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Breast cancer continues to be one of the most common malignancies and is a se-
rious problem particularly in women, although men may also be affected. Such
lesions are commonly accompanied by hypoxia, and therefore hypoxia-dependent
mechanisms, such as overexpression of hypoxia-inducible factor (HIF), the mech-
anisms are studied as part of the search for a novel method of cancer treatment.
Blocking the activity of HIF and HIF-dependent molecular changes raises hopes
for identification of a molecular target to inhibit the tumor growth or even to
completely prevent its progression. However, this is difficult due to the crucial role
HIF plays in numerous processes occurring not only in cancer cells but mostly in
healthy systemic cells in physiological conditions.
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Introduction

Adequate oxygen supply is essential for proper
functioning of both individual cells and the human
body as a whole. Oxygen is required mainly to main-
tain appropriate energy reserves in the cells, mostly
in the form of ATP, as well as to ensure appropriate
oxidoreductive potentials. Some tissues have devel-
oped adaptation mechanisms ensuring their function
in reduced oxygen supply conditions, while other tis-
sues, such as myocardium or brain cortex, are par-
ticularly sensitive to oxygen deficiencies. The term
hypoxia is used to describe oxygen deficiency occur-
ring in tissues due to various reasons. Hypoxia can be
categorized into the following main types:

* hypoxemic hypoxia associated with lower partial
oxygen pressures;

* anoxemic hypoxia associated with reduced oxygen
transporting capability in blood;

* stagnant hypoxia resulting from reduced flow of
blood in the tissues;

® hypermetabolic hypoxia associated with increased
oxygen demand in tissues;

* cytotoxic hypoxia where the quantity of oxygen de-
livered to tissues is sufficient but toxic damage of
tissue has occurred.

The human body has developed a number of
mechanisms to adapt to reduced blood oxygen levels.
Compensation is possible via numerous mechanisms,
the major ones being the increase in cardiac output
and lung ventilation, reduced resistance of peripheral
vessels, reduced blood viscosity, production of eryth-
ropoietin, redistribution of blood flows, increased
deposition of myoglobin, switching to anaerobic me-
tabolism or to restore appropriate oxygenation of tis-
sues. Increased ventilation due to hypoxemia is the
most efficient of these mechanisms. Thus, hypoxemic
hypoxia is the easiest to manage of all forms of oxygen
deficiency. Hypoxia due to causes other than hypox-
emia appears to be most dangerous for the system,
as only the molecular adaptation mechanisms which
require more time for full activation compared to the
systemic mechanisms are available in such cases {1].

For most cells, hypoxia is defined as molecular ox-
ygen levels reduced to less than 2%, with the level of
1.2% defining moderate hypoxia and the level below
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0.2% defining deep hypoxia and anoxia. In order to
survive, the cells must either adapt to the new con-
ditions by switching to anaerobic metabolism or re-
store appropriate oxygenation of tissues. Tumor cells
are particularly prone to hypoxia due to their high
density and poor vascularization limiting their oxy-
gen supply. Thus, hypoxia is a characteristic feature
of most tumors.

Hypoxia is an important factor that mediates the
regulation of gene expression; it is capable of both
inducing and suppressing the expression of particular
genes. The effect of hypoxia on post-transcriptional
and post-translational mechanisms determining the
efficiency of gene expression was also described. The
main transcription factor involved in cellular adapta-
tion to hypoxic conditions is hypoxia-inducible factor 1
(HIF-1).

Characteristics of the hypoxia-inducible
factor

Hypoxia-inducible factor belongs to the Per-
ARNT-Sim (PAS) family of proteins. It is a tran-
scription factor featuring a helix-loop-helix structure
consisting of two subunits. The first subunit is one
of three possible a subunits sensitive to the systemic
oxygen levels (HIF-1a, HIF-2a or HIF-3a). The oth-
er, constitutive subunit 3 (HIF-B) is common to all
HIF variants. Thus formed HIF-1a/B and HIF-2a/B
dimers are involved in activation of the transcription
of low oxygen level-inducible genes. The role of the
third variant of the dimer, HIF-3a/B, has not been
precisely determined yet. Expression of a subunits is
closely related to the tissue type. HIF-1a. is expressed
in most tissues, while expression of HIF-2a, known
as endothelial protein 1 containing the PAS domain
(called EPASI1, endothelial PAS domain-containing
protein 1) is limited mainly to hepatocytes, cardio-
myocytes, endothelial cells, microglia and type II
pneumocytes. HIF-3a is expressed in ocular and cer-
ebellar cells. In contrast to the tissue-specific HIF-2a
and HIF-3a, the widespread expression of HIF-1la
makes it a universal marker of hypoxia regardless of
the location of the tumor. In contrast to subunits sen-
sitive to the oxygen supply, the b subunit is produced
in most tissues and is also known as aryl hydrocarbon
receptor nuclear translocator (ARNT). Besides being
a structural and functional element of HIF, ARNT
is also involved in transformation of xenobiotics by
inducing the expression of enzymes required for their
metabolism [2}.

Interactions of individual HIF-1a and HIF-1B
subunits are required for the formation of the active
transcription factor HIF-1 and its effective binding to
nuclear DNA with the purpose of expressing the de-
pendent genes. The HIF-1f subunit is constitutively
located within the cell nucleus while the availability
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of HIF-1a is subject to regulation. When the cell is
activated by a hypoxic stimulus, HIF-1a is translo-
cated into the nucleus and partakes in formation of
the degradation-resistant heterodimer HIF-1 togeth-
er with associated proteins.

Regulation of the cellular quantity and activity of
HIF-1a is mostly related to the function of the aer-
obic metabolic mechanism, although other proteins
have also been found to be involved in its stabiliza-
tion. Important HIF-1a-stabilizing factors are heat
shock protein-90 (Hsp90) and Jun activation do-
main-binding protein-1 (Jabl) {3}. Although regu-
lation of HIF-1a activity has already been described,
the important role of post-translational modifications
as a factor responsible for regulation of this activity
has been documented only recently. The HIF-1a sub-
unit is encoded by the HIF1A locus located on chro-
mosome 14q21-q24, encoding information for 15
exons. Different functional domains of HIF-la are
encoded by separate exons. Besides the wild type of
this subunit (HIF-1a0WT) as described in the earliest
reports, 8 other splicing variants were identified in hu-
man cell lines (HIF-1a827, HIF-1a736, HIF-10557,
HIF-10516, HIF-10785, HIF-10417, HIF-1oTE
and an isoform containing an alternative variant of
exon 1 (isoform 1.2)) {4, 51. All these forms were
capable of dimerizing with the HIF-1f subunit and
demonstrated transcriptional activity in human cells;
however, only one isoform — HIF-1a736 — had been
documented in breast cancer until recently {6].

A study by Dales ez /. showed for the first time
higher expression levels of two HIF-1a splice variants
(HIF-10TAG and HIF-1a.736) of estrogen receptor
(ER) negative carcinomas compared to normal and
benign tissues. Dales ez #/. investigated the prognostic
value of HIF-1a transcript expression levels in breast
cancer and found a significant relationship between
either clinicopathological characteristics or patient
metastasis-free survival. The authors found that HIF-
1aTAG mRNAs levels were substantially higher in
high-grade and steroid hormone receptor-negative
tumors. The second and most striking observation
was that HIF-1a0TAG mRNA levels were indicative
of shorter metastasis-free survival, and that this cor-
related with lymph node status {7, 8}. Microarray
tests have shown that there might be as many as 200
proteins with HIF-dependent activation patterns {7}.
The number is much higher than previously thought.
More than one half of these proteins have not been
precisely described yet, and thus their functions re-
main unexplained. The genes encoding these proteins
have one common feature consisting of a single or
repeated 5’-CGTG-3’ sequence within the promot-
er region. The sequences have been named hypoxia
response elements (HREs). It turned out that not all
5’-CGTG-3" sequences within the genome act as
HREs. To date, it has not been explained how HIF is
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capable of recognizing functional and non-functional
HREs within the promoter region. Some hint may
be provided by the HIF-1 ancillary sequence (HAS),
reported to be located at a distance of 8 nucleotides
from the HRE. However, as evidenced by genomic
studies, the sequence is not present in the promoters
of all genes containing the HRE {[7]. This suggests
the need for other sequences to interact with other
transcription factors influencing the expression of
HIF-dependent genes. The functionality of HRE re-
gions may also depend on the local chromatin struc-
ture as determined by methylation or acetylation
processes.

Small non-coding RNAs are short RNA mol-
ecules whose function is to regulate the expression
levels of other genes by several mechanisms. Micro
RNA-210 (miR-210) has been strongly linked with
the hypoxia pathway, and is upregulated in re-
sponse to hypoxia-inducible factors. MicroRNA-
210, the master hypoxamir, plays pleiotropic roles
in certain cancers; however, its role in the devel-
opment of human cancer remains unclear. Herein,
we report that miR-210 is frequently up-regulat-
ed in colorectal cancer tissues, with high miR-210
expression significantly correlating with large tu-
mor size, lymph node metastasis, advanced clinical
stage and poor prognosis. Functionally, miR-210
overexpression promotes the migration and invasion
of colorectal cancer cells. Furthermore, miR-210 can
be induced by hypoxia and mediates the hypoxia-in-
duced metastasis of colorectal cancer cells. In addi-
tion, vacuole membrane protein 1 (VMP1) is identi-
fied as the direct and functional target of miR-210.
Thus, miR-210 is a useful biomarker for hypoxic tu-
mor cells and a prognostic factor that plays an essen-
tial role in colorectal cancer metastasis {9, 10}. Also
mir-210 has been suggested as a useful biomarker to
distinguish adrenocortical carcinoma from adreno-
cortical adenoma [11}.

Also, miR-210 is a useful diagnostic marker for
breast cancer in women. Hong ez /. concluded that
high expression of miR-210 might predict poor sur-
vival in patients with breast cancer {12}. Camps ¢t /.
found that higher expression levels of miR-210 were
correlated with shorter disease-free and overall sur-
vival in breast cancer [13}. Foekens et /. found that
a higher expression level of miR-210 was correlated
with lymph node-negative estrogen receptor positive
breast cancers [14}. Toyama ¢# 2/. concluded that the
degree of miR-210 expression might be a clinically
useful prognostic factor for decision-making regard-
ing treatment in the adjuvant setting, especially in
node-negative triple-negative breast cancer patients
[15].

Uponsufficient oxygen supply, HIF-1a.and HIF-2a.
are hydroxylated and form a complex with VHL
protein comprising a part of the E3 ubiquitin ligase

complex. This binding leads to degradation of HIF
subunits in the proteasome pathway and prevents the
expression of hypoxia-induced genes. Ubiquitination
and proteasomal proteolysis of the subunit is a very
rapid process that is immediately inhibited in the case
of oxygen shortage. Hydroxylation that initiates the
a subunit degradation process occurs at three loca-
tions of each of these subunits at proline and asparag-
ine moieties, i.e. Pro402, Pro564 and Asn803 within
HIF-1a, and Pro405, Pro531 and Asn851 within
HIF-2a [16}.

Hydroxylation of these amino acid moieties is
irreversible as it forms very stable, covalent bonds.
The process requires the substrate protein as well
as molecular oxygen, iron ions, 2-oxoglutarate and
ascorbate ions. The cellular levels of HIF-1 in the cell
depend on many factors, such as distribution of hy-
droxylases that take part in degradation and tissue
vascularization responsible for the availability of ox-
ygen depending on cell location. The oxygen level
gradient formed as a certain distance from the vessel
affects the activity of hydroxylases. At sites of low
partial oxygen pressure, i.e. at increasing distances
from the vessel supplying the particular region, the
activity of these enzymes is inhibited. This is also as-
sociated with stabilization of the a subunit of the HIF
protein, its translocation into the nucleus, dimeriza-
tion with the B subunit and the binding of the tran-
scription factors.

The role of hypoxia in cancer

Carcinoma develops from epithelial tissue and
mimics the epithelium of the affected organ. Tumor
cells are capable of differentiation, maturation and
metaplasia. Cancer is characterized by unrestricted
replication, growth and other processes independent
of the remaining cells as well as by its ability to in-
filtrate surrounding tissues and form distant metas-
tases. Hypoxia is an important element of the mi-
croenvironment of cancer development. It is due to
insufficient angiogenesis in the region of the develop-
ing lesion. The angiogenesis process is always a step
behind the growing tumor, contributing to insuffi-
cient supply of oxygen and other nutrients to can-
cer cells. Oxygen is capable of diffusing through the
tissues to the depth of 100-180 mm, which is largely
insufficient for the supply in the malignant growth
region. As a consequence, the tumor tissue oxygen
levels are usually not higher than 7%, and often low-
er than 1%, while the average value for normal tissue
is about 7% (53 mmHg) {2, 17]. Scarce quantities of
oxygen in the tumor region lead to stabilization of
HIF-a protein, which in turn stimulates endothelial
cells to migrate into the region affected by the tu-
mor growth and to initiate the angiogenesis process.
However, blood vessels are formed in this process in
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a disorderly manner. This hampers appropriate ox-
ygen supply to the tissues, leading to continuously
worsening hypoxia.

The presence of hypoxic regions within solid tu-
mors is a reliable indicator of poor prognosis. Hypox-
ia contributes to the increased aggressiveness of the
malignant process and protects tumors from conven-
tional treatment methods. Hypoxia within solid tu-
mors is usually associated with increased resistance to
chemotherapy, immunotherapy and radiation thera-
py {18}

Cells adapt to chronic, gradually worsening hy-
poxia better than to rapid, acute hypoxia episodes.
Adaptation to chronic oxygen deficiency includes
mainly intensification of the expression of genes en-
coding glycolytic enzymes that facilitate the provi-
sion of energy from ATP along anaerobic pathways.
Increased expression of genes encoding for lactate de-
hydrogenase, pyruvate kinase within skeletal muscles
and astrocytes as well as phosphoglycerate kinase,
i.e. enzymes responsible for anaerobic metabolism
of glucose, were observed in hypoxic conditions. An-
aerobic glycolysis is much less efficient than oxida-
tive phosphorylation. One molecule of glucose leads
to formation of two ATP molecules, while oxidative
phosphorylation leads to formation of (insert source)
molecules. The lower efficacy of the process leads to
a higher cellular demand for glucose, and thus the
increase in sugar uptake is required by means of in-
creased expression of glucose transporters (GLUT).
Increased expression of GLUT 1 was demonstrated
as a response to hypoxia in stem cells, adipocytes,
neurons, astrocytes and chondrocytes {191. Increased
expression of GLUT 4 was observed in skeletal mus-
cle cells and cardiomyocytes {20, 21}.

The metabolic shift from oxygen respiration to an-
aerobic glycolysis is reflected by morphological and
biochemical changes occurring within mitochondria.
Mitochondrial volume reduction, matrix conden-
sation, crista thickening and a significant drop (ca.
30%) in the activity of the respiratory chain enzymes
were observed in chronic hypoxia. Elevated expres-
sion of HIF as a result of hypoxia is observed in about
53% of all cancers, including in 56-76% of breast
cancers {22, 23}.

Hypoxia-inducible factor 1 is responsible mainly
for cellular adaptation to hypoxic conditions; there-
fore, genes triggered by this factor are responsible
mainly for the improvement in oxygen supply (by
increasing angiogenesis, broadening the lumen of ex-
isting vessels, increasing erythropoiesis or increasing
iron consumption), adaptation of cells to anaerobic
metabolism conditions as well as for other changes
facilitating cell survival in insufficient oxygen avail-
ability and modifying the main metabolic pattern.
The most important genes and effects of proteins en-
coded by them are listed in Table I.
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Tumor cells are particularly prone to hypoxia.
This is due to the sparse network of blood vessels,
morphological and functional vessel disorders, large
distances between cells and vessels, dense packing of
tumor-transformed cells as well as ischemia due to
progression of the pathology or to the adverse effects
of the initiated treatment. These conditions promote
selection of cells that became most resistant to these
adverse conditions by developing the most effective
adaptation mechanisms. The growth of thus selected
cells leads to worsened hypoxia, thus closing and es-
calating the vicious circle of the disease.

Stimulation of angiogenesis promotes the in-
creased risk of distant metastases. Better accessibility
of blood vessels increases the chance of tumor cells
finding their way into the bloodstream and being
transported to niches allowing settlement and forma-
tion of a metastatic lesion.

Breast cancer

Breast cancer is a widespread disease with 1.3
million new cases being diagnosed each year and an
annual mortality rate of nearly 450,000 individuals.
Factors predisposing to breast cancer include famil-
ial susceptibility (genetic factor), female gender, age,
age at menarche and menopause, exposure to ioniz-
ing radiation and other diseases of the breast [24}.
The breast consists of mammary gland lobules, lacti-
ferous ducts connecting the lobules with the papilla
and stroma consisting of adipose tissue, connective
tissue and a network of blood and lymph vessels.
Most cancers occur within the lactiferous duct tis-
sues; however, lesions may develop in all breast struc-
tures. Cancers developing within lactiferous ducts
without infiltration of surrounding tissues is referred
to as non-invasive ductal carcinoma (ductal carcino-
ma z situ — DCIS) and amounts to about 20% of all
breast cancers. The most common type of invasive
breast cancer (observed in ca. 70-80% of cases) is in-
vasive ductal carcinoma of no special type. Much less
common types of cancer lesions include lobular car-
cinoma, medullary carcinoma, mucinous carcinoma,
apocrine carcinoma and papillary carcinoma. Mo-
lecular characteristics of the cancer lesions play the
key role in the selection of an optimum treatment in
breast cancer patients. Determination of the expres-
sion of estrogen and progesterone receptors and of
the expression of human epidermal growth factor re-
ceptor 2 (HER2/neu) seem to be the most important
issues. Activation of growth factor-dependent path-
ways is also a very important mechanism of breast
cancer progression. About 20% of these cancers are
characterized by overexpression of HER2 (EGFR?2 or
ErbB2), a transmembrane receptor of tyrosine kinase
activity. Estrogens play an important role in breast
cancers. They exert numerous effects by interacting
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Table I. Genes and effects of the encoded proteins

ADAPTATION PROCESS ACTIVATED GENE/ PRODUCED PROTEIN REFERENCES
GENE PRODUCT
Stimulation of angiogenesis VEGF vascular endothelial growth factor {2, 3, 81}
CYR61 cysteine-rich angiogenic inducer 61
Voltage drop across the vascular wall leading iNOS inducible nitric oxide synthase {7,17, 191
to extension of the increased blood flow ADM adrenomedullin
Increased red blood cell production EPO erythropoietin [42, 48}
Iron turnover growth, increasing its supply TF transferrin {36, 37, 391
of dividing cells CP ceruloplasmin
Decoupling of ATP production by oxygen LDHA all enzymes of the glycolytic cycle {10, 38}
availability in the environment (e.g., lactate dehydrogenase, py-
LDHB .
ruvate kinase, phosphoglycerate
OKLR kinase)
PGK1
PGK2
Increasing the transport of glucose into cells GLUT1 glucose transporter type 1 [191
GLUT4 glucose transporter type 4
Adjusting the pH of the medium CAIX/CA9 carbonic anhydrase 9 {36}
Control of proliferation and differentiation 1GE-2 insulin-like growth factor 2 {27, 30}
of most cell types TGEF-B3 transforming growth factor B3
Inhibition of apoptosis through activation Ras proteins RAS {22, 23, 35}
of oncogenes HER2/neu protein HER2/neu
SRC cytoplasmic tyrosine kinase Src
Inhibition of cell differentiation ID2 inhibitor of DNA binding 2 {431
Resistance to chemotherapeutic agents ABCB1 P-glycoprotein [41, 46}
participating in multi-drug resistance (ATP-binding
cassette subfamily
B member 1)
ECM metabolism, reconstruction of the MMP2 metallopeptidase 2 [44, 45, 471
surrounding tissue CTSD cathepsin D
Role in induction and maintenance ABCG2 ABC transporter family [421
of multidrug resistance
Increased production of ATP ALDOA aldolase A [41, 42, 43}
GAPDH glyceraldehyde 3 phosphate dehy-
ENO1 drogenase
enolase 1
Role in adhesion, cell proliferation, cell CTGF connective tissue growth factor 25, 26}
migration and angiogenesis
Allowing an unlimited number of cell TERT telomerase [291
divisions
Stabilization of the genome and control of the NPM1 nucleophosmin 1 {351
division of centromeres during mitosis
Stabilization of proteins involved in the
process of correct folding, oligomerization,
translocation and degradation HSP90 heat shock protein 90 [41, 43}
Participation in the remodeling of tissues MMP14 metalloproteinase 14 {42}
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with estrogen receptors (ER) a and B. Binding be-
tween these hormones and receptors leads to both
genomic and non-genomic changes in epithelial cells
within the mammary glands. Interactions with the
cellular genome involve transcriptional activation
and repression of genes. Genes encoding proges-
terone receptor, cathepsin D, c-myc, cyclin D1 and
numerous other proteins are dependent on these in-
teractions. Extragenomic effects are much less stud-
ied. They include mainly modulation of intracellular
signaling pathways and the activity of membrane ion
channels. Overexpression of ER is observed in up to
70% of lesions diagnosed as invasive breast cancer.
Ligand binding causes heterodimerization of the re-
ceptort, followed by phosphorylation and activation of
subsequent signaling pathways, including the MAPK
pathway. Activation of the MAPK pathway leads to
increased growth, proliferation and migration of cells
as well as to increased angiogenesis {25, 26].

Regulation of protein expression of
hypoxia-inducible factor as a new strategy
in the diagnosis of breast cancer

The mean oxygen level in breast cancer tissues is
about 10 mmHg compared to 63 mmHg in healthy
tissue. Thus reduced partial pressure of oxygen re-
sults in increased expression of HIF. It was also noted
that HIF-1a levels were increased in DCIS — the pre-
invasive stage of breast cancer — and were associated
with increased microvascular density, indicating that
HIF-1a expression might have an important role ear-
ly in breast cancer progression [24}.

Adaptation to hypoxia is mediated by HIF-1, which
stimulates angiogenesis and high anaerobic metabo-
lism. It has been shown that high microvessel density,
VEGEF over-expression, and increased lactate produc-
tion are associated with a poor prognosis in human
malignancies. Bos e #/. found that high levels of HIF-1
were correlated with overexpression of VEGF, one of
its main downstream effectors, confirming angiogene-
sis as one of the proposed mechanisms by which HIF-
1 activation stimulates tumor growth and metastasis.
Analysis of other clinicopathological variables in this
study confirmed previous data revealing a positive as-
sociation between increased proliferation, poor histo-
logic grade, and high levels of HIF-1a {24, 25, 26].

In their studies on invasive breast cancer, Bos ez 4/.
demonstrated the relationship between the expres-
sion of HIF-1a and the levels of cyclin A, Ki-67 and
p>53 protein. These associations were most evident in
lymph node-negative cases and might therefore con-
tribute to the poor prognosis of HIF-1a-positive can-
cers described previously {27}. In addition, diverse
expression of these biomarkers in cancers with ER
expression was observed, suggesting possible inter-
actions between HIF-1a and ER. The expression of
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cyclin A or Ki-67 suggests that the cells are in mito-
tic division phase S or G2. The expression of cyclin A
is stimulated by tyrosine phosphatase cdc25A and
associated with non-differentiated and ER-negative
breast cancers characterized by poor prognoses. Ki-67
is also commonly used as a cellular proliferation
marker, although the role of this protein is not fully
understood. It is present in higher quantities in phase
S cells, but also in phase G1-G2 cells. The increased
expression of both these proteins is indicative of high
proliferation potential of the studied tissue, and thus
of poor prognosis, and is associated with increased
cellular concentration of HIF-1la. The relationship
between HIF-1 and proliferation rate was reported
before, but the relationship has not been fully ex-
plained yet. The role of estrogens in breast cancer
development is well known and confirmed by epi-
demiological data as well as by numerous reports on
the efficient treatment of this cancer by means of an-
ti-estrogen therapy. Estrogens are responsible for the
increase in the rate of cellular divisions; on the oth-
er hand, cancers with increased ER expression were
shown to be less prone to metastases and more sensi-
tive to antiestrogens. This may suggest that the hor-
mones have an impact on the rate of tumor progres-
sion. Estrogens regulate the metabolism of collagen
[28, 29}. Their effect on the shift of the equilibrium
of collagen synthesis and degradation facilitates the
growth and migration of cells. Although degradation
is largely dependent on the activity of extracellular
metalloproteinases, the final degradation reaction is
mediated by cytoplasmic prolidase. Prolidase is an
enzyme that catalyzes the last stage of degradation of
extracellular matrix components. It is responsible for
the cleavage of proline and hydroxyproline from the
carboxylic termini of the degraded peptides. Studies
conducted by Surazynski et /. showed that the prod-
ucts of prolidase activity, i.e. proline and hydroxypro-
line, regulate degradation of HIF-la. Overexpres-
sion of prolidase leads to an increased concentration
of HIF-1a and therefore increased cellular levels of
VEGF and GLUT-1. The mechanism of HIF-1a
accumulation is associated with blocking the von
Hippel-Lindau protein-dependent HIF degradation
pathway {30]. Surazynski ez 2/. also decided to exam-
ine the relationship between the impact of estrogens
on breast cancer and the concentration of HIF-1a to
finally confirm the impact of estrogens on the disease
[31]. To this end, they conducted studies on estro-
gen-dependent MCF-7 breast cancer cells expressing
ER o and ER B as well as on estrogen-independent
cells MDA-MB-231 expressing only B receptors. The
study showed that the prolidase activity is correlated
with the nuclear location of HIF-1a in breast cancer
cells. In addition, the phenomenon was found only
in cells expressing the ER a. Studies showed that the
increase in prolidase activity occurred in MCF-7 cells
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only, suggesting that the process is dependent only
on the presence of the a receptor. MDA-MB-231 cells
lacking this receptor showed no effect manifesting in
a change of prolidase activity. The increased prolidase
activity leads to secretion of larger quantities of pro-
line and hydroxyproline which inhibit HIF-1a degra-
dation, thus contributing to increased concentrations
of the transcription factor within the nucleus {31}.
The correlation of hypoxia with the extracellular ma-
trix proves the existence of special pathways in which
the detection of intracellular matrix degradation is
interpreted as a tissue stress signal and leads to in-
duction of angiogenesis.

For many years, the B-cell lymphoma gene (BCL-6)
has been ascribed only the role of immortalization of
murine fetal fibroblasts and B lymphocyte precursor
cells by increasing the activity of cyclin D1. Increased
expression of cyclin D1 in various cancers is nothing
unusual; however, it turned out that overexpression
of BCL-6 is not limited to lymphomas. In their stud-
ies on invasive breast cancer, Bos ¢ #/. used immuno-
histochemical assays to assess the expression of BCL-6
in material collected from breast cancers and normal
breast tissues. The results showed overexpression
of BCL-6 in 16% of tested cancer lesions while un-
changed tissue was characterized by overexpression
in less than 1% of cases. The analysis showed that
the increase in BCL-6 activity was correlated with
increased expression of cyclin D1, p53 protein and
HIF-1a {32}. The study was the first to demonstrate
that BCL-6 plays an important role also in cancers
other than lymphomas. Overexpression of this pro-
tein in breast cancer, although possible, seems to be
so uncommon that its role as a potential biomarker is
very unlikely. This, however, requires further studies.

Gort e al. defined the pathophysiological impor-
tance of HIF-lo activity regulation by phosphati-
dylinositol 3 kinase (PI-3 kinase)/Akt. In the study,
hypoxia within the tumor lesion was modeled by cul-
turing cancer cells in low partial oxygen pressure con-
ditions. It was observed that hypoxia-induced expres-
sion of HIF-1a was reduced by serum deprivation.
Overexpression of dominant-active Aktl1 restored the
expression of HIF-1a expression, whereas inhibition
of PI-3 kinase activity reduced hypoxic HIF-1a pro-
tein levels to a similar extent as serum deprivation.
Immunohistochemical analysis of human breast can-
cers revealed that the lack of Aktl phosphorylation
is correlated with low HIF-1la levels. These results
allow us to conclude that the activity of Akt is phys-
iologically important for the expression of HIF-1a in
breast cancer. This may potentially mean that HIF-1a
function could be regulated by inhibitors of the PI-3
kinase/Akt pathway {33]. Recent studies suggest an
important role of Wnt and Notch pathways in breast
cancer. Ectopic expression of Wnt-1 was shown to
be responsible for transformation of human breast

epithelial cells via a Notch pathway-activating mech-
anisms. Chen ef /. demonstrated that the activity of
the Notch pathway in breast cancer is enhanced by
chronic hypoxia, or more specifically by accumula-
tion of HIF-1a and HIF-2a. Expression of the Notch
pathway target genes (HES1 and HEY1) was in-
duced in cells incubated in low oxygen conditions,
confirming the researchers’ assumptions. In addition,
an increase in ligand concentration and stabilization
of Notch receptors also contributed to Notch path-
way activation in hypoxic conditions. The expression
of HES1 and HEY1 was observed in most cancer cells
studied in hypoxic conditions. However, the increase
in HEY'1 expression in hypoxia is more dramatic than
the increase in HES1 expression, suggesting that
HEY1 might be a better marker of Notch pathway
activation in breast cancer. One of the direct, most
important consequences of Notch pathway activation
is reduced expression of E-cadherin in breast cancer,
being an important cause of increased tumor inva-
siveness and a tendency to metastatic spread {34}].

The relationship between inflammation and tu-
mor progression is widely accepted. It is also the case
for breast cancer. Besides playing a central role in the
induction of inflammatory processes, interleukin 1B
(IL-1B) was also identified as a factor important for
progression of the tumor and stimulation of angio-
genesis as well as being responsible for the increase
in the invasiveness of cancer lesions. Recently, there
has been considerable interest in understanding the
non-hypoxic upregulation of the hypoxia-inducible
factor HIF-1a by IL-1 in neoplastic cells since aber-
rant expression of HIF-1a correlates with tumor pro-
gression. Naldini ez #/. studied the effect of IL-1f on
cell migration and HIF-1a accumulation in the hu-
man invasive breast cancer cell line MDA-MB-231.
It was found that hypoxia-independent induction of
HIF-1a by IL-1f in MDA-MB-231 cells was associ-
ated with an increase in cell migration and a simulta-
neous increase in the activity of phosphorylated p38
MAPK and CXCRI1 expression. Inhibition of HIF-1a
by siRNA led to a significant reduction in CXCR1
expression and cell migration, confirming the role of
HIF-1a in hypoxia-independent, IL-1B-induced mi-
gration of the MDA-MB-231 line cells. The results of
the studies present a new role of IL-1 in breast cancer
cells. The therapeutic approach focused on inhibition
of IL-1p activity appears to be a new target for the
research aimed at the development of novel methods
to treat invasive breast cancer {35].

Central foci of fibrotic tissue are quite commonly re-
ported in female breast tumors classified as malignant
lesions. Observations have revealed that the presence
of such central scars was closely correlated with higher
scores in malignancy scales as well as with the presence
of metastases and shorter patient survival. The key el-
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ement associated with fibrosis and aggressive cancer
phenotype is hypoxia within the pathological lesion.

Jemal e al. studied these correlations, reporting
them for the first time in male breast cancer. Male
breast cancer is very rare. It accounts for less than 1%
of all breast cancer cases {36}. Much of the informa-
tion on male breast cancer is generalized and gathered
from data on female cases. However, a small number of
conducted studies suggest numerous phenotypic and
genomic differences between the two types of lesions.
Fibrotic foci present in breast cancers are scar lesions
consisting mainly of collagen, featuring numerous fi-
broblasts. Most commonly, they are located in central
parts of the tumor. Fibrotic foci have been described
in detail in female breast cancers as well as in other
tumors, such as lung cancer, pancreatic cancer and co-
lon cancer. Hypoxia is believed to be the element con-
necting the presence of a fibrotic focus with the cancer
phenotype and progression rate. Fibroblasts and can-
cer cells present in such regions clearly express HIF-
la and carbonate anhydrase IX (CAIX) — two factors
closely related to hypoxia {371. Necrotic regions are
easy to assess by histological means and provide im-
portant prognostic information. Studies conducted by
Anderson et a/. demonstrated a positive correlation of
the presence of necrosis with a high histological grade
of the tumor, high mitotic activity, numerous lymph
node metastases and poor prognosis. No relationship
with patients’ age and ER expression was observed.
Similar relationships were reported previously in fe-
male breast cancer [38}.

The role of the central fibrotic region in cancer
progression and phenotype determination may be
explained by the induction of HIF-1a and CAIX in
these regions. As mentioned before, low oxygen lev-
els activate HIF-1a to induce processes allowing the
cells to avoid death in hypoxic conditions; these in-
clude angiogenesis, adaptation to hypoxic conditions
and development of an aggressive cancer phenotype.
Several studies have demonstrated the presence of
a rich and dense network of microcirculation vessels
in tumors featuring central fibrotic foci, particularly
large fibrotic foci with necrotic regions. In addition,
fibroblasts present in these regions were characterized
by particularly rapid proliferation and high expression
of proteinase crucial for metastatic spread {39}.

Hypoxia and tumor-associated
macrophages (TAMs) as potential
diagnostic and prognostic biomarkers
in breast cancer

Tumor-associated macrophages (TAM) have been
linked with the progression of cancer by favoring
tumor angiogenesis, growth, and metastasis. The
precise mechanisms that maintain the protumor
phenotype of TAM are poorly understood, but re-
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cent research has highlighted a number of signaling
pathways that are important in TAM phenotype and
function. Nuclear factor-kB (NF-kB) is considered
the master regulator of inflammatory and immune
responses. Recently several genetic studies have indi-
cated that NF-«xB is an important pathway in TAM
for the integration of signals from the tumor micro-
environment that promote carcinogenesis {40}.
Clinical evidence compellingly indicates the asso-
ciation between a high TAM influx and poor prog-
nosis in patients with breast cancers. The pan-mac-
rophage marker CDG68 is now generally used to
identify TAMs in diagnostic biopsy samples, and
some other TAM-related biomarkers are also used
in prognosis prediction, including CD163, vascular
endothelial growth factor (VEGF), hypoxia-inducible
factors (HIFs), proliferation cellular nuclear antigen
(PCNA), ferritin light chain (FTL) and C-C motif
chemokine ligand 18 (CCL18) {41}.
Aggressive tumors grow very rapidly. In these
conditions, it is impossible to develop a sufficient
network of supplying blood vessels. This contributes
to formation of chronically ischemic and hypoxic re-
gions. These are the locations of accumulation of mac-
rophages involved in angiogenesis. Hypoxia leads to
HIF-a stability in TAMs, contributing to their tran-
scriptional activity and expression of HIF-dependent
genes encoding e.g. VEGEF, FGF, IL-18, IL-8, cyclo-
oxygenase-2, metalloproteinases 7, 9, 12, and angio-
poietin 1, and thus to initiation of new vessel forma-
tion. The increase in the number of HIF-2a-positive
macrophages in the natural history of invasive breast
cancer is closely correlated with increased angiogen-
esis and poor prognosis. The increase in HIF-2a ex-
pression was also correlated with increased grade of
tumor malignancy. What is interesting, the study
revealed a negative correlation between the expres-
sion of HIF-2a and the expression of thymidine phos-
phorylase (TP) — an enzyme present in tumor tissues
and involved in angiogenesis — in TAMs. Previous
studies showed that tumors with TP overexpression
in TAMs were associated with much worse prognoses
regardless of the status of lymph node involvement,
density of blood vessel network or the size of the tu-
mor. The results are somewhat contradictory, as the
TP gene lacks the hypoxia response element (HRE).
This partially explains why the expression of TP is
lower at sites with high HIF-2a activity {42}. It is
suspected that breast cancer is associated with two al-
ternative pathways for the induction of angiogenesis:
* activation of HIF-2a in TAMs of hypoxic cancer
cells;

® TP-mediated induction of oxidative stress in the
presence of oxygen, involving formation of reactive
oxygen species that induce the expression of strong
angiogenic factors VEGE, MMP-1 and IL-8 [43].
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The increasing oxygen demand of the growing tu-
mor leads to chronic hypoxia that contributes to accu-
mulation of TAMs and increased expression of HIF-2a,
leading to formation of a sort of angiogenic phenotype
macrophages. On the other hand, in regions less ex-
posed to hypoxia, with the supply of oxygen and oth-
er nutrients still depending on the formation of new
blood vessels, an alternative angiogenesis activation
pathway, involving the TP-dependent mechanism, is
predominant. These observations show that the ex-
pression of VEGEF, HIF and TP and the presence of hy-
poxic macrophages are important indicators of angio-
genesis associated with high risk of metastatic spread,
high malignancy grade and poor prognosis {44}.

The authors declare no conflict of interest.
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