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Abstract—Oxygen deficiency is one of the key pathogenetic factors determining development and severity of many diseases,
including inflammatory, infectious diseases, and cancer. Lack of oxygen activates the signaling pathway of the hypoxia-
inducible transcription factor HIF in cells that has three isoforms, HIF-1, HIF-2, HIF-3, regulating expression of several
thousand genes. Throughout tumor progression, HIF activation stimulates angiogenesis, promotes changes in cell metabo-
lism, adhesion, invasiveness, and ability to metastasize. HIF isoforms can play opposite roles in the development of inflam-
matory and neoplastic processes. Humans and laboratory animals differ both in tolerance to hypoxia and in the levels of
expression of HIF and HIF-dependent genes, which may lead to predisposition to the development of certain oncological
disorders. In particular, the ratio of different histogenetic types of tumors may vary among people living in the mountains
and at the sea level. However, despite the key role of hypoxia at almost all stages of tumor development, basal tolerance to
oxygen deficiency is not considered as a factor of predisposition to the tumor growth initiation. In literature, there are many
works characterizing the level of local hypoxia in various tumors, and suggesting fundamental approaches to its mitigation
by HIF inhibition. HIF inhibitors, as a rule, have a systemic effect on the organism, however, basal tolerance of an organ-
ism to hypoxia as well as the level of HIF expression are not taken into account in the process of their use. The review sum-
marizes the literature data on different HIF isoforms and their role in tumor progression, with extrapolation to organisms
with high and low tolerance to hypoxia, as well as on the prevalence of various types of tumors in the populations living at

high altitudes.
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INTRODUCTION

According to the literature, hypoxia is one of the key
factors regulating development of various tumors [1, 2]. It
was demonstrated that the local oxygen deficiency in the
tumor correlates with its aggressiveness, rate of metastases
development, and resistance to therapy [2, 3]. Therefore,
the study of the molecular and biological mechanisms of
the relationship between hypoxia and tumor growth will
make it possible to determine targets for the development
of new effective therapies.

Abbreviations: EMT, epithelial—mesenchymal transition; HAP,
hypoxia-activated prodrugs; HIF, hypoxia-inducible factor;
HSP, heat shock protein, MCT1, monocarboxylate trans-
porter 1; MCT4, monocarboxylate transporter 4; PHD, prolyl
hydroxylase domain proteins; ROS, reactive oxygen species;
UV-B, ultraviolet-B; VEGF, vascular endothelial growth fac-
tor; VHL, Von Hippel—Lindau E3-ubiquitin-ligase complex.

* To whom correspondence should be addressed.

Cellular response to hypoxia is realized through the
signaling pathway of the transcription factor HIF (hypox-
ia-inducible factor) [2, 4, 5]. HIF is a heterodimer con-
sisting of one of oxygen-regulated o-subunit isoforms
(HIF-1o, HIF-2a, or HIF-3a) and a constitutively
expressed HIF-1f subunit (ARNT, Aryl Hydrocarbon
Nuclear Receptor Translocator) [4-6]. The cytoplasmic
subunit HIF-o synthesized de novo under sufficient oxy-
gen concentration is regulated by hydroxylation of the
proline residues by prolyl hydroxylases (Prolyl Hydroxy-
lase Domain proteins — PHDI1, PHD2, and PHD3),
which contributes to proteasome degradation of HIF by
the Von Hippel—Lindau (VHL) E3-ubiquitin-ligase com-
plex [7, 8]. Activity of hydroxylases depends on the oxygen
content in the tissues: at low concentration or in the
absence of O,, it is suppressed, which leads to the decrease
in HIF-a hydroxylation. As a result, the HIF-a subunit
accumulates in the cytoplasm of the cells and then is
translocated into the nucleus, where it dimerizes with the
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HIF-B-subunit. In the nucleus, the HIF-o,/pB dimer inter-
acts with the hypoxia response elements (HRE), which are
located in the promoters of oxygen-dependent genes
encoding proteins involved in systemic and cellular adap-
tation to hypoxia, such as erythropoietin, vascular
endothelial growth factor (VEGF) and others [9, 10].

Many mechanisms of hypoxia-independent stabi-
lization HIF-a-subunits under normoxia were character-
ized. This condition is called pseudohypoxia and origi-
nates from the sensitivity of prolyl hydroxylases not only
to the changes of O, concentration, but also to the level of
reactive oxygen species (ROS), iron, ascorbate, and inter-
mediate products of the Krebs cycle [5, 11, 12]. Muta-
tions in the genes encoding proteins involved in the Krebs
cycle stabilize HIF-oo subunits via inhibition of their
hydroxylation [12]. For example, mutations in the isoci-
trate dehydrogenase 1/2 (IDH1/2) genes, which are
found in more than 80% of glioblastomas, are associated
with activation of HIF-1a [13, 14]. Lactate can induce
HIF-1a activation by suppressing PHD-mediated pro-
line hydroxylation [15]. Increase in the succinate and
fumarate levels due to mutations in the genes encoding
the corresponding enzymes leads to inhibition of prolyl
hydroxylases and stabilization of HIF-1a [12]. It was
demonstrated that the increase in pyruvate concentration
also causes pseudohypoxic conditions [16]. Pseudohyp-
oxia-mediated HIF-1 activation is a key mechanism for
the development of a number of myelodysplastic syn-
dromes [11].

Moreover, activation of the HIF-o subunit occurs
during changes in the content of cytokines and growth
factors, such as [L-1p, transforming growth factor TGF-
B, heat shock protein HSP90, activation of the transcrip-
tion factor NF-xB, signaling pathways PI3K/AKT/
mTOR, MAPK, etc. [9, 17-19]. Thus, HIF activation
during tumor progression can occur as a result of the
action of many factors, that mostly determines develop-
ment and outcome of the disease.

Hypoxia inducible factor (HIF) regulates many cel-
lular and molecular biological mechanisms of tumor
development, including: angiogenesis [20, 21], mainte-
nance of the cancer stem cell population [22, 23], meta-
bolic reprogramming [24, 25]; regulation of autocrine
growth factors [26]; epithelial—-mesenchymal transition
(EMT) [27-30], invasion [31, 32], metastasis [33-35],
and also affects resistance of tumors to radiation thera-
py [36] and chemotherapy [37].

ROLE OF HYPOXIA AT DIFFERENT STAGES
OF TUMOR GROWTH

During the development of malignant tumors, stages
of initiation, promotion, and progression are commonly
identified [38-40]. Greten and Grivennikov [40] charac-
terized two main mutually dependent events during initia-
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tion of the tumor growth. Firstly, the cell acquires a num-
ber of genetic mutations, and as their number grows, the
likelihood of tumor formation increases. Cells with a lim-
ited number of mutations can stimulate the growth of
benign tumors, while individual cells with a number of
mutations sufficient for autonomous existence form a
clone of malignant tumor cells [41, 42]. Secondly, for fur-
ther development of tumors, proliferation of the trans-
formed clones is necessary. Mutations occurring during
the development of tumors followed by active cell prolifer-
ation lead to initiation of hypoxia and HIF activation [2].

In various tumors, HIF-dependent expression of
many genes could be increased due to either genetic
changes or intratumoral hypoxia. Increase in the HIF
activity is associated with both mutations leading to dys-
function of tumor suppressors (primarily VHL) and
mutations that activate protooncogenes and various sig-
naling pathways. It was demonstrated on experimental
models and clinical material that the levels of HIF-1a. or
HIF-20. correlate with the rate of tumor growth, vascu-
larization, and metastasis [2]. Increase in the HIF-1
activity during the tumor development occurs either as a
result of decrease in its ubiquitination or increase in the
HIF-1 protein synthesis. For example, decrease of the
function of suppressor genes such as p53 and VHL
decreases ubiquitination of HIF-1, while activation of the
PI3K/AKT/mTOR, MEK/ERK signaling pathways and
dysfunction of PTEN (Phosphatase and Tensin homolog
deleted on chromosome 10) promotes increase in the
HIF-1 protein synthesis [2, 43, 44]. EGFR (Epidermal
Growth Factor Receptor) and HER2 (Human Epidermal
Growth Factor Receptor) tyrosine kinases activation in
prostate and breast cancer, respectively, also increases the
HIF-1a synthesis as a result of the PI3K/AKT signaling
pathway activation. It stimulates the mTOR activity,
which, in its turn, promotes the HIF-1ao mRNA transla-
tion into the protein [45, 46]. Thus, one of the conse-
quences of many key genetic changes in tumor cells is
increase in the HIF activity.

Hypoxia, initiation of tumor development, increase of
cell proliferation and survival. Hypoxia plays a key role in
the initiation of tumors because many genes, including
protooncogenes and tumor suppressors, are controlled by
HIF [9, 10, 47]. Koshiji et al. [48] demonstrated that
HIF-1 leads to genetic instability via limiting the repair of
mismatched DNA nucleotides by inhibiting expression of
MSH2 (MutS homolog 2) and MSH6 (MutS homolog 6)
genes. It has been established that HIF also promotes
activation of the protooncogene, K-Ras [49]. The so-
called cancer stem cells detected in hypoxic microenvi-
ronment of various tumors such as esophagus, stomach,
breast, ovaries, and kidney cancer [22, 23, 50-53] play an
important role in the process of tumor development.

Cancer stem cells are more resistant to chemothera-
py and radiotherapy than non-stem cells [51, 53]. The
HIF-1 and HIF-2 expression is increased in the stem
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cells of many tumors, in particular, in malignant glioma,
breast cancer, and in myeloblasts of acute myeloid
leukemia. According to the results of in vitro and in vivo
experimental studies, HIF activation maintains the can-
cer stem cells phenotype [23, 53, 54]. Cancer stem cells
immortalization depends on the HIF-regulated increase
in the TERT telomerase activity, pluripotency factors
(NANOG and OCT4 — Octamer Binding Protein 4), gly-
colytic enzymes glucose-phosphate isomerase (GPI) and
phosphoglycerate mutase (PGM), which block cell
aging [55-57]. Hypoxia facilitates dedifferentiation of
pancreatic cancer cells into stem cell-like phenotypes
with high oncogenic potential by activating the HIF-1
and Notch signaling pathways [58].

Tumor cells, in contrast to normal cells, are charac-
terized by increase in the proliferation rate and decrease
in the death rate due to increased expression of secreted
growth or survival factors. Tumor cells express membrane
receptors related to the secreted growth factors, which
leads to autocrine signaling. Growth or survival factors
that are encoded by the HIF-regulated genes and are
involved in autocrine signaling include: transforming
growth factor-oo (7GFA) in clear cell renal carcino-
ma [59]; insulin-like growth factor-2 (/GF2) and vascular
endothelial growth factor (VEGF) in colorectal, gastric
and pancreatic cancer [60-62]; endothelin 1 (EDNI) in
breast, prostate and ovarian cancer [63]; adrenomedullin
in pancreatic and prostate cancer [64] and erythropoi-
etin (EPO) in breast and prostate cancer, kidney and
melanoma [65]. These genes control key tumor process-
es — invasion, proliferation, angiogenesis, and metastasis.

Hypoxia and changes in the metabolism of tumor
cells. Under normoxia, mitochondria maintain oxidative
phosphorylation at the level required for ATP production
(aerobic metabolism). However, under hypoxia, metabo-
lism switches to anaerobic glycolysis. In tumor cells, as
well as in normal cells, HIF activation promotes adapta-
tion to hypoxia, angiogenesis, and metabolic changes. It
is known that tumor cells generate ATP via glycolysis even
under conditions of normal oxygen supply [66]. Otto
Warburg [67] found that even with sufficient oxygen, can-
cer cells consume much more glucose than normal cells,
which is used to form lactic acid. This discovery is called
“aerobic glycolysis” or “Warburg effect”. Warburg
believed that the change in respiration caused metabolic
disturbances, and this contributed to the tumor progres-
sion. Later it was established that some genes that control
oncogenesis, such as RAS, c-MYC, and p53, are involved
in the Warburg effect regulation [68]. Many studies have
demonstrated that HIF-1, as the main regulator of the
response to hypoxia of both normal and tumor cells, plays
an essential role in the process of aerobic glycolysis pro-
viding energy to tumor cells and preventing their damage
by hypoxic stress [2, 25, 69].

HIF-1 mediates expression of the genes encoding
glucose transport proteins (GLUTI, GLUT3) and gly-
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colytic enzymes (ALDOA — aldolase A, ENOI — eno-
lase 1, GAPDH — glyceraldehyde-3-phosphate dehydro-
genase, HK1, HK2 — hexokinase 1 and 2, PFKL — phos-
phofructokinase L, PGKI — phosphoglycerate kinase 1,
PKM?2 — pyruvate kinase M2, LDHA — lactate dehydro-
genase A), which convert glucose into lactate [2, 47].
Aerobic glycolysis is faster than mitochondrial oxidative
phosphorylation. Glucose uptake by the metastatic tumor
cells is so significant in comparison with the normal cells,
that it serves as a basis for clinical screening of malignant
tumors metastasis in cancer patients. For this purpose,
patients are injected with '*F-fluorodeoxyglucose, which
is visualized using positron emission tomography [70].
Thus, HIF-1 stimulates glycolysis in tumor cells by
increasing glucose uptake and activity of glycolytic
enzymes, therefore creating an ineffective but rapid way
of generating energy.

Activation of HIF and HIF-dependent genes in pro-
liferating tumor cells contributes not only to metabolic
changes, but also to formation of the special microenvi-
ronment. A critical effect of enhanced glucose uptake and
glycolysis activation by tumor cells is intercellular acido-
sis in tumor tissues. Tumor cells contribute to reduction
of extracellular pH by activating the HIF-1 target genes
complex encoding the synthesis of plasma membrane
proteins, such as monocarboxylate transporter 4
(MCT4), sodium hydrogen antiporter (NHE-1), and car-
bonic anhydrase 9 (CA9) [71]. Decrease of pH in the
intercellular space stimulates activity of proteinases,
which destroy the extracellular matrix and disrupt ability
of the cells to interact. Metabolic changes, glycolysis acti-
vation, and formation of the acidic environment facilitate
cell proliferation and tumor progression [71]. It has been
demonstrated that increase in the lactate concentration in
many carcinomas is associated with an increased metas-
tasis risk [72].

The main components of the tumor cell microenvi-
ronment are blood and lymphatic vessels, fibroblasts,
immune cells, and extracellular matrix [73]. Cancer-
Associated Fibroblasts (CAF) are one of the main stroma
components, and they can make up to 80% of all tumor
cells. Paracrine signaling between the tumor cells and
fibroblasts is affected by oxygen deficiency. Hypoxia was
demonstrated to stimulate secretion of the chemokine
CXCL13 by tumor-associated myofibroblasts in the
prostate cancer progression [74]. Tumor cells under
hypoxic conditions can secrete paracrine signaling mole-
cules that promote progenitor cells reprogramming in
CAF [75], and HIF-1 regulates some of these signaling
molecules, such as TGF-B, bFGF (basic fibroblast
growth factor), and PDGFB (platelet growth
factor B) [2, 26, 59].

In terms of oxygen level in different areas, tumors are
heterogeneous and have both aerobic and hypoxic
regions. Tumor cells adjacent to blood vessels are oxy-
genated to a higher degree and exhibit oxidative metabo-
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lism, while cells located at a distance from blood vessels
are insufficiently oxygenated and glycolysis predominates
in them. The existence of “metabolic symbiosis” between
the tumor cells from hypoxic and aerobic regions was
demonstrated (Fig. 1) [76]. In the not adequately oxy-

Cells under
aerobic conditions

Blood vessel

genated cells, HIF-1 mediates high expression of glucose
transporters, glycolytic enzymes, including LDHA and
MCT4. These changes in the expression of these genes
lead to increase in the glucose uptake, its conversion into
lactate, and removal of the latter from the cell. In con-

Cells under
hypoxic conditions

HIF-1

Fig. 1. Effect of oxygen concentration gradient on the development of intratumoral heterogeneity. Cells are well oxygenated around the ves-
sels, i.e., are under aerobic conditions, and cells located at a distance from the vessels are under hypoxic conditions, and the HIF-1 expres-
sion is activated in them. Under hypoxia, cell metabolism changes towards glycolysis, which leads to excessive lactate formation. Lactate is
removed from hypoxic cells by MCT4 and absorbed by well-oxygenated cells via MCT1. This interaction between the cells enables efficient

use of glucose, which promotes tumor progression.
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Table 1. Parameters of partial pressure and oxygen content in human tumors of various localizations and in normal

tissues
Tumor localization Median normal partial oxygen pressure Median partial oxygen pressure in the tumor References
(mmHg)/% oxygen content (mmHg)/% oxygen content

Brain 26.0/3.4 13.0/1.7 [83]
Lung cancer 42.8/5.6 15.5/2.1 [84]
Breast cancer 52.0/6.8 10.0/1.3 [83]
Cervical cancer 42.0/5.5 9.0/1.2 [81-83]
Pancreas cancer 51.6/6.8 2.35/0.35 [85]
Prostate cancer 28.1/3.65 5.4/0.7 [86]
Melanoma 40.5/5.3 11.6/1.5 [87]
Sarcoma 51.0/6.7 14.0/1.8 [83]

trast, the well-oxygenated cells express monocarb-oxy-
late 1 (MCT1) transporter and lactate dehydrogenase B
(LDHB), which mediate the lactate uptake and its con-
version to pyruvate used for oxidative phosphorylation.
Lactate produced by glycolysis in hypoxic cells is secreted
by MCT4, taken up by aerobic tumor cells via MCT1,
and converted to pyruvate by LDHB. It is next used for
oxidative phosphorylation by aerobic tumor cells to pro-
duce ATP. Due to this mechanism, more glucose remains
for the metabolism and survival of hypoxic tumor
cells [76]. Intratumoral hypoxic foci surrounded by nor-
moxic cells serve as a kind of platform for progression of
the infiltrative tumor growth. It has been demonstrated
that invasion occurs precisely from the hypoxic areas of
the tumor with low pH [77].

Partial pressure of oxygen in the tumor is significant-
ly lower than in the normal tissues surrounding the
tumor [78]. Since different organs and tissues of organism
are supplied with oxygen to different extent, the hypoxia
level in tumors may vary depending on their histogenesis
(Table 1). For example, oxygen partial pressure in the soft
tissue sarcomas is less than 22 mmHg [79], while in the
progressive head and neck squamous cell carcinoma pO,
is less than 5 mmHg [80]. Tumors with the lowest oxygen
partial pressure are characterized by high rate of invasion
and metastasis [1, 81]. It was demonstrated that in
patients suffering from cervical cancer with partial oxygen
pressure in the tumor less than 10 mmHg (1% oxygen) life
expectancy with surgery or radiotherapy is significantly
lower than in patients with higher degree of tumor oxy-
genation [82].

Hypoxia and angiogenesis. Tumor cells undergo
adaptive and genetic changes that allow them to survive
and proliferate in a hypoxic environment. During the
tumor development and progression, hypoxia occurs due
to excessive cell proliferation and insufficient blood sup-
ply, which activates angiogenesis, regulated by the HIF-
dependent factor VEGF [2, 20, 88]. Oxygen deficiency
induces imbalance between the production of pro-angio-

BIOCHEMISTRY (Moscow) Vol. 86 No. 10 2021

genic and anti-angiogenic factors, which leads to exces-
sive, rapid and chaotic formation of blood vessels with
significant increase in their number. Such vessels are
characterized by thin walls and variety of shapes and sizes
[2, 89]. HIF-1 controls expression of several genes
encoding angiogenic growth factors, including VEGE,
SDF1 (Stromal-Derived Factor 1), PGF (Placental
Growth Factor), PDGFB, and angiopoietin (ANGPT 1
and 2) [2, 20, 88].

HIF-1 and HIF-2 expression in endothelial cells has
different effects on vascularization. In experimental mod-
els, inhibition of HIF-1 activity significantly suppresses
tumor vascularization, in particular, in the case of
prostate cancer [21, 90]. While HIFIA gene deletion
reduces tumor vascularization and tumor growth, HIF2A4
deletion, on the contrary, enhances angiogenesis with for-
mation of immature vessels and increase in the degree
of tumor hypoxia [91, 92].

Hypoxia and metastasis of tumors. Tumor progres-
sion is associated with metastasis, which is largely deter-
mined by interaction of the tumor cells with microenvi-
ronment and involves the process of epithelial—-mes-
enchymal transition (EMT) [30]. HIF-1 regulates the
process of tumor metastasis, changing adhesion and
mobility of the tumor cells and activating EMT. The
hypoxia-induced EMT is characterized by the decrease in
expression of the genes encoding epithelium-associated
proteins — E-cadherin and B-catenin, and by the increase
in expression of the genes encoding proteins of mes-
enchymal phenotype — N-cadherin, vimentin, a-SMA
(a-Smooth Muscle Actin) and chemokine receptor
CXCR4 [27, 28, 93]. HIF-1 promotes transcription acti-
vation of the genes encoding repressors (ID2 — Inhibitor
of Differentiation 2, SNAII, SNAI2 — Snail Family
Transcriptional Repressor 1 and 2, TCF3 — Transcription
Factor 3, ZEB1 and ZEB2 — Zinc Finger E-boxbinding
Homeobox 1 and 2) that block E-cadherin and other pro-
teins expression, thus providing cell adhesion and normal
epithelial tissues architectonics [27-29]. In addition,
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Fig. 2. Role of HIF at different stages of tumor development. HIF-dependent genes encoding proteins that are involved in key stages of tumor
development are highlighted with red color. a) Genes that control immortalization, stem cell self-renewal, autocrine growth and survival,
b) genes involved in metabolic reprogramming. Enzymatic activity of pyruvate dehydrogenase (PDH) is inhibited by HIF-dependent PDH-
kinase 1 (PDK1), which blocks conversion of pyruvate to acetyl-CoA for participation in the tricarboxylic acid (TCA) cycle; ¢) HIF activates
genes that promote angiogenesis in the tumor; d) genes contributing to EMT; ¢) genes that control invasion and metastasis.

HIF-1 activates the TGFA and vimentin (VIM) expres-
sion. These proteins contribute to the changes in the
cytoskeleton structure and acquisition of the mesenchy-
mal phenotype by the tumor cells [59]. Furthermore,
HIF-1 activates matrix metalloproteinases MMP1, 2 and
MMP9, LOX (Lysyl Oxidase), TWIST, and the MET pro-
tooncogene, which are responsible for migration and
invasiveness [2, 32, 33]. LOX expression by metastatic
cells increases their ability to form colonies in tissues of
various organs. HIF-1 activates transcription of the genes
encoding proteases that destroy (CTSC — Cathepsin C,
MMP2, MMP9, PLAUR — Urokinase Plasminogen
Activator Receptor) or remodel (LOX, LOXL2, LOXL4)
the extracellular matrix [2, 32-34].

An important link in the process of metastasis is the
HIF-1-regulated intravasation — penetration of tumor
cells into the blood vessels [94]. It was shown that the
HIF-1-induced ANGPTL4 (Angiopoietin-Related
Protein 4) decreases adhesion of the vascular endothelial
cells in breast cancer, which promotes entry of the tumor
cells into the vascular lumen [34]. According to
Zhang et al. [35], LICAM (L1 Cell Adhesion Molecule)
and ANGPTL4 also decrease adhesion and initiate
extravasation of the tumor cells into the organ parenchy-

ma with formation of metastases. The role of HIF at
different stages of tumor development is presented in
Fig. 2.

ROLE OF HYPOXIA AND HIF IN TUMORS
OF DIFFERENT LOCALIZATION
AND DIFFERENT EXTENT
OF DIFFERENTIATION

According to the literature, organs differ in their sen-
sitivity to hypoxia [95]. The most sensitive to hypoxia are
the phylogenetically younger parts of the brain — the
cerebral and cerebellum cortex [96]. In addition to the
brain, highly sensitive to hypoxia organs are heart, lungs,
kidneys and liver. In comparison with other organs, heart
and liver are normally characterized by the high con-
sumption of O, and increased HIF-1 expression
level [97]. The organs with medium sensitivity to hypoxia
include pancreas and adrenal glands, and the low-sensi-
tivity organs include bones, cartilages, tendons, and liga-
ments [96]. It is known that even under physiological
conditions, an oxygen gradient is observed inside a tissue
and there are hypoxic areas, which are necessary for nor-

BIOCHEMISTRY (Moscow) Vol. 86 No. 10 2021



HYPOXIA TOLERANCE AND TUMOR DEVELOPMENT

mal cells functioning [98]. Therefore, the role of HIF in
tumor progression mostly depends on its location.
However, there are no data in the literature on the rela-
tionship between the tumor development rate and initial
oxygen status of the organ in which it is formed.

According to the immunohistochemical examina-
tion of biopsy materials, increased HIF-1ow expression
was detected in the cells of almost all human
tumors [99, 100]. HIF-2a expression increased only in
some tumor types, such as renal carcinoma, non-small
cell lung cancer, and cerebellar hemangioblastoma [101-
103]. HIF-1 promotes breast cancer progression, and its
inhibition reduces metastasis [104]. In addition,
increased HIF-1la expression in the colon, stomach,
lungs, skin, ovary, pancreas, and prostate carcinomas cor-
relates with high proliferative activity of tumor cells [99].
According to the immunohistochemical studies,
increased HIF-1a expression in the tumor cells is associ-
ated with high degree of malignancy, poor prognosis, and
resistance to various types of antitumor therapy for
tumors of different localizations — head and neck, ovary,
and esophagus [99, 100].

Increase in the expression of some HIF-dependent
genes, in particular, VEGF, in glioma tissues is also a fac-
tor of poor prognosis [105]. It was demonstrated that C6
glioma cells respond to hypoxia by activating HIF-
1 [106]. During the glioma progression, hypoxia pro-
motes high VEGF production, which is a key regulator of
angiogenesis, and, therefore, it plays an important role in
the tumor growth progression [105].

In some tissues, HIF-1 stabilization has a suppres-
sive effect on tumor growth. In particular, it was demon-
strated that the loss of HIF-1a expression promotes the
renal carcinoma cells proliferation [107]. In addition, in
ovarian cancer, increased HIF-1a expression correlates
with the intensity of apoptosis, and combination of the
increased tumor cells death and high HIF-1a expression
promotes patient survival. However, in ovarian cancer, in
which the expression of both HIF-1a and mutant p53
was increased, the apoptosis level was low, and this was
associated with the decrease in the patient’s life
expectancy [108]. In the early stages of esophageal can-
cer in patients, combination of increased HIF-1a and
BCL2 expression was associated with the resistance to
photodynamic therapy [109]. Thus, the effect of
increased HIF-1lo expression depends on the tumor
localization and presence of mutations in the genes that
affect the balance between proapoptotic and antiapop-
totic factors.

It was established that different HIF isoforms, HIF-
1 and HIF-2, could play different roles in tumor progres-
sion. It was discovered in the mouse model of non-small
cell lung cancer (NSCLC) that HIF-2a inhibition pro-
moted the tumor cells proliferation, while decrease in
HIF-1a activity did not affect oncogenesis [110].
Analysis of survival of the patients with NSCLC revealed
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that the increased HIF-2a expression was statistically sig-
nificantly associated with poor prognosis, while the HIF-
lo. expression did not have such effect [103]. It was
observed in the model of colon cancer associated with
chronic colitis that increase in the HIF-1 expression in
intestinal epithelial cells did not lead to tumor progres-
sion. The HIF-2a-mediated inflammation promotes the
colon tumors development, and HIF-2a activation in
acute colitis causes severe disease course [111].

Controversial data on the role of HIF and its sub-
units in the progression of tumors of different localiza-
tions are probably due to the complex interactions of
many factors, activation and suppression of certain genes
during the development of each specific tumor.
Therefore, further studies of the role of HIF in the pro-
gression of tumors of different localization, degree of dif-
ferentiation, and histogenesis taking into account the ini-
tial oxygen status of the tissue are required.

POTENTIAL OF TUMOR THERAPIES
BASED ON HYPOXIA CORRECTION

Therapeutic approaches to the hypoxia level correc-
tion in tumors are based on increase in their oxygenation
or decrease in oxygen consumption by cells. To reduce
the level of hypoxia in tumors, methods such as hyper-
baric oxygenation, hyperthermia, and carbogen inhala-
tion in combination with administration of nicotinamide
were suggested. These methods, despite their effective-
ness, have not found wide application in oncology due to
high cost, technical difficulties of their use, and side
effects [112, 113].

In recent decades, the areas of pharmacological cor-
rection of hypoxia in tumors has been developing inten-
sively. For this purpose, drugs are used to inhibit HIF,
which is the main gene expression regulator in hypoxic
cells.

Many chemicals and drugs are capable of inhibiting
HIF through various molecular mechanisms, in particu-
lar, through decrease in the mRNA expression, protein
synthesis, HIF-1a- and HIF-1B-subunits dimerization,
increase in HIF-1o degradation and prolyl hydroxylase
activity, decrease in binding to DNA, etc. (Table 2).
There are two main categories of HIF inhibitors: direct
inhibitors that affect expression or function of HIF
molecules, and indirect ones that regulate other mole-
cules that indirectly affect HIE. Many of the potential
HIF inhibitors are currently undergoing clinical tri-
als [114].

It should be taken into consideration that the strate-
gy of the use of HIF-1 inhibitors in oncology could have
an adverse effect on the course of concomitant diseases,
which, on the contrary, require high HIF-1 expression
level — ischemia, anemia, etc. [126]. In particular, in
ischemic heart disease and ischemic stroke, the HIF-1-
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Table 2. HIF inhibitors used in tumor therapy
Mechanism of action Drug Therapy effects References
Reduction of HIF-1a formation:
mRNA expression inhibition | EZN-2968 reduces rate of tumor growth [115]
PX-478 reduces VEGF expression; causes tumor regression and [116]
delays its growth
aminoflavone promotes tumor cells apoptosis; reduces proliferative activity [117]
protein synthesis inhibition EZN-2208 reduces tumors progression; increases survival [118]
topotecan reduces tumor growth and angiogenesis [119]
cardiac glycosides reduce tumor growth [120]
KC7F2 prevents MMP2, carbonic anhydrase 9, endothelin 1 and [121]
enolase 1 activation; suppresses EMT-associated genes
2-methoxyestradiol | destroys the cytoskeleton and inhibits angiogenesis [122]
Increase in HIF-1a degradation geldanamycin reduces angiogenesis and cell invasion [123]
ganetespib reduces growth of the primary tumor, vascularization and [124]
invasion of the surrounding tissues, as well as metastasis to
the lymph nodes and lungs; reduces number of cancer stem
cells in the primary tumor
HIF-o/HIF- subunits dimeriza- | acriflavine reduces tumor growth, inhibits intratumoral expression [90]
tion inhibition of angiogenic factors and tumor vascularization
Inhibition of binding to DNA echinomycin inhibits tumor growth and metastasis [125]
doxorubicin reduce tumor vascularization and angiogenesis [21]
daunorubicin

dependent increase in VEGF expression induces new
blood vessels formation in the ischemic region, increases
blood flow and oxygen supply, thereby reducing
ischemia [127]. For example, increase of HIF-1 and
HIF-2 activity for stimulation of erythropoietin synthesis
is required for treatment of anemia associated with
chronic kidney disease [128]. For this purpose, numerous
prolyl hydroxylases inhibitors are used, which contribute
to HIF-o subunit degradation in the proteasome. In
addition, experimental models demonstrated that the
increase in HIF-1 expression contributes to the decrease
in the inflammatory bowel diseases severity [129].
Intravenous  administration  of  anticancer
chemotherapeutic drugs provides not only local effect (on
tumor cells), but also a systemic effect, which can reduce
effectiveness of the treatment and cause side effects.
However, dependence of the therapeutic effect of antitu-
mor drugs on the basal resistance of an organism to
hypoxia and HIF expression level has not been studied.
Effectiveness of the drugs may not be the same in organ-
isms with different resistance to hypoxia. In particular,

the effect of antihypoxants is more pronounced in ani-
mals susceptible to hypoxia [130].

One of the promising approaches to the treatment of
tumors with severe hypoxia is the use of molecules with
increased toxicity specifically for hypoxic cells. The
Hypoxia-Activated Prodrugs (HAPs) are agents selective-
ly activated under conditions of oxygen deficiency target-
ed to the destroying hypoxic tumor cells that are resistant
to conventional treatments. HAPs are introduced in an
inactive form, and they are biologically inert under nor-
moxia, but they can undergo enzymatic reduction by oxi-
doreductases under hypoxic conditions to form biologi-
cally active compounds that are easily reoxidized in the
presence of oxygen [131].

The first HAP studies were carried out by the group
A. C. Sartorelli from Yale University; they demonstrated
that mitomycin C was activated predominantly under
hypoxic conditions and thus acquired the ability to selec-
tively destroy hypoxic cells [132].

At present, efficacy of several HAPs has been evalu-
ated, including porphyromycin, tirapazamine (SR4233),
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banoxantrone, evophosphamide, PR-104, and tarloxo-
tinib [133]. Evophosphamide and tarloxotinib are cur-
rently undergo clinical trials.

Evophosphamide (TH-302) demonstrated high effi-
cacy at the stage of preclinical studies, but it was not con-
firmed when evaluated in the phase III clinical trials. It
may be due to the fact that intratumoral hypoxia level was
not taken into account [134, 135]. In addition, the effec-
tiveness of prodrugs acting on tumor cells in the hypoxic
area may depend not only on the degree of local hypoxia
in the tumor, but also on the individual resistance to oxy-
gen deficiency of the whole organism.

Currently, the assessment of oxygen content in
tumors is carried out mainly for research purposes, and
there are several methods for this. Direct measurement of
pO, using an oxygen electrode inserted into a tumor has
been widely used to determine oxygenation degree of the
solid tumors. This procedure is invasive, making it diffi-
cult to perform repeated measurements. In addition,
tumors are heterogeneous in terms of the hypoxia degree,
and skilled staff is required to work with such elec-
trodes [136]. A promising technique, oxygen-enhanced
MRI (OE-MRI) suggested by O’Connor et al. is less
invasive [137].

Hypoxia and HIF activation play a key role in the
development of tumor cell resistance to various treat-
ments. The main mechanism of HIF chemoresistance is
an increase in the expression of transporter proteins (such
as Multidrug Resistance 1 Protein (MDR1), Multidrug
Resistance-associated Protein 1 (MRPI1), and Breast
Cancer Resistance Protein (BCRP)), which decrease
concentration of the chemotherapeutic agents within
tumor cells located under hypoxic conditions. Drugs used
in the treatment of breast cancer, such as doxorubicin,
paclitaxel, and vincristine, are substrates for MDRI-
mediated concentration decrease, and activation of HIF-
1 increases resistance of tumor cells to them [138, 139].

Sensitivity to chemotherapy mostly depends on the
intensity of blood flow inside tumors; therefore, irregular-
ity of vasculature in the tumors correlates with impaired
delivery of chemotherapeutic agents [140]. In addition,
changes in the pH gradient due to hypoxia can disturb
activity of the pH-dependent chemotherapeutic agents
(doxorubicin and docetaxel) and DNA alkylating agents
such as temozolomide, chlorambucil, and ifosfamide.
Other HIF-related mechanisms of resistance to
chemotherapy are: increased autophagy, altered cell
metabolism, and inhibition of apoptosis.

Hypoxia in tumors also contributes to radiation ther-
apy resistance through a number of factors controlled by
HIFE In particular, the HIF-1-mediated radioresistance
of HeLa cells under hypoxic conditions was associated
with the decrease in Bax and p53 expression and decrease
in the radiation-induced apoptosis [141]. It was demon-
strated that the HIF-dependent increase in expression of
Human Epididymis Protein 4 (HE4) resulted in high
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resistance of gastric cancer cells to radiation thera-
py [142], and erythropoietin increased glioma cells sur-
vival after exposure [143].

ROLE OF HIF EXPRESSION AND BASAL
RESISTANCE OF AN ORGANISM TO HYPOXIA
IN THE PROGRESSION OF TUMORS

Emergence of most tumors is associated with the
influence of environmental factors and depends on the
organism genetic characteristics [144]. It was discovered
that the development of 95% of tumors is associated with
interaction of environmental factors and genes, and 5% —
only with genes [145]. Genetic factors affecting predispo-
sition to cancer development include rare dominant
mutations, as well as more common genetic polymor-
phisms that determine response of the individual to envi-
ronmental factors [145]. In particular, variability in
expression levels or isoforms of metabolic genes such as
P450, glutathione S-transferase (GST), and N-acetyl
transferase (NAT), and of HIF-1a significantly affects
the individual response to carcinogens. It was shown that
people differ significantly in the individual levels of
expression of HIF-lo and HIF-dependent genes in
leukocytes [146, 147]. Presence of HIFIA gene polymor-
phisms has been revealed in humans, which ensures high
level of its expression. One of the most studied HIF-1a.
polymorphisms is 1772 C>T (rs11549465 C>T,
Pro582Ser). This polymorphic variant determines
increase in HIF-1a transcriptional activity both under
normoxic and hypoxic conditions in comparison with the
wild type [148]. Recently, it has been demonstrated that
the HIF-1a 1511549465 C>T polymorphism is associated
with increased risk of tumor development [149].

It is known that human and laboratory animals differ
in resistance to hypoxia, i.e., hypoxic exposure of the same
degree causes different reactions in individuals of the same
population, age, and gender [97, 150-158]. However,
despite the important role of hypoxia in the processes of
oncogenesis, practically at all stages of tumor formation,
the individual basal resistance of an organism to hypoxia is
not considered as a factor of predisposition to the tumor
growth initiation. Gorr et al. [3] note that the degree of
basal resistance of an organism to oxygen deficiency can
also determine the level of intratumoral hypoxia.

Experimental studies revealed tolerant and suscepti-
ble to hypoxia laboratory animals; sensitivity to acute
mountain sickness and high-altitude pulmonary edema
has been studied in humans [97, 150-158]. The resistance
to hypoxia of laboratory animals is determined in a
decompression chamber based on the “gasping time” at a
critical height — the time before the animal assumes lat-
eral position. The “gasping time” of the tolerant to
hypoxia animals usually differs from the susceptible ani-
mals by at least 3-fold. Results of determination of the
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resistance to hypoxia in a decompression chamber
revealed that a significant part of animals exhibit normal
tolerance (40-58%), the high tolerant animals include
from 20 to 42%, and susceptible animals — from 18 to
40% [97, 150, 151, 158].

It is known from the literature that resistance to
hypoxia is associated with the activity of antioxidant
defense enzymes [157]. Enzymatic system of protection
against oxidative stress is more active in people living at
high altitude, which is due to the constant exposure to
hypoxia and ROS formation [157]. It has been demon-
strated that the level of enzymes such as superoxide dis-
mutase and catalase, which protect cells from oxidative
stress, in the heart of tolerant to hypoxia Sprague-Dawley
rats after hypoxic exposure is higher than in the suscepti-
ble animals [150]. Expression of the most studied heat
shock proteins (HSP60, HSP70, and HSP90) stabilizing
membranes in the myocardium of tolerant to hypoxia rats
was significantly increased, which indicated their ability
to overcome prolonged exposure to O, deficiency and
more effective adaptation [150, 153]. Our earlier
data [158] also indicate that the animals with different
resistance to hypoxia have different adaptive capabilities
and predisposition to the development of inflammatory
diseases: the content of the oxidative stress marker 8-iso-
prostane increased in the susceptible animals after hypox-
ic exposure, which is associated with the damage of cellu-
lar membranes and increase in the TGF-J level. In the
myocardium of susceptible to hypoxia rats, the content of
malondialdehyde, which is formed upon exposure to
ROS and is one of the oxidative stress markers, is almost
8-fold higher [150]. Oxidative stress plays a key role in the
tumor development. It was demonstrated that interval
exposure to hypoxia leads to increase in ROS production,
which promotes survival and proliferation of the tumor
cells [159]. Apparently, organisms with different resist-
ance to hypoxia can be predisposed to the development of
tumor diseases to varying degrees, which is probably
mostly due to the different levels of oxidative stress and
antioxidant protection degree.

Nevertheless, the mechanisms of tumor development
in organisms with different resistance to hypoxia have not
been sufficiently studied. Expression of HIF-1, NF-«B,
and VEGF probably plays an important role. Under nor-
moxia, in people susceptible to high-altitude pulmonary
edema, the serum HIF-1a level is higher than in tolerant
people [156]. It has been demonstrated that the animals
tolerant and susceptible to hypoxia differ in many param-
eters, including the content of HIF-1a and VEGF: in sus-
ceptible to hypoxia rats HIF-1a level in the neocortex
under normoxic conditions is 1.7 times higher than in the
tolerant ones [97, 150, 151]. We have demonstrated that in
the case of a systemic inflammatory response, the higher
HIF-1 expression in the susceptible to hypoxia animals is
accompanied by increase in the NF-kB expression and a
more severe course of the disease [151]. It was also
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demonstrated with acute and chronic colitis models that
the course of these diseases is more severe in the mice sus-
ceptible to hypoxia [160, 161]. Taking into account the
role of HIF in the regulation of many genes responsible for
various processes in the body, it is obvious that the higher
basal expression of HIF-1a. in the susceptible to hypoxia
organisms can affect both oncogenesis and resistance to
therapy of various types of cancer. However, the HIF-1a,
expression levels in tumors in organisms with different
resistance to hypoxia have not been studied yet.

We have previously demonstrated [162] that the B16
melanoma progression was more pronounced in the sus-
ceptible to hypoxia mice, which was manifested by the
large volume of the primary node and relative area of
necrosis, high proliferation rates assessed by the mitotic
index and the number of Ki-67" cells, as well as increased
VEGTF expression in the liver. The number of caspase 3-
positive cells dying via apoptosis mechanism was higher
in the tolerant to hypoxia mice. HIF-1a expression is
increased in many types of human tumors, including
melanoma [163, 164]. Constitutive HIF-1a expression
was demonstrated in melanoma cells using immunohisto-
chemical analysis, quantitative PCR, Western blotting,
and immunofluorescence staining of cultured cells
[163, 164]. HIF-1a expression in the patients with
melanoma was detected in the majority of tumor samples
(87.6%), but its level did not correlate with the prognosis
of the disease course and life expectancy [163]. It has
been demonstrated that increase of expression of both
HIF-1a and HIF-2a correlates with the VEGF expres-
sion in melanoma; however, a stronger association was
found for HIF-2o with VEGF and poor prognosis [163].
It is possible that there are also differences between the
tolerant and susceptible to hypoxia organisms in the
expression of HIF-2a, which is a more significant factor
in the melanoma progression, however, to the best of our
knowledge no such data have been published.

The data on hypoxia-resistant naked mole rats that
live in extreme conditions of oxygen deficiency and are
able to withstand an average 250 s of complete anoxia are
of particular interest [165]. For a long time, it was
believed that tumors do not develop in them, although
cases of neuroendocrine carcinoma of the stomach and
subcutaneous adenocarcinoma in these animals have
recently been reported [166]. Possibly, the high degree of
protection against tumor development in naked mole rats
depends on the characteristics of metabolism, HIF-1
expression, and pronounced antioxidant protec-
tion [165, 167].

Thus, hypoxia plays a key role at different stages of
tumor development. Different predisposition of people to
the development different types of tumors may be due not
only to external and genetic factors, age, gender, but also
could be determined by individual resistance to hypoxia
and expression levels of various isoforms of HIF factor. In
this regard, further research is needed in this area.
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TOLERANCE OF THE ORGANISM
TO THE DEVELOPMENT OF TUMORS
IN THE POPULATION LIVING
AT HIGH ALTITUDES

Systemic hypoxia affects the incidence of some types
of cancer (Table 3). Epidemiological studies indicate that
highlanders demonstrate low mortality rate from malig-
nant tumors. Adaptation to chronic hypoxic effects in the
mountains leads to hypoxia-dependent metabolic
changes, including changes in carbohydrate and lipid
metabolism. People living at high altitudes have low blood
glucose levels [168], which may be a protective factor
against the increased risk of tumor development associat-
ed with hyperglycemia [169]. Lipids are required to regu-
late many tumor-associated signaling pathways, and high
plasma lipid concentrations are associated with increased
risk of tumor development [170]. Highlanders were found
to have lower levels of fatty acids in blood plasma, as well
as cholesterol [171], which also determines low cancer
incidence and mortality.

Although the overall malignant tumors mortality is
negatively correlated with the increase in altitude [172-
175], a number of features have been identified depend-
ing on the tumor histogenesis. While lymphoma, breast,
esophagus, tongue, mouth, or larynx cancer demonstrat-
ed reduced mortality at high altitudes, mortality of liver
and cervical cancer did not differ between the people liv-
ing at sea level and in mountains [172, 175]. An inverse
relationship was observed between the incidence and
mortality rate of lung cancer and altitude [174].
Naturally, melanoma morbidity and mortality increase at
altitude due to higher exposure to ultraviolet-B (UV-B)
radiation [176]. Moreover, the incidence of carotid
tumor, paraganglioma, increases in the highlands [177].
Altitude is considered as a very important environmental
factor in the development of gastric cancer and affects its
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development both directly and indirectly. The direct
effect of altitude on the gastric cancer development has
been demonstrated in a number of studies: in Ecuador, in
the high mountain provinces, mortality from stomach
cancer is the highest [178, 179]. High incidence of stom-
ach cancer is observed in the highlands of Spain, Iran,
China, and Latin America [178, 179]. It should be noted
that, in addition to altitude, a number of other factors
have significant effect on the stomach cancer develop-
ment, such as dietary habits and low selenium content in
the soil in high mountain regions [180].

Decrease or increase in the incidence of malignant
tumors of particular localization in the population living
in high mountain areas is determined, in addition to
hypoxia, by other environmental factors. Among these
environmental factors affecting development of some
types of cancer at high altitude the role of air pollution,
UV-B and the associated vitamin D synthesis have been
discussed. It has been suggested that the decrease in mor-
tality of a number of tumors (lymphoma, breast, lung,
and others) in the mountains may be due to the increased
UV-B-dependent vitamin D synthesis, however, for
prostate cancer there has been no association between
high altitude and vitamin D level [174, 181]. Thus, pro-
tective role of the elevated vitamin D levels in cancer
development and mortality is possible, but probably
depends mostly on the tumor location, therefore, further
research is needed in this area.

In general, the strongest environmental and adapta-
tion factor at altitude is the low availability of oxygen, and
this may make the largest contribution to the malignant
tumor mortality. The data indicating that cancer mortali-
ty rate is reduced under high altitude conditions with low
oxygen levels, at first glance, contradicts common sense,
since intratumoral hypoxia itself is a factor for tumor
growth and formation of more aggressive tumor pheno-
type [1, 81]. It should be noted that at altitude, due to the

Table 3. Epidemiological data on morbidity and mortality of various tumors in the population living at the high altitude

Tumor High altitude effect References
Leukemia, lungs tumors, intestines and breast cancers | decrease in mortality [172]
Lung cancer decrease in morbidity and mortality [174]
Breast cancer decrease in morbidity
Colorectal and prostate cancer no difference in incidence
Tumors of the tongue, mouth, esophagus, larynx decrease in mortality [175]
Melanoma increase in morbidity and mortality at an altitude of over 700 m [176]
Carotid body tumor (paraganglioma) increase in morbidity [177]
Gastric cancer increase in morbidity and mortality [178-180]
Hodgkin lymphoma and non-Hodgkin lymphomas decrease in morbidity [182]
Reducing overall cancer mortality at altitude [172-175]
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organism adaptation, the mechanisms for correcting
hypoxia are activated, HIF is stimulated and hemoglobin
content in the blood increases.

Thus, oxygen deficiency and HIF expression activa-
tion are pathogenetic factors in the development of tumor
diseases. During the development and progression of
tumors, HIF activation stimulates angiogenesis, pro-
motes changes in cell metabolism, adhesion, ability to
invade and metastasize. Various HIF isoforms — HIF-1,
HIF-2 and HIF-3 — can play opposites role in the tumor
development. Organisms of humans and laboratory ani-
mals differ both in resistance to hypoxia and in the
expression levels of HIF isoforms and HIF-dependent
genes, which may lead to predisposition to the develop-
ment of certain cancers. In particular, incidence of vari-
ous types of tumors varies in people living in highlands
and at sea level. Further research is needed on the role of
hypoxia in tumor formation that takes into account indi-
vidual resistance to oxygen deficiency.
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