran-
scriptional activity of HIF-1a.3*3° Moreover, HIF-3a was

discovered to be down-regulated in renal cell carcinomas.>*
Generally, HIFs activation is a common incident in human
cancer and the overexpression of HIFs may play a significant
role in tumorigenesis. However, there are a couple of ex-
amples to the contrary. A study by Acker et al reported that
overexpression of HIF-2a reduced the growth of rat glioma
tumors, in part by increasing tumor cell apoptosis, and
Knock-down of HIF-2a. in human malignant glioblastoma
reduce apoptosis.>® Nevertheless, Raval et al showed that
overexpression of HIF-2o. promoted tumor growth, while
overexpression of HIF-1a inhibited tumor progression.>’

HIF activation in cancer

Hypoxia, is the most common mechanism of HIF activation
in neoplasms. Vaupel, et al estimated that hypoxic and/or
anoxic tissues, developing as a consequence of an imbal-
ance between tumor cell oxygen consumption and supply,
was present in 50—60% of solid tumors.>3® Hypoxia is defined
as having an internal partial pressure of oxygen of less than
10—15 mm Hg in solid tumors.> Under hypoxic conditions or
in VHL—/— cells, stabilized HIF-1a dimerizes with HIF-1B
and interacts with the transcriptional coactivators p300/
Creb-binding protein (p300/CBP) before binding to DNA on
hypoxia-response elements (HREs), finally activating target
gene transcription and mRNA, and protein synthesis.“%*'

The activation of HIF also can be influenced in tumor
with normoxia conditions by genetic alterations in its
oxygen-signaling pathway. As mentioned before, VHL (von
Hippel—Lindau) plays a central role in the oxygen-sensing
pathway promoting HIFa proteosome-mediated degrada-
tion.*? Therefore, inactivation or loss of VHL results in
activation of the HIF pathway in normoxia,* which in turn
results in transactivation of HIF target genes. Germline
mutations in the VHL tumor-suppressor gene lead to VHL
disease, a familial cancer syndrome that associates with
the development of multiple vascular and benign tumors.
The main tumor manifestations include central nervous
system and retina haemangioblastomas, phaeochromocy-
tomas, clear cell renal cell carcinoma (CCRCC), pancreatic
islet tumors, endolymphatic sac tumors, epididymal cys-
tadenomas and pancreatic and renal cystadenomas.*

There are also some evidence that HIF activity can be
induced by oxygen-independent manner, such as the acti-
vation of the mitogen-activated protein kinase (MAPK) and
phosphoinositol 3-kinase (P13K) pathways. It was found that
HIF activity was increased via the activation of PI3K/Akt
pathway through enhancing positive regulators such as Ras
and receptor tyrosine kinases or inactivation of negative
regulators include tensin homolog (PTEN) and tuberous
sclerosis (TSC) 1 or 2.“° The PI3K signaling pathway can
regulates HIF activity in mammalian target of rapamycin
(mTOR)-independent or mTOR-dependent mechanisms. All
together, the activation of HIF is a complex process and
may involve different tumor-suppressor genes and relevant
oncogenes during tumor progression.

HIF and angiogenesis

Angiogenesis is critical for the process of solid tumor for-
mation and progression since the supply of oxygen and
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nutrients is inadequate in tumor cell. Ultimately, beyond a
certain size, the stimulation of vasculogenesis and/or
neoangiogenesis is required for a tumor to grow. This ability
of tumor cell involves a multistep process, termed the
‘angiogenic switch’, a phenomenon occurs when the bal-
ance of pro-angiogenic factors outweighs anti-angiogenic
factors.“® HIF can induce the expression of a large number
of pro-angiogenic factors, including vascular endothelial
growth factor (VEGF), VEGF receptors FLT-1 and FLK-1,
platelet-derived growth factor B (PDGF-B), plasminogen
activator inhibitor-1 (PAI-1), the TIE-2 receptor, matrix
metalloproteinases (MMP-2 and MMP-9) and angiopoietins
(ANG-1 and ANG -2).*” Among all of these pro-angiogenic
factors activated by HIF, VEGF-A, a potent endothelial
mitogen, is the most notable protein since it is highly
expressed in many human tumors.*>*

In both physiological and pathophysiological angiogen-
esis, HIF-1a pathway has been shown to be a master regu-
lator of vasculature formation by upregulating other
proangiogenic factors such as VEGF.* HIF-1o plays an
important role of in endothelial cells (EC) biology and
angiogenesis. Tang et al found that loss of HIF-1a prevented
EC angiogenesis behavior, including proliferation, migra-
tion, chemotaxis and wound healing.’® Additionally, HIF-2a
has also been shown to relate to tumor angiogenesis. Skuli
et al found that HIF-2a-deficient in murine EC could
decrease vascular function and tumor angiogenesis.>' Raval
et al noted that the expression of VEGF was positively
regulated by HIF-2« in VHL-deficient RCC cells.®” In addi-
tion, Geis et al showed that HIF-20. promoted angiogenesis
in HepGz2 cells via increasing PAI-1 to inhibit concentrations
of active plasmin.>? Collectively, these findings suggest that
both HIF-1a and HIF-2q. contribute to tumor angiogenesis.

HIF and tumor metabolism

In 1924, Otto Warburg observed that tumor cells converted
much more glucose to produce lactic acid even under
normal oxygen tension (aerobic glycolysis). This finding,
known as the Warburg effect, is an almost universal feature
of solid tumors and first explained the shift of glucose
metabolism in tumor cells. However, in normal tissue, cells
prefer to oxidize glucose to carbon dioxide by coupling
glycolysis to oxidative phosphorylation and citric acid
cycle. Warburg believed that this metabolic transition was
important for tumorigenesis.>® It has been shown that HIF,
particularly HIF-1a, induces the expression of glucose
transporters (Glut1 and Glut3) and glycolytic enzymes
including lactate dehydrogenase A (LDHA), phosphoglyc-
erate kinase 1 (PGK-1) and hexokinases (HK1 and HK2) and
plays an important role in the switch from oxidative phos-
phorylation to anaerobic glycolysis.’*>> Moreover, besides
blocking tricarboxylic acid (TCA) cycle and oxidative phos-
phorylation (OXPHOS) in mitochondria, HIF-1a is shown to
suppress mitochondrial biogenesis itself. Zhang et al
observed that HIF-1a in VHL-deficient renal carcinoma cells
negatively regulated mitochondrial mass and oxygen con-
sumption by inhibition of PGC-1b through c-Myc.’® In
addition, accumulated evidence indicated that many can-
cer genes, including cMyc, p53, and Ras, are all associated
with the regulation of aerobic glycolysis.’” As a capital

regulator of tumor hypoxic response, HIF also is a significant
mediator of metabolism in human cancer.

A well-recognized key process for cellular energy
metabolism is that, under normoxic conditions, glucose is
transformed into pyruvate in the cytoplasm and then py-
ruvate is catabolized to acetyl-CoA by pyruvate dehydro-
genase (PDH) complex and enter the TCA cycle and OXPHOS
in the mitochondria. However, in solid tumors, HIF-1a ac-
tivates pyruvate dehydrogenase kinase 1 (PDK1), which in-
hibits PDH by phosphorylation.®® Therefore, pyruvate can
not be converted to acetyl-CoA, as a consequence, pre-
venting the production of ATP through TCA cycle and
OXPHOS (Fig. 1). HIF-1a. protects cells from reactive oxygen
species (ROS) damage by activating PDK-1, which can
attenuate ROC production. HIF-1a also fine-tunes hypoxic
cell respiration by regulating the switch of cytochrome
oxidase (COX-4) subunit.”® Futhermore, Chen et al shown
that HIF-1a regulated the expression of microRNA-210,
which decreased COX10 (cytochrome c oxidase assembly
protein) and ISCU (iron-sulfur cluster scaffold homolog)
expression, two important composition of the mitochondria
electron transport chain (ETC) and the TCA cycle.®® MiR-210
is highly expressed in hypoxia, which can inhibit cell pro-
liferation by promoting cell cycle arrest and apoptosis
through the targeting of fibroblast growth factor receptor-
like 1 (FGFRL1) in human Laryngocarcinoma cancer.®' All
together, miR-210 as a robust target of HIF plays an
important role in mitochondrial metabolism, DNA damage
response, angiogenesis, apoptosis, and cell survival.®?

In addition, hypoxic tumor cells have its unique char-
acteristics of lipid metabolism via HIF pathway. Recently,
Furuta et al found that hypoxia promoted fatty acid syn-
thesis through activation of sterol regulatory-element
binding protein (SREBP)-1 and up-regulation of fatty acid
synthase (FASN) in HIF signaling pathway.®® It has been re-
ported that tumor cells hypoxia results in accumulation of
triglycerides and lipid droplets. In this process, Mylonis et al
have shown that HIF-1a directly contributed to the stimu-
lation of phosphatidate phosphatase isoform 1 (Lipin1), a
phosphatidate phosphatase isoform that catalyzes triglyc-
eride biosynthesis during the penultimate step.®* Overall,
all of these studies indicate that hypoxia can stimulate
fatty acid synthesis and triglyceride storage via HIF-1-
mediated pathway in tumor cells. Otherwise, one recent
research revealed that HIF-2o. in liver-specific VHL-
knockout mouse model was identified as a central regulator
of hepatic lipid metabolism, including synthesis, oxidation,
and storage. In this model, acyl-CoA synthase long-chain
family member 1 (Acsl1) and carnitine palmitoyltransfer-
ase | (Cpt-1) were both decreased by activation of HIF-2a.
Notably, HIF-2« activation caused severe hepatic steatosis
by increasing hepatic lipid storage and suppressing lipid
synthesis and fatty acid—oxidation.®”

HIF as targets for cancer therapy

Hypoxia is a common feature in all solid tumors, and it is
correlated with tumor progression and metastasis and poor
patient survival, as well as the resistance of cancer to
chemotherapy and radiotherapy.®®"¢” As we have mentioned
previously, HIF is a central mediator in regulating tumor
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Fig. 1 Effects of hypoxia on tumor cells metabolism. Under hypoxic conditions, glucose is converted to lactate rather than to

metabolized acetyl-CoA to enter TCA cycle and OXPHOS in the mitochondria. A humber of the effects of hypoxia on cancer
metabolism are explained by the HIF-1a-mediated activation of glycolytic enzymes and LDHA and inhibition of PDH, and this
phenomenon that tumor cells shift from oxidative phosphorylation to glycolysis, even under normoxia, was termed Warburg effect.
As a consequence, tumor cells are protected from ROS damage generated from ETC in hypoxic condition.

survival and growth under low oxygen tension condition.
Therefore, HIF is considered as an attractive target for
anticancer agents. In recent years, there are several small
molecules identified as HIF-1a inhibitors, which can inhibit
the HIF-1o pathway. Among these molecules are inhibitors
of HIF-1oo mRNA expression (EZN-2698 and Aminoflavone),
inhibitors of HIF-1a translation (Camptothecins, LY294002,
Temsirolimus, 2-Methoxyestradiol and Cardiac glycosides),
inhibitors of HIF-1a stabilization (Geldanamycins, Radi-
cicols, SCH66336), inhibitors of HIF-1 dimerization (Acri-
flavin), inhibitors of HIF-1/DNA binding (Anthracyclines and
Echinomycin), inhibitors of HIF-1 transcriptional activity
(Chetomin and Bortezomib), and inhibitors of HIF-1a at
multiple levels (YC-1 and PX-478).%% All of these inhibitors of
HIF-1a can be divided into two classes: indirect and direct
inhibitors. Nevertheless, these indirect inhibitors represent
pleiotropic effect and affect other signaling pathways,
which indicates that development of selective HIF inhibitors
is crucially important.®’

Future perspectives

Hypoxia has been known as a basic hallmark of human
cancer. HIF is a key mediator of cellular response to hyp-
oxia. The activation of HIF contributes to cancer progres-
sion by promoting angiogenesis, induction of glycolysis,
alteration of EMT and inhibition of apoptosis. Futhermore,
HIF can also modulate tumor progression through in-
teractions with many oncogenic pathways, such as c-Myc
and p53. Thus, the mechanisms of HIF in tumor initiation/
progression are multiple and complex, which need more

profound research to find the details of HIF pathway.
Interestingly, many of agents that have been shown to
inhibit HIF pathway have presented significant anti-cancer
activity in clinic trials. HIF would be a novel target for
tumor drug discovery and development, although further
studies are needed.
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