Hypoxia-inducible factor (HIF): fuel for cancer progression
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Abstract
Hypoxia is an integral part of tumor microenvironment, caused primarily due to rapidly multiplying tumor cells and a lack of proper blood supply. Among the major hypoxic pathways, HIF-1 transcription factor activation is one of the widely investigated pathways in the hypoxic tumor microenvironment (TME). HIF-1 is known to activate several adaptive reactions in response to oxygen deficiency in tumor cells. HIF-1 has two subunits, HIF-1β (constitutive) and HIF-1α (inducible). The HIF-1α expression is largely regulated via various cytokines (through PI3K-ACT-mTOR signals), which involves the cascading of several growth factors and oncogenic cascades. These events lead to the loss of cellular tumor suppressant activity through changes in the level of oxygen via oxygen-dependent and oxygen-independent pathways. The significant and crucial role of HIF in cancer progression and its underlying mechanisms have gained much attention lately among the translational researchers in the fields of cancer and biological sciences, which have enabled them to correlate these mchanisms with various other disease modalities. In the present review, we have summarized the key findings related to the role of HIF in the progression of tumors. 
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INTRODUCTION
It is well-known that the microenvironment of a solid tumor has low oxygen concentration (hypoxia) [1]. This is a resultant repercussion of an imbalance between oxygen delivery and utilization, which makes this region resistant to radiotherapy and chemotherapeutic agents [2–6], [7]. Several pathophysiological factors and mechanisms are involved in evoking hypoxia within cancer tissues. These are; (i) morphological and physiological abnormalities of tumor microvessels leading to perfusion of the tissues with limited O2 or acute hypoxia, (ii) worsening oxygen diffusion mechanism caused by an increasing distance between the blood vessels and cancerous cells due to tumor expansion, resulting in depleted levels of O2 transport or chronic hypoxia, (iii) tumor and therapy mediated anemia resulting from a reduced oxygen supplying propensity of the blood (anemic or toxic hypoxia), and may also arise due to the formation of carboxyhemoglobin (complex of carbon monoxide and hemoglobin) in heavy smokers which further reduces the O2 transport capacity of hemoglobin (Fig. 1). The former two mechanisms are predominant in conditions where there exists an imbalance in the oxygen status [8–11]. 
Hypoxic conditions may influence tumor cell growth in two ways; firstly, by the impairment of normal cell growth or by causing cell death, and secondly, by the propagation of tumor growth by serving as a factor for malignant progression. The latter is also caused by hypoxia-induced genomic changes within the cancer cells [12–16]. In addition, there are several genes which require hypoxic conditions for their expression, that assist in tumor cell survival. These genes also help in overcoming nutritive deprivation and thereby contribute towards tumor progression [17–20]. One of the primary genes responsible for permitting the cells to escape from an unfavourable environment is HIF-1, which is activated or accumulated when there are declined O2 levels. Manipulating this system could be a potential promising tumor-hypoxia specific targeting strategy for cancer treatment [21]. Furthermore, hypoxia triggers molecular responses where, HIF-1 is a nuclear component leading to the generation of more malignant phenotypes. Therefore, HIF could be a potential candidate for tumor integrated hypoxia-selective gene therapy [22]. Therefore, with regard to the overall significance of HIF on tumor cells, cancer management strategies focused on the HIF activity, specifically, development of small therapeutic molecules that may help in the prevention of interactions of the HIF-α and HIF1-β subunits, may be worth investigating [23].
Role of Hypoxia-inducible factor in adaptation to hypoxia for tumor survival

Hypoxia-inducible factors (HIFs), being oxygen sensible proteins, accumulate in oxygen-deficient hypoxic environment and are the important regulators of oxygen homeostasis in cancerous cells [24,25]. Biological organisms are known to develop adaptive responses to depleted oxygen conditions. Fluctuations in oxygen levels and stress activate several regulatory genes that assist in maintaining the equilibrium and promote viability of cells in oxygen-deprived environment. Regulatory genes such as HIF-1 and HIF-2 are regulators of homeostasis. However, the role of HIF-3 with respect to tumor survival is not well understood yet [26]. It is now understood that more than 40 genes are activated through HIF-1 activation which play key roles with regard to cellular adaptation in oxygen impoverished conditions [27]. These genes are involved in various pathological processes such as cell proliferation, angiogenesis, metabolism, and invasion, some of which are mentioned in Table 1 [28,29]. In addition, under such conditions, the tissue environment that surrounds the tumor cells suffers from O2 stress resulting in the mobilization of HIF-1. This would cause the proliferation of tumor cells into large solid masses leading to angiogenesis, which eventually increases the oxygen supply to tumor areas [30]. Therefore, the actuated HIF-1 triggers a series of reactions that concomitantly alter the existing physiological condition via transcriptional activation of genes that advances tumor progression and cellular growth. Therefore, targeting HIF-1 through the inhibition of transcriptional activity may prove to be one of the novel strategies for cancer therapy [31]. It is reported that HIF participates in several physiological functions, ranging from glucose metabolism to cell proliferation, vasodilation and angiogenesis (Fig. 2). Hypoxic cells typically take up more glucose to encounter energy requirements. Therefore, in hypoxic tumour cells, it is observed that HIF shifts the glucose biotransformation process from an oxygen-dependent-phosphorylation into an oxygen-independent glycolytic pathway (Warburg effect) by inducing glycolytic enzymes and glucose transporters (GLUTs) that will help to maintain the energy production [32–34]. Alternatively, HIF-1 participates in the induction of vascular endothelial growth factor (VEGF) that initiates angiogenesis to supply oxygen for tumoral growth [35,36],. 
Furthermore, HIF-1 helps in tumor metastasis into more oxygenated regions of the body through induction of growth factors that precipitate oncogenesis-like transforming growth factor-β3 and epidermal growth factor (EGF) [31,37]. These adaptive responses are characterized into short-term adaptive mechanisms like vasodilatation, increased vascular permeability, glucose transport, facilitating anaerobic metabolism, and also long-term adaptive mechanism e.g. angiogenesis [38–41]. Overall, HIF-1 is observed to be a master initiator of tumor progression under hypoxic conditions through various adaptive mechanisms.
Table 1. HIF regulated proteins
	Process
	Protein
	Reference

	Angiogenesis
	Transforming growth factor β3 (TGF β3)
	[42]

	
	Vascular endothelial growth factor (VEGF)
	[43–45]

	
	LDL receptor-related protein 1 (LRP1)
	[46]

	
	Adrenomedullin (ADM)
	[47]

	
	Endocrine gland-derived VEGF
	[48]

	Erythropoiesis
	Erythropoietin (EPO)
	[49]

	Proliferation
	 Insulin-like growth factor 2 (IGF-2)
	[50]

	Cell survival
	ADM
	[47]

	
	EPO
	[49]

	
	IGF-2
	[50]

	
	IGF-BP1
	[51]

	
	IGF-BP 2
	[50]

	
	IGF-BP 3
	[50]

	
	Nitric oxide synthases (NOS) 2
	[52,53]

	
	VEGF
	[43–45]

	Metabolism
	Hexokinase 1 (Hk 1)
	[43]

	
	Hexokinase 2 (Hk 2)
	[43]

	
	Glucose transporter 1
	[43,44]

	
	Glucose transporter (GLUT)  3 
	[43]

	
	Lactate dehydrogenase A (LDHA)
	[43,44]


Structural biology of HIF
As discussed earlier, there are 3-isoforms of HIF, namely, HIF-1, HIF-2 and HIF-3. Among these, HIF-1 is considered to be the principal promoter of transcriptional activities in response to hypoxia [54]. HIF-1, a heterodimeric protein, is composed of an α subunit and a β subunit as shown in Fig. 3 [55–58]. There is a prominent link between HIF-1 activity and tumor hypoxia or tumor progression. It has been reported that the subunit α is found widely scattered all over the tissue in hypoxic conditions in cancerous cells as compared to normal cells [59,60]. 

The activity of HIF-1 within tumor cells is closely interrelated to the availability of HIF-1α subunit, which is a high level subunit of HIF-1 that leads to the development of resistance towards certain therapies [61–63]. These claims have been justified and proved by experimental data which has shown decreased tumor growth, metastasis and vascularisation in the absence of HIF-1α [64]. It is well-known that HIF-1α is fully functional in hypoxic conditions, which suggests it to be an oxygen-sensitive subunit. However, the β subunit of HIF is expressed constitutively and is expressed as an aryl hydrocarbon nuclear translocator (ARNT). The ARNT was brought to light prior to HIF-1α and was earlier recognized to be the aryl hydrocarbon receptor (AhR) assistant [65–68]. 

Interestingly, the structures of both the subunits mentioned earlier have shown to resemble the two nuclear proteins found in Drosophila, namely, Tango and Sima. This homology is due to the existence of a basic-helix-loop-helix (bHLH) domain [49,69,70]. This highlights the fact that both α and β subunits are affiliated to the basic-helix-loop-helix protein of PER-ARNT-single minded protein (PAS) family [71–75]. Every domain has its own characteristic function, wherein, the two transcription activational domains (TADs): NH2-transcription activational domain (N-TAD) and COOH-transcription activational domain (CTAD) are responsible for transcriptional activity of HIF-1α and HIF-2α, while HIF-3α only has amino-terminal [76]. 

Moreover, HIF-1β contains only a C-terminal activation domain (CTAD). CTAD is involved in modulating transcriptional activity of HIF-1α in prevailed hypoxia which is accompanied by co-activators like, CBP/p300, whereas, NH2-TAD is vital in preventing the degradation of HIF-α by stabilizing it [77]. Overall, NH2-TAD and COOH-TAD, along with a oxygen-dependent degradation domain (ODDD), the region where propyl-hydroxylase domain (PHD) bind to, contribute to the synchronization of HIF-1α [76]. ODDD is the distinctive feature present in all HIF α subunits (HIF-1α, 2α, 3α). However, this is missing in HIF β subunits. A specific portion of the ODDD overlapped with N-TAD reveals the distinction between α and β subunit, and is vital in mediating the regulation of O2 and in the stability of HIF [78]. Furthermore, the bHLH and PAS domains of the N-terminal perform two functions. These are, i) enabling of the HIF by the base domain to bind with the hypoxia response element (HRE) which proceeds by attacking the DNA sequence on the target gene, and ii), the HLH domain allows the dimerization of  HIF-α and HIF-β subunit to form a hetero-dimer [79,80]. The presence of the domain PAS (Per-ARNT-AHR-Sim), distinguishes this genre of protein (HIF-1α, ARNT, AhR) from the race [31]. In other systems also (e.g. Drosophila melanogaster), the PAS-domain is responsible for protein-protein interactions by adopting a range of binding modes of dimerization (homo/hetero) [81]. Among the 3 isoforms of HIF-α, the 2α isoform spectacles a close resemblance of amino acid concatenation (48% sequence homogeneity) and structural parallelism with 1α. This kinship has made both 1α and 2α capable of bearing the HIF-β with hetero-dimerization. The capability to bind with co-activator protein is absent in HIF-3α thus, making it inactive [82–84]. Both 1α and 2α subunits proclaim different levels in different tissues, i.e. express variable tissue distribution [85]. HIF-2α is strictly manifested in specific cells, unlike HIF-1α being ubiquitously pronounced in the body [86]. 

Function of HIF-1α (HIF-1α regulation pathway)
In the earlier sections of this review it has been already mentioned that hypoxia results in the physiological activation of HIF. However, additionally there are several other signaling systems as well, which trigger the up-regulation and synthesis of HIF, including growth-promoting factors, oncogenic pathways like insulin cytokines, insulin-like growth factor, epidermal growth factor, transition metals (Co, Ni, Mn), iron chelation, heat shock protein 90 (Hsp90) and von Hippel–Lindau tumor suppressor (pVHL) [36]. Although it is marked that hypoxia is the primary promoter of HIF-1α signaling events, as compared to growth factors and cytokines, it is assumed that the effect of the latter two is synergistic to the first [27,87,88].

HIF-1α pathway in normoxia (O2-dependent pathway) (VHL-induced pathway)
Previous studies have highlighted the significance of HIF-1α, which is usually upregulated in tumor pathogenesis. This is typically carried out via several signalling pathways, which also include hypoxic and other regular signalling pathways. HIF-1α is reported to advance tumorogenic processes through various mechanistic pathways. However, further studies are required to be carried out to validate these facts [89]. As discussed in earlier sections, when there is an undersupply of O2, the HIF-1α may be stabilized by N-TAD from degradation. However, under normal conditions HIF-1α is promptly degraded by a process involving O2-mediated hydroxylation of two proline residues; pro402 and pro564, which remain preserved in Leu-X-X-Leu-Ala-Pro amino acid pattern in the ODD domain of 1α [90]. These proline residues preserve the active binding sites for the optimal functioning of the enzymes, particularly, prolyl-4-hydroxylases (PHDs)/HIF-1-prolyl-hydroxylase (HPH) which catalyze the process of hydroxylation involving 1α HIF protein [78,90–96]. In addition, the VHL-induced HIF-1α hydroxylation/ degradation requires the Leu-574 from LXXLAP and not the other leucine and alanine. Hence, removal or modification of Leu-574 amino acid restrains the VHL-association to the ODD domain and will increase the HIF-1α stability [90,97,98]. The PHD enzyme belongs to the oxoglutarate-dependent oxygenase family [78,95]. Therefore, besides the presence of sufficient amount of O2 as a preliminary requisite, the action of PHDs is also facilitated by iron, ascorbate, and 2-oxoglutarate (α-ketoglutarate) [99]. 
This means that O2 deficient environment (hypoxia), iron chelation, and N-oxalyl glycine (an analog of 2-oxoglutarate) will impede the process of hydroxylation and provide stability to the HIF-1α structure. Other than hydroxylation, acetylation of another ODDD residue (lysine residue, K532) by the catalytic action of enzyme arrest-defective1 (ARD1), also known as acetyltransferase enzyme may promote the decay of HIF-1α in steady conditions [100]. Following the hydroxylation process, elevated levels of hydroxylated pro402/pro564 and acetylated K532 residue of HIF-1α are superintended to ubiquitination and proteasomal degradation [101,102], [102] targeting ODD domain, which are mediated chiefly by von Hippel-Lindau tumor arresting gene (VHL) (Fig. 4). The VHL tumor suppressor gene bind with HIF-1α along with the enrolment of E3-ubiquitin ligase (VHL-ubiquitin ligase complex) [103] resulting in ubiquitin-mediated proteasomal degradation specifically at the ODD domain [54,101,104–108]. Since ODDD is indispensable for HIF-1α stability, deletion of the same will impart instability to HIF-1α. Similarly, exclusion and inadequacy of von Hippel-Lindau gene and mutation of proline residue will confer stability [109].
Non VHL-induced pathway

Apart from the pVHL (critical pathway), another pathway involved in knocking down HIF-1α in the balanced condition is mediated by the involvement of asparaginyl hydroxylase enzyme factor which inhibit HIF-1 and FIH-1 [110,111]. Several transcriptional activities are initiated when the leucine-rich interface of C-terminal transcriptional activation domain (CTAD) in HIF-1α binds with the 300 kilodalton protein (p300)/CREB binding protein (p33/CBP) [76,112,113]. However, the Fe and O2-induced hydroxylation of asparagines803 (Asn 803) residue (located within the CTAD) catalyzed by FIH-1 [114,115], will suppress the association of subunit-1α with co-activator proteins [116]. This obstruction will ultimately abolish the activation of genes by HIF-1α, involved in tumor progression [117–119]. However, hypoxia up-regulates the HIF-1α mediated transcription of target genes by abrogating the action of FIH-1. The resultant half-life of HIF-1α in steady-state is less than 5 minutes, taking into consideration the degradation pathway of HIF-1α [120]. 
HIF-1α pathway in hypoxia (Non-O2-dependent pathway)

Alternatively, to the VHL and FIH-1 dependent hydroxylation of HIF-1α, there are other pathways, including the growth factor signaling, protein kinase cascade, Mdm2-p53 pathway and Hsp90 that regulates the availability of HIF-1α.

Role of growth factors in hypoxic signal transduction 

Phosphorylation is one of the critical steps for transcriptional activation of various proteins. Evidence from studies conducted earlier shows that the de novo stabilization of HIF-1α under hypoxic conditions, not necessarily involves phosphorylation. In addition, no sites are yet discovered which stimulate transcriptional activity via phosphorylation in HIF-1α [121]. A well-known example could be the targeting of protein kinase B (Akt) by inositol-4,5-bisphosphate-3-kinase (PI3k). Other examples include, the upregulation of the HIF-1α associated transcriptional activities by the induction of growth factors, cytokines, FKBP12-rapamycin associated protein (FRAP) and mammalian target of rapamycin (mTOR) pathway (Akt-FRAP-mTOR) [27,122]. In the earlier sections, we had discussed that a myriad of growth factors and cytokines (viz; IL-β, insulin, heregulin, IGF, EGF) promote HIF-1α synthesis. This may be further explained by the mechanistic processes which are initiated with growth factors and cytokines. In addition, this may also involve the phosphorylation of regulatory proteins (considered as substrate of PI3k-Akt-FRAP-mTOR pathway) like the eIF-4E, 4E-BP1 and S6k [87,123].  
Furthermore, phosphorylation of p42/p44 and p38 of MAP kinase augment the process of HIF-1α transcription activation in vitro [124]. This cascade may be abrogated by the antagonist of PI3k or FRAP-mTOR, commonly known as phosphatase and tensin homolog (PTEN). Overexpression of PTEN will block the growth factor and cytokine–influenced phosphorylation of regulatory proteins [125]. Hence, O2-independent HIF-1α synthesis/ transcription hampered by PTEN, act as an obstruction in the growth signaling cascade. Another growth factor-induced signaling cascade that upregulates HIF-1α multiplication and transcriptional energy via phosphorylation is RAS/RAF/MEK/ERK kinase [27]. The pathway involving ERK not only phosphorylates S6K, 4E-BP and mitogen-activated protein kinase (MAP) kinase interacting kinase (MNK), but is also signified to augment binding of HIF-α with p300 to form a complex by phosphorylating transcription co-activators p300/CBP. Thus, transcription function of HIF-1 is enhanced [126].

Role of Mdm2 and p53

The ubiquitination and proteasomal degradation of HIF-1α may also be mediated, when tumor suppressor gene p53 interacts with pro402 and pro564 regions of the subunit α, not taking into account their hydroxylation [127,128], facilitated with the aid of mouse double minute 2 homolog (Mdm2) [128]. This means that p53 is directly linked with the instability and decay of HIF-1α. This signaling event is reversed through Jab1 (Jun activation domain-binding protein-1), a subunit of COP 9 signalosome complex that triggers the degradation of p53 by interacting with ODD domain [129,130].

Contribution of Hsp90 
Heat-shock protein90 directly interferes with the dimerization process by interacting with HIF-α and introducing conformational (structural) changes in HIF-α which accelerate the coupling of the subunit α with β, and thereby up-regulating the transcription process [131]. Hsp90 is helpful in preventing non VHL-induced degradation of HIF-1α, but geldanamycin which is accounted as an antagonist of Hsp90 may oppose this preventive mechanism [132,133].

HIF-1α transactivation mechanism

The decrease in the O2 concentration may result in a decreased rate of HIF-α degradation followed by its accommodation into the nucleus, deriving a dimer after the union with HIF-1β. This union then gets engaged in a protein-protein interaction by forming complex with the CH1 domain of p300/ CBP co-activator protein [134]. A plethora of transcription genes that are responsible for tumor progression are generated when HIF-α/HIF-β is fused with p300, where such substances get incorporated into the hypoxia-response element (HRE) of selected cells as shown in Fig. 4 [135]. An array of responses which are displayed by HRE in normal and cancerous cells include the following:
· New blood vessel formation from pre-existing vessels

· Formation of RBCs

· Metabolic shifting
· Growth factor cascade initiation

· Metastasis

· Inactivity against radiotherapy and chemotherapy
CONCLUSION
Hypoxia is a visible facet of many solid tumors, and HIF-1α stimulation sets off the resultant response of hypoxia, generating a plethora of transcriptional events through the expression of genes augmenting tumor progression. Consequently, this confers resistance to radiotherapy and chemotherapy against solid tumors. The current review discusses on the structural biology of HIF along with its associated functions of various domains and its myriad pathways that are involved in HIF-1 regulation that promotes tumor cell survival. Considering the prominent effects of HIF in cancer progression, this can be regarded as a groundbreaking strategy for cancer therapy. Hence, the development of selective HIF-1α antagonists that may target the genes recruited in HIF-1α up-regulation to restrain cancer growth becomes a promising therapeutic strategy in the near future.
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	Full form

	TME
	Tumor microenvironment
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	Hypoxia inducible factor
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	Phosphatidylinositol-3-kinase

	mTOR
	Mammalian target of rapamycin

	EGF
	Epidermal growth factor

	TGF β3
	Transforming growth factor β3 

	VEGF
	Vascular endothelial growth factor

	LRP1
	LDL receptor-related protein 1

	ADM
	Adrenomedullin

	EPO
	Erythropoietin

	IGF-2
	Insulin-like growth factor 2

	IGF-BP
	Insulin-like growth factor-binding protein 

	NOS
	Nitric oxide synthase

	Hk
	Hexokinase 

	GLUT
	Glucose transporter

	LDHA
	Lactate dehydrogenase A

	AHNT
	Aryl hydrocarbon nuclear translocator

	AhR
	Aryl hydrocarbon receptor

	bHLH
	Basic-helix-loop-helix

	PAS
	P- Period circadian protein

A- Aryl hydrocarbon receptor nuclear translocator protein

S-Single minded protein

	TADs
	Transcription activational domains

	N-TAD
	NH2-transcription activational domain

	CTAD
	C-terminal activation domain

	ODDD
	Oxygen-dependent degradation domain

	PHD
	propyl-hydroxylase domain

	Hsp90
	heat shock protein 90

	pVHL
	Von Hippel–Lindau tumor suppressor

	FRAP
	FKBP12-rapamycin associated protein

	PTEN
	Phosphatase and tensin homolog

	MAPK
	Mitogen-activated protein kinase

	Mdm2
	Mouse double minute 2 homolog

	HRE
	hypoxia-response element
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Figure Legends:

Fig. 1. Pathological basis of tumor hypoxia

Fig. 2. The role of HIF-1α in nutrition deprived environment of solid tumor–gene products regulated by HIF-1 confers the pivotal role in adaptation to tumoral cell growth, metabolism and supply of O2 in hypoxic stress which contributes to the development of resistance to radiotherapy and chemotherapy, resulting in tumor progression.

Fig. 3. Structural depiction of HIF-1α and ARNT (HIF-1β) containing the following domains: 

i. NH2-terminal: a basic-helix-loop-helix (bHLH) domain in charge of stabilization and association to HRE

ii. Intermediate region: Per-ARNT-Sim (PAS) domain, encourage dimerization.

iii. ODDD (absent in HIF-1β): mediate O2 regulation and protein stability.

iv. COOH-terminal: Transactivation facilitated through interaction with p300/CBP.

Fig. 4. Pictorial representation of HIF-1 regulation under normoxia together with hypoxia.
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