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Hypoxia is an integral component of the tumor microenvironment. Either as chronic or cycling hypoxia, it exerts a

similar effect on cancer processes by activating hypoxia-inducible factor-1 (HIF-1) and nuclear factor (NF-κB), with

cycling hypoxia showing a stronger proinflammatory influence. 
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1. Introduction

Growing standards of living and advances in medicine in many countries have resulted in increased life

expectancies. This has led to the spread of other diseases, particularly “civilization diseases” which are associated

with lifestyle and environmental pollution, and diseases related to old age. One of these is cancer, a major problem

in developed countries   and the cause of 55.9 million deaths worldwide in 2017 —a 25% increase when

compared to 2007 . This trend has led to the intensification of efforts aimed at developing more effective

therapeutic approaches.

The last 15 years have seen an increasing interest in the tumor microenvironment—a set of factors affecting a

cancer cell in a tumor . One of these are noncancer cells recruited to a tumor niche, with the recruitment process

depending on factors secreted from cells already located in the tumor niche. These include factors changing the

recruited cell into a tumor-associated cell—i.e., transforming the cell into an element which supports cancer

processes . Both cancer and noncancer cells secrete a number of factors which shape the tumor

microenvironment, including chemoattractant cytokines, also known as chemokines . Changes in the

expression of chemokines affect the recruitment of cells to the tumor niche, angiogenesis and migration of cancer

cells. For this reason, understanding the role of chemokines in cancer processes seems crucial for understanding

the functioning of a tumor .

2. Hypoxia in a Tumor

Tumors are associated with two kinds of hypoxia—chronic hypoxia (also known as continuous or noninterrupted

hypoxia) and cycling hypoxia (intermittent or transient hypoxia). Chronic hypoxia is a persistent reduction in oxygen

levels that results from an excessive distance between cells and vascular vessels whose growth cannot keep up

with the rapid growth of the tumor . Cycling hypoxia has cyclic episodes of oxygen deficiency interspersed with
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periods of reoxygenation —a result of structural abnormalities in the vascular vessels, particularly the lack of a

conventional hierarchy (Figure 1) . In such vessels, the blood flow often changes route, resulting in hypoxia in

some areas of the tumor. Then, when the blood flow changes its route again, some areas become reoxygenated.

One such cycle of hypoxia lasts from several minutes   to 4 h , depending on the selected research model.

Figure 1. Two types of hypoxia in a tumor: chronic hypoxia associated with an excessive distance from the blood

vessels and cycling hypoxia associated with changes in the blood flow in the vessels inside the tumor which lead to

periodic oxygen deficiencies in various parts of the tumor.

Both types of hypoxia change the expression of similar genes   as they activate the same transcription factors—

hypoxia-inducible factors (HIFs) and nuclear factor κB (NF-κB). The mechanisms of activation, however, are

different. In chronic hypoxia, the main role is played by a reduction in oxygen levels which triggers a drop in the

activity of oxygen-dependent enzymes . In cycling hypoxia, transcription factors are activated mainly by reactive

oxygen species (ROS) .

Hypoxia-inducible factors (HIF-1, HIF-2 and HIF-3) exhibit transcriptive activity that is regulated by the proteolytic

degradation of subunit α (HIF-1α and HIF-2α) . This degradation occurs due to the hydroxylation of HIF-1α

and HIF-2α in proline residues by prolyl hydroxylase (PHD), which leads to the ubiquitination by von Hippel-Lindau

protein (pVHL) and then to proteolytic degradation of these HIF-α subunits . PHD are oxygen-dependent

enzymes (Figure 2) . For this reason, in chronic hypoxia, there is a decrease in PHD activity which leads to a

decrease in HIF-α hydroxylation of proline residues and a decrease in proteolytic degradation of these HIF

subunits. HIF-1α reaches the maximum level in a cell after 6 h of chronic hypoxia, whereas HIF-2α reaches this

after 48 h . The expressions of PHD2 and PHD3 are increased by HIF-1 and HIF-2 , which makes

HIF-α degrade more intensely during reoxygenation. In turn, cycling hypoxia increases the level of ROS, which

oxidizes the iron atoms in PHD and thus reduces the activity of these enzymes . This leads to a drop in the

[9]

[10][11]

[12] [13]

[14]

[15]

[16][17]

[18][19][20]

[21]

[15]

[22] [23][24][25][26]

[16][27]



Hypoxia in a Tumor | Encyclopedia.pub

https://encyclopedia.pub/entry/7455 3/12

hydroxylation of proline residues on HIF-α, which means that HIF-α is no longer degraded but accumulated

instead. The increase in HIF-1α levels during cycling hypoxia also occurs via other pathways—for example, the

ROS-dependent activation protein kinase A (PKA), which phosphorylates this HIF subunit thereby increasing its

stability . A ROS-dependent increase in calcium ion concentration in cytoplasm, the activation of protein

kinase C (PKC) and the mammalian target of rapamycin (mTOR) are also significant . In cycling hypoxia, the

accumulation of HIF-1α increases with the successive cycles of oxygen deficiency . However, this protein is

completely degraded during episodes of reoxygenation .

Figure 2. Regulation of hypoxia-inducible factor-1 (HIF-1) transcriptional activity at various oxygen concentrations.

(A) In normoxia, HIF-1α is hydroxylated by the oxygen-dependent enzymes prolyl hydroxylase (PHD) and factor

inhibiting HIF (FIH). The PHD-catalyzed reaction leads to proteasomal degradation of HIF-1α. In turn, hydroxylation

by FIH prevents interaction of HIF-1 with the CBP/p300 coactivator. (B) PHD and FIH require different

concentrations of oxygen for their activity and so, in moderate hypoxia, PHD activity decreases while FIH retains its

functions. Accumulation of HIF-1α occurs, but due to hydroxylation by FIH, there is no interaction between HIF-1

and the CBP/p300 coactivator, and thus genes dependent on this coactivator are not expressed. (C) In hypoxia,

the activities of oxygen-dependent enzymes are reduced. For this reason, HIF-1α is not hydroxylated by PHD or by

FIH. This subunit begins to form a transcription factor with HIF-1β, which is responsible for inducing the

transcription of hypoxia-dependent genes.

The regulation of HIF transcriptional activity also involves factor inhibiting HIF (FIH), an enzyme which causes the

hydroxylation of asparagine residue   and thus disrupts the interaction of HIF-α with the CBP/p300 coactivator 
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. In this way, FIH blocks the expression of HIF/CBP/p300-dependent genes. As FIH is an oxygen-dependent

enzyme , its activity is reduced by chronic hypoxia and ROS which oxidize the iron atom—a part of the enzyme

that is critical for its function . FIH requires a much lower level of oxygen for its activity than PHD (K  for FIH is

90 μM, whereas for PHD it is 230–250 μM) . For this reason, in moderate hypoxia, the HIF pathway is

inhibited by FIH but not by PHD.

Both types of hypoxia also activate NF-κB. In chronic hypoxia, this activation is dependent, among other things, on

a reduction in the amount of oxygen and the ensuing reduction in the activity of PHD, an enzyme that inhibits the

activation of NF-κB and HIF . The activation of NF-κB in chronic hypoxia also depends on the activation of

calcium/calmodulin-dependent kinase 2 (CaMK2) . In contrast, in cycling hypoxia, NF-κB activation is ROS-

dependent .

In chronic hypoxia, the activation of NF-κB results in an increased expression of HIF-1α and therefore has a

significant effect on the HIF activation pathway . This is related to the occurrence of the NF-κB binding site in

the HIF1A gene promoter. For this reason, during chronic hypoxia, the expression of genes is directly induced by

NF-κB. There is also an increase in the expression of genes directly dependent on HIF-1α but these are also

indirectly dependent on NF-κB during chronic hypoxia. Therefore, in order to acquire a detailed insight into the

mechanism which induces the expression of a given gene by chronic hypoxia, it is necessary to demonstrate the

occurrence and investigate the functionality of the hypoxia responsive element (HRE) binding HIF or the NF-κB

binding site. Importantly, chronic hypoxia and inflammation exclude each other by various mechanisms , and

so chronic hypoxia reduces the inflammatory response. On the other hand, some proinflammatory genes are

induced by both chronic hypoxia and inflammation . Cycling hypoxia is more proinflammatory than chronic

hypoxia . This is related to the activation of NF-κB by ROS . For this reason, NF-κB plays a more

important role in gene expression during cycling hypoxia than in chronic hypoxia.

Hypoxia significantly changes the functioning of the tumor. Its proapoptotic effect on cells results in a selection of

cells in terms of apoptosis resistance, a process which is important at the beginning of tumor development and

results in the presence of cancer cells with a p53 dysfunction in the tumor . Hypoxia also participates in the

progression of cancer at further stages of the process. In particular, hypoxia is important in the functioning of

cancer stem cells (CSCs) , which increase the resistance of the tumor to anticancer therapy.

Hypoxia also causes cancer cell migration, invasion and metastasis, partly due to hypoxia causing the epithelial-to-

mesenchymal transition (EMT) . For this reason, areas of chronic hypoxia are often associated with

neoplastic cell metastasis.

Tissues respond to oxygen deficiency by developing new blood vessels. In this way, hypoxia increases the

expression of proangiogenic factors such as vascular endothelial growth factor (VEGF)-A , platelet-derived

growth factor subunit A (PDGF-A), transforming growth factor-β (TGF-β) and angiopoietin-like 4 (ANGPTL4) .

Hypoxia also participates in tumor immune evasion by polarizing macrophages to the M2 phenotype which silences

the immune response . It also protects cancer cells by impairing the function of NK cells   and increasing

the production of immunosuppressive proteins such as indoleamine 2,3-dioxygenase (IDO), human leukocyte
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antigen-G (HLA-G), programmed death-ligand 1 (PD-L1) and metabolites such as adenosine . The hypoxia-

induced acidosis of the cancer microenvironment, which is caused by an increased production and secretion of

lactate is also important . Lactate causes tumor immune evasion and neoplastic cell migration.

Hypoxia also affects the CXC chemokine system, which leads to changes in the level of these chemoattractant

cytokines in the cancer microenvironment. CXC chemokines participate in the growth of the tumor due to a number

of procancer properties.

HIF-1α accumulation and increased HIF-1 transcriptional activity occurs in cancer cells even in normoxia. This is

related to, among other things, mutations in the VHL gene which encodes pVHL, resulting in the loss of biological

function of pVHL, thereby reducing the degradation of HIF-1α . Tumors also exhibit deletions of parts of the

chromosome where the HIF1AN gene locus are located . This gene encodes FIH-1, the enzyme responsible for

inhibiting the transcriptional activity of HIF-1. Another way of activating the HIF-1 pathway under normoxia is HIF-

1α phosphorylation   which leads to the increased stability of this protein and consequently, to HIF-1α

accumulation in cells and increased expression of HIF-1dependent genes. Enzymes performing such

phosphorylation under normoxia include PKA activated by cAMP , phosphatidylinositol-4,5-bisphosphate 3-

kinase (PI3K) , extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) 

. HIF-1α is also phosphorylated by glycogen synthase kinase 3 which reduces the stability of this protein .

Apart from phosphorylation, other types of post-translational modifications also affect the activation of HIF-1 under

normoxia. One of them is the deacetylation of HIF-1α by sirtuin 1 (SIRT1), which leads to a decrease in HIF-1

transcriptional activity . In addition to the post-translational modification, the activation of NF-κB in normoxia also

increases the expression of HIF-1α, which is important for an increase in the activation of HIF-1 during

inflammatory reactions . The elevated activation of HIF-1 via these pathways in normoxia increases the

expression of genes dependent on this transcriptional factor. Although there are no studies in this area that confirm

it, it is possible that this mechanism is responsible for the increase in the expression of CXC chemokines and CXC

chemokine receptors in normoxia.
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