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III AIMS OF THIS THESIS 
 
 
 
 
 

All over the world, more than 1 million women per year will be confronted with 
the diagnosis breast cancer. With over 11000 women that are yearly affected, breast 
cancer is the most prevalent form of cancer in the Netherlands. The incidence is still 
increasing whereas breast cancer related mortality seems to decline over the last 
years. This is thought to be due to earlier detection and improvements in treatment 
efficacy and toxicity. However, understanding the exact pathogenesis of breast 
cancer still requires improved insight into the fundamental biological processes that 
underlie carcinogenesis Ultimately, new prognostic markers and diagnostic tools re-
flecting innovative knowledge will guide the development of new preventive and 
treatment strategies. 
 

It is known that hypoxia (lack of cellular oxygen) often occurs during carcino-
genesis and tumor progression at the time that tumors outgrow their vasculature. 
Hypoxia has been described to predict poor prognosis in different solid tumors and 
hematological malignancies and results in resistance to chemotherapy and radio-
therapy. However, little has been known about the biological effects of hypoxia in 
breast cancer. In 1995, Greg Semenza discovered the Hypoxia-inducible Factor-1 
(HIF-1) gene which led to an ever since increasing interest in hypoxia, including its 
role in carcinogenesis. HIF-1 is a basic helix-loop-helix transcription factor and an 
important regulator of the hypoxia response of mammalian cells. During hypoxia, its 
two subunits HIF-1α and HIF-1β will form an active HIF-1 complex, which in turn 
activates many target genes (such as vascular endothelial growth factor (VEGF), 
erythropoietin, glucose transporter-1) all involved in cellular survival. These survival 
mechanisms are also beneficial to tumor cells, because of the resulting angiogenic, 
glycolytic, and metastatic effects that turn tumor cells into warriors. 

In 1999, Zhong et al. showed that protein levels of HIF-1α, that determine HIF-1 
activity, were detectable in many human cancers. This thesis aimed to unravel the 
role of HIF-1α in breast carcinogenesis and progression. Ultimately, this may lead to 
a rationale for clinical targeting of HIF-1 in breast cancer. 
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I BREAST CANCER: 

 
Physiology 

Until puberty the development and function of the breast is the same in both 
sexes. Unlike most organs, maturation of the breast takes place during puberty in 
females, when hormonal regulation changes and the immature breast tissue starts to 
grow and differentiate into functional breast tissue. This process is mainly due to the 
activity of the sex-steroid hormones estrogen and progesteron. These steroids are 
able to bind intracellular steroid receptors present in the adeno-epithelium of the 
breast. Upon binding they stimulate growth and differentiation. Mature breasts harbor 
the capacity to produce and secrete milk when stimulated by lactational hormones, 
which themselves are secreted during pregnancy. Milk is produced by the glandular 
epithelium of the acini of the breast and is secreted into the lumina of the glands that 
form ducts, which connect to form larger ducts that transport the milk to the nipple. 
During the menstrual cycle, breast glandular cells undergo cyclic proliferation and 
apoptosis. In the menopause, when steroid production is decreased, involution leads 
to definite non-lactating breasts. 
 
Breast Carcinogenesis 

Normal breast tissue and invasive breast cancer are two extreme ends of the 
histologic spectrum of the breast. In between, a wide spectrum of breast lesions ex-
ists (Table 1). The development of breast cancer (breast carcinogenesis) is thought 
to occur via progression of increasingly aberrant benign and pre-invasive breast le-
sions. Putative precursor lesions of breast cancer are (atypical) ductal hyperplasia 
and ductal/lobular carcinoma in situ 1. This gradual development from normal breast 

to invasive cancer via precursor lesions fits well with the concept that cancer is a 
multistep process where the increasingly aberrant genetic make up is reflected also 
by morphological changes 2. Evidence supporting this progression model are in-
creased risk for development of breast cancer in people bearing these preinvasive 
lesions 3,4,5 (Table 1), the common finding of these lesions in the direct vicinity of 
invasive cancers, and the fact that the preinvasive and invasive lesions share many 

TABLE 1. List of breast lesions with incidence, preferential age of presentation, and relative risk (RR) of 
development of invasive cancer 

Lesion Incidence preferential age RR 
Fibrocystic change* common 35-50 1 
Fibroadenoma^ common 20-30 2-4# 
Hamartoma uncommon 50-60 1 
Phyllodes tumor uncommon 40-70 unknown 
Sclerosing adenosis common 20-70 unknown 
Duct papilloma^ uncommon 35-55 1 or ↑ 
Usual ductal hyperplasia common unknown 2 
Atypical ductal hyperplasia less common unknown 5 
Ductal carcinoma in situ less common unknown 11§ 

*including apocrine metaplasia, duct adenosis, cysts
^probably no direct precursor, but subsequent risk for breast cancer development 
#two-fold for common lesions, three-fold for complicated lesions, and four-fold for familial predisposition 
↑, increased when multiple papillomas are present 
§Especially patients with poorly differentiated lesions develop breast cancer (20-30%) after 15-20 years 
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alterations on the genetic and protein levels 6.  
However, only a minority of these precursor lesions will actually progress into 

breast cancer. Several biologic, morphologic, and clinical features have been studied 
for their potential predictive value as to development of invasive breast cancer in 
case of a precursor lesion. The following factors are considered to indicate a higher 
risk for cancer development: familial predisposition, low age, loss of estrogen 
receptor (ER) or progesterone receptor (PR), amplification/overexpression of HER-
2/neu 7, p53 8, cyclin D1 

9, EGFR 10, necrosis, increased proliferation, and marked 
nuclear morphologic changes 11. Although some of these genetic changes play a 
relatively early or late role in cancer development and are especially frequent in 
breast cancer, a clearly defined stepwise progression model is largely lacking, and 
progression towards malignancy should be considered to follow the “bingo principle”: 
the order of genetic changes does not seem to be of major importance, but rather the 
random combination of a certain number of major and minor genetic events will 
eventually lead to cancer 12.  
 
Breast Cancer 

Incidence & Risk factors 
Breast cancer is the most common carcinoma in women. Breast cancer is not 

limited to women, but yearly also affects several thousands of men worldwide. Breast 
cancer incidence increases with age and is especially high in Europe, North America 
and Australia. 

Risk factors include, beside age, duration of exposure to estrogen 13 (early men-
arche, late menopause, late first pregnancy or never having been pregnant, or pro-
longed use of oral estrogen-based contraceptives), and a history of either benign 
breast lesions (Table 1), ductal/lobular carcinoma in situ or earlier treated breast 
cancer 3. In 8%-15% of breast cancers a familiar predisposition can be observed; in 
around 5% of patients breast cancer seems to be hereditary. Genetic aberrations 
involved in hereditary breast cancer so far discovered are germline mutations in 
breast cancer related gene 1 14 (BRCA1) or BRCA2 15, phosphatase and tensin ho-
molog deleted on chromosome ten (PTEN) 16,17 (Cowden syndrome), p53 18,19 (Li 
Fraumeni syndrome), and CHEK2 20.  
 
Prognostic & Predictive factors 

Prognostic factors predict the risk of recurrence of (or death related to) breast 
cancer after primary surgery. The most important single prognostic indicators in 
breast cancer are lymph node status 21,22,23 tumor size 24,25 and proliferation rate 26. 
Multivariate internationally established classification systems include TNM staging, 
and tumor grading systems 27,28. Some emerging prognostic factors are bone marrow 
status 29, intratumoral microvessel density 30, Urokinase-type plasminogen activator 
(uPA) and its inhibitor (PAI-1) 31,32, and gene expression patterns by microarray 33,34, 
but all these need to be further confirmed and do also not provide optimal prognostic 
power.  

Predictive factors predict the chance of response to therapy. ER and PR are 
predictors of response to hormonal therapy 35. Two other important predictive factors 
in breast cancer are HER-2/neu 36,37 and epidermal growth factor (EGFR) receptors 
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38,39 that predict response to the respective antibody based therapies. 
There still is a paucity of new and simple markers that are able to recognize 

primary breast cancer patients who harbor an increased risk to develop recurrent or 
metastastic disease. This applies especially to lymph node negative patients where 
accurate high-risk indicators are urgently needed to select patients for adjuvant 
therapy, but also for low risk lymph node positive patients that do not require therapy. 
Recently, a 70-gene prognosis microarray profile addressed this issue to the best 
ever 40,41, however, this technique should further be simplified before daily clinical 
implementation can be achieved. In addition, reliable markers that can predict 
response to newly developed therapies are necessary.  
 
Treatment of breast cancer 

The ultimate treatment of breast cancer would be its prevention. However, there 
are no realistic possibilities for primary prevention except for proven BRCA1/2 germ-
line mutation carriers at a certain age. Also in the Netherlands, mammography based 
population screening has proven to be useful to detect breast cancer in an earlier, 
better operable phase 42.  

Treatment of breast cancer can be grossly divided into local treatment and sys-
temic treatment. 

Surgery is the preferred primary mode of local treatment of the breast. Two 
common surgical approaches are breast conserving treatment (BCT) or mastectomy. 
Resection of axillary lymph nodes is important to detect lymph node metastases for 
staging. The introduction of sentinel node mapping is an important improvement in 
the approach of the axilla, allowing to select a more limited group of patients that 
should undergo axillary dissection (the sentinel node positives) while sparing the 
sentinel node negatives from further surgical treatment of the axilla. 

Local radiotherapy is always applied as part of the BCT. Further, radiotherapy is 
indicated following irradical tumor resection, invasion of the thoracic wall, lymph node 
positivity, locally advanced carcinomas, local recurrences or in case of –mainly bone-
metastases.  

Systemic treatment of breast cancer is applied as adjuvant therapy following 
high-risk primary breast cancer or to treat metastatic disease and consists mainly of 
chemo- and hormonal therapy. Adjuvant chemo and/or hormonal therapy is indicated 
in early stage lymph node positive breast cancer, leading to a relative reduction in the 
risk of recurrence of 25% following each form of systemic treatment. Neoadjuvant 
systemic therapy is used in locally advanced breast cancer. A trend towards imple-
mentation of neoadjuvant systemic therapy in early stage breast cancer is however 
ongoing. As it is assumed that the majority of breast cancer patients have (micro-
scopic) disseminated disease, it is argued that a subgroup of patients with lymph 
node negative primary breast cancer will benefit from adjuvant chemotherapy. It is 
still difficult to distinguish the patients that belong to that high-risk subgroup 43. As 
mentioned before, mitotic index is already being used to this end but does not have 
perfect sensitivity and specificity, and microarray analysis of breast cancer tissue that 
provides data on overexpressing or silenced genes might be useful but is still in the 
experimental stage 40,41. 

Improvement in the quality and length of live of breast cancer patients so far 
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primarily depends on optimal selection for the best treatment based on reliable and 
reproducible prognostic and predictive factors. Further, some new treatment strate-
gies are quite promising. However, both the factors and the treatments definitely 
need improvement. 

New treatment strategies focus on tumor targeted approaches with anti-angio-
genesis agents (e.g. anti-VEGF antibody, VEGF receptor inhibitors, anti-HER-2/neu 
antibody, and EGFR blockers). These new therapies reflect progress in the treatment 
of cancer based on a better understanding of tumor biology. Further improvements in 
the more classical chemo- and hormonal treatments are also to be expected from 
unraveling the fundamentals of carcinogenesis. 
 

II SOLID TUMOR BIOLOGY: 

A hallmark of cancer is increased proliferation. Increased proliferation will both 
cause an altered metabolism and often leads to hypoxia. Hypoxia will occur at the 
time that the tumor has grown beyond a size that can be fed by the surrounding 
microvessels. Hypoxia itself will lead to the formation of new vessels, a process 
called angiogenesis. Angiogenesis on its turn will allow further proliferation and will 
facilitate the systemic spread of tumor cells. These cells must however first gain 
invasion-, motility- and adhesion capabilities, and will have to escape from the 
immune system. Thus, in studying one process, like hypoxia, it must be remembered 
that cancer is a complex interplay of many molecular and cellular processes.  

In the following, we will not try to give a full overview of these complex processes 
but rather focus on those that are relevant within the scope of this thesis: pro-
liferation, hypoxia and tumor metabolism. 
 
Proliferation  

Cell replication is orderly regulated via a cascade of events, called the cell cycle. 
During different phases of the cell cycle, division into two daughter cells is prepared. 
The first phase (G1) allows the cell to grow. At a certain size it enters the phase of 
DNA-synthesis (S) where the chromosomes are duplicated. Subsequently, in the 
next gap phase (G2) the cell prepares for the actual division. During mitosis (M) 
chromosomes are separated and segregated into the daughter cells 44. The two 
resulting cells are then back in G1 and the cell cycle is completed. A whole machinery 
of positive and negative regulatory proteins is involved to control this essential 
process. Especially the switch (transition) from one cell cycle phase to another is ex-
tremely controlled to overcome replication errors and are, therefore, called transition 
checkpoints 45. Most dominant is the regulatory capacity of the cyclins, whose activity 
is counteracted by inhibitors of the cyclin-dependent kinases (such as p16, p21, and 
p27). The cyclins differ in expression of subtypes during the subsequent stages of 
the cell cycle, and can be upregulated by several mitogenic stimuli. For instance, in 
breast cancer the subtype cyclin D1 can be upregulated by estrogen 46. Loss of 
checkpoint control due to loss of function or abnormal expression of any involved 
protein may lead to dysregulation of the cell cycle and, consequently, an altered 
proliferation rate 47. It was shown that several cell cycle regulated proteins were 
abnormally expressed during human breast carcinogenesis 48,49. In invasive breast 
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cancer, even more alterations of cell cycle regulators have been described. 
For breast cancer, cyclin D1 is the most thoroughly studied cell cycle-related 

protein. Cyclin D1 is overexpressed in the majority and amplified (chromosome 
11q13) in 10-20% of breast cancers 9,50,51. Cyclin D1 is a growth factor responsive 
cyclin that plays an important role in regulating the G1/S checkpoint. Upregulated 
cyclin D1 can allow transit of the checkpoint even in the absence of growth factors. 
This was shown for transgenic mice that overexpressed cyclin D1, and consequently 
developed mammary carcinomas 52. Activity of cyclin D1 (cell cycle progression) can 
be blocked by p21. p21 plays a key role in growth arrest, and is, besides other 
mechanisms, especially p53 mediated. p21 can also inhibit the activity of cyclin E. 
Further, it is interesting to point at the potential impact of the recent finding of Shvarts 
et al, who reported a new mechanism for upregulation of cyclin D1 via BCL-6 53. The 
BCL-6 gene encodes a protein which harbors transcriptional repressor activity, 
whose function is still uncertain 54. However, the protein encoded by this gene is 
homologous to zinc finger transcription factors and may be involved in activating 
certain growth-promoting genes. Until recently, BCL-6 aberrations were thought to be 
unique for non-Hodgkin lymphomas where rearrangement of the BCL-6 gene 
(chromosome 3q27) is present in approximately one-third of diffuse large B cell 
lymphomas. After the study of Shvarts et al, a role of BCL-6 in other diseases might 
be postulated. 

Among several tumor suppressor genes p53, the retinoblastoma (Rb) gene and 
PTEN might be most relevant for the scope of this thesis. These factors render 
blockade of cell cycle progression based on different stimuli. In fact, ‘wild type’ p53 
protein levels are increased in damaged cells to gain time and allow repair of DNA. If 
necessary, ‘wild type’ p53 can cause apoptosis (programmed cell death) when the 
damage is too severe. A somatic p53 mutation is the most frequent found mutation in 
human cancer, hereby its is strongly associated with carcinogenesis because 
mutated p53 does not regulate DNA damage repair and thus causes chromosome 
instability. Overexpression of mutated p53 occurs in approximately 25-45% of 
primary breast cancers 55. As mentioned above, an inheritable genetic defect (germ-
line mutation) in p53 leads to the Li Fraumeni syndrome 56 with a high frequency of 
breast and other cancers occur in young affected individuals.  

In 1971 Knudson postulated that retinoblastoma might be caused by two muta-
tional events 57. In 1993 the Rb gene was mapped on chromosome 13 58. Rb is 
constitutively expressed and constrains cells from progressing through the G1 phase 
59, and the hypophospholylated protein product of Rb (pRb) complexes with many 
cellular proteins including the E2F transcription factors (nuclear factors involved in S 
phase replication). pRb is inactivated in less than 20% of breast cancers 60,61. During 
hypoxia, cells may undergo a p53-independent, reversible G1/S cell cycle arrest due 
to hypophosphorylation of pRb 62,63 sequestering E2F and thus preventing initiation of 
DNA synthesis. 

The phophatidylinositol-3-kinase (PI(3)K) pathway is activated in 30-40% of 
human cancers and stimulate key downstream effectors such as Akt, transcription 
nuclear factor κB tumor and mammalian target of rapamycin. In this way the PI(3)K 
pathway stimulate cell survival, proliferation and migration. PTEN is a tumor suppres-
sor gene because it suppress cell survival and proliferation by dephosphorylating 
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phosphoinositides to prevent their activation of the AKT signal transduction kinases 
64. Therefore, loss of function of this tumor suppressor gene is associated with in-
creased (and uncontrolled) intracellular signaling via the PI(3)K pathway. 
 
Hypoxia 

Hypoxic conditions (defined as an oxygen tension below the physiological level, 
where it has to be noted that oxygen tension in tissues is far below 20%) frequently 
occur in tumors, especially in solid tumors. A developing solid tumor will outgrow its 
own vasculature beyond the size of several mm3 65 resulting in hypoxia. In vivo, the 
tissue oxygen tension decreases with increasing distance of a tumor cell from the 
center of a capillary vessel. Because the oxygen diffusion distance is 100 to 200 µm, 
tumor cells that lie beyond these distances from a capillary vessel become anoxic 66. 
The resulting hypoxic levels affect all viable cells, since normal oxygen levels 
(normoxia) is essential for maintaining cellular homeostasis. In a reaction to these 
circumstances, cells will alter their metabolism and activate certain survival genes as 
described below. Intratumoral necrotic areas will be formed if these mechanisms fail. 
In 1970 Tannock showed that the proliferation rate decreased with increasing 
distance from functional blood vessels 67. However, a general feature of tumors is the 
presence of blood vessels that fail to function properly so that individual tumor cells 
nearby these blood vessels also do become hypoxic. Distinct from chronic hypoxia is 
the acute form of hypoxia, which results from a sudden closure of the vasculature or 
from an acute decrease in blood flow. This form of hypoxia has been shown to be 
present in experimental tumors 68,69. In general, acute responses are thought to be 
modulated by posttranslational modification of proteins which can take place in 
seconds to minutes. Chronic responses represent changes in gene transcription and 
take place in minutes to hours. Both chronic and acute hypoxia do coexist in the 
same tumor 70. 

Direct measurement of hypoxia via polarographic oxygen electrodes showed, in-
deed, that hypoxia was present in head and neck, brain, cervical and breast cancers 
71. And, as expected, a wide range of oxygen levels could be measured within the 
same tumor. Besides, not all tumors showed hypoxia, and almost all tumors harbored 
normoxic tumor parts.  

Chronically hypoxic cells are, due to the lack of oxygen and nutrients, non-rapidly 
proliferating cells and therefore resistant to many anti-cancer therapies 72. As a 
consequence, tumor specific treatment strategies are currently tested to overcome 
treatment resistance of hypoxic cells. Some examples are use of oxygen; chemical 
agents that selectively sensitize hypoxic cells; and bioreductive drugs that specifically 
kill hypoxic cells. 
 
Hypoxia Inducible Factor-1 

Hypoxic conditions that occur during embryogenesis, cardiovascular disease, 
and tumor development induce the activity of hypoxia-inducible factor 1 (HIF-1), the 
master regulator of cellular O2 homeostasis 73. Special interest in the role of hypoxia 
in cancer was stimulated by the discovery of HIF-1 by Semenza 74, and the data of 
Zhong et al who showed the overexpression of HIF-1α in many human cancers 75. 
HIF-1 is a transcription factor consisting of two subunits called HIF-1α and HIF-1β, 
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which both contain basic helix-loop-helix and PAS (PER-aryl hydrocarbon nuclear 
translocator-SIM) domains to bind to DNA 76,77. Combination of these two subunits 
forms the active HIF-1 complex which binds the consensus sequence 5'-RCGTG-3' in 
the hypoxia-response elements of various target genes 78. Hereby, HIF-1 activates 
the transcription of many genes controlling glucose transporters, glycolytic enzymes, 
gluconeogenesis, high-energy phosphate metabolism, growth factors, erythropoiesis, 
haem metabolism, iron transport, vasomotor regulation and nitric oxide synthesis 
78,79. Protein products of these downstream genes function to help the cell to survive 
the hypoxic stress by increasing O2 delivery, by activating alternate metabolic path-
ways that do not require O2 or by stimulating pro-apoptotic proteins. In this way HIF-1 
elicits systemic, local and intracellular homeostatic responses. 

The level of HIF-1α in cells is dependent on the intracellular oxygen concentra-
tion 80,81. HIF-1α protein has a very short half-life under normoxia due to its continu-
ous ubiquitination and proteasome-mediated degradation. This process is inhibited 
by hypoxia 80,82 or by mutated p53 83 and von Hippel–Lindau (VHL) 84 tumor-suppres-
sor gene defects, leading to overexpression of the HIF-1α protein. A nuclear 
localization signal at the C-terminal end of HIF-1α allows its transport from the 
cytoplasm to the nucleus, where it forms an active HIF-1 complex by binding to HIF-
1β. HIF-1β can form heterodimers with other proteins, such as the aryl hydrocarbon 
receptor 85, and is constitutively and abundantly present 80,86. Thus, the amount of 
HIF-1α protein in the nucleus is rate limiting and determines the functional activity of 
the HIF-1 complex 78. This was further confirmed by studies who showed that the 
level of the HIF-1α protein is inversely related to the oxygen tension both in cultured 
cells 81 and in vivo 80.  

Besides HIF-1α, also HIF-2α (EPAS-1) and HIF-3α have been described 87,88. 
They have been discovered on basis of their cDNA sequence similarity. Most studies 
focus on HIF-1α, as for most tumors HIF-2α seems to have only a minor functional 
role in addition to HIF-1α 89. HIF-3α is largely unstudied, but seems to inhibit HIF-1α 
activity 90. 

During the episode of the research described in this thesis, the exact mechanism 
of oxygen sensing was elucidated. Earlier on it was believed that cells sense their 
oxygen concentration through reactive oxygen species, so that stabilization of the 
HIF-1α protein was thought to be redox induced 91. Then, it was found that the von 
Hippel-Lindau tumor-suppressor protein (pVHL), as a subunit of a multiprotein 
complex that consists E3 ubiquitin ligase activity, is responsible for the proteasomal 
degradation of HIF-1α 84. Subsequently, it was shown that pVHL binds to the oxygen 
dependent domain (ODD) of HIF-1α 92,93,94. Indeed, either a mutation of pVHL or lack 
of (part of) the ODD domain in the HIF-1α protein will lead to normoxic overexpres-
sion of HIF-1α and HIF-1 activation. However, hypoxia does not disturb binding of 
pVHL to HIF-1α, thus another mechanism is responsible for oxygen sensing 84. More 
recently, prolyl hydroxylase activity emerged as the basic cellular device for oxygen-
sensing. In the presence of oxygen, HIF-1α is hydroxylated at the proline residues 
402 and/or 564 95 of the ODD domain, by specific HIF-1α-proline hydroxylases 96,97. 
Hereby, also the presence of Fe++ as a co-factor and dioxygen and 2-otoglutarate as 
co-substrates are required for the prolyl hydroxylation, which facilitates the specific 
interaction of pVHL to HIF-1α, resulting in proteasomal degradation.  
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Hypoxia and prognosis  
In a large study involving 1539 invasive breast cancer patients, 60% of cases 

showed some degree of necrosis 98. In the same study, a marked degree of the non-
comedo type of necrosis was positively correlated with increased rates of treatment 
failure. 

Hypoxia influences the proliferation of tumor cells 99, the rate of apoptotic cell 
death 100,101 and metastasis 102,103,104,105. HIF-1α expression induced by hypoxia have 
been demonstrated in tumors in vivo and is associated with a poor clinical outcome 
102,106,107 (for an overview, see Hockel and Vaupel 108). In addition, by activating tran-
scription of the vascular endothelial growth factor (VEGF) gene, HIF-1 is considered 
to be a central initiator of angiogenic activity in tumors 109,110,111,112. Thus, HIF-1 is a 
regulator of many processes, which all seem to be correlated to prognosis of cancer 
patients. 

Further, it can be hypothesized that together with the oxygen levels also the con-
centration of chemotherapeutics diminishes in hypoxic areas, as it cannot be sup-
plied by an adequate blood supply. The proliferation rate in these areas may, as a 
result of hypoxia, also be lowered. Thus, chemotherapeutic agents may not reach the 
hypoxic areas in sufficient concentrations and may thereby not adequately affect 
these tumor cells because of their low proliferation rate. For radiation therapy it is 
recognized that hypoxia negatively affect its therapeutic effect 113. This might be due 
to the lower potential of hypoxic cells to generate radical species. 

During the period of this thesis, the prognostic significance of HIF-1 in different 
human solid tumors was extensively studied as shown in table 2. In general, HIF-1α 
overexpression is associated with a poor prognosis in many human solid 
malignancies. These associations are no surprise, and can be explained by the many 
downstream processes that are activated by HIF-1. 
 

TABLE 2. Tumor types studied for protein expression of HIF-1α, and its relation to prognosis* 
Tumor type No of Patients                       Association Date/Ref

Non-small-cell lung cancer 96 Mortality ↓ 2000 114 
Cervical cancer (early stage) 91 Mortality ↑ 2000 115 
Oligodendroglioma 51 Mortality ↑ 2001 116 
Oropharyngeal squamous cell carcinoma 98 Mortality ↑, radiation resistance 2001 117 
Non-small-cell lung cancer 108 Mortality ↑ (HIF-2α, HIF-1α) 2001 118 
Epithelial ovarian cancer 102 Mortality ↑ (only p53 combined) 2001 119 
Head and neck squamous cell carcinoma 76 Mortality ↓ (surgery) 2002 120 
Head and neck squamous cell carcinoma 75 Mortality ↑ (chemoradiation) 2002 121 
Cervical cancer (advanced stage) 42 No significance (radiation therapy) 2002 122 
Endometrial cancer 81 Mortality ↑ 2002 123 
Breast cancer (lymph node positive) 206 Mortality ↑ 2002 124 
Breast cancer (lymph node negative) 81 Mortality ↑ 2003 125 
Cervical cancer (advanced stage) 78 Mortality ↑ (radiation therapy) 2003 126 
Colorectal cancer 139 No significance 2003 127 
Gastrointestinal stromal tumor (stomach) 53 Mortality ↑ 2003 128 
Breast cancer (lymph node positive) 77 Mortality ↑ 2004 129 
* all studies are based upon immunohistochemistry data 

 
Tumor metabolism, pH and the Warburg effect 

The physiologic environment of a tumor differs in many ways from the normal tis-
sue. In 1930, Warburg et al 130 discovered that tumors are characterized by the 
production of lactate (caused by glycolysis) despite the presence of sufficient oxygen, 
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indicating the importance of cell metabolism in tumor biology. A new impulse was 
given to this phenomenon by Weber 131, who described the role of key isoenzymes in 
tumor metabolism. In 1997, Brand et al confirmed the findings of Warburg and pro-
posed that tumors switch to anaerobic glycolysis to overcome the generation of reac-
tive oxygen species, which might otherwise damage DNA replication 132. Further, it 
was shown that the switch from oxidative phosphorylation to anaerobic glycolysis 
indeed parallels the diminishing oxygen gradient 133. In addition, overexpression of 
proteins involved in the glycolytic pathway, such as glucose transporter 1 (glut-1) 
134,135, phosphoglycerate kinase-1 136, and pyruvate kinase M were found in several 
types of cancer. Interestingly, the expression of most of these proteins is regulated 
by HIF-1 137. 

The above described knowledge cumulated in the use of several metabolic 
isoenzymes (eg, lactate dehydrogenase) for the prediction of prognosis and 
monitoring of treatment response 138. Further, it was shown that the environment of 
tumors exhibit acidic extracellular pH (pH 6.5-7.0) (the intracellular tumor compart-
ment is kept to nearly neutral) and high levels of lactate dehydrogenase 139. In 
combination with hypoxia, this environment promotes angiogenesis, invasion of 
adjacent tissue and the formation of metastases 140.  
 
Angiogenesis 

The normal vasculature is quiescent in healthy adults, with each endothelial cell 
dividing once about every 10 years. The formation of new blood vessels (angiogene-
sis) is restricted to embryonic development, wound healing, endometrial proliferation, 
postlactational mammary gland involution and pregnancy. However, in breast and 
other types of cancer, angiogenesis is also present and essential for tumor growth 
and spread of metastases.  

Multiple actions together form the process of angiogenesis. After activation of the 
endothelial cells of an existing mature blood vessel, the surrounding basement mem-
brane is degraded, followed by movement of adjacent endothelial cells into the con-
nective tissue, proliferation of these endothelial cells, formation of tubular structures, 
and the formation of a network. Ultimately, this will lead to functioning blood vessels. 
In tumors, however, often leaky, dilated or non-functioning vessels are generated 141. 

As postulated by Folkman in 1971 142, the process of angiogenesis is initiated 
and regulated by many growth factors and receptors. By binding of growth factors (or 
ligands) to cognate receptors (large proteins that span the plasma membrane), an 
intracellular enzymatic function is activated (e.g. tyrosine kinase). 

In 1987 basic fibroblast growth factor (bFGF) was the first growth factor which 
could be linked to angiogenesis 143. Another important angiogenic factor is VEGF, 
which was found in 1983 to induce permeability in blood vessels 144, and was shown 
to be mitogenic for endothelial cells 145. Also the presence of VEGF receptors 1 and 2 
(VEGF-R1, VEGF-R2, formerly known as Flt-1 and Flk-1/KDR, respectively) on 
activated endothelial cells confirm the importance of VEGF as an angiogenesis 
stimulating factor. Further, it has been well documented that VEGF itself can be 
upregulated by HIF-1, because VEGF harbors an HRE located at the transcription 
start site of the VEGF gene 109,146. Up to date, many growth factors are known for 
their angiogenic activity, some are summarized in table 3.  
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Most growth factors mentioned in table 2 have, besides angiogenic potential, ad-

ditional effects. For example, TGF-β exhibits also effects on cell proliferation, differ-
entiation, embryonal development, immune-system modulation, cell-matrix produc-
tion, and apoptosis 147. Further, effects of growth factors can be mimicked by onco-
genes. In breast cancer this phenomenon has been best studied for HER-2/neu, a 
growth factor receptor of the epidermal growth factor receptor (EGFR) family 148. 
Amplifications of the HER-2/neu gene (also known as c-erb-B2), which are accom-
panied by protein overexpression, are found in 20%-30% of invasive breast cancers, 
and in ductal carcinoma in situ an even higher proportion of HER-2/neu overexpres-
sion has been found 149. HER-2/neu constantly stimulates cell growth and 
angiogenesis via intracellular tyrosine kinase activity, without the necessity of any 
bound growth factor 150. Thus, besides many growth factors, also oncogenes can 
stimulate angiogenesis. In addition to their angiogenic potential, many growth factors 
(such as bFGF and EGF) also induce increased production of plasminogen activator 
and collagenases in proliferating endothelial cells 151. Besides degradation of the 
local basement membrane for blood vessel growth, such proteases stimulate the 
process of metastasis.  

As described earlier, proliferating tumor cells will outgrow (100-200µm) the origi-
nal vasculature and, as a result, hypoxia will develop. To sustain tumor growth new 
blood vessels are generated for delivery of oxygen and supply of nutrients. The be-
ginning of this process is called the angiogenic switch. This switch takes place in an 
early phase of tumor development and commonly precedes tumor invasion 152. In 
breast cancer development, the formation of new blood vessels is witnessed during 
the preinvasive stage of ductal carcinoma in situ (DCIS) 153. However, most promi-
nent is the presence of angiogenesis in invasive cancers. In search for quantification 
methods to assess the rate of intratumoral angiogenesis, different techniques have 
been developed. Most commonly used is the hotspot (manual) counting method on 
paraffin embedded tumor sections stained for either CD34, CD31 or Factor VIII. By 
light microscopy, the observer selects x400 magnification four adjacent fields 
harboring most microvessels for counting 154. Alternatively, also fully-automated 

TABLE 3. Some angiogenic growth factors, with mode of activity and receptor couple* 
Lesion Activity Receptor 

Vascular endothelial growth factor (VEGF) Endothelial mitogen, permeability↑ VEGFR1-2 
Placental growth factor (PIGF) Weak endothelial mitogen VEGFR1 
Basic fibroblast growth factor (bFGF/FGF-2) Endothelial mitogen, angiogenesis↑ FGFR1-4 
Acidic fibroblast growth factor (aFGF/FGF-1) Endothelial mitogen, angiogenesis↑ FGFR1-4 
Fibroblast growth factor 3 (FGF-3/Int-2) Endothelial mitogen, angiogenesis↑ FGFR1-4 
Fibroblast growth factor 4 (FGF-4/Hst/K-FGF) Endothelial mitogen, angiogenesis↑ FGFR1-4 
Transforming growth factor α (TGF-α) Endothelial mitogen, angiogenesis↑, VEGF↑ EGFR 
Epidermal growth factor (EGF) Weak endothelial mitogen, VEGF↑ EGFR 
Hepatocyte growth factor (HGF) Endothelial mitogen, angiogenesis↑ c-MET 
Transforming growth factor β (TGF-β) angiogenesis↑, VEGF↑ TGF-βR I-III 
Tumor necrosis factor α (TNF-α) Endothelial mitogen, angiogenesis↑, VEGF↑ TNFR-55 
Platelet-derived growth factor (PDGF) Endothelial mitogen and motility, angiogenesis↑ PDGFR 
Granulocyte colony-stimulating factor (G-CSF) Weak endothelial mitogen, angiogenesis↑ G-CSFR 
Thymidine phosphorylase (tP) Angiogenesis↑ Unknown 
Angiogenin Angiogenesis↑ angiogeninR 
*Modified from The Basic science of oncology / editors, Tannock and Hill, 3d edition, chapter 9 
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methods have been developed to scan and count either selected areas or whole 
tumor specimens stained for microvessels 155. 

In 1991, Weidner et al were the first who demonstrated the prognostic signifi-
cance of hotspot quantification in breast cancer 156. Many further studies have since 
been performed on this topic. The majority of these studies found a positive 
association between increased microvessel density and poor prognosis, and the 
negative results of some studies can be attributed to different or poor methodology of 
counting vessels.  
 
Positron emission tomography 

In the 1960s positron emission tomography (PET) came available, and was pri-
marily used for scientific purposes. The basis of PET is the annihilation of a positively 
charged electron with a negatively charged electron, resulting in the emission of two 
oppositely directed 511-KeV photons. The positvely charged electron is emitted by 
intravenously administrated radionuclides. The two antiparallel 511-KeV photons can 
be detected external to the body by a PET scanner. In this way, (tumor) biologically 
interesting compounds can be labeled, administrated and visualized. As a result, 
PET scanning is now widely accepted as both a research and a clinical diagnostic 
tool 157,158,159. 

In oncology, the glucose analogue 18Fluorodeoxyglucose (18FDG) is commonly 
used as radionuclide. PET scanning, in contrast to conventional imaging, hereby has 
the ability to image dynamic processes, such as metabolism, in vivo. Thus, in the 
absence of an anatomic substrate, PET scanning may help to differentiate between 
malignant and benign on basis of differences in metabolic rate. Since 18FDG is a glu-
cose analogue, it follows the same pathway as glucose. It enters the cell via glucose 
transporters and is phosphorylated by hexokinases in the intracellular compartment. 
Then, in contrast to glucose, 18FDG-6-phosphate accumulates in the cell because it 
cannot be further metabolized. Finally, intensity of 18FDG signal reflects the rate of 
glucose utilization. PET scanning is used for clinical detection and staging of many 
tumor types, such as brain, head and neck, non-small-cell lung, pancreatic, and colo-
rectal cancer. In these tumor types it is suggested that the rate of signal intensity 
reflects tumor aggressiveness and parallels clinical behavior. 

In breast cancer, PET scanning has been used for tumor detection and staging 
160, to obtain long-term prognostic information 161, and to identify tumor response to 
chemotherapy at an early phase of treatment 162,163,164,165. Surprisingly, after many 
years of research, the underlying mechanisms for 18FDG uptake in tumors are still a 
matter of debate. Further, in breast cancer, the degree of 18FDG uptake seems to be 
more heterogeneous among different patients in comparison to many other cancers 
160. 
 

III AIMS OF THIS THESIS 

Despite the improved treatment and survival rates of breast cancer in Western 
countries, the incidence is still increasing. Therefore, more research is necessary to 
improve the current understanding of molecular pathogenesis of breast cancer. 
Ultimately, new prognostic markers and diagnostic tools will help to better indi-
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vidualize treatment and guide the development of new therapeutic strategies. 
It is known that hypoxia (lack of cellular oxygen) predicts poor prognosis in some 

cancers and might lead to chemotherapy resistance, but little is known in breast can-
cer about the role of hypoxia and HIF-1, the master regulator of the cellular hypoxia 
response, in breast carcinogenesis and clinical behavior of breast cancer.  
 
The aims of this thesis were therefore to explore the presence of HIF-1αααα during 
breast carcinogenesis, its prognostic value in breast cancer, and its relation-
ship with known pathobiologic key players of breast cancer and PET scanning 
results. 

 
In chapter 2, the expression of HIF-1α is described in different stages of breast 

disease progressing to breast cancer. In chapter 3, we investigated 150 invasive 
breast cancers for aberrant expression of cell cycle related proteins and their asso-
ciation with levels of HIF-1α. In chapter 4, we studied BCL-6 protein expression in 
breast cancer in relation with HIF-1α. In chapter 5, we describe the association 
between HIF-1α and several important growth factors, growth inhibiting factors and 
their receptors in 45 invasive breast cancers. In chapter 6, we related the protein 
levels of HIF-1α with long-term survival of 150 breast cancer patients. In chapter 7, 
we investigated HIF-1α and other proliferation and metabolism related features in 
relation to signal intensity of 18FDG PET scanning in breast cancer patients. 
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BACKGROUND. Hypoxia-inducible factor 1 (HIF-1) is a transcription factor that 
regulates gene expression in critical pathways involved in tumor growth and metas-
tases. In this report, we investigated whether the level of HIF-1α is increased during 
carcinogenesis in breast tissue and is associated with other tumor biomarkers. 

METHODS. Paraffin-embedded clinical specimens from five pathologic stages of 
breast tumorigenesis and from normal breast tissue were used. HIF-1α protein and 
the biomarkers vascular endothelial growth factor (VEGF), HER-2/neu, p53, Ki-67, 
and estrogen receptor (ER) were identified immunohistochemically, and microvessel 
density (a measure of angiogenesis) was determined. Associations among levels of 
HIF-1α and these biomarkers were tested statistically. All statistical test are two-
sided. 

RESULTS. The frequency of HIF-1α positive cells in a specimen increased with 
the specimen’s pathologic stage (P<0.001, χ2 test for trend) as follows: normal breast 
tissue (0 specimens with ≥1% HIF-1α-positive cells in 10 specimens tested), ductal 
hyperplastic lesions (0 in 10), well-differentiated ductal carcinomas in situ (DCIS) (11 
in 20), well-differentiated invasive breast cancers (12 in 20), poorly differentiated 
DCIS (17 in 20), and poorly differentiated invasive carcinomas (20 in 20). Increased 
levels of HIF-1α were statistically significantly associated with high proliferation and 
increased expression of VEGF and ER proteins. In DCIS lesions, increased levels of 
HIF-1α were statistically significantly associated with increased microvessel density. 
HIF-1α showed a borderline association with HER-2/neu but no association with p53. 

CONCLUSIONS. The level of HIF-1α increases as the pathologic stage increases 
and is higher in poorly differentiated lesions than in the corresponding type of well-
differentiated lesions. Increased levels of HIF-1α are associated with increased pro-
liferation and increased expression of ER and VEGF. Thus, increased levels of HIF-
1α are potentially associated with more aggressive tumors. 
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HE ROLE OF hypoxia-inducible factor-1α (HIF-1α) is under increasing scrutiny by 
cancer researchers 1. HIF-1 binds the consensus sequence 5'-RCGTG.3' (where 

R is any purine) in the hypoxia-response elements of various target genes 2. HIF-1 
activates the transcription of many genes controlling glucose transporters, glycolytic 
enzymes, gluconeogenesis, high-energy phosphate metabolism, growth factors, 
erythropoiesis, heme metabolism, iron transport, vasomotor regulation and nitric ox-
ide synthesis 2,3 and, thus, may increase the survival of tumor cells under hypoxic 
conditions. Hypoxia influences the proliferation of tumor cells 4, the rate of apoptotic 
cell death 5 and metastasis 6. In addition, by activating transcription of the vascular 
endothelial growth factor (VEGF) gene, HIF-1 is considered to be a central initiator of 
angiogenic activity in tumors 7,8,9,10. 

The level of HIF-1α in cells is dependent on the intracellular oxygen concentra-
tion 11,12. When cells have normal concentrations of oxygen, HIF-1α protein is 
continuously degraded via the ubiquitin pathway. However, under low concentrations 
of oxygen (hypoxic conditions), the ubiquitination of HIF-1α is blocked, the protein is 
stabilized 11,13, and thus the protein’s intracellular levels increase. Although the exact 
mechanism of oxygen sensing remains to be elucidated, the cell probably senses its 
oxygen concentration through reactive oxygen species, so that stabilization of the 
HIF-1α protein is said to be redox induced 14. 

A nuclear localization signal at the C-terminal end of HIF-1α allows its transport 
from the cytoplasm to the nucleus, where it forms an active HIF-1 complex by binding 
to HIF-1β. HIF-1β can form heterodimers with other proteins, such as the aryl hydro-
carbon receptor 15, and is constitutively and abundantly present 11,16. Thus, the 
amount of HIF-1α protein in the nucleus is rate limiting and determines the functional 
activity of the HIF-1 complex 2. 

The level of the HIF-1α protein is inversely related to the oxygen tension in cul-
tured cells 12 and in vivo 11. Hypoxic oxygen tensions that induce HIF-1α expression 
have been demonstrated in tumors in vivo and are associated with a poor clinical 
outcome 6,17,18. HIF-1 activity also is correlated with tumor progression and 
angiogenesis in xenograft assays 19,20,21. These observations and the fact that in-
creased levels of HIF-1α are found in many common human cancers at diagnosis 1,2, 
suggest that HIF-1 has an important role in cancer progression 22. 

Since the discovery of HIF-1 23, the characteristics of HIF-1 have been explored 
in many studies many studies using cultured cell lines. In this study, we focused on 
the role of HIF-1α in human breast carcinogenesis. Because angiogenesis is neces-
sary for hyperplastic epithelial cells to progress to malignant cells 24 and because 
HIF-1 may induce angiogenesis by activating transcription of the VEGF gene, we 
propose that HIF-1 plays a role in breast carcinogenesis. This hypothesis is sup-
ported by previous findings that VEGF, one of the most potent molecules in angio-
genesis, is increased in ductal carcinoma in situ (DCIS) 25. We tested this hypothesis 
by evaluating the levels of HIF-1α in normal breast tissue and in different stages of 
breast cancer development (usual ductal hyperplasia, DCIS and invasive breast can-
cer) and by determining whether the level of HIF-1α was associated with proliferation 
(Ki-67), microvessel formation, and/or the expression of VEGF, HER-2/neu, p53 and 
the estrogen receptor (ER). 

T 
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MATERIALS AND METHODS  

The level of HIF-1 was examined in randomly selected samples of breast tissue 
from patients. These samples had been deposited in the breast cancer tumor banks 
of the pathology departments of the Free University Hospital, Amsterdam, The Neth-
erlands, and the Gooi-Noord Hospital, Blaricum, The Netherlands. Normal breast tis-
sue was from reduction mammoplasties performed on patients without proliferative 
breast disease. Specimens of pure ductal hyperplasias, pure DCIS, and invasive car-
cinoma were obtained from excision biopsy procedures or mastectomies. None of the 
patients with invasive breast cancer had received any preoperative therapy. All 
specimens were fixed in neutral 4% buffered formaldehyde. Informed consent to 
anonymously use leftover patient material for scientific purposes was a standard item 
in the treatment contract with the patients. 

We examined normal breast tissue (from 10 patients), usual ductal hyperplasia 
(from 10 patients), well-differentiated DCIS (from 20 patients), poorly-differentiated 
DCIS (from 20 patients), invasive carcinoma grade 1 (from 20 patients) and invasive 
carcinoma grade 3 (from 20 patients). Grading of DCIS and invasive cancer was 
done according to the procedure of Holland et al 26 and Elston and Ellis 27, respec-
tively. The grading pathologist (P.J. van Diest) was blinded in scoring all specimens 
for HIF-1α with respect to other biomarkers. 
 
Immunohistochemistry 

 Table 1 presents all antibodies, dilutions, incubation times, and antigen retrieval 
methods used. Immunohistochemistry was performed on 4-µm-thick slides. 
 

Table 1. Used antibodies, dilution, incubation and detection methods used* 

Antibody Species Company Dilution 
Incubation 

time 
Antigen-retrieval method 

Dete
ction 

HIF-1α  Mouse MAb Abcam 1:1000 30 min, 20°C WB, TRS, 95 °C, 45 min CSA 
CD31 Mouse MAb DAKO 1:40 o/n, 4 °C MW, Citr., 95 °C, 10 min ABC 
VEGF Goat poly R&D 1:50 o/n, 4 °C MW, Citr., 95 °C, 10 min ABC 
Ki-67 Mouse MAb Immunotech 1:40 o/n, 4 °C MW, Citr., 95 °C, 10 min ABC 
HER-2/neu Mouse MAb MvdVijver 1:10.000 o/n, 4 °C None ABC 
p53 Mouse MAb DAKO 1:50 o/n, 4 °C MW, Citr., 95 °C, 10 min ABC 
ER Mouse MAb DAKO 1:50 o/n, 4 °C MW, Citr., 95 °C, 10 min ABC 

*HIF-1α = hypoxia-inducible factor-1α; VEGF = endothelial growth factor; ER = estrogen receptor; MAb = monoclonal 
antibody; poly = polyclonal antibody; Abcam = Abcam Cambridge, U.K.; DAKO = DAKO, Glostrup, Denmark; R&D = R&D 
systems, Abingdon, U.K.; Immunotech = Immunotech SA, Marseille, France; MvdVijver = Dr. Marc van de Vijver, Dutch 
Cancer Institute Amsterdam, The Netherlands; o/n = overnight; WB = waterbath; TRS = target retrieval solution, DAKO; MW = 
microwave; Citr. = citrate (pH 6.0); CSA = catalyzed signal amplification system, DAKO; ABC = avidin-biotin complex, DAKO. 

 
After deparaffination and rehydration, endogenous peroxidase activity was 

blocked for 30 minutes in methanol containing 0.3% hydrogen peroxide. After antigen 
retrieval, a cooling-off period of 20 minutes preceded the incubation of the primary 
antibody. Thereafter, the catalyzed signal amplification system (DAKO, Glostrup, 
Denmark) was used for HIF-1α staining according to the manufacturer’s instructions. 
All other antibodies were detected by a standard avidin-biotin complex with a bioti-
nylated rabbit anti-mouse antibody (DAKO) and an avidin-biotin complex (DAKO). All 
stainings were developed with diaminobenzidine. Before the slides were mounted, all 
sections were counterstained for 45 seconds with haematoxylin and dehydrated in 
alcohol and xylene. Appropriate negative controls (obtained by omission of the pri-
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mary antibody) and positive controls were used throughout, for HIF-1α-negative and 
–positive controls, respectively, we used normoxic and hypoxic prostate cancer TSU 
cells, which were embedded in paraffin and provided by Dr. A. M. DeMarzo (The 
Johns Hopkins University School of Medicine, Baltimore, MD). 
 
Quantification 

For HIF-1α staining, only cells with completely and darkly stained epithelial nu-
clei were regarded as positive, and this nuclear staining was interpreted as an in-
creased level; cytoplasmic staining, observed occasionally, was ignored because 
active HIF-1 is located only in the nucleus. The fraction of nuclei with an increased 
level of HIF-1α or p53 or Ki-67 positivity was estimated visually by two observers (R. 
Bos and P.J. van Diest). In DCIS specimens, the angiogenic activity was assessed 
by scoring the presence of a vascular rim around the ducts and by estimating the mi-
crovessel density in the surrounding stroma previously described by Guidi et al 28. In 
invasive cancers, the microvessels were manually counted by use of an ocular grid at 
a magnification of 400x, following the criteria of Weidner et al 29,30 as described previ-
ously 31. In short, in four adjacent fields of vision in the most vascularized area (“hot-
spot,” total area = 0.6 mm2), microvessels were counted and expressed as the mi-
crovessel density per millimeters square. 

HER-2/neu staining was scored as negative or positive (membrane staining). 
VEGF expression was scored as weakly or strongly positive. ER status was deter-
mined by the evaluating of the histoscore as described previously 32, a histoscore of 
100 or more was regarded as positive. 
 
Statistical Methods 

To evaluate whether frequency of cells with the elevated levels of HIF-1α in-
creased during breast carcinogenesis, we performed a χ2 test for trend, grouping the 
results as normal, hyperplasia, DCIS, or invasive cancer. Associations between in-
creased levels of HIF-1α and the other biomarkers were analyzed with Fisher’s exact 
test. The mean percentages of HIF-1α -positive cells in the different histologic groups 
were compared with the Mann-Whitney test. All analysis were performed with the 
SPSS package of computer programs for windows (SPSS Inc., Chicago, IL). P val-
ues of less than 0.05 were regarded as statistically significant. All statistical test were 
two-sided. 
 

RESULTS 

A summary of the HIF-1α nuclear staining in normal breast tissue and tissues 
from five stages of breast carcinogenesis is provided in Table 2. Normal breast tissue 
(n = 10) and hyperplastic lesions (n = 10) showed no detectable HIF-1α. In contrast, 
increased levels of HIF-1α were found in well-differentiated DCIS specimens (11 
specimens had ≥1% immunopositive cells of 20 specimens tested), with the number 
of positive specimens further increasing in well-differentiated invasive breast (12 of 
20). This trend continued with poorly differentiated DCIS lesions (17 of 20) and poorly 
differentiated invasive carcinomas (20 of 20). In 28 of 30 HIF-1α positive specimens 
that contained necrosis, regional HIF-1α positivity was especially noted around the 
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FIGURE 1. Immunohistochemical analysis of hypoxia-inducible factor-1α in normal breast tissue (A) and in hyperplasia (B) 
shows no increase in HIF-1α. Well-differentiated ductal carcinoma in situ (DCIS) (C) and poorly differentiated DCIS (D) show 
a striking pattern of increased HIF-1α around necrosis (N). A well-differentiated ductal carcinoma shows HIF-1α positivity (E). 
A poorly-differentiated medullary breast carcinoma shows increased regional levels of HIF-1α (F). Scale bar = 100µm  
(for color plate see p.126) 

areas of necrosis (Figure 1D). Occasionally, a few cells with increased HIF-1α levels 
were observed in ductal hyperplastic areas adjacent to invasive cancer and in areas 
of atypical ductal hyperplasia. 

 
TABLE 2. Increased hypoxia-inducible factor-1α level in tissues at different stages during breast 

carcinogenesis 
  % HIF-1 ** 
 N 

HIF-1α 
positive*, N Mean Range 

Normal breast tissue 10   0 0 (0-0) 
Usual hyperplasia 10   0 0 (0-0) 
DCIS well-differentiated 20 11    3.5   (0-15) 
DCIS poorly-differentiated 20 17  14.9   (0-50) 
Invasive well-differentiated 20 12   11.8   (0-53) 
Invasive poorly-differentiated 20 20   15.7   (1-53) 
*HIF-1α positive = 1% or higher positive cells (per tissue sample) 
**Mean percentage of positive cells (per tissue sample) 
DCIS, ductal carcinoma in situ 

 
 

α
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Statistical analysis (χ2 test) of the HIF-1α data showed a statistically significant 
increase in the number of cells with increased levels of HIF-1α over the progression 
spectrum (normal = 0 of 10; hyperplasia = 0 of 10; DCIS = 28 of 40; invasive cancer 
= 32 of 40; (P<0.001). More poorly differentiated (DCIS and invasive cancer) lesions 
(37 of 40) than the corresponding well-differentiated lesions (23 of 40) showed in-
creased levels of HIF-1α (P<0.001). Well-differentiated and poorly differentiated 
DCIS lesions had statistically different levels of HIF-1α (P=0.028), as did well-differ-
entiated and poorly differentiated invasive breast cancers (P<0.001). Also, the per-
centage of cells with increased levels of HIF-1α varied with different pathology, with a 
statistically significant higher (P<0.001) percentage of positive cells in the poorly dif-
ferentiated specimens (Table 2).  

Table 3 shows comparisons of increased levels of HIF-1α with various bio-
markers. Even in this small dataset, VEGF expression (P=0.001), Ki-67 expression 
(P<0.001) (10% threshold), and ER status (P=0.001) were highly positively associ-
ated with increased levels of HIF-1α. HER-2/neu showed a positive, but borderline, 
association (P=0.053) with HIF-1α. However, p53 expression (5% threshold for posi-
tivity) was not associated with increased levels of HIF-1α. In the invasive cancers, a 
nearly positive association was found between HIF-1α and microvessel density 
(P<0.120). Stromal vascular density in DCIS showed a statistically significant positive 
correlation with HIF-1α (P=0.041), but vascular rim formation did not (P=1.00). 
 

TABLE 3 Increased hypoxia-inducible factor-1α level associated with HER-2/neu, vascular endothelial growth 
factor (VEGF), estrogen receptor (ER), p53, Ki-67 and microvessel density (MVD) 

CD31 DCIS 

 HER-2/neu VEGF ER p53 % Ki-67 % 
Vascular 

rim 
Stromal 

angiogenesis 

MVD invasive 
cancers, 

vessels/mm2 
- + + ++ - + ≤ 5 > 5 ≤10 >10 - + - + ≤100 > 100 

HIF-1α - 35 5 16 24 30 10 36 4 38 2 6 6 10 2 6 2 

HIF-1α + 42 18 6 54 25 35 49 11 38 22 13 15 13 15 13 19 

P* 0.053  0.001 0.001 0.392 <0.001 1.00 0.041 0.120 
DCIS, ductal carcinoma in situ 
*Fisher’s two sided exact 

 
HIF-1α positivity was found in 29 of 34 specimens containing necrosis compared 

with 31 of 46 specimens without necrosis. The mean percentage of HIF-1α-positive 
cells was higher in specimens with necrosis (P=0.019), a trend also visible in the 
subgroups of DCIS (P=0.08) and invasive lesions (P=0.02). 
 

DISCUSSION 

The purpose of this study was to determine whether increased levels of HIF-1α 
could be detected during different stages of carcinogenesis in human breast tissue. 
HIF-1α appears to be involved in angiogenesis during prostate carcinogenesis 33, 
and recent data 34 show that increased levels of HIF-1α represent an unfavorable 
characteristic in early cervical cancer. In this study, we did not detect increased levels 
of HIF-1α in specimens from normal breast and areas with ductal hyperplasia, but we 
did detect increased levels in the majority of DCIS and invasive cancer specimens. 
Levels of HIF-1α increased as the degree of malignancy increased, confirming earlier 
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pilot data 1 suggesting that HIF-1α may be a biomarker of preinvasive human breast 
cancers. In addition, we observed that an increased level of HIF-1α was associated 
with high proliferation, strong VEGF expression, and ER positivity as well with angio-
genesis but only in the subgroup of DCIS lesions. To our knowledge, this is the first 
report to implicate increased levels of HIF-1α overexpression in early human breast 
carcinogenesis.  

A statistically significant association was observed between increased levels of 
HIF-1α and VEGF expression. Furthermore, a positive association was observed 
between increased levels of HIF-1α and intratumoral microvessel density in DCIS, 
supporting a role for HIF-1α in angiogenesis during breast carcinogenesis. Our find-
ings are consistent with a previous report 4 in xenografts of animal tumors and trans-
genic models, which showed HIF-1α involvement in the angiogenic phenotype of 
cancer. 

It is interesting that increased levels of HIF-1α overexpression were most pro-
nounced in poorly differentiated lesions, which supports the previously proposed pro-
gression model for breast cancer 35,36. In this model, well-differentiated cancers arise 
from well-differentiated precursor lesions and poorly differentiated cancers from 
poorly differentiated precursor lesions. Poorly differentiated lesions (in the preinva-
sive and invasive states) are clinically more aggressive. The observed increased lev-
els of HIF-1α overexpression in poorly differentiated DCIS may indicate a higher like-
lihood that this lesion will acquire invasive properties and that the resulting poorly 
differentiated invasive lesions may have a poorer prognosis. 

The association between increased levels of HIF-1α and ER status at first 
seemed surprising but was consistent with the following data: HIF-1α is known to 
stimulate the production of VEGF 7, and the VEGF gene has functional ER response 
elements 37. Furthermore, estrogen stimulation increases phosphatidylinositol 3-hy-
droxykinase activity 38, which belongs to a signaling pathway that may play a role in 
HIF-1α activation 33. The relationship of estrogen action, ER interactions, and HIF-
1α-driven genes in breast cancer certainly merits further investigation. 

Several mechanisms, which are not mutually exclusive, that induce elevated lev-
els of HIF-1α may be active in breast carcinogenesis. First, neoplastic breast lesions 
may be hypoxic so that HIF-1α is induced by low oxygen tension, as demonstrated in 
cultured cells 39, animal models 16, and hypoxic myocardium 40. Such hypoxic condi-
tions occur in solid cancers, but it is not yet known whether this holds true in DCIS 
(microhypoxia). It is interesting to note, however, the presence of HIF-1α-positive 
cells around areas of necrosis. Cells with increased levels of HIF-1α were also found 
regularly around areas of necrosis in invasive cancers. In poorly differentiated DCIS 
and invasive lesions, necrosis occurred more frequently. The difference in levels of 
HIF-1α protein between well-differentiated and poorly differentiated lesions may, 
therefore, also be hypoxia related. Studies addressing the intratumoral oxygen level 
in human breast cancer are required to define this important epigenetic parameter, 
which may have functional effects on HIF-1-activated genes. 

Second, activated oncogenes and loss-of-function mutations tumor suppressor 
genes, such as PTEN (phosphatase and tensin homolog deleted on chromosome 
10), VHL (von Hippel-Lindau tumor suppressor gene), and p53, have been shown to 
modulate HIF-1α levels in certain tumor types 2. For example, loss of p53 function 
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has been shown in vitro to augment HIF-1 and VEGF expression 21, and, under hy-
poxic conditions, HIF-1 is phosphorylated by extracellular regulated kinases 41,42 con-
firming the potential role of the PI(3)K and mitogen activated protein kinase pathways 
and upstream oncogenes. HER-2/neu activates both pathways, and mutations in this 
gene are among the most common genomic alteration in DCIS and early breast can-
cer. In our study, HIF-1α levels and HER-2/neu status were indeed positively associ-
ated. Increased levels of HIF-1α can also occur as an effect of growth factor activa-
tion of the PI(3)K/AKT (protein kinase B)/FRAP (FK506 binding protein [FKBP])-ra-
pamycin-associated protein pathway 33,43, as has been shown in tumor types other 
than breast cancer. 

Third, activated immune responses during inflammation by the proinflammatory 
cytokines interleukin 1β and tumor necrosis factor-α 44 may also modulate HIF-1 
activity in tumors. Both cytokines are important in the growth and differentiation of 
human breast cancer 45,46. 

Finally, this study suggests breast cancer angiogenesis may be driven in part by 
HIF-1. We detected a statistically significant positive association between increased 
levels of HIF-1α protein and VEGF expression in human breast tissue. HIF-1α acti-
vates angiogenesis by stimulating VEGF transcription 7, and VEGF is induced by 
both oncogenic transformation and hypoxia 21,47,48. Increased expression of VEGF 
and its receptors Flt-1 and Flk-1 have been demonstrated in breast cancer 49,50. In-
creased VEGF expression in primary breast cancer confers a poorer prognosis at 
clinical presentation. Increased angiogenesis has also been reported in DCIS 29. In 
our study, increased levels of HIF-1α were positively associated with both VEGF and 
microvessel density. These data support an angiogenesis-inducing role for HIF-1α 
during breast carcinogenesis. HIF-1α immunostaining may serve as a surrogate bio-
marker of angiogenic potential of breast cancer and deserves further large-scale 
clinical investigations. 

It was interesting to note occasional nuclei with increased levels of HIF-1α in 
usual ductal hyperplasia next to invasive cancers and areas of atypical ductal hyper-
plasia. Usual ductal hyperplasia (and even normal lobules) next to invasive cancer 
has been shown to harbor morphological 51 and genetic changes 52, and thus, should 
be considered to be a more advanced lesion than pure ductal hyperplasia. Atypical 
ductal hyperplasia should be placed between usual ductal hyperplasia and well-dif-
ferentiated DCIS in the breast progression spectrum (36), and so may be the earliest 
pure preinvasive breast lesion with increased levels of HIF-1α. 

Increased levels of HIF-1α protein were observed at the earliest pathologically 
detectable stages of breast cancer carcinogenesis and were increased in dedifferen-
tiated malignant tissue. Thus, we urge that therapeutics that specifically targeting and 
inhibiting HIF-1 33,53,54 be rationally tested to prevent malignant progression in early 
breast cancer. 
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BACKGROUND. The transcription factor Hypoxia-Inducible Factor-1 (HIF-1) is a 
key regulator of the cellular response to hypoxia. Previous studies showed that levels 
of its subunit HIF-1α, the best surrogate for HIF-1 activity, are increased during 
breast carcinogenesis and can independently predict prognosis in breast cancer. 
During carcinogenesis, the cell cycle is progressively deregulated, and proliferation 
rate is a strong prognostic factor in breast cancer. Here, we undertook a detailed 
evaluation of the relationships between HIF-1α and cell cycle-associated proteins. 

METHODS. In a representative group of 150 breast cancers, expression of HIF-
1α, VEGF, the estrogen receptor (ER), HER-2/neu, Ki-67, cyclin A, cyclin D1, p21, 
p53, and Bcl-2 was investigated by immunohistochemistry. 

RESULTS. High levels (≥5%) of HIF-1α were associated with increased prolifera-
tion as shown by positive correlations with Ki-67 (P<0.001) and the late S-G2 phase 
protein cyclin A (P<0.001), but not with the G1-phase protein cyclin D1. High HIF-1α 
levels were also strongly associated with p53-positivity (P<0.001) and loss of Bcl-2 
expression (P=0.013). No association was found between p21 and HIF-1α (P=0.105) 
in the whole group of patients. However, the subgroup of ER-positive cancers was 
characterized by a strong positive association between HIF-1α and p21 (P=0.023) 
and HIF-1α lacked any relation with proliferation. 

CONCLUSIONS. HIF-1α overexpression is associated with increased prolifera-
tion, which may explain the adverse prognostic impact of increased levels of HIF-1α 
in invasive breast cancer. In ER positive tumors, HIF-1α is associated to p21 but not 
to proliferation. This urges further functional analysis to unravel the role of HIF-1 in 
late cell cycle progression, and the link between HIF-1, p21 and ER. 
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YPOXIA IS AN important cellular stressor that triggers a survival program by which 
the cells attempts to adapt to the new environment. This primarily involves ad-

aptation of metabolism and/or stimulation of oxygen delivery. These cell-rescuing 
mechanisms can be conducted rapidly by a transcription factor which reacts to hy-
poxic conditions, the hypoxia-inducible factor-1 (HIF-1) 1. HIF-1 stimulates processes 
such as angiogenesis, glycolysis and erythropoiesis 2, by activating genes that are 
responsible for these processes. The HIF-1 complex consists of two subunits, HIF-1α 
and HIF-1β. Protein levels of HIF-1α depend on the cellular oxygen concentration 3,4. 
During normoxia the HIF-1α protein has a very short half-life due to its continuous 
Von Hippel-Lindau (VHL) protein mediated ubiquitination, which results in low protein 
levels in the cytoplasm. Hypoxia results in stabilization of the HIF-1α protein and 
translocation of the HIF-1 complex to the nucleus. In the nucleus HIF-1 binds to DNA 
of the consensus sequence 5'-RCGTG-3', the so called Hypoxia Response Elements 
in the promoters of target genes 5. In this way HIF-1 allows the cell to adapt metabo-
lism, increases O2 delivery and stimulate cell survival 6. Besides hypoxia, HIF-1 can 
be upregulated by loss of the tumor suppressor genes Phosphatase and tensin 
homologue deleted on chromosome ten (PTEN) 7 and loss of p53 8, and overexpres-
sion of oncogenes, like HER-2/neu 9. 

Cancer cells are able to survive and proliferate at extreme micro environmental 
circumstances and show changes in oncogenes and tumor suppressor genes. Hy-
poxia and HIF-1 have indeed been implicated in carcinogenesis and clinical behavior 
of tumors. Upregulation of HIF-1α was noted during breast carcinogenesis 10, espe-
cially in the poorly differentiated pathway. Hypoxia is related to poor response to 
therapy in various cancer types. In invasive breast cancer, high HIF-1α levels were 
associated with poor survival in lymph node negative patients 11. As prognosis in 
breast cancer is closely related to proliferation rate 12, and poorly differentiated tu-
mors usually exhibit high proliferation and HIF-1α overexpression, the prognostic 
value of HIF-1α may well be explained by a close association between HIF-1α and 
proliferation.  

Proliferation is under control of many proteins involved in cell cycle regulation. 
We hypothesized that HIF-1, as a master regulator for surviving hypoxia, might inter-
act with such cell cycle-related proteins. Therefore, we investigated if levels of HIF-
1α were associated with aberrant expression of cell cycle proteins in human breast 
cancer. As a result, in this study we report that high levels of HIF-1α are associated 
with overexpression of p53 and markers of proliferation during the late S-G2 phase of 
the cell cycle. In the subgroup of ER-positive cancers only a positive association 
between HIF-1α and p21 was noticed. Probably, in ER positive cases, p21 causes 
cell cycle arrest as a response to increased HIF-1α levels. 
 

PATIENTS AND METHODS 

Patients 

A representative and previously described group of 150 stage I/II breast cancer 
patients, diagnosed between 1985 and 1993 at the VU University Medical Center 
(Amsterdam, The Netherlands), was used 11. By “representative” we mean that tumor 
size, distribution of histological subtypes and lymph node status were as expected in 

H 



 38

a random group of stage I/II patients. Breast conserving therapy or modified radical 
mastectomy were the applied surgical procedures for the primary tumors, and axillary 
dissection including at least levels I and II was performed for all patients. All surgical 
specimens were directly fixed in neutral 4% buffered formaldehyde.  

All invasive breast carcinomas were histologically classified according to WHO 
criteria as: ductal (n = 129), lobular (n = 11), mucinous (n = 4), tubular (n = 3), cribri-
form (n = 1), medullary (n = 1) or metaplastic (n = 1). Tumors were graded following 
the criteria of Elston 13 as grade I (n = 35), II (n = 49), or III (n = 66). The mean age at 
the time of diagnosis was 60 (range 30 to 86). The mean tumor diameter was 2.6 cm, 
ranging from 0.7 to 7.0 cm (according to the TNM system: 45 T1, 94 T2 and 11 T3). 
Locally advanced breast cancers (TNM stage III) were excluded. The group included 
81 (54%) lymph node-negative and 69 (46%) lymph node-positive patients. None of 
the patients received preoperative chemo-, hormonal or radiotherapy. 
 
Immunohistochemistry 

Paraffin embedded tumor tissue was derived from the archives of the Depart-
ment of Pathology of the VU University Medical Center. Anonymous use of redun-
dant tumor material for research purposes is part of the standard treatment agree-
ment with patients in our hospital 14. Immunohistochemistry was performed on 4 µm 
thick sections. After deparaffination and rehydration, sections were immersed in 
methanol containing 0.3% hydrogen peroxide for 30 minutes to block endogenous 
peroxidase activity. For assessment of HIF-1α the Catalyzed Signal Amplification 
System (DAKO, Glostrup, Denmark) was used as described before 11. All slides, 
except for HER-2/neu, were pretreated with a citrate buffer (10 mM, pH 6.0) for 
antigen retrieval either by heating the slides in a microwave oven or autoclave (for 
details see Table 1).  

 
Table 1. Used mouse monoclonal antibodies, availability, dilution, incubation, antigen retrieval and detection 

method. 
Antibody Company Dilution Incubation time Antigen-retrieval Detection 
Ki-67  DAKO 1:40 o/n, 4 °C MW  ABC 
Cyclin A Novocastra 1:100 o/n, 4 °C Autoclave ABC 
Cyclin D1 Neomarkers 1:400 o/n, 4 °C Autoclave ABC 
P21 Pharmingen 1:500 o/n, 4 °C Autoclave ABC# 
P53 DAKO 1:50 o/n, 4 °C MW ABC 
Bcl-2 DAKO 1:50 o/n, 4 °C Autoclave ABC# 
ER DAKO 1:50 o/n, 4 °C Autoclave ABC 
VEGF R&D systems 1:40 o/n, 4 °C Autoclave ABC 
HIF-1α Abcam 1:500 1h, 20°C Waterbath CSA kit 
HER-2/neu M.v/d Vijver$ 1:10,000 o/n, 4 °C none ABC 
o/n = overnight; MW = microwave in citrate buffer pH 6.0 for 10 minutes near to boiling; Autoclave = autoclave 20 minutes at 
120 °C; Waterbath = 45 minutes at 95 °C; ABC = avidin-biotinyl complex; # biotinyl-tyramide enhancement; $ M. v/d Vijver= 
Dr. M. van der Vijver, Dutch Cancer Institute, Amsterdam, The Netherlands 

 
After cooling down and pre-incubation with normal serum of the species of the 

secondary antibody, the primary antibodies were incubated as described in Table 1. 
For recognition of VEGF a rabbit polyclonal antibody was used, which was visualized 
by a swine anti-rabbit antibody (DAKO). Subsequently, slides were incubated with 
biotinylated secondary antibodies for 30 minutes, followed by incubation with 1:200 
streptavidin-biotinylated horseradish-peroxidase complex (DAKO) for 1 hour. For Bcl-
2 and p21 staining, a biotinyl-tyramide enhancing step was introduced 15. After a 30 
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minutes incubation of 1:1000 streptavidin-biotinylated horseradish-peroxidase com-
plex (instead of 1:200), slides were incubated with 1:1000 diluted biotinyl-tyramide 
solution with 0.01% hydrogen peroxide in PBS for 10 minutes, followed by incubation 
with 1:200 streptavidin-biotinylated horseradish-peroxidase complex for 30 minutes. 
In all cases 3,3-diaminobenzidine was used as chromagen and hematoxylin as 
counterstaining. Positive controls consisted of a known immunoreactive carcinomas 
(VEGF, HIF-1α, ER, p53, cyclin D1, p21, HER-2/neu) or tonsil tissue (Ki-67, Bcl-2, 
cyclin A). Negative controls were obtained by omission of the primary antibodies from 
the staining procedure. 

 
Quantification 

For all cell cycle biomarkers, except Bcl-2, 
the percentage of positively stained nuclei of in-
vasive tumor cells was scored blinded by one 
experienced observer (PJvD). ER status was 
determined by the Histoscore, regarding 100 or 
more as positive. HIF-1α staining was only con-
sidered positive when there was homogeneously 
dark nuclear staining; cytoplasmic staining was 
ignored. Cytoplasmic staining for Bcl-2 in inva-
sive breast cancer epithelium was compared 
with adjacent normal breast tissue and scored as 
negative when absent, and as weak or strong 
when intensity was diminished respectively in-
creased compared to adjacent normal tissue. 
Cytoplasmic VEGF expression was assessed as 
moderate or strong. 
 
Statistical Methods 

For statistical analysis, (SPSS for Windows 
Version 9.0.1., 1999, SPSS Inc., Chicago, IL, 
USA) the nonparametric Chi-square was used to 
evaluate correlations between HIF-1α and cell 
cycle-associated proteins. For the cell cycle-re-
lated proteins traditional cutoff values 16 (as 
shown in Table 2) and for HIF-1α 5% was used 
as cut off value as described previously 11. Para-

metric tests and correlation tests using the continuous data were also done, but 
yielded similar results and have therefore not been described to keep description of 
the statistical results as succinct as possible. Two-sided P values below 0.050 were 
regarded as significant. 
 

 

 

TABLE 2. Association of HIF-1α 
expression with cell cycle-related proteins 

in 150 invasive human breast cancers.  
HIF-1α level   

<5% ≥5% P (χ2) 

Ki-67    

  ≤ 10 % 58 13 

  > 10 % 41 38 
< 0.001 

Cyclin A 
   

  ≤ 10 % 67 19 

  > 10 % 31 32 
< 0.001 

Cyclin D1  
  

  ≤ 10 % 80 44 

  > 10 % 19 7 
0.402 

p21 
   

  ≤ 10 % 89 41 

  > 10 % 10 10 
0.105 

p53 
   

  ≤ 25 % 89 35 

  > 25 % 10 16 
< 0.001 

Bcl-2 
   

  Negative 4 5 
  Moderate 35 26 
  Strong 60 19 

0.025 
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RESULTS 

Whole group 

Analyzing the whole group of patients (n = 150), there were (table 2) significant 
and positive associations between HIF-1α and Ki-67 (P < 0.001), cyclin A (P < 
0.001), and p53 (P < 0.001). A positive trend between high levels of HIF-1α and ex-
pression of p21 (P = 0.105) was noticed, and there was a significant inverse associa-
tion between Bcl-2 (P = 0.025) and HIF-1α expression. No association between HIF-
1α and cyclin D1 was found. In addition, both ER positivity and overexpression of p21 
were positively associated with overexpression of cyclin D1 (P < 0.001) in the whole 
group of patients. 

 
ER subgroups 

Interestingly, subgroup analysis of ER positive cancers (n = 52) revealed differ-
ent associations (table 3). Only p21-positivity was significantly associated with high 
levels of HIF-1α (P = 0.023). No associations for HIF-1α were found with Ki-67, cy-
clins A and D1, p53, and Bcl-2. In this subgroup, p21 was positively associated with 
cyclin D1 (P < 0.001) but not with p53. On the other hand, the subgroup of ER-nega-
tive cancers (n = 98) showed strongly significant positive associations between HIF-
1α on the one hand and Ki-67 (P < 0.001), cyclin A (P < 0.001), and p53 (P = 0.003) 
on the other. Again, loss of Bcl-2 (P = 0.048) was significantly negatively associated 
with high levels of HIF-1α and no association between HIF-1α, p21 and cyclin D1 was 
found. The striking difference in biomarker expression between the ER positive and 
negative subgroups made us further test if this was associated with proliferation or 
with HIF-1α. In the ER-positive subgroup HER-2/neu-positivity was associated with 
high levels of HIF-1α (P = 0.035), but no association was found between HIF-1α, p53 
and VEGF. Further, in this subgroup we observed low ER expression in HIF-1α posi-

TABLE 3. Association of HIF-1α with cell cycle-related proteins in ER positive (n=52) and negative 
(n=98) breast cancers.  

  ER-positive  ER-negative 

  HIF-1α   HIF-1α  
  < 5% ≥ 5% P (χ2)  < 5% ≥ 5% P (χ2) 

≤ 10 % 24 7  34 6 Ki-67 
> 10 % 15 7 

.624 
 26 32 

< .001 

≤ 10 % 28 9  39 10 
Cyclin A 

> 10 % 10 4 
.756 

 21 28 
< .001 

≤ 10 % 25 9  55 35 
Cyclin D1 > 10 % 14 4 

.736 
 5 3 

.938 

≤ 10 % 33 7  56 34 
p21 

> 10 % 6 6 
.023 

 4 4 
.497 

≤ 25 % 36 11  53 24 
p53 

> 25 % 3 2 
.415 

 7 14 
.003 

Negative 0 0  4 5 
Moderate 12 5  23 21 Bcl-2 
Strong 27 8 

.609 
 33 11 

.048 

Weak 8 2  21 4 
VEGF 

Strong 31 11 
.685 

 39 34 
.007 

Negative 36 9  55 26 
HER-2/neu 

Positive 3 4 
.035 

 5 12 
.003 

ER, estrogen receptor 
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tive regions. In the ER-negative subgroup strong VEGF expression (P = 0.007), p53 
accumulation (P = 0.003), and HER-2/neu-positivity (P = 0.003) were all positively 
associated with high levels of HIF-1α. 
 
p53 subgroups 

To exclude that the data which were found in the ER subgroups are dependent 
on p53 status, we also performed subgroup analysis based upon p53 status (table 4). 
In short, the subgroup assumed to be “wild type” p53 was characterized by different 
associations than the subgroup of ER positive cases.  

 
Lymph node status subgroups 

Because in our former study we found an independent prognostic value for HIF-
1α only in lymph node (LN)-negative breast cancers, we analyzed the subgroups of 
lymph node negative (n = 81) and positive cases (n = 69) separately (table 5). Posi-
tive significant associations were found in the subgroup of LN negative cancers be-
tween HIF-1α and Ki-67 (P < 0.001), cyclin A (P < 0.001), p21 (P = 0.049), and p53 
(P = 0.001). Also in this subgroup Bcl-2 (P = 0.008) was significantly inversely asso-
ciated with HIF-1α. No association was found for cyclin D1. In the subgroup of LN 
positive cancers, Ki-67 (P = 0.035) and p53 (P = 0.042) revealed a positive associa-
tion with HIF-1α. No relation with HIF-1α was found for cyclins A and D1, p21 and 
Bcl-2. 
 
Ductal type subgroup 

To exclude confounding mechanisms based on the mixed group of different 
types of breast cancer, we also performed the same above described statistical 
analysis on the subgroup of ductal type of invasive breast cancers (n=129) as shown 
in table 6 and 7. In short, the same associations were found as described for the 

TABLE 4. Association of HIF-1α with cell cycle-related proteins in WT-p53 (n=124) and M-p53 (n=26) 
breast cancers.  

  “Wild type” p53  “Mutated” p53 

  HIF-1α   HIF-1α  
  < 5% ≥ 5% P (χ2)  < 5% ≥ 5% P (χ2)* 

≤ 10 % 55 12  3 1 Ki-67 
> 10 % 34 23 

0.006 
 7 15 

0.264 

≤ 10 % 62 15  5 4 
Cyclin A 

> 10 % 26 20 
0.004 

 5 12 
0.192 

≤ 10 % 71 31  9 13 
Cyclin D1 > 10 % 18 4 

0.248 
 1 3 

1.00 

≤ 10 % 80 28  9 13 
p21 

> 10 % 9 7 
0.139 

 1 3 
1.00 

Negative 3 3  1 2 
Moderate 31 15  4 11 Bcl-2 
Strong 55 17 

0.273 
 5 2 

0.132 

Weak 28 5  1 1 
VEGF 

Strong 61 30 
0.051 

 9 15 
1.00 

Negative 82 27  9 8 
HER-2/neu 

Positive 7 8 
0.021 

 1 8 
0.037 

*= Fisher Exact Test when appropriate, WT-p53, probably wild type p53, M-p53, probably mutated 
p53 
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group of 150 patients. 
 

 

DISCUSSION 

In this study positive associations between 
HIF-1α and the cell cycle-related proteins cy-
clin A, Ki-67 and p53 in invasive human breast 
cancers were found. These associations were 
most evident in the lymph node-negative cases 
and, therefore, may attribute to the poor prog-
nosis of HIF-1α positive cancers described 
before 11. Further, the ER-subgroups showed 
differential expression of biomarkers, suggest-
ing an interaction between HIF-1 and ER. 

In general, expression of cyclin A and Ki-
67 indicate that cells are in the S or G2 phase. 
Cyclin A expression is stimulated by the pro-
tein-tyrosine phosphatase cdc25A 17 and is 
associated with undifferentiated and ER-nega-
tive breast tumors harboring poor prognosis 
18,19. It is common to use protein levels of Ki-67 
as a proliferation marker although its function is 
unknown; it is most present in the S-phase but 
also in the G1-2 

20. Like cyclin A, Ki-67 overex-
pression represents a high proliferation rate 
and thus poor prognosis. Our data show that 
high levels of HIF-1α are associated with high 
levels of cyclin A and Ki-67 as markers of pro-
liferation. 

TABLE 5. Association of HIF-1α with cell cycle-related proteins in LN negative (n=81) and positive 
(n=69) breast cancers.  

  LN-negative  LN-positive 

  HIF-1α   HIF-1α  
  < 5% ≥ 5% P (χ2)  < 5% ≥ 5% P (χ2) 

≤ 10 % 36 9  22 4 Ki-67 
> 10 % 15 21 

< .001 
 26 17 

.035 

≤ 10 % 40 10  27 9 
Cyclin A 

> 10 % 10 20 
< .001 

 21 12 
.305 

≤ 10 % 40 25  40 19 
Cyclin D1 > 10 % 11 5 

.593 
 8 2 

.438 

≤ 10 % 47 23  42 18 
p21 

> 10 % 4 7 
.049 

 6 3 
.839 

≤ 25 % 47 21  42 14 
p53 

> 25 % 4 9 
.009 

 6 7 
.042 

Negative 0 3  4 2 
Moderate 17 15  18 11 Bcl-2 
Strong 34 11 

.008 
 26 8 

.459 

LN, lymph node 

TABLE 6. Association of HIF-1α expression 
with cell cycle-related proteins in all ductal 

type (129 out of 150) invasive human breast 
cancers.  

HIF-1α level   
< 5% ≥ 5% P (χ2) 

Ki-67    

  ≤ 10 % 44 11 

  > 10 % 39 35 
0.001 

  
Cyclin A   

 

  ≤ 10 % 52 16 

  > 10 % 30 30 
0.002 

  

Cyclin D1   
 

  ≤ 10 % 67 39 

  > 10 % 16 7 
0.564 

  
p21   

 

  ≤ 10 % 75 36 

  > 10 % 8 10 
0.057 

  
p53   

 

  ≤ 25 % 68 25 

  > 25 % 15 21 
0.001 

  
Bcl-2   

 

  Negative 4 5 
  Moderate 29 23 
  Strong 50 17 

0.042 
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The association of HIF-1 with proliferation was noticed before 10, but is still not 

fully understood 21,22. The main question is whether HIF-1 is acting on or a reaction to 
tumor proliferation. The latter mechanism assumes that unorganized rapidly growing 
tumors will outgrowth their own vasculature leading to a lack of oxygen supply, ne-
cessitating adaptation by switching to anaerobic metabolism and induction of angio-
genesis. As HIF-1 plays a crucial role in these latter processes, it may be postulated 
that rapidly proliferating tumors need HIF-1. In this light the association between HIF-
1 and proliferation is more or less epigenetic or due to tumor necrosis. According to 
the former mechanism, primary HIF-1 overexpression might also lead to tumor prolif-
eration. One argument for this hypothesis is based on the observation that HIF-1α 
expression is not restricted to necrotic tumor areas. Another argument might be the 
influence of oncogenes (e.g. HER-2/neu, Bcl-6), tumor suppressor genes (e.g. pVHL, 
PTEN), or growth factors (e.g. IGF-2) on the protein levels of HIF-1α 23,24,9,25,26,7. 
These tumorigenic mechanisms also stimulate proliferation. Also, the recent demon-
stration that pulmonary artery fibroblasts, when exposed to hypoxia, stimulate the 
proliferation of adjacent pulmonary artery smooth muscle cells via hypoxia-regulated 
genes indicates a stimulating role for HIF-1 in the cell cycle machinery 27.  

In contrast, recent work from Goda et al showed in two different primary differen-
tiated cell types that HIF-1 is necessary for induction of growth arrest during hypoxia 
28. HIF-1 alters the cell cycle during hypoxia by increasing cyclin-dependent kinase 
inhibitors p21 and p27. Also hypophosphorylation of retinoblastoma proteins is HIF-1 
dependent. In addition, Goda also showed that cells lacking the HIF-1α gene had an 
increased progression into S-phase 28. These in vitro data are logic in physiologic 
circumstances but do not comply with our observations in human cancers. Thus, if 
these mechanisms also occur in human breast cancer is difficult to say. More likely, it 
might be postulated that cancer cells have lost control over the cell cycle and its po-
tential interplay with HIF-1α.  

TABLE 7. Association of HIF-1α with cell cycle-related proteins in only ductal carcinoma, subdivided into 
ER positive (n=46) and negative (n=83) breast cancers.  

  ER-positive  ER-negative 

  HIF-1α   HIF-1α  
  < 5% ≥ 5% P (χ2)*  < 5% ≥ 5% P (χ2)* 

≤ 10 % 20 5  24 6 Ki-67 
> 10 % 15 6 

0.730 
 24 29 

0.002 

≤ 10 % 24 7  28 9 
Cyclin A 

> 10 % 10 4 
0.717 

 20 26 
0.003 

≤ 10 % 22 7  45 32 
Cyclin D1 > 10 % 13 4 

0.100 
 3 3 

0.693 

≤ 10 % 29 5  46 31 
p21 

> 10 % 6 6 
0.022 

 2 4 
0.235 

≤ 25 % 29 7  39 18 
p53 

> 25 % 6 4 
0.175 

 9 17 
0.008 

Negative 0 0  4 5 
Moderate 11 5  18 18 Bcl-2 
Strong 24 6 

0.477 
 26 11 

0.141 

Weak 8 2  18 3 
VEGF 

Strong 27 9 
1.00 

 30 32 
0.003 

Negative 33 8  43 23 
HER-2/neu 

Positive 2 3 
0.080 

 5 12 
0.008 

*= Fisher Exact Test when appropriate, ER, estrogen receptor 
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Subgroup analyses based on ER status revealed that only in ER-positive cases, 
positivity for p21 was associated with high levels of HIF-1α, without correlation be-
tween HIF-1 and proliferation. This points to an intact feedback loop in ER express-
ing cells where p21 might cause cell cycle arrest as a response to increased HIF-1α 
levels, which may be cyclin D1 regulated 29. In contrast, in ER-negative cases, a posi-
tive association between HIF-1 on the one hand and Ki-67, cyclin A, p53 and loss of 
Bcl-2 on the other was noted. Apparently, the p21 feedback loop is not functional in 
ER negative cells. In addition, in the ER-positive cases no association for HIF-α with 
VEGF and p53 could be demonstrated, which was opposite to the ER-negative sub-
group. These findings suggests that the different associations in both ER subgroups 
can not only be attributed to a different proliferation rate. We excluded the option that 
the p53 status might be the underlying cause for these differences, as shown in table 
4. Therefore, it is tempting to suggest that these differences might be caused by an 
interaction between HIF-1 and ER. Little is known about the interaction between HIF-
1 and ER, but an almost significant positive association was found in endometrial 
cancer 30 but not in breast cancer 11,31. In prostate cancer, the presence of the andro-
gen receptor seems necessary to potentate the angiogenic effects of HIF-1α, al-
though this effect is mediated by the EGF/phosphatidylinositol 3'-kinase/protein 
kinase B pathway 32. In two studies, it was shown that hypoxia down regulates ER in 
breast cancer cell lines 33,34. Therefore, more studies are warranted to investigate the 
interaction between ER and HIF-1.  

Most knowledge about the interaction between HIF-1 and the cell cycle has been 
gathered around p53. Some of this interplay between p53 and HIF-1 has been de-
fined by An et al. who demonstrated that during hypoxia p53 could not stabilize with-
out the presence of HIF-1α 35. Even a direct association between p53 and HIF-1α 
was shown by co-immunoprecipitation in hypoxic cells. Subsequently, it was shown 
that p53 depends on HIF-1α when it initiates apoptosis during hypoxia 21. On the 
other hand Ravi et al. showed that the level of HIF-1α increased when no p53 was 
present in tumor cells who responded to hypoxia 8. Therefore, HIF-1 and p53 can be 
seen as competitors because both are upregulated by hypoxia, p53-inducing apop-
tosis while HIF-1 rather maintains homeostasis, although HIF-1 may also induce 
apoptosis in concert with p53 36 and through NIP3 37. Other factors influencing the 
balance between p53 and HIF-1 are competition for the cofactor p300 38 and MDM-2 
degradation of HIF-1α via p53 8. Thus, loss of wild-type p53 might be associated with 
increased tumor growth during hypoxia because of diminished apoptosis and aug-
mented HIF-1 induced transcriptional activation of VEGF. Indeed, the positive asso-
ciation between VEGF and accumulation of p53, which is associated with p53 muta-
tion, has been noticed in breast cancer 39. In the present study we found a positive 
association between accumulation of p53 with HIF-1α and p53 with VEGF (the posi-
tive association of HIF-1α and VEGF has been described elsewhere 11). The 
p53/HIF-1 data are in concordance of Zhong et al who noticed such association in a 
mixed group of colon and breast cancer patients 22. In contrast, in lymph node-posi-
tive breast cancer and epithelial ovarian cancer no relation between p53 and HIF-1α 
was found 40,33,31,34. Interestingly, we noticed that the classical association of HIF with 
proliferation and VEGF is true in wildtype p53, but not in the “mutated” subgroup (as-
suming that more than 25% nuclear p53 accumulation points to a p53 mutation). 
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Thus, these data imply that HIF needs wildtype p53 to exert its downstream effects. 
Combined high expression of p21 and cyclin D1 was positively associated with high 
differentiation and low proliferation in various carcinomas including breast cancer 
29,41. Interestingly, in this study, increased levels of cyclin D1 corresponded to high 
p21 (as before 29), but not HIF-1α. Many investigators have searched for an explana-
tion why cyclin D1 becomes upregulated in breast cancer. Most validated is the as-
sumption that an amplification or translocation of the cyclin D1 gene is responsible, 
but also other mechanisms seem to be involved because of the low incidence of cy-
clin D1 amplification. It was shown that cyclin D1 exerts the effects of ER 42 confirming 
the importance of cyclin D1 in breast cancer. The results reported here may provide 
circumstantial evidence that upregulation of cyclin D1 might indirectly be caused ei-
ther by hypoxia or oncogenes who can stimulate HIF-1 and thereby p21. In fact, 
some specific pVHL-deficient renal cell carcinomas cell lines showed such an asso-
ciation, although a feasible mechanism was not described 43. 

BCL-2 is known as an inhibitor of apoptosis. In this study we found an inverse 
association between HIF-1α and BCL-2. This is in contradiction to an earlier study on 
melanoma cell lines that showed that BCL-2 augment the angiogenic potential of 
HIF-1 via increased VEGF transcription and prolonged VEGF mRNA stabilization 44. 
Another paper suggested, however, that VEGF itself stimulated BCL-2 expression in 
breast cancer 45. Meanwhile, loss of BCL-2 fits to the model in which upregulation of 
HIF-α is associated with breast cancer aggressiveness, because loss of BCL-2 is 
associated with tumor aggressiveness 46. We described earlier that the rate of apop-
tosis and the levels of HIF-1α are both increased in aggressive breast cancers 47. 
This could be an epigenetic phenomena, but other studies indeed point to a direct 
apoptotic effect of HIF-1 when the cell losses control of homeostasis despite HIF-1 
activation 48. 
 
Conclusion 

HIF-1α overexpression is associated with increased proliferation, which may 
explain the adverse prognostic impact of increased levels of HIF-1α in invasive 
breast. In ER positive tumors HIF-1α is associated to p21, but not proliferation. This 
urges further functional analysis to unravel the role of HIF-1 in late cell cycle progres-
sion, and the link between HIF-1, p21 and ER. 
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BACKGROUND. B-cell lymphoma gene (BCL-6) upregulation contributes to im-
mortalization of mouse embryo fibroblast and primary B cells via upregulation of cy-
clin D1. As cyclin D1 overexpression is a common phenomenon in different cancers, 
BCL-6 protein overexpression may not be restricted to lymphomas. 

METHODS & RESULTS. In this study, expression of BCL-6 was investigated by 
immunohistochemistry on paraffin-embedded specimens from 150 breast cancer pa-
tients and 10 specimens of normal breast tissue. The results showed BCL-6 overex-
pression (≥10% of cells) in 24/150 (16%) breast cancer patients, whereas in normal 
breast low expression (<1%) of BCL-6 was observed. In linear regression analysis 
BCL-6 expression was associated with cyclin D1 (r=0.197, P=0.016). Further, in χ2 
analyses, BCL-6-positivity was associated with overexpression of p53 (P=0.016), and 
hypoxia-inducible factor-1α (P<0.001). Involvement of BCL-6 in breast carcinogene-
sis is further underscored by comparative genomic hybridization analysis that 
showed gains at the BCL-6 locus (3q27) in 14/86 (16%) breast cancer tissues. The 
cases with amplification in BCL-6 showed an increased (25%) incidence of BCL-6 
protein overexpression. 

CONCLUSIONS. Thus, this study is the first to show that BCL-6 oncogene activa-
tion plays a role in cancers other than lymphomas. 



 51

HE PROTO-ONCOGENE B-cell lymphoma gene 6 (BCL-6) is located on 3q27, which 
is the third most common translocated region in non-Hodgkin lymphoma (NHL). 

The BCL-6 gene encodes a protein that harbors transcriptional repressor activity 1. 
Genes carrying its recognition site in the promotor region include many lymphocyte 
activation genes such as MIP-1α and IP-10 and Blimp-1, and cyclin D2 

2. As yet, not 
all target genes of BCL-6 have been identified and its real impact and function is still 
not clarified. BCL-6 is believed to be involved in germinal center B-cell function and 
the immune response 3. Deregulation of BCL-6 seemed to be uniquely associated 
with lymphomagenesis, especially for non-Hodgkin B-cell lymphomas such as the 
diffuse large cell, follicular and marginal zone subtypes 4, with overexpression levels 
up to 90% 5. Recently, we reported the involvement of BCL-6 in mouse embryonic 
fibroblast senescence via upregulation of cyclin D1 

6, indicating a more general role 
for BCL-6 in oncogenesis. Cyclin D1 is frequently expressed in invasive breast cancer 
7, partly explained by amplification and estrogen receptor α (ERα) activation, but the 
mechanism is not clear in all cases. BCL-6 could be involved here. 

Therefore, we investigated if BCL-6 is expressed in invasive breast cancer and 
whether this is associated with expression of cyclin D1 and other biomarkers. We 
analyzed protein levels of BCL-6 by immunohistochemistry in 150 breast cancers 
previously characterized for expression of the hypoxia-inducible factor-1α (HIF-1α), 
cyclin D1 and other common clinicopathologic features 8. 
 

PATIENTS & METHODS 

Patients 

As described previously 8, a representative group of 150 breast cancer patients, 
diagnosed between 1985 and 1993 at the VU University Medical Center, Amsterdam, 
The Netherlands, was randomly selected. All patients underwent either breast con-
serving therapy or modified radical mastectomy. For all patients, axillary dissection 
including at least levels I and II was performed. Histological classification was per-
formed using the WHO criteria. Tumors were graded following the criteria of Elston 
and Ellis 9. The mitotic activity index (MAI) was assessed according to an established 
reproducible protocol 10. None of the patients received preoperative chemo-, hormo-
nal or radiotherapy. 

For comparative genomic hybridization, a separate group of 86 patients was 
used and has in part (n = 53) been described before 11, and was diagnosed between 
1993 and 1998 at the Department of Pathology of VUMC (n = 43) and the Medical 
Centre Alkmaar (Alkmaar, The Netherlands) (n = 43). These tumors had a mean size 
of 1.9 cm (range 0.5–6.5), and mean age at the time of diagnosis was 53, ranging 
from 28 to 84. 
 
Immunohistochemistry 

After deparaffination and rehydration, antigen retrieval for BCL-6 was performed 
in an autoclave (120°C, 20 min) with 4 µm thick slides placed in a citrate buffer (pH 
6). A mouse monoclonal antibody against BCL-6 (1 : 25, clone PG-B6P, DAKO, 
Glostrup, Denmark) was incubated 60 min at room temperature. The primary anti-
body was detected using a biotinylated rabbit anti-mouse antibody (DAKO). This sig-

T 
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nal was amplified by avidin–biotin complex formation and developed with diamino-
benzidine. Appropriate negative (obtained by omission of the primary antibody) and 
positive controls (normal tonsil with germinal centers) were used throughout. The 
percentage of tumor cells harboring nuclear BCL-6 expression was estimated in each 
case by one pathologist (PvD), who was blinded to any outcome. Staining and scor-
ing protocols for the other biomarkers have been described elsewhere 8. 
 
Comparative genomic hybridization 

Comparative genomic hybridization (CGH) was performed as described before 11 
on DNA extracted from frozen tumor tissue with the QiAmp Tissue Kit (Qiagen 
GmbH, Hilden, Germany). Results of tumor to normal fluorescence ratios with 95% 
confidence intervals were plotted in relative copy number karyotypes 
 
Statistical analysis 

Nonparametric χ2 and Mann–Whitney test (SPSS for Windows Version 9.0.1, 
1999, SPSS Inc., Chicago, IL, USA) were used to evaluate correlations. Traditional 
cutoff values for the other biomarkers were used. For BCL-6, a cut off value of 10% 
for high BCL-6 protein expression was chosen based on Ree et al. 12. 
 

RESULTS AND DISCUSSION 

BCL-6 immunohistochemistry  

In normal breast tissue (n = 10), weak nuclear staining (<1% of cells) of BCL-6 
was noted in glandular epithelial cells. In 53/150 (35%) cases of invasive breast can-
cer, BCL-6 nuclear expression (≥1%) was noted (mean 14%, range 1–75%). BCL-6 
overexpression (≥10%) was found in 24/150 (16%) breast cancers. Nuclear expres-
sion of BCL-6 was sometimes seen in adjacent morphologically normal breast, ductal 
hyperplasia of usual type and ductal carcinoma in situ (DCIS). A few cases showed 
nuclear expression of BCL-6 in DCIS but not in the invasive tumor. The staining pat-
tern of BCL-6 varied between scattered, diffuse (Figure 1A) and in two cases around 
necrotic tumor areas (Figure 1B).  

 
Thus, the dogma that BCL-6 overexpression is a unique feature of lymphomas 

FIGURE 1 Invasive ductal breast cancer showing diffuse (A) and perinecrotic (B) nuclear BCL-6 immunohistochemical 
staining (microscope magnification ×20). (for color plate see p.126) 
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should be discarded now that BCL-6 protein expression has been noticed in invasive 
breast cancer. Increased BCL-6 nuclear expression was seen in 35% of invasive 
breast cancers and BCL-6 protein overexpression was found in 16% of cases. Also, 
the recognized breast cancer precursor lesions ductal hyperplasia and DCIS showed 
increased expression sometimes. The expression was largely nuclear where the 
protein is functionally active, but in two tissues a strong diffuse cytoplasmic staining 
was seen, which could point to truncated forms or splice variants, sequestered in the 
cytoplasm.  
 
CGH: 3q27 gains and protein levels of BCL-6 

For determining a genetic basis of BCL-6 overexpression, we investigated 3q27 
gains in 86 breast cancers by comparative genomic hybridization (CGH). in a sepa-
rate patient group, in part (n = 53) described before 11. In 14/86 (16%) patients, a 
gain of 3q27, the BCL-6 locus was found. Paraffin blocks were available for 12 of 
these 14 patients. BCL-6 immunohistochemistry on these cases revealed that 3/12 
(25%) had overexpression (≥10%) of BCL-6, another three cases showed 5% of 
BCL-6 expression, two cases showed diffuse strong cytoplasmic expression, while in 
four of 12 (33%) cases no BCL-6 protein could be detected (Table 1). In our refer-
ence group of 150 breast cancers, 97 cases were completely BCL-6 negative 
(P=0.03, χ2 test) (Table 1). Four of the 14 cases with a gain of 3q27 (28%) had an 
amplification of 11q13 (locus of cyclin D1), while gain at 11q13 was seen in 24/86 
(28%) of the reference group (P=0.950). 
 

TABLE 1 Comparison in BCL-6 protein expression levels between the group with CGH detected gains in the 
BCL-6 locus and the original group of 150 breast cancer patients 

 BCL-6 protein expression  
 ≥ 10% ≥ 5% no expression Total 

     
Selected group with gains in BCL-6 locus 3 (25%) 3 (25%) 4 (33%) 12 (100%) 
     
Original group of 150 patients 24 (16%) 16 (11%) 97 (64%) 150 (100%) 

     
 

 
Genetic alterations are the main reason for the tumor biological activity of BCL-6 

in lymphomas. The data from this study imply that BCL-6 gene amplification could be 
responsible for protein overexpression in these cases, since the CGH data of 86 
breast cancers revealed a gain at the locus of BCL-6 (3q27) in 16% of cases, of 
which 25% had BCL-6 overexpression at the protein level. However, 33% of the 
3q27-positive cases showed no BCL-6 protein expression at all, which might be ex-
plained by promoter methylation, or post-transcriptional regulation of the gene. On 
the other hand, the gain may be due to amplification of another gene located at 3q27. 
 
Immunohistochemistry: association of BCL-6 with other markers  

As shown in Table 2, BCL-6 nuclear overexpression was significantly associated 
with overexpression of HIF-1α (P<0.001). HIF-1 is a transcription factor consisting of 
two protein subunits, HIF-1α and HIF-1β. While HIF-1β is constitutively present, HIF-
1α is under normoxia continuously degraded by the proteasome via ubiquitination by 
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the von Hippel–Lindau tumor suppressor E3 ligase complex 13.  
 

During hypoxia, ubiquitination of HIF-1α 
is blocked and HIF-1α becomes overex-
pressed, leading to the formation of the 
active HIF-1 complex in the nucleus. As a 
survival response, HIF-1 activates 
several target genes involved in angio-
genesis, and glucose/iron metabolism 
such as vascular endothelial growth 
factor, glucose transporter1, erythro-
poietin, transferrin and insulin growth 
factor-2 14. Recently, several other 
mechanisms of activating HIF-1 have 
been defined such as the tumor suppres-
sor genes p53, pVHL and PTEN, onco-
genes as HER-2/neu, and growth factors 
such as insulin-like growth factor-1 14. 
Hereby, a more direct role of HIF-1 in 
oncogenesis is postulated. This potential 
role of HIF-1 in cancer is elucidated by 
the presence of HIF-1α in different types 
of solid tumors 15, increased levels of 
HIF-1α during breast carcinogenesis 16 
and high levels predicting poor prognosis 
in lymph node-negative breast cancer 8. 
In this study, BCL-6 and HIF-1α overex-
pression were found to be positively cor-
related. As yet, the question arises 
whether BCL-6 is the next oncogene with 
HIF-1 activating capacity. 

 
BCL-6 bypasses the senescence re-

sponse in mouse embryonic fibroblasts 
and primary B cells by ignoring p53 and 
causing sequestration of p21 by cyclin D1 
6. As HIF-1α is strongly associated with 
p21 expression 17, this might explain the 
relation between HIF-1 and BCL-6 re-
ported in the present study. Growth in-

hibitory signals from hypoxia via the HIF-1 pathway would be counteracted by the 
presence of BCL-6 and BCL-6-regulated genes. The presence of high levels of p21 
would thereby reflect the initial response of the cells to stress from hypoxia.  

The current finding that HIF-1α is associated with BCL-6 raises the question as 
to how HIF-1, as a transcription factor, and BCL-6, as a transcription repressor, are 
related to each other. This is not unique for breast cancer, as we have also observed 

TABLE 2. Associations of BCL-6 protein expression 
with clinicopathologic variables in 150 invasive breast 
cancers. 

BCL-6 expression   
< 10% ≥ 10% P (χ2)* 

Histologic grade   
  Well 28 7 0.621 
  Moderate 43 6  
  Poor 55 11  
Mitotic Activity Index    
  ≤ 10 72 15 0.626 
  >10 54 9  
Lymph node status    
  Negative 65 16 0.174 
  Positive 61 8  
Tumor size    
  T1 (0-2 cm) 36 9 0.268 
  T2 (2-5 cm) 79 15  
  T3 (>5 cm) 11 0  
Age    
  < 55 year 42 6 0.422 
  ≥ 55 year 84 18  
HER-2/neu    
  Negative 108 18 0.189 
  Positive 18 6  
Estrogen Receptor    
  Negative  84 14 0.432 
  Positive 42 10  
Progesteron Receptor    
  Negative 75 17 0.297 
  Positive 51 7  
Ki-67    
  ≤ 10 % 61 10 0.544 
  > 10 % 65 14  
Cyclin D1    
  ≤ 10 % 107 17 0.095 
  > 10 % 19 7  
p21    
  ≤ 10 % 110 20 0.600 
  > 10 % 16 4  
p53    
  ≤ 5 % 98 13 0.016 
  > 5 % 28 11  
HIF-1α    
  ≤ 5 % 91 8 <0.001 
  > 5 % 35 16  
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concerted overexpression of HIF-1α and BCL-6 in diffuse largecell B-cell lymphomas 
(unpublished results). No hypoxia response element has been reported in the tran-
scriptional region of BCL-6. One possible explanation could be the repression of VHL 
by BCL-6. VHL degrades the HIF-1α protein by making it eligible for ubiquitination. 
Loss of VHL has already been associated with high levels of cyclin D1 

18. 
Downregulation of VHL by BCL-6 would lead to higher levels of HIF-1 α. However, 
to date we have no direct data to support this hypothesis. On the other hand, we also 
occasionally noticed BCL-6 expression in perinecrotic areas as for HIF-1α staining, 
implying that BCL-6 may be induced by hypoxia. Further research is definitely re-
quired to test these assumptions and hypotheses.  

BCL-6 nuclear overexpression was also significantly associated with p53 over-
expression (P=0.016). This finding might be due to the general genetic instability 
caused by p53 mutations, which might give rise to genetic alterations in the BCL-6 
gene. A trend was found with cyclin D1 (P=0.095), whereas other markers (Table 2) 
did not show a relationship with BCL-6. Linear regression analysis showed that HIF-
1α (r=0.225, P=0.006) and cyclin D1 (r=0.197, P= 0.016), but not p53, p21, MAI or 
tumor size, were associated with BCL-6 expression (Table 3).  

 
In addition, a strong positive association 

between overexpression of both p21 and cy-
clin D1 (P<0.001) was found in χ2 analysis 
(data not shown), confirming our previous 
results 19. 

In concordance with the potential of BCL-
6 to immortalize mouse embryonic fibroblasts 
by activating cyclin D1 

6, this study shows that 
BCL-6 and cyclin D1 overexpression are as-
sociated in breast cancer. This .finding might 
be important since many investigators have 
searched for the cause of cyclin D1 upregula-
tion in breast cancer, which is a common 
phenomenon which is just partly explained by 
a genetic alteration (amplification, transloca-
tion) involving the cyclin D1 gene at locus 
11q13 7. BCL-6 therefore seems to qualify as 

a next upregulator of cyclin D1. We found no correlation between 3q27 and 11q13 
gains in the present study, suggesting that there is no direct causal relationship be-
tween these genetic events in breast cancer. 

In conclusion, the BCL-6 locus is amplified and the BCL-6 protein is overex-
pressed in 16% of invasive breast cancers and is related to cyclin D1, p53 and HIF-1α 
overexpression. This is the first example of overexpression of BCL-6 in other malig-
nancies than lymphomas. Further research is necessary to investigate the potential 
carcinogenetic role of BCL-6 in breast cancer and other solid malignancies, and the 
potential therapeutic implications of these new findings. 
 

TABLE 3 Relationship between BCL-6 protein 
expression and different biomarkers in breast 
cancer using Pearson correlation test 

Biomarker  r * P 

Mitotic activity index 0.016 0.850 

Tumor size (cm) -1.08 0.189 

HIF-1α 0.225 0.006 

P53 0.007 0.930 

P21 0.093 0.258 

Cyclin D1 0.197 0.016 

*linear regression analysis with two-sided P 
values below 0.05 were regarded as significant. 
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BACKGROUND. . Hypoxia-inducible factor-1 (HIF-1) is the key transcription factor 
regulating the cellular response to hypoxia including angiogenesis. Growth factors 
play an important role in tumor growth and angiogenesis and some have been shown 
to be induced by HIF-1 in vitro. This study investigated if angiogenesis or growth 
factors or their receptors are associated with HIF-1α in invasive breast cancer. 

METHODS/RESULTS. High levels of HIF-1α, detected by immunohistochemis-
try in 45 breast cancers, were positively associated with increased microvessel den-
sity (as a degree for angiogenesis) (P=0.023). Further, high levels of HIF-1α were 
associated with epithelial expression of epidermal growth factor (EGFR) (P=0.011), 
platelet-derived growth factor (PDGF-BB) (P<0.001), and basic fibroblast growth 
factor (bFGF) (P=0.045). A positive, yet insignificant, trend for HIF-1α with epithelial 
expression of transforming growth factor (TGF) alpha (P=0.081) and vascular endo-
thelial growth factor (P=0.109) was noticed as well as an inverse association with 
stromal expression of TGFβ-R1 (P=0.070).  

CONCLUSIONS. In invasive breast cancer, HIF-1α is associated with angiogene-
sis, and expression of growth factors bFGF and PDGF-BB, and the receptor EGFR. 
Thus, agents targeting HIF-1 may combine different pathways of inhibiting breast 
cancer growth, including angiogenesis and growth factors. 



 59

T HAS BEEN WELL recognized that angiogenesis plays an important role in the devel-
opment, progression and dissemination of human breast cancer 1,2. In recent years, 

many growth factors, growth factor receptors and growth inhibiting factors have been 
shown to be expressed in invasive breast cancer. In a former study 3, we showed that 
the expression of such factors was correlated with angiogenesis in invasive breast 
cancer. Therefore, growth factors and their receptors are potential targets for anti-
angiogenesis therapy. Here we will rehearse shortly the characteristics of the growth 
factors investigated in this study.  

Probably the most well studied growth factor in breast cancer is vascular endo-
thelial growth factor A (VEGF-A). Several other members of the VEGF family have 
been cloned (VEGF-B, -C, and –D), but little is known about their function and regu-
lation 4,5. VEGF-A, a heparin-binding homodimeric glycoprotein, was originally identi-
fied as a factor that induces vascular permeability and endothelial growth. However, 
VEGF-A is also a potent initiator of angiogenesis and has been intensively studied as 
a therapeutic target 6. Increased levels of VEGF-A indicate poor prognosis in breast 
cancer 7. VEGF-A binds to its receptors VEGF R1 (also known as Flt-1) and VEGF 
R2 (also known as Flk-1 or KDR), which are characterized by a high affinity. In addi-
tion, VEGF-A can also bind to neuropilin-1 and neuropilin 2, but there is no evidence 
for intracellular signaling after binding of these proteins with VEGF-A 8,9,10. 
Structurally related to VEGF is platelet-derived growth factor (PDGF). PDGF is a 
dimer of two polypeptide chains (A and B). Several combinations of subchains (AA, 
AB, BB) are possible, but in this study we focus on PDGF-AA and its PDGF-α re-
ceptor (PDGFαR), and PDGF-BB and its PDGF-β receptor (PDGFβR), because of 
their presence in breast cancer. The physiologic role of PDGF is to control connec-
tive tissue growth 11. In cancer PDGF and its receptors stimulate microvascular 
sprouting by attracting pericytes and smooth muscle cells during angiogenesis 12. 
The growth inhibiting factors, transforming growth factor β-1 (TGFβ1) and TGFβ2 are 
homodimers that bind their receptor couple TGFβR-I and TGFβR-II. In general, the 
TGFβs contribute to the maturation phase of angiogenesis. At low doses, they 
stimulate angiogenic growth, but at high doses they block endothelial proliferation 
and stimulate smooth muscle cell differentiation and recruitment (angiogenic matura-
tion). 

Basic fibroblast growth factor (bFGF, also known as FGF-2) is a member of the 
large fibroblast growth factor family, which share their growth and differentiation po-
tential for cells of mesodermal and neuroectodermal origin. Due to its strong angio-
genic potential, bFGF is a well studied family member. bFGF is involved in different 
ways in the process of angiogenesis. One way is by stimulating the synthesis of 
plasminogen activator and other proteases which are involved in angiogenesis 13,14. 
Further, bFGF stimulates migration and DNA synthesis of endothelial cells in vitro 15. 

Transforming growth factor alpha (TGFα) is released by proteolysis of mem-
brane bound precursors, and binds to epidermal growth factor receptor (EGFR), 
which has sequence similarity to the HER-2/neu oncogene. EGFR can also be bound 
by epidermal growth factor (EGF). TGFα has a critical role in the normal and neo-
plastic development of the mammary gland 16. In recent years, multiple pharma-
cological agents counteracting EGFR have been developed and tested in clinical 
studies 17. Growing interest in the role of hypoxia during development of cancer and 

I 
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angiogenesis showed some striking relations to some of the above mentioned growth 
factors/receptors. This link was found by Semenza et al, who showed that the 
erythropoietin gene has a hypoxia response element (HRE) in its promoter region, 
which can be stimulated by the transcription factor Hypoxia-Inducible Factor-1 (HIF-
1) 18,19. In fact, HIF-1 regulates many more processes to survive cellular hypoxia 20. 
HIF-1 is a basic helix-loop-helix transcription factor, which consists of the two protein 
subunits HIF-1α and HIF-1β 21. HIF-1β is a constitutively expressed nuclear protein, 
while the HIF-1α protein is subject to ongoing proteolysis. Hypoxia will lessen prolyl 
hydroxylation and von Hippel-Lindau E3 ubiquitination, and thus block proteolysis of 
HIF-1α in an oxygen dependent manner 22,23. Therefore, levels of HIF-1α are closely 
correlated to the oxygen status of the cell. Besides this physiological induction, HIF-1 
can also be activated by oncogenes and tumor suppressor genes such as HER-
2/neu, PTEN, p53 and pVHL as reviewed elsewhere 24. Following overexpression of 
HIF-1α, the HIF-1 complex will be formed and activate many target genes including 
several growth factors and receptors, such as VEGF 25, TGFβ3 26, IGF-II 27 and 
VEGF R1 28 

In breast cancer, we have shown that HIF-1α is overexpressed in preinvasive 
and invasive cancer, especially in the poorly differentiated types 29. Further, we found 
that high levels of HIF-1α are associated with HER-2/neu overexpression and are 
independently correlated to poor prognosis in lymph node-negative breast cancer 30. 
The aim of this study was to investigate if levels of HIF-1α are related to angiogene-
sis and several growth (inhibiting) factors and their receptors in invasive breast can-
cer. 

MATERIAL AND METHODS 

At the department of Pathology (VU University 
medical center, Amsterdam) fresh operation speci-
mens from 45 invasive breast cancer patients were 
cut in slices of approximately 0.5 cm. Of each tumor 
one piece was snap-frozen in liquid nitrogen and 
stored at -80°C. The other tissue pieces were fixed in 
neutral 4% buffered formaldehyde and embedded in 
paraffin. Haematoxylin and eosin-stained sections 
were used for histological typing (according to the 
WHO) and grading 31. Tumor characteristics are 
shown in table 1. Anonymous use of redundant tumor 
material for research purposes is part of the standard 
treatment agreement with patients in our hospital 32. 
Paraffin-embedded 4 µm sections of two to four tissue 
blocks were cut for CD31 immunohistochemistry for 
selection of the most vascularized tumor area and 
microvessel counting. From the tumor block with the 
highest microvessel density an adjacent section was 
used for HIF-1α immunohistochemistry. 

Immunohistochemistry for the growth (inhibiting) 
factors and their receptors was previously done as described earlier in detail 33 on 4 

TABLE 1 Tumor characteristics of 45 
cases of invasive breast cancer 

Characteristic Number % 

Tumor Grade 
  

  I 14 31 
  II 19 42 
  III 12 27 

Tumor size 
  

  ≤ 2 cm 16 36 
  2-5 cm 27 60 
  ≥ 5 cm 2 4 

Tumor type 
  

  Ductal 39 87 
  Lobular 5 11 
  Medullary 1 2 

LN status 
  

  negative 25 56 
  positive 20 44 

ER status 
  

  negative 25 56 
  positive 20 44 
LN, lymph node; ER, estrogen 
receptor 
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µm cryostat sections. Staining in epithelium, stroma and blood vessels were as 
before scored by three observers as negative (<10% cells stained) or positive (�• 10% 
cells stained). CD31 immunohistochemistry was done as described earlier on paraffin 
sections 34. After staining multiple tumor blocks from each patient for CD31, an 
adjacent paraffin-embedded tumor tissue sections of the “hot spot tissue block” was 
used for HIF-1α immunohistochemistry. Both staining procedures are based upon an 
avidin-biotinyl peroxidase technique. After deparaffination and rehydration, the 
Catalyzed Signal Amplification System (DAKO, Glostrup, Denmark) was used for 
detecting HIF-1α as described before 29. In short, target retrieval solution (DAKO) 
was used for antigen retrieval with all slides placed in a water bath for 45 minutes at 
97°C. A cooling off period of 20 minutes preceded the incubation of the anti-HIF-1α 
mouse monoclonal H1α67 35 at a dilution of 1:500 (Abcam, Cambridge, United 
Kingdom). 
 
Microvessel counting 

Two to four paraffin-embedded tissue blocks were used for selection of the most 
vascularized tumor area (hot spot) for microvessel counting. Microvessels were 
counted by a strictly reproducible counting protocol in each available section by two 
observers, in the area subjectively having the highest microvessel density (MVD) at a 
400x magnification (objective 40x, field diameter 445 µm) in four fields of vision 
36,22,23,37,38. The highest MVD was used for correlation with HIF-1α. All microvessel 
counts in the hot spots of a tumor were converted to mm2 to obtain the hotspot MVD. 
The cut-off value for the hot-spot MVD for discriminating between high and low vas-
cularized tumors was 110 microvessels per mm2 (median).  
 
Data analysis 

For statistical analysis, (SPSS for Windows Version 9.0.1., 1999, SPSS Inc., 
Chicago, IL, USA) the nonparametric Chi-square or Fisher’s exact test was used to 
evaluate correlations between HIF-1α and MVD, individual growth factors, growth 
factor receptors, growth inhibiting factors. For the MVD the median was used as cut-
off value, for the growth factors/receptors 10% positivity of cells in either epithelium, 
stroma or vasculature was used as cutoff (as shown in Table 3). For HIF-1α 5% was 
used as cut off value as described previously 30. Two-sided P values below 0.050 
were regarded as significant. 
 

RESULTS 

HIF-1α overexpression was found in 25 (56%) out of 45 patients. The mean ex-
pression of HIF-1α was 13% (minimum 0%, maximum 80%) and the median was 5%. 
As noticed before 29,30, HIF-1α expression was predominantly perinecrotic, but occa-
sionally also seen in tumor fields without necrosis. 

As shown in table 2, high levels of HIF-1α were positively associated with in-
creased microvessel density (P=0.023), epithelial expression (≥10%) of EGFR 
(P=0.011), PDGF-BB (P<0.001), and bFGF (P=0.045). A positive but insignificant 
trend for HIF-1α with epithelial expression of TGFα (P=0.081) and VEGF (P=0.109) 
was found, and a trend for an inverse association between stromal expression of 
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TGFβR-II (P=0.070) and HIF-1α. All other factors showed no associations with HIF-
1α. 

 

DISCUSSION 

This translational study was undertaken to 
investigate if the in vitro associations between 
HIF-1 and angiogenesis, growth factors and 
their receptors can be reproduced in clinical 
human breast cancer.  

To our knowledge, this is the first study 
reporting a positive association between HIF-1α 
and a high microvessel density as a measure of 
angiogenesis in human breast cancer. These 
data are in line with other tumors like oligoden-
drogliomas 39, endometrial cancer 40, gastro-
intestinal stromal tumors of the stomach 41, and 
colorectal carcinomas 42, where also a positive 
association between HIF-1α and angiogenesis 
was found. Since both high levels of HIF-1α and 
a high microvessel density are associated with a 
poor prognosis in breast cancer 43, and because 
both are related to each other, there may be a 
rationale for anti-HIF-1 therapy in breast cancer. 
Therefore, 2-methoxyestradiol (2ME2) a novel 
anti-tumor and anti-angiogenic agent, is of 
special interest, because its anti-angiogenic 
mechanism is based on inhibition of the HIF-1 
pathway 44. However, other anti-HIF blocking 
agents (as comprehensively reviewed 
elsewhere 45), such as 17-AAG (HSP90 
inhibition), or YC-1 (unknown mechanism) may 
also block HIF-1 and angiogenesis, and the 

results of the ongoing clinical trials should be awaited to determine the clinically most 
effective anti-HIF-1 drug. 

In a tumor model it was suggested that HIF-1α causes the angiogenic switch via 
VEGF, independent from bFGF 46. This mechanism is widely accepted and confirmed 
in this study, but in this study we also found a positive association between HIF-1α 
on the one hand and EGFR, PDGF-BB, and bFGF on the other. Thus, our in vivo 
data also favor links to other growth factors than VEGF-A. Our data are further un-
derlined by our former study, where primarily associations between angiogenesis and 
bFGF, TGFα and EGFR expression in the tumor cells were found.; TGFβ2 in the 
stromal cells; and TGFα and TGFβ2 expression in the endothelium 47. This may 
make a case for combining anti-VEGF treatment with drugs inhibiting other growth 
factors in breast cancer patients. 

As mentioned above, we found a positive association between HIF-1α and 

TABLE 2 Significant and almost significant 
associations of HIF-1α expression with 
several growth factors and microvessel 

density (MVD) in 45 invasive human breast 
cancers.  

Level of HIF-1α   
< 5% ≥ 5% P (χ2) 

MVD    

  Low 14 9 
  High 6 16 

0.023 

EGFR* 
   

  ≤ 10 % 14 8 

  > 10 % 6 17 
0.011 

  

PDGF-BB*   
 

≤ 10 % 15 6 
> 10 % 5 19 

<0.001 

  

bFGF*   
 

≤ 10 % 14 10 
> 10 % 6 15 

0.045 

  

TGFα*   
 

≤ 10 % 14 11 

> 10 % 6 14 
0.081 

  
TGFβ-RII^   

 

≤ 10 % 10 19 

> 10 % 10 6 
0.070 

VEGF*    

≤ 10 % 12 9 
> 10 % 8 16 

0.109 

* epithelial expression, ^ stromal expression 
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EGFR, PDGF-BB, and bFGF. To date, two studies investigated the interaction be-
tween HIF and EGFR, and no HRE has been defined at the EGFR locus. The asso-
ciation between HIF-1α and EGFR might perhaps be explained by the sequence 
similarity of EGFR to the HER-2/neu oncogene. HER-2/neu is known to induce HIF-1 
activity 48 and both the EGFR and HER-2/neu proteins are receptors with tyrosine 
kinase activity. EGFR might be stimulated in an autocrine or paracrine fashion 
through TGF-α, which showed a nearly statistically significantly association with HIF-
1α. Otherwise, EGFR might be stimulated by Epidermal Growth Factor which has 
been shown to activate the PI3K/PTEN/AKT/FRAP pathway and thereby increase 
levels of HIF-1α in prostate cancer in vitro 49. In contrast, a central role for HIF-1 in 
oncogenesis was found by its activation of the TGF-α/EGFR pathway in a recent in 
vitro study in clear cell renal cell carcinomas 50. Thus, further research to elucidate 
these contradictive results seems necessary. 

The association between HIF-1α and PDGF-BB confirms the data of Kouremba-
nas et al, who showed that hypoxia induced mRNA expression of PDGF in vitro 51. 
To our knowledge, no functional HRE has been identified in the PDGF promoter, and 
the exact mechanism for upregulation of PDGF by hypoxia has still to be clarified. A 
putative HRE in the PDGF-B promoter was not eligible for hypoxic induction. Instead, 
it functioned as a hypoxia independent enhancer element in hepatocellular carci-
noma cells 52. However, it was recently suggested that the PDGF/PDGF-beta recep-
tor/Akt pathway induces downstream HIF-1α gene transcription. This was based on 
the observation that hypoxia induced time-dependent increases in expression of 
PDGF and permitted induction of survival genes in neuronal cells 53. Thus, PDGF 
may activate HIF-1 instead of the opposite.  

The association between HIF-1α and bFGF was noted before in non-small cell 
lung cancer 54, although no feasible explanation was given. Two in vitro studies ad-
dressed the interaction between HIF-1 and bFGF. One study showed that endothelial 
cells were during hypoxia more responsive to bFGF due to an increase in the en-
zymes GlnNAcT-I and HS2ST, which synthesizes heparan sulfate, which in turn act 
as a co-receptor for bFGF and were found to be upregulated by HIF-1 55. Another 
study showed a more direct interaction between growth factors and HIF-1 in serum-
starved cells 27. Here, besides insulin, IGF-1, IGF-2, and EGF also bFGF could in-
duce HIF-1α expression 27. For IGF-2 Feldser et al. further showed that there is a 
reciprocal regulation with HIF-1α, because IGF-2 was transcriptionally activated by 
HIF-1, although in the absence of a HRE. Such autocrine stimulation could also exist 
for bFGF and HIF-1α, because growth factor signaling is generally based upon this 
concept. Further research, investigating this hypothesis, seems justified for a better 
understanding of potential effects induced by anti-HIF-1 therapy.  

In conclusion, HIF-1α is associated with angiogenesis in human breast cancer 
and expression of growth factors PDGF-BB and bFGF, and growth factor receptor 
EGFR. Thus, development of drugs targeting HIF-1 may open up news ways of in-
hibiting breast cancer growth. 
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BACKGROUND. Hypoxia-inducible factor-1 (HIF-1) is a transcription factor that 
plays an important role in tumor growth and metastasis by regulating energy metabo-
lism and inducing angiogenesis to survive cellular hypoxia. Increased levels of HIF-
1α, the O2-regulated subunit of HIF-1, were noted during breast carcinogenesis. In 
this study, the prognostic value of HIF-1α expression and its correlation with various 
clinicopathologic variables in patients with invasive breast carcinoma were investi-
gated. 

METHODS. Expression levels of HIF-1α, HER-2/neu, estrogen receptor, and pro-
gesterone receptor were analyzed in 150 patients with early-stage breast carcinoma 
by immunohistochemistry. HER-2/neu gene amplification was investigated with auto-
mated fluorescent in situ hybridization. The mitotic activity index, histologic grade, 
and tumor type were assessed in hematoxylin and eosin stained specimens. Clinical 
data included disease-free survival, overall survival, lymph node status, and tumor 
size. The data were analyzed with two-sided univariate and multivariate tests, with P 
values < 0.05 considered significant. 

RESULTS. High levels of HIF-1α had an association of borderline significance 
with decreased overall survival (P=0.059) and disease-free survival (P=0.110) that 
was ascribed completely to the subgroup of women with lymph node negative tumors 
(n = 81 patients; P=0.008 and P=0.004, respectively). HER-2/neu immunoreactivity 
(P<0.001) and gene amplification (P<0.001), vascular endothelial growth factor ex-
pression (P=0.016), and Ki-67 expression (P<0.001) were correlated strongly with 
HIF-1α positivity, although none of those factors had an independent effect on sur-
vival. 

CONCLUSIONS. Increased levels of HIF-1α were associated independently with 
shortened survival in patients with lymph node negative breast carcinoma. Therefore, 
the use of immunohistochemical assessment of HIF-1α as a new predictor of poor 
outcome may improve clinical decision-making regarding adjuvant treatment of pa-
tients with lymph node negative breast carcinoma. 
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T HAS BEEN SHOWN that intratumoral hypoxia is a poor prognostic sign in tumors that 
are accessible for O2 measurements, such as carcinoma of the uterine cervix or the 

head and neck (for an overview, see Hockel and Vaupel 1). Hypoxic conditions that 
occur during embryogenesis, cardiovascular disease, and tumor development induce 
the activity of hypoxia-inducible factor 1 (HIF-1), the master regulator of cellular O2 
homeostasis 2. The transcriptional activity of a broad spectrum of genes is altered 
under hypoxic conditions by HIF-1 3. Protein products of these downstream genes 
function to increase O2 delivery or to activate alternate metabolic pathways that do 
not require O2. Thus, HIF-1 stimulates processes like angiogenesis, glycolysis, 
erythropoiesis, and (if these fail) apoptosis 2. The transcription factor HIF-1 consists 
of two subunits: HIF-1α represents HIF-1 activity, because it is overexpressed rapidly 
in response to hypoxic conditions 4,5,6,7, and HIF-1β is expressed constitutively. HIF-
1α protein has a very short half-life under normoxic conditions due to its continuous 
ubiquitination and proteosome-mediated degradation, which is inhibited by hypoxia 4 
and by p53 8 or von Hippel–Lindau (VHL) 9 tumor-suppressor gene defects, leading 
to stabilization of the HIF-1α protein. Upon stabilization, HIF-1α protein is transported 
into the nucleus, where it heterodimerizes with HIF-1β and binds to its DNA recogni-
tion sequence, 5’-RCGTG-3’, which is present within the hypoxia response element 
of various target genes 10. Activation of these genes by HIF-1 provides the cell with 
mechanisms to adapt to the changed environment, thereby stimulating cell survival 
10,11. 

By activating transcription of the gene encoding vascular endothelial growth fac-
tor (VEGF), HIF-1 plays a critical role in angiogenesis. Direct correlations between 
HIF-1, VEGF, and tumor angiogenesis have been demonstrated 8,10,12. HIF-1 expres-
sion may have prognostic and therapeutic consequences because angiogenesis is a 
prognostic indicator 13,14. Although the precise mechanism, and especially the initia-
tion, of tumor angiogenesis is not understood fully, anti-angiogenic therapies are un-
der rapid development and clinical evaluation 15. Along with intratumoral microvessel 
density, increased VEGF expression is associated with a poor prognosis; therefore. 
several new therapies for malignant disease are based on targeting VEGF 16. A 
correlation has been described between the intercapillary distance and the degree of 
hypoxia in cervical carcinoma, and this surrogate for hypoxia also has been identified 
as a poor prognostic sign 17. Otherwise, the clinical importance of tumor metabolism 
and the intratumoral pH 18 provide further theoretic support for the hypothesis that 
HIF-1 up-regulation has a negative effect on patient survival. Recently, we found in-
creased levels of HIF-1α during breast carcinogenesis, especially in poorly differenti-
ated lesions 19. In addition, it has been reported that levels of carbonic anhydrase IX, 
a downstream product of HIF-1, harbors prognostic potential in human breast carci-
noma 20. Thus, multiple mechanisms point to HIF-1 as a key regulator of tumor sur-
vival and progression in breast carcinoma. Based on these observations, we hy-
pothesized that levels of HIF-1α may have prognostic value in patients with invasive 
breast carcinoma.  

Recently, it was shown in a breast carcinoma cell line that a common genetic 
alteration in breast carcinoma, activation of the HER-2/neu oncogene, through the 
phosphatidylinositol-3-OH (PI-3) kinase pathway leads to such an increase in HIF-1α 
synthesis that not all HIF-1α produced can be degraded, thus activating HIF-1 21. To 

I 
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date, a few studies, all based on a relatively small number of patients, have investi-
gated the prognostic relevance of HIF-1 in human solid tumors, and none of those 
studies compared this relevance with that of HER-2/neu amplification. In patients with 
early cervical carcinoma (n = 91 patients) 22, oropharyngeal carcinoma (n = 98 pa-
tients) 23, oligodendrogliomas (n = 51 patients) 24, and nonsmall cell lung carcinomas 
(n = 108 patients) 25, high levels of HIF-1α predicted poor prognosis; however, the 
opposite was reported for lung carcinoma (n = 55 patients) 26 and head and neck 
squamous cell carcinoma (n = 69 patients) 27, whereas no effect on survival was no-
ticed in patients with ovarian carcinoma (n = 60 patients) 28. Therefore, studies based 
on adequate numbers of patients with long-term follow-up are needed to elucidate 
the prognostic relevance of HIF-1α in specific types of human malignancies. In addi-
tion, such studies should try to address the initiator(s) of HIF-1 activity: hypoxia 
and/or oncogene activation. 

In this study, the prognostic value of HIF-1α was investigated for the first time in 
a large group of 150 patients who had early-stage breast carcinoma with long-term 
follow-up. HIF-1α was related to other established prognostic factors, such as the 
proliferation rate (expressed as the mitotic activity index [MAI]) 29,30, histologic grade, 
lymph node status, and tumor size. In particular, HER-2/neu immunoreactivity and 
gene copy numbers were investigated. Furthermore, levels of HIF-1α were compared 
with levels of estrogen receptor (ER) and progesterone receptor (PR) as predictors of 
antihormone treatment response. In addition, the expression of VEGF was investi-
gated as a downstream effector of HIF-1.  
 

MATERIALS AND METHODS 

Patients 

A representative group of 153 patients with Stage I–II breast carcinoma who 
were diagnosed between 1985 and 1993 at the VU University Medical Center (Am-
sterdam, The Netherlands) was comprised as follows: A search in our tumor bank for 
patients with Stage I–II invasive breast carcinoma yielded 169 patients with paraffin 
blocks available. From these, adequate follow-up data were available on 153 pa-
tients, who were used for the current study. The mean age at the time of diagnosis 
was 60 years (range, 30–86 years). Anonymous use of redundant tumor material for 
research purposes is part of the standard treatment agreement with patients in our 
hospital. Breast-conserving therapy or modified radical mastectomy were the surgical 
procedures performed on the primary tumors. Axillary dissection, including at least 
levels I and II, was undergone by 150 of 153 patients. For consistency in statistical 
analysis, the three patients with unknown lymph node status were excluded from this 
study. All surgical specimens were fixed in neutral 4% buffered formaldehyde with 
minimal fixation delay.  

Invasive breast carcinomas were classified histologically according to the World 
Health Organization criteria as ductal (n = 129 tumors), lobular (n = 11 tumors), 
mucinous (n = 4 tumors), tubular (n = 3 tumors), cribriform (n = 1 tumor), medullary (n 
= 1 tumor), or metaplastic (n = 1 tumor) 31. Tumors were graded following the criteria 
of Elston as Grade 1 (n = 35 tumors), Grade 2 (n = 49 tumors), or Grade 3 (n = 66 
tumors) 32. The mean greatest tumor dimension was 2.6 cm (range, 0.7–7.0 cm) ac-
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cording to the TNM classification system (45 T1 tumors, 94 T2 tumors, and 11 T3 tu-
mors) 33. Locally advanced breast carcinomas (TNM Stage III) were excluded. The 
group included 81 patients (54%) with negative lymph node status and 69 patients 
(46%) with positive lymph node status. None of the patients received preoperative 
chemotherapy, radiotherapy, or hormone therapy. Only patients with positive lymph 
node status underwent axillary radiotherapy when they had four or more positive 
lymph nodes or extracapsular metastatic growth and received adjuvant chemother-
apy (cyclophosphamide, methotrexate, and 5-fluorouracil) when premenopausal or 
tamoxifen when postmenopausal. The follow-up was 26–174 months (mean, 106 
months) for surviving patients. During follow-up, 38 patients developed locoregional 
recurrence (n = 5 patients) and/or distant metastases (n = 36 patients), leading to 23 
disease-related deaths. Four additional patients died from causes other than breast 
carcinoma and were censored in the survival analysis.  
 

Immunohistochemistry 

Paraffin embedded tumor tissue sections were obtained from the archives of the 
Department of Pathology. Immunohistochemistry was performed on 4-µm thick sec-
tions. After deparaffinization and rehydration, the Catalyzed Signal Amplification 
System (DAKO, Glostrup, Denmark) was used for detecting HIF-1α, as described 
previously 19,34. Briefly, target retrieval solution (DAKO) was used for antigen retrieval 
with all slides placed in a water bath for 45 minutes at 97 °C. A cooling off period of 
20 minutes preceded the incubation of the anti-HIF-1α mouse monoclonal H1α67 at 
a dilution of 1:500 (Abcam, Cambridge, United Kingdom) 35. For ER, PR, and VEGF, 
antigen retrieval was performed in an autoclave with the slides placed in a citrate 
buffer, pH 6.0. Mouse monoclonal antibodies against ER (1:50 dilution; DAKO), PR 
(1:50 dilution; Novocastra Laboratories, Newcastle upon Tyne, United Kingdom), 
HER-2/neu (1:10,000 dilution; Dr. M. van der Vijver, Dutch Cancer Institute, Amster-
dam, The Netherlands), and a rabbit polyclonal antibody against VEGF (1:40 dilution; 
R&D systems, Abington, United Kingdom) were used. All primary antibodies were 
incubated overnight at 4 °C and were detected using a biotinylated rabbit antimouse 
(or swine antirabbit) antibody (DAKO). The signal was amplified by avidin-biotin com-
plex formation and was developed with diaminobenzidine followed by hematoxylin 
counterstaining. The sections were dehydrated in alcohol and xylene and were 
mounted on slides. 

Staining was scored by two observers who were blinded to clinical outcome. HIF-
1α was assessed with stereology-based, semiautomated immunoquantification with 
an interactive digitizing video overlay system (QPRODIT; Leica, Cambridge, United 
Kingdom). For HIF-1α, the 66.7th percentile (≥ 5% HIF-1α) was used as the cut-off 
value to be in balance with the expected number of events (1 in 3) in this study 
population. ER and PR status were determined by the Histoscore 36, in which a score 
≥ 100 was considered positive. The presence or absence of HER- 2/neu membrane 
staining was scored as positive or negative, respectively. Cytoplasmic VEGF expres-
sion as assessed as moderate or strong, as described previously 34. In the hematoxy-
lin and eosin stained sections, the MAI was counted, as described previously 37, with 
a traditional cut-off value of 10/ 1.6 mm2.  
 



 72

 
FIGURE 1. An immunohistochemical staining of hypoxia-inducible factor-1α in patients with invasive breast carcinoma. Definite 
nuclear staining is visible in perinecrotic areas. (for color plate see p.127) 

 
Fluorescence in Situ Hybridization 

The HER-2/neu gene copy number was determined by fluorescent in situ hy-
bridization using a United States Food and Drug Administration-approved, automated 
staining machine (Benchmark, Ventana), following the manufacturer’s recommenda-
tions in three consecutive rounds with altered digestion times until adequate signal 
was detected (137 of 150 tumors). Four or fewer copy numbers in single and 
nonoverlapping nuclei were considered normal, and more copy numbers were con-
sidered amplified. 
 
Statistical Methods 

For univariate survival analysis (SPSS for Windows, version 9.0.1; SPSS Inc., 
Chicago, IL), Kaplan–Meier curves were plotted, and differences between the curves 
were analyzed with the log-rank test. Multivariate survival analysis (Cox regression) 
was done to identify independent prognostic variables, with MAI, differentiation 
grade, tumor size, lymph node status, age, and HIF-1α expression entered as co-
variates. The entire patient cohort was included in this analysis as well as the sepa-
rate subgroups of patients with lymph node negative disease and lymph node posi-
tive disease. 

The nonparametric chi-square tests and Mann–Whitney tests were used to 
evaluate correlations between HIF-1α and tumor size, lymph node status, HER-2/neu 
expression. Two-sided P values <0.05 were considered significant.  
 

RESULTS 

Detectable levels of HIF-1α (expression in ≥ 1% of cells) were found in 75% of 
breast carcinomas. The mean level of nuclear staining for HIF-1α was 7% of cells 
(median, 1%; range, 0–79%). HIF-1α staining often was heterogeneous and was ob-
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served especially in viable cells surrounding areas of necrosis (Fig. 1).  
Univariate survival analysis for the whole group of patients showed a borderline 

inverse correlation between high levels of HIF-1α (≥ 5%), disease-free survival 
(P=0.110), and overall survival (P=0.059), as shown in Table 1 and Figure 2.  

 
TABLE 1. Univariate analysis of disease-free survival and overall survival results for the entire group of 150 

patients with stage I/II invasive breast carcinoma 

Variable N 
% 

disease 

% 
disease-

free 
P 

Log 
rank 

% 
dead 

% 
alive 

P  
Log 
rank 

HIF-1α          

  < 5% 99 21 79 0.110 2.55 11 89 0.059 3.56 
  ≥ 5% 51 33 67   24 76   

Mitotic activity index          

  ≤ 10 87 22 78 0.154 2.03 10 90 0.322 4.59 
  > 10 63 31 69   22 78   

Lymph node status           

  Negative 81 19 81 0.048 3.91 11 89 0.142 2.16 
  Positive 69 33 67   20 80   

Histologic grade          

  WelI 35 14 86 0.203 3.19 6 94 0.006 10.27 
  Moderate 49 26 71   8 92   
  Poor 66 31 71   26 74   

Tumor size          

  T1 (0-2 cm) 45 13 87 0.084 4.95 4 96 0.061 5.60 
  T2 (2-5 cm) 94 31 69   20 80   
  T3 (> 5 cm) 11 27 73   18 82   

Age          

  < 55 years 48 33 67 0.156 2.02 25 75 0.038 4.30 
  ≥ 55 years 102 22 78   11 89   
 

 
Multivariate survival analysis identified MAI, tumor size, and HIF-1α (hazard ra-

tio, 1.672; 95% confidence interval [95% CI], 0.882–3.170) as independent prognos-
tic indicators for the whole group of patients for disease-free survival. For overall sur-
vival, MAI and levels of HIF-1α (hazard ratio, 2.155; 95%CI, 0.951–4.885) were in-
dependent prognostic variables.  

 
 

FIGURE 2. Kaplan–Meier survival curves illustrating disease-free survival (A) and overall survival (B) for 150 breast carcinoma 
patients with low (< 5%) versus high expression levels of HIF-1α (≥ 5%) (mean follow-up, 106 months). 
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For the whole group of patients, 
high levels of HIF-1α expression (≥ 
5%) were associated significantly with 
poor histologic grade (P=0.011), in-
creased MAI (P=0.008), positive HER-
2/neu protein status (P=0.001) and 
gene amplification (P=0.001), strong 
VEGF expression (P=0.016), and loss 
of PR (P=0.017). A weak correlation 
was found between high levels of HIF-
1α and loss of ER (P=0.090). For HIF-
1α, no correlation was found with tu-
mor size, lymph node status, age, or 
menopausal status. The associations 
between levels of HIF-1α and the 
clinicopathologic variables described 
above are shown in Table 2. 
 

In the subgroup of patients with 
negative lymph node status (n = 81 
patients), univariate survival analysis 
revealed that high levels of HIF-1α 
were correlated strongly with short-
ened disease-free survival (P=0.004) 
and overall survival (P=0.008), as 
shown in Figure 3 and Table 3. For 
disease-free survival, MAI, tumor size, 
and HIF-1α expression (hazard ratio, 
4.194; 95% CI, 1.456–12.079) were 
independently predictive in 
multivariate analysis for this subgroup; 
and, for overall survival, both MAI and 
HIF-1α expression (hazard ratio, 
6.365; 95% CI, 1.321–30.666) were 
independently predictive in 
multivariate analysis in this subgroup, 
as summarized in Table 4. In the 
same subgroup of patients, high levels 
of HIF-1α were associated significantly 
with increased histologic grade 
(P=0.003), high MAI (P=0.003), 
positive Ki-67 status (P=0.001), and 
positive HER-2/neu protein and gene 
amplification status (P=0.001 for both). 
The positive association between 

increased tumor size (P=0.054), loss of PR (P=0.099), and increased levels of HIF-

TABLE 2 Association of hypoxia-inducible factor-1α ex-
pression with known clinicopathological features in a 
group of 150 patients with stage I/II invasive breast 

carcinoma.  
 HIF-1α level   

N <5% ≥5% P (χ2) 

Histologic type     

  Ductal 129 83 46 NA 
  Lobular 11 8 3  
  Tubular 3 3 0  
  Mucinous 4 3 1  
  Metaplastic 1 1 0  
  Medullary 1 0 1  
  Cribriform 1 1 0  

Histologic grade     

  Well 35 26 9 0.011 
  Moderate 49 38 11  
  Poor 66 35 31  

Mitotic Activity Index     

  ≤ 10 87 65 22 0.008 
  > 10 63 34 29  

Ki-67     

  < 10 % 71 58 13 <0.001 
  ≥ 10 % 79 41 38  

Estrogen receptor     

  Negative 98 60 38 0.090 
  Positive 52 39 13  

Progesterone 
receptor 

    

  Negative 92 54 38 0.017 
  Positive 58 45 13  

HER-2/neu     

  Negative 126 91 35 <0.001 
  Overexpressed 24 8 16  

HER-2/neu gene 
copy number 

    

1-4 115 84 31 <0.001 
> 4 22 6 16  

VEGF expression     

  Weak 35 29 6 0.016 
  Strong 115 70 45  

Tumor size     

  T1 (0-2 cm) 45 33 12 0.355 
  T2 (2-5 cm) 94 58 36  
  T3 (> 5 cm) 11 8 3  

Age     

  < 55 years 48 35 13 0.220 

  ≥ 55 years 102 64 38  

Lymph node status     

  Negative 81 51 30 0.395 
  Positive 69 48 21  
NA, not applicable 
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1α approached the level of signi-ficance. No correlation was found with menopausal 
status, VEGF expression (P=0.194), or ER status (P=0.383). 

 
FIGURE 3. Kaplan–Meier survival curves illustrating disease-free survival (A) and overall survival (B) for 81 patients who had 
lymph node negative breast carcinoma with low expression levels of hypoxia-inducible factor-1α (HIF-1α (< 5%)) versus high 
expression levels of HIF-1α (≥ 5%) (mean follow-up, 106 months). 
 
 

TABLE 3. Univariate analysis of disease-free survival and overall survival results for the subgroup of patients 
with lymph node negative invasive breast carcinoma. 

Variable N 
% 

disease 

% 
disease-

free 
P 

Log 
rank 

% 
dead 

% 
alive 

P  
Log 
rank 

HIF-1α          

  < 5% 51 10 90 0.004 8.39 4 96 0.008 7.02 
  ≥ 5% 30 37 63   23 77   

Mitotic activity index          

  ≤ 10 54 11 89 0.009 6.80 6 94 0.016 5.81 
  > 10 27 33 67   12 78   

Histologic grade          

  WelI 28 14 86 0.049 6.03 7 93 0.007 9.80 
  Moderate 26 8 92   0 100   
  Poor 27 33 67   26 74   

Tumor size          

  T1 (0-2 cm) 34 6 94 0.040 6.42 0 100 0.024 7.44 
  T2 (2-5 cm) 46 28 72   20 80   
  T3 (> 5 cm) 1 0 100   0 100   

Age          

  < 55 years 22 27 73 0.242 1.37 18 82 0.243 1.36 
  ≥ 55 years 59 15 85   8 92   

 

 
However, in the subgroup of patients with positive lymph node status, neither 

univariate analysis nor multivariate analysis established an association of HIF-1α 
levels with disease-free survival or overall survival. In this subgroup, high levels of 
HIF-1α were associated with positive Ki-67 status (P=0.035) and strong VEGF ex-
pression (P=0.038). High levels of HIF-1α approached the level of statistical signifi-
cance in combination with the loss of ER (P=0.075) and PR (P=0.085) and positive 
HER-2/neu protein status (P=0.122): The latter was confirmed by a significant 
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positive correlation between the presence of HER-2/neu gene amplification and high 
HIF-1α levels (P=0.036). In relation to levels of HIF-1α, no correlations were found 
for histologic grade, high MAI (P=0.284), tumor size (P=0.700), or menopausal status 
in patients with positive lymph nodes.  
 

TABLE 4. Hazard ratios, 95% confidence intervals, and P values for variables with independent prognostic value 
in a Cox regression analysis of patients with stage I/II invasive breast carcinoma using hypoxia-inducible factor-

1α, the mitotic activity index, differentiation grade, tumor size, lymph node status, and age as covariates  

  Disease-free survival Overall survival 

  HR 95% CI P HR 95% CI P 

Whole group (n = 150)       
  MAI 1.580 0.836-2.986 0.159 2.425 1.049-5.607 0.038 
  Tumor size 1.664 0.964-2.874 0.068 - - - 
  HIF-1α 1.672 0.882-3.170 0.115 2.155 0.951- 4.885 0.066 

Negative lymph node status (n = 81)       
  MAI  3.114 1.158-8.377 0.025 4.709 1.175-18.881 0.029 
  Tumor size 2.631 0.962-7.193 0.060 - - - 
  HIF-1α  4.194 1.456-12.079 0.008 6.365 1.321-30.666 0.021 

Positive lymph node status (n = 69)       
  MAI 0.812 0.350-1.880 0.626 1.341 0.465-3.870 0.587 

 

DISCUSSION 

For the first time, the current study showed that levels of HIF-1α were a strong 
and independent prognostic indicator in patients with invasive breast carcinoma. This 
confirmed our hypothesis, based on the knowledge that the presence of hypoxia in a 
tumor reflects a poor prognosis 1, that increased levels of HIF-1α occur especially in 
patients with poorly differentiated breast lesions 19. Subgroup analysis showed that 
this could be explained completely by the group of lymph-node negative patients, as 
in lymph-node positive patients, levels of HIF-1α were not predictive. This finding 
suggests that levels of HIF-1α may be used to select highrisk patients with negative 
lymph node status who would benefit from systemic adjuvant therapy.  

Another important finding was the association between overexpression of HER-
2/neu and HIF-1α that provided clinical confirmation of the recent demonstration that 
HER-2/neu activation induces HIF-1α synthesis in breast carcinoma cells through ac-
tivation of the PI-3-kinase/protein kinase β (AKT)/FKBP-rapamycin-associated protein 
(FRAP) signal-transduction pathway 21. Loss-of-function mutations in the tumor sup-
pressor genes encoding p53, phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN), and VHL also result in increased HIF-1α expression in human ma-
lignancies. Whether levels of HIF-1α represent the degree of cellular hypoxia or 
mainly point to oncogene activation has not been elucidated to date. In this study, we 
provided clinical confirmation of the important association between HIF-1α expres-
sion and the amplification and overexpression of HER-2/neu. It is interesting to note 
that the survival analysis showed no significance for HER-2/neu gene amplification or 
overexpression (data not shown), suggesting that HIF-1α overexpression in breast 
carcinoma not only is oncogene-related but probably also is hypoxia-related, be-
cause there were more HIF-1α-overexpressing tumors than tumors harboring HER-
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2/neu amplification. 
If levels of HIF-1α reflect reduced intratumoral O2 concentrations, then hypoxia 

should be a contributing factor to the poor patient outcome observed in this study. No 
studies measuring O2 tension in breast carcinoma in relation to patient survival have 
been published; however, in patients with cervical carcinoma, it is known that in vivo 
intratumoral hypoxia predicts poor survival 1. In the current study and in our previous 
report 19, HIF-1α staining often was observed in viable cells surrounding areas of 
necrosis, suggesting that hypoxia contributes to HIF-1α up-regulation in breast carci-
noma. Adaptation to hypoxia is mediated by HIF-1, which stimulates angiogenesis 
(through VEGF) and high and anaerobic metabolism (through glucose transporters 
and glycolytic enzymes). It has been shown that high microvessel density, VEGF 
overexpression, and increased lactate production are associated with a poor progno-
sis in human malignancies 13,14,16. Similar to the results from our previous study 19, we 
found that high levels of HIF-1α were correlated with overexpression of VEGF, one of 
its main downstream effectors, confirming angiogenesis as one of the proposed 
mechanisms by which HIF-1 activation stimulates tumor growth and metastasis. 

Analysis of other clinicopathologic variables in this study confirmed our previous 
data 19, revealing a positive association between increased proliferation, poor his-
tologic grade, and high levels of HIF-1α. The finding that HIF-1α expression is asso-
ciated with these markers of tumor aggressiveness is consistent with our demonstra-
tion that high HIF-1α levels are associated with a poor prognosis. Furthermore, in our 
previous study 19, in which we analyzed breast tissue specimens ranging from normal 
to invasive carcinoma, we reported that levels of both HIF-1α and ER were increased 
during breast carcinogenesis, but there was no association within the subgroup of 
patients with invasive disease (unpublished data). In the current study, we only in-
vestigated invasive breast carcinoma; and it is interesting to note that we observed a 
negative association for PR and the same trend for ER status and levels of HIF-1α. 
In fact, this correlation is consistent with the prognostic value of HIF-1α, because loss 
of the steroid receptors characterizes tumor aggressiveness. 

For patients with breast carcinoma, systemic adjuvant treatment of all patients 
with negative lymph node status will lead to significant overtreatment and, thus, is 
rejected by most clinicians. Therefore, accurate identification of patients who are at 
risk of developing recurrent disease and who may benefit from systemic adjuvant 
therapy is needed urgently. Our data suggest that high HIF-1α levels may identify 
these patients with lymph node negative breast carcinoma. This intriguing finding 
may be explained by the fact that HIF-1 has an important role in the process of me-
tastasis development 3 and, thus, harbors prognostic significance in patients with 
negative lymph nodes. Agents that inhibit HIF-1 activity, therefore, have potential ef-
ficacy as adjuvant therapy. The clinical relevance of targeting HIF-1 is suggested by 
therapies that target either VEGF specifically or angiogenesis in general. HIF-1α 
overexpression may explain the resistance of hypoxic tumor cells to chemotherapy or 
radiation therapy, as demonstrated recently for squamous cell oropharyngeal tumors 
23. Tumor xenograft studies targeting HIF-1, either by disruption of its interaction with 
coactivators p300 and cyclic AMP regulatory element-binding protein or by admini-
stration of antisense HIF-1α plasmids, have provided evidence that this approach, 
perhaps in combination with conventional treatment, warrants clinical consideration. 
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This study underlines the rationale for this approach in patients with breast carci-
noma. 
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BACKGROUND. Variable uptake of the glucose analog 18fluorodeoxyglucose 
(FDG) has been noticed in positron emission tomography (PET) studies of breast 
cancer patients, with low uptake occurring especially in lobular cancer. At present, no 
satisfactory biologic explanation exists for this phenomenon. This study compared 
18FDG uptake in vivo with biomarkers expected to be involved in the underlying 
biologic mechanisms. 

METHODS. Preoperative 18FDG-PET scans were performed in 55 patients. 18FDG 
activity was assessed visually by three observers using a four point score. Tumor 
sections were stained by immunohistochemistry for glucose transporter-1 (Glut-1); 
Hexokinase (HK) I, II, and III; macrophages; hypoxia inducible factor-1-alfa (HIF-1α); 
vascular endothelial growth factor (VEGF165); and microvessels. Mitotic activity index 
(MAI), amount of necrosis, number of lymphocytes, and tumor cells/volume were 
assessed. 

RESULTS. There were positive correlations between 18FDG uptake and Glut-1 
expression (P<0.001), MAI (P=0.001), amount of necrosis (P=0.010), number of 
tumor cells/volume (P=0.009), expression of HK I (P=0.019), number of lymphocytes 
(P=0.032), and microvessel density (r=0.373; P=0.005). HIF-1α, VEGF165, HK II, HK 
III, and macrophages showed no univariate correlation with 18FDG. In logistic 
regression, however, HIF-1α and HK II added value to MAI and Glut-1. 

CONCLUSIONS. 18FDG uptake in breast cancer is a function of microvasculature 
for delivering nutrients, Glut-1 for transportation of 18FDG into the cell, HK for entering 
18FDG into glycolysis, number of tumor cells/volume, proliferation rate (also reflected 
in necrosis), number of lymphocytes (not macrophages), and HIF-1α for upregulating 
Glut-1. Together, these features explain why breast cancers vary in 18FDG uptake 
and elucidate the low uptake in lobular breast cancer.  
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N 1930, WARBURG et al 1 discovered that tumors are characterized by the produc-
tion of lactate (caused by glycolysis) despite the presence of sufficient oxygen, 

indicating the importance of cell metabolism in tumor biology. A new impulse was 
given to interest in this phenomenon by Weber 2, who described the role of key 
isoenzymes in tumor metabolism. This knowledge cumulated in the use of several 
metabolic isoenzymes (eg, lactate dehydrogenase) for the prediction of prognosis 
and monitoring of treatment response 3. At the end of the last millennium, the hypoxia 
inducible factor-1 (HIF-1) gene was discovered, which gave more insight into the 
intracellular regulation of oxygen and metabolic homeostasis 4. Hypoxia was shown 
to upregulate the HIF-1 complex, a transcription factor, which stimulates the cell to 
survive hypoxic conditions by inducing glycolysis, angiogenesis, and erythropoiesis 5. 
In addition, several oncogenes (eg, v-SRC and h-RAS) were found to upregulate 
HIF-1, providing a possible genetic explanation for the Warburg effect 6. Levels of 
HIF-1-alfa (HIF-1α), one of the two subunits of the HIF-1 complex, are representative 
of the activity of HIF-1 5. It was demonstrated that overexpression of the HIF-1α 
protein occurs in ductal carcinoma-in-situ and invasive breast cancer 7. 

Positron emission tomography (PET) provides the opportunity to study tumor 
metabolism in vivo 8,9. Glucose metabolism can be assessed using the glucose 
analog 18F-2-fluoro-2-deoxy-D-glucose (18FDG) 9. In breast cancer this technique has 
been used for tumor detection and staging 10, to obtain long-term prognostic 
information 11, and to identify tumor response to chemotherapy at an early phase of 
treatment 12,13,14,15. 

Surprisingly, after 20 years of research, the underlying mechanisms for 18FDG 
uptake in tumors are still a matter of debate. Interestingly, different patterns of 18FDG 
uptake can be distinguished between different tumor types. For example, the majority 
of bronchioloalveolar lung carcinomas are PET negative, in contrast to the other 
histologic types of lung carcinomas, which all show avid uptake 16. In breast cancer, 
the degree of 18FDG uptake seems to be more heterogeneous in comparison to many 
other cancers 10, which has been the main reason for the present investigation of the 
causal mechanism that determines 18FDG uptake in breast cancer. 

Several processes determine glucose and, thus, 18FDG uptake by the cell. Of 
major importance is the integrity of the vascular network that is necessary for the 
supply of nutrients, including glucose, and oxygen to the cell 17. Subsequent cellular 
uptake of the nutrients is regulated by various transporters at the cell membrane 18. 
The most common glucose transporter expressed in all tissues is glucose trans-
porter-1 (Glut-1), which is insulin independent 19. When glucose has entered the cell, 
hexokinases (HKs) are necessary to phosphorylate glucose into glucose-6-
phosphate. This is the last key regulatory step, and from here glucose follows the 
process of glycolysis. 18FDG follows the same pathway as glucose, but, after 
phosphorylation, 18FDG is not further metabolized. The proportion of cellular 
metabolic rate and oxygen status will further determine whether glycolysis will occur 
under aerobic or anaerobic conditions. These essential features for glucose 
metabolism (angiogenesis, transmembrane transport, phosphorylation of glucose, 
and cellular metabolic rate) are all known to be upregulated in cancer 20. 
Upregulation of glucose transporters, HKs, and vascular endothelial growth factor 
(VEGF), which induces angiogenesis, is also known to be part of the downstream 

I 
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effects of HIF-1 activation, which, therefore, serves as a promising therapeutic target 
21. 

In the search for a biologic explanation of the variable 18FDG uptake in breast 
cancer, several biomarkers representing the above-described biologic model can be 
considered. We determined several parameters that are involved in the rate of 
glucose metabolism in the primary tumor of 55 breast cancer patients who underwent 
PET scanning: Glut-1 as the key glucose membrane transporter; the HKs I, II, and III 
as key glucose phosphorylators; HIF-1α as upregulator of Glut-1 and VEGF; VEGF165 
as major angiogenic factor in breast cancer; the intratumoral microvessel density as 
measure for the microvascular network; mitotic index as a measure of tumor cell 
proliferation; the presence of necrosis, reflecting that proliferation outnumbers 
vascular supply; and the presence of macrophages and lymphocytes as possible 
confounding active metabolic cells. Finally, we measured tumor cell density to correct 
for cellularity. Defining a correlation between these biomarkers and 18FDG-PET 
imaging may lead to a better understanding and interpretation of 18FDG-PET scans in 
breast cancer. To highlight the clinical importance of the variables described above to 
determine 18FDG uptake, we tested whether the low 18FDG signal usually seen in 
lobular breast cancers 10 could be explained.  
 

PATIENTS AND METHODS 

Patients 

The study group comprised 54 women diagnosed with primary breast cancer 
between 1998 and 2000 at the Amstelveen Hospital (42 patients), Amstelveen, and 
the Vrije Universiteit Medical Center (12 patients), Amsterdam, the Netherlands. Only 
patients with cytologically-proven (fine-needle biopsy) or histologically-proven (core 
biopsy) breast cancer were invited to participate in this study and provided informed 
consent. No other selection criteria were applied. As PET scans were primarily 
performed for diagnostic reasons, special ethical approval was not required. One 
patient had two primary breast cancers, one in each breast. The patients’ ages 
ranged from 34 to 85 years, with a mean of 60.4 years, 10 patients (19%) being 
premenopausal and 44 (81%), postmenopausal at the time of diagnosis. None of the 
patients had diabetes mellitus. After PET scanning, excision biopsy or mastectomy 
with sentinel node guided axillary lymph node dissection were the surgical 
procedures used for all patients (except for two who did not undergo lymph node dis-
section).  

All specimens were fixed in neutral 4% buffered formaldehyde for at least 12 
hours. The group included 29 (54%) lymph node–negative and 24 (43%) lymph 
node–positive cancers, and the nodal status was not investigated for two cancers. 
None of the patients received any preoperative chemotherapy, hormonal therapy, or 
radiotherapy.  

The 55 primary tumors were histologically classified as invasive ductal (n = 39); 
invasive lobular (n = 11); invasive mucinous carcinoma (n = 2); and one each of 
invasive cribriform, medullary, and papillary carcinoma. The mean tumor diameter 
was 2.4 cm, ranging from 0.5 to 5.5 cm (after the tumor-node-metastasis system 
classification: four T1, 27 T2, and 24 T3 tumors). 
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PET Imaging 

Before the operation, patients fasted at least 6 hours before scanning, and 
serum glucose was measured just before the intravenous administration of 370 MBq 
18FDG in the contralateral arm. The 18FDG was produced by Cyclotron BV at Vrije 
Universiteit. Patients remained supine until the acquisition started, 60 minutes later. 
The acquisition protocol involved two-dimensional emission scans of the breast and 
axilla (two bed positions, 15 minutes each), with patients in supine position. Scans 
were acquired with an ECAT Exact HR+ PET scanner (Siemens/CTI, Knoxville, TN). 
Emission data were not corrected for attenuation and were reconstructed with filtered 
back projection. Spatial resolution of the reconstructed images was approximately 7 
mm full width at half maximum. 
 
Immunohistochemistry 

Table 1 lists all antibodies, dilutions, incubation times, and antigen retrieval 
methods used. Immunohistochemistry was performed on 4-µm thick tissue sections. 
After deparaffination and rehydration, endogenous peroxidase activity was blocked 
for 30 minutes in a methanol solution that contained 0.3% hydrogen peroxide. After 
antigen retrieval, a cooling-off period of 20 minutes preceded the incubation of the 
primary antibody. All antibodies were detected with a standard avidin-biotinyl 
complex method: a biotinylated rabbit antimouse antibody (DAKO, Glostrup, 
Denmark) and an avidin-biotinyl complex (DAKO), except for CD31, detected with the 
Labvision kit (DAKO), and HIF-1α, detected with the catalyzed signal amplification kit 
(DAKO) as described previously 7. All stainings were developed with diaminoben-
zidine and counterstained for 30 seconds with hematoxylin and eosin. Appropriate 
negative (obtained by omission of the primary antibody) and positive controls were 
used throughout. 
 

TABLE 1 Antibodies, dilution, incubation and detection methods 
Antibody∗ Company Dilution Incubation Antigen retrieval Detection 

HIF-1α  Semenza   1/500 30'  20 °C WB  TRS  95 °C  45' CSA 
CD31 DAKO 1/40 60'  20 °C AC Citr. 122 °C  20' Labvision 
VEGF165 R&D 1/40 o/n   4 °C MW Citr.  95 °C  10' ABC 
Glut-1 DAKO   1/200 60'  20 °C MW Citr.  95 °C  10' ABC 
Hk I Chemicon   1/100 60'  20 °C MW Citr.  95 °C  10' ABC 
Hk II Chemicon     1/5000 60'  20 °C MW Citr.  95 °C  10' ABC 
Hk III Chemicon   1/200 60'  20 °C MW Citr.  95 °C  10' ABC 
CD68 DAKO   1/400 60'  20 °C MW Citr.  95 °C  10' ABC 
Abbreviations: Semenza, G.L. Semenza, Institute of Genetic Medicine, Johns Hopkins University School of Medicine, USA; 
R&D, R&D systems, Abingdon, United Kingdom; Chemicon, Chemicon International, Inc. Temecula, CA, USA; o/n, overnight; 
WB, waterbath; AC, autoclave; MW, microwave; TRS, target retrieval solution (DAKO); Citr, citrate buffer pH 6.0; CSA, 
catalyzed signal amplification; ABC, avidin-biotinylated peroxidase complex. 
*All antibodies are mouse monoclonal, except VEGF165 which is goat polyclonal 

 
Data Analysis 

PET images were analyzed visually, using 10 slices in axial, coronal, and sagittal 
axes, by three independent observers blinded to clinical history and outcome. 
Scoring was graded as negative (grade 0), weak (grade 1), moderate (grade 2), or 
intense (grade 3) for the primary tumor. The score of the three observers were 
summed to obtain a score between 0 and 9. The interobserver correlation was high 
(intraclass coefficient, 0.92; 95% confidence interval, 0.88 to 0.98).  
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On the basis of the median PET intensity score of all patients, patients were 
regarded to have high 18FDG accumulation when all three observers independently 
scored the maximum intensity (grade 3); all other patients were classified as having 
low 18FDG accumulation. For statistical tests based on nominal values, the sum of the 
three scores were used.  

Also, tumor to nontumor (T/N) ratios were determined by image analysis as 
follows. The hot spot of the tumor was interactively marked in the plane where the 
tumor was best visible, and regions of interest were then automatically set, using a 
region-growing algorithm, around the tumor area and in the corresponding normal 
tissue in the contralateral breast in all the planes where the tumor was found. The 
three-dimensional volumes of interest included all pixels within a 50% isocontour of 
the maximum pixel value of the tumor. The automatic results were interactively cor-
rected if necessary. A good correlation (χ2, P<0.001, or r=0.63) between visual 
analysis and T/N ratios was demonstrated (visually low, T/N 5 ± 1.5 SE; visually high, 
T/N 16 ± 2.1 SE). We preferred visual scoring because of the absence of attenuation 
correction.  

The fraction of nuclei with expression of HIF-1α was estimated as described 
before 7, only regarding homogenously and darkly stained nuclei as positive. Within 
the CD31-stained slides, the microvessel hotspot was identified, and microvessels 
were counted at a ×40 magnification in four adjacent fields of vision representing 0.6 
mm2, according to Weidner et al 22,23 as described before 24,25, expressing counts as 
microvessels per millimeter squared. Also, a global microvessel density per millimeter 
squared was assessed in 25 systematic adjacent diagonal fields of the tumor. Tumor 
cytoplasm was scored for VEGF165 and HK isoforms I, II, and III as negative, weak, 
positive, and strong positive, ignoring nuclear staining, which was frequently noted 
for all HKs. The percentage of cells with Glut-1 membrane staining was estimated, 
and its presence was interpreted as overexpression. The number of CD68-positive 
macrophages was semiquantitatively scored as none, occasional, moderately 
frequent, or frequent.  

In the hematoxylin-eosin–stained sections, the percentage of necrotic tumor 
volume was estimated, and the degree of lymphocyte infiltration was semiquantita-
tively scored as none, slight, moderate, or severe. In the same slide, the MAI was 
assessed as described before 26, by counting the total number of mitoses in 10 
adjacent high-power fields (1.6 mm2 in total). Tumor cell density was semiautomati-
cally assessed with an interactive digitizing video overlay system (QPRODIT; Leica, 
Cambridge, United Kingdom) as described before 27. Using a four-point Weibel grid 
overlaid on the microscope image of the computer screen, grid points that overlaid 
tumor epithelium or stroma were registered in 100 fields, systematically spread over 
the whole tumor area, and the area percentage tumor epithelium was calculated. All 
cases were scored with researches blinded to all other biomarkers and 18FDG-
uptake.  
 
Statistical Methods 

For statistical evaluation (SPSS for Windows v9.0.1; SPSS Inc, Chicago, IL), the 
nonparametric χ2 test for determining correlations between 18FDG accumulation 
(grouped as low v high) and the other variables were performed. Median values were 
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used as a cutoff level, except for the MAI (cutoff, 10) and HIF-1α (cutoff, 1%), for 
which previously established values were chosen 7. P values less than 0.05 were 
regarded as significant. In addition, correlations between the nominal PET score (0-
9) and the other nominal variables were tested using the bivariate Pearson correla-
tion test. Finally, stepwise logistic regression analysis was performed to investigate 
which combination of parameters best explained 18FDG uptake.  
 

RESULTS 

Variable 18FDG uptake was seen between patients, as shown by the distribution 
of nominal PET values in Fig 1. In 24 of 55 cancers, intense 18FDG uptake was noted. 
Overexpression of Glut-1 and HIF-1α was observed both around necrosis and also 
heterogeneously in some areas of the tumor. The intensity of expression of the HKs 
and VEGF165 was sometimes heterogeneous within the tumor, but most tumors had a 
rather homogeneous expression throughout the tumor. In Tables 2 and 3, the 
descriptive statistics for all variables are shown. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 1. Distribution of the cumulative 18FDG PET (0-3) scores as 
assessed by 3 independent observers (0 being negative according  
to all, 9 having the maximum signal according to all three observers). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

TABLE 3 Biomarkers, studied in 55 breast 
cancers: categorical variables 

Biomarker  No of cases 

VEGF165  2 
  Negative   
  Weak  8 
  Positive  40 
  strongly positive  5 

Hexokinase I   

  Negative  13 
  Weak  33 
  Positive  7 
  strongly positive  2 

Hexokinase II    

  Negative  4 
  Weak  36 
  Positive  14 
  strongly positive  1 

Hexokinase III    
  Negative  3 
  Weak  34 
  Positive  18 
  strongly positive  0 

Macrophages   
  None  3 
  Occasional  8 
  moderate   16 
  Frequent  28 

Lymphocytic infiltrate   

  none  1 
  slight  10 
  moderate  23 
  severe  21 

TABLE 2 Biomarkers, studied in 55 breast cancers: 
nominal variables 

Biomarker Range  Mean 

HIF-1α positivity, % 0-60  6 

Glut-1 positivity, % 0–5 1 

Microvessel density    

  Hot spot, vessels/mm2 32-231 110 

  Global, vessels/mm2 28-195 69 

MAI, mitosis/1.6 mm2 1-68 15 

Area necrosis positivity, % 0-25 3 

Area tumor epithelium positivity, % 12-70 33 

Cumulative FDG-PET score
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The results of the statistical comparison between 18FDG uptake (low v high) and 
the biomarkers are described in Table 4.  

 
TABLE 4 Relationship between 18FDG uptake as measured by PET 

scanning and different variables using χ2. 
 18FDG uptake  

Biomarker low high χ2, P 

Glut-1    
  Negative 28 10 < 0.001 
  Positive 3 14  

MAI     
  ≤ 10/1.6mm2 20 5 0.001 
  > 10/1.6mm2 11 19  

Area tumor epithelium    

  ≤ 31% 20 7 0.009 
  > 31% 11 17  

Area necrosis    
  < 5 % 29 16 0.010 
  ≥ 5 % 2 8  

HK I    
  Negative 11 2 0.019 
  Positive 20 22  

Lymphocytic infiltrate    
  None 23 11 0.032 
  Present 8 13  

Histologic classification    
  Ductal 18 21 0.036 
  Lobular 9 2  

HK II     
  Negative 20 20 0.120 
  Positive 11 4  

HIF1α    
  ≤ 1% 20 12 0.279 
  > 1% 11 12  

Microvessel density    
  Hot spot    
    ≤ 99/mm2 17 10 0.333 
    > 99/mm2 14 14  
  Global    
    ≤ 66/mm2 14 12 0.721 
    > 66/mm2 17 12  

VEGF165    
  Weak 7 3 0.336 
  Strong 24 21  

Macrophages    
  None 15 12 0.906 
  Present 16 12  

HK III     
  Negative 21 16 0.993 
  Positive 10 8  

 
MAI (P=0.001), Glut-1 membrane staining (P=0.001), presence of necrosis 

(P=0.010) as well as tumor cell density (P=0.009), the intensity of cytoplasmic HK I 
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(P=0.019), and the presence of lymphocytic infiltrate (P=0.032) all yielded a statisti-
cally significant positive correlation. Using χ2 tests, the intensity of HK II, HK III, HIF-
1α expression, VEGF165 expression, the microvessel density (both hot spot and 
global counts), and the presence of macrophages were not significantly correlated 
with 18FDG uptake. In Table 5, the correlation coefficients of nominal variables 
compared with nominal PET scores are shown. This test confirmed the previously 
found significant associations in χ2 tests. More interestingly, a significant (although 
weak) positive correlation between microvessel density (hotspot count) and PET 
score (r=0.373, P=0.005) was found, as shown in Fig 2. 

 
 
 

 
FIGURE 2. Correlation between the nominal 18FDG-PET score 
and the microvessel density per mm2 (hotspot count) (r = .373, P 
= .005). 

 
In stepwise logistic regression, the MAI, Glut-1, HIF-1α, and HK II seemed to be 

the strongest combination (P=0.001) of variables to predict 18FDG positivity (85.5% 
accuracy). Analyzing the bioprofile of lobular cancer (Table 6), the ability to detect 
PET seemed to depend especially on Glut-1, MAI, tumor cell density, and necrosis. 
 

DISCUSSION 

This is the most comprehensive study so far to address the role of various 
biomarkers that were expected to be involved in 18FDG uptake in human breast 
cancer, which confirmed the role for Glut-1 and HK I in tumor biology in vivo.  

The results indicate, however, that uptake of glucose by breast cancer is also 
related to proliferation rate; tumor cell density; and the presence of necrosis, 
lymphocytes, angiogenesis, and, to some degree, HIF-1α. In this study, we combined 
the rate of metabolism, angiogenesis, proliferation, and histologic architecture of the 
tumor, with 18FDG uptake shown by PET scanning in breast cancer. The significant 
correlation between several parameters of metabolism and 18FDG uptake explains 
the variability in PET scanning results between breast cancer patients and resolves 
why invasive lobular breast cancers in general have low 18FDG uptake.  

TABLE 5 Relationship between 18FDG uptake as 
measured by PET scanning and different biomarkers 

using Pearson correlation test. 

Biomarker r  P 

MAI 0.488 < 0.001 

Area tumor epithelium 0.475 < 0.001 

Glut-1 0.336 0.006 

Microvessel density    

  Hot spot 0.373 0.005 

  Global 0.216 0.057 

Area necrosis 0.288 0.017 

HIF-1α 0.012 0.466 

Cumulative FDG-PET score
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TABLE 6 Relationship between 18FDG uptake as measured 
by PET scanning and different variables in 11 lobular breast 

cancers 
 18FDG uptake 

Biomarker low high 

Glut-1   
  Negative 9 1 
  Positive 0 1 

MAI    
  ≤ 10/1.6mm2 6 0 
  > 10/1.6mm2 3 2 

Area tumor epithelium   

  ≤ 31% 7 0 
  > 31% 2 2 

Area necrosis   
  < 5 % 9 1 
  ≥ 5 % 0 1 

Lymphocytic infiltrate   
  None 7 1 
  Present 2 1 

Microvessel density   
  Hot spot   
    ≤ 99/mm2 5 0 
    > 99/mm2 4 2 
  Global   

    ≤ 66/mm2 5 1 

    > 66/mm2 4 1 

Macrophages   
  None 5 0 
  Present 4 2 

VEGF165   
  Weak 3 0 
  Strong 6 2 

HK I    
  Negative 2 0 
  Positive 7 2 

HK II    
  Negative 6 2 
  Positive 3 0 

HK III    
  Negative 7 2 
  Positive 2 0 

HIF1α   
  ≤ 1% 7 2 
  > 1% 2 0 

 
Facilitated transport of glucose through the cellular membrane is mainly carried 

out by Glut-1. In 1974, Hatanaka 28 had already reported an increase of glucose 
transporters as a possible explanation of the Warburg effect. This finding was 
confirmed in vitro 29 and in vivo 30. In the present study, 32% of the 55 breast cancers 
were Glut-1 positive, which is in agreement with previous reports. Younes et al 31 
showed Glut-1 positivity in 42% of 118 breast cancers, and Avril et al 32 found Glut-1 
positivity in 30% of 46 patients. Only in the smaller study of Brown and Wahl 33 were 



 91

all 12 breast cancers and eight lymph node metastases Glut-1 positive. Differences 
in expression can be explained by differences in antibodies (monoclonal or poly-
clonal) and detection methods used. More importantly, special attention should be 
paid to the method of quantification of biomarkers. In the present study Glut-1 activity 
was only based on membrane staining because this is the location of biologically 
active Glut-1. Brown et al 34 showed that tritiumfluorodeoxyglucose uptake was corre-
lated to Glut-1 expression in rat breast cancer, and Higashi et al 16 showed the same 
for lung cancer. In concordance with these findings, we found in the present study a 
strong positive correlation between presence of Glut-1 and uptake of 18FDG. Inter-
estingly, Avril et al 32 could not detect such a correlation between 18FDG and Glut-1. 
This could be a result of the fact that they used intensity of cytoplasmic staining 
rather than membrane staining for quantifying Glut-1. Differences in PET 
methodology might also play a role. Avril et al 32 used a semiquantitative method, 
standardized uptake value, that reflected the mean uptake in the tumor of 18FDG. We 
applied a reproducible visual scoring for the present study, which primarily depended 
on the maximal contrast between tumor and surrounding tissue, demonstrated by 
assessment of T/N ratios.  

Increased cell proliferation demands energy and, thus, glucose. The proliferation 
rate was assessed using mitotic activity. Presence of glycolytic metabolism has 
already been linked to proliferation in vitro, and it has been proposed that the switch 
from oxidative to glycolytic metabolism serves as an alternative route during 
mitogenstimulated proliferation to avoid the formation of DNAdamaging reactive 
oxygen species 35. The results confirmed the importance of proliferation for glucose 
metabolism because the MAI strongly correlated with 18FDG uptake in agreement 
with previous reports 32,36.  

An HK phosphorylates glucose when it enters the cell. Of the four isoforms, HK II 
is said to be the most prominent one associated with cancer 37. It can be upregulated 
at the transcriptional and posttranslational level 38. Its property to bind to the outer 
membrane of the mitochondria results in a higher affinity for glucose and a reduced 
feedback inhibition by glucose-6-phosphate 39. The involvement of HK II in 18FDG 
uptake was, however, limited compared with the rate of proliferation and Glut-1 
expression, although in logistic regression, HK II added value to proliferation and 
Glut-1, and the univariate relation between HK I and 18FDG was much stronger. In 
fact, many tumors showed expression of HK I. To the best of our knowledge, this is 
the first time overexpression of HK I is reported in breast cancer. Further research to 
confirm these results and to explore the role of HKs in breast cancer is, therefore, 
warranted. 

Tumor cell density was measured because the need for glucose and, therefore, 
18FDG uptake correlated linearly with the number of tumor cells per unit volume of 
tissue (in case of an equal glucose need per cell). In fact, a study in astrocytomas 
showed such a relationship 40. In the present study, a large variation in tumor cell 
density was found in breast cancer (from 12% to 70% epithelial cell density), with a 
strong positive correlation indeed with 18FDG uptake. Further, it was investigated 
whether the presence of lymphocytes, macrophages, or necrosis could explain 18FDG 
accumulation. Little is known about their influence on 18FDG uptake in humans. 
Lymphocytes and macrophages were investigated because inflammatory cells may 
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have a major impact on 18FDG uptake 41,42, abscesses and infections being pitfalls in 
the clinical diagnostic use of PET 43,44. Indeed, in this study, the number of lympho-
cytes was correlated positively with 18FDG uptake, in contrast to the presence of 
macrophages. Studying syngeneic rat mammary cancers grown in immunocompetent 
rats, Brown et al 45 found a low tritiumfluorodeoxyglucose uptake in lymphocytes and 
macrophages in contrast to the strong uptake by breast cancer cells. Kubota et al 41 
noted the opposite and found that 29% of glucose utilization was non–
tumorassociated in breast cancer–bearing mice.  

Angiogenesis may promote 18FDG uptake by enhanced tracer delivery. Surpris-
ingly, no correlation between glucose metabolism and the expression of the angio-
genesis inducing growth factor VEGF165 could be detected. So, although VEGF is an 
important prognostic indicator in breast cancer, its presence (ie, a basic level) seems 
to be sufficient and doesn’t rate limiting in breast tumor metabolism 46. In contrast, a 
direct correlation between 18FDG uptake and the intratumoral microvessel density 
was found, a correlation also seen in human gliomas 47.  

Tumors that grow too rapidly or have a deficient vascular system are character-
ized by the formation of necrosis. Necrosis reflects cell death caused by hypoxia, and 
hypoxia increases the 18FDG uptake in vitro 48. It is, therefore, not surprising that a 
positive correlation between the presence of necrosis and 18FDG uptake was found, 
which confirmed the results of a previous study that showed that prenecrotic changes 
in cells do correlate positively with 18FDG uptake 49. Further evidence for this relation 
can be found in the predominant presence of Glut-1 and HIF-1 around necrosis seen 
in the present study and reported previously 7,50.  

Overexpression of HIF-1α has been found in most common cancers, and we 
have demonstrated its upregulation during breast carcinogenesis before 7,51. In the 
present study, HIF-1 was studied because it is known to stimulate the transcription of 
glycolytic enzymes and VEGF. The involvement of HIF-1 in 18FDG accumulation was 
limited to only some additional value compared with features like the rate of prolifera-
tion and Glut-1 expression. Apparently, the downstream effect of HIF-1 by 
upregulating Glut-1 52 is more important to explain 18FDG uptake than the 
upregulation of HIF-1 itself. VEGF165 had no impact on 18FDG uptake, indicating that, 
as a downstream effect of HIF-1, it is less important than Glut-1 with respect to 18FDG 
uptake.  

Analysis of the profile of the biomarkers described above with 18FDG uptake for 
all lobular cancers confirmed the associations already described for all cases. 
However, here, tumor cell density in particular played an important role.  

Intuitively, one can wonder if prescan biopsies might influence PET signal 
intensity, ie, 18FDG uptake. We are not aware of any direct scientific data to test this 
hypothesis. However, the combination of already known facts (mean tumor volume of 
a core biopsy) and our own observations (no histologic reactivity to biopsy in 
operation specimens) provides some decent clues. Krebs et al 53 described that the 
mean volume of a 14-gauge needle ranged from 9.9 to 17.9 mm3, which is approxi-
mately 1/600 of the mean tumor volume (diameter, 2.4 cm; [0.5 × 2.4]3 × [4π:3] = 
7238 mm3) as described in our study. So, we argue that removal of the tumor tissue 
by a biopsy can by itself in no way lead to a significant loss of tumor volume and, 
thus, of PET signal. On the other hand, enhancement of 18FDG uptake could, 
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theoretically, be a result of a biopsy-caused hematoma or infection, but we did not 
observe any such reactions in the operation specimens, nor were there any clinical 
signs for this. The frequency of such complications is indeed low (1 in 1,000), 
according to Parker et al 54.  

In conclusion, the amount of 18FDG uptake in breast cancer is determined by the 
presence of several credible biologic variables: microvessels that provide glucose, 
Glut-1 that transports 18FDG into the cell, HKs to enter 18FDG into glycolysis, number 
of tumor cells per unit volume, rate of tumor cell proliferation (also reflected in 
necrosis), amount of inflammatory cells within the tumor, and, to some extent, HIF-1α 
that is upregulated by hypoxia and induces Glut-1 expression and angiogenesis. 
These data are in conflict with the conclusion of Avril et al 32, which stated that 
18FDG-PET imaging may not be used to estimate the tumor biologic behavior of 
breast cancer. In contrast, our results show that these features can explain why 
18FDG uptake is so variable in breast cancer, which may lead to a more rational use 
of PET scanning in breast cancer patients.  
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SUMMARY AND GENERAL DISCUSSION: 

HIS THESIS IS primarily focused on the previously hardly explored role of HIF-1 in 
breast cancer. HIF-1 is a transcription factor induced by hypoxia, but also by 

some oncogenes, tumor suppressor genes and growth factors. Activated HIF-1 can 
induce angiogenesis, glycolysis, erythropoiesis, and other processes allowing cells to 
survive during hypoxia or hypoglycaemia. These processes are also involved in the 
development of breast cancer and subsequent formation of metastases. Thus, HIF-1 
could be suspected to play an important role in breast cancer. If so, HIF-1 would be a 
potential therapeutic target because of its broad regulatory impact.  

We therefore tried to unravel the role of HIF-1 in breast carcinogenesis, its 
interaction with cell cycle proteins, growth factors and steroid receptors. In addition, 
we determined the role of HIF-1 as a prognosticator. 

From a clinical point of view, we tried to answer the question why different breast 
cancer patients show such a broad variety in 18FDG (radioactively labeled glucose 
analogue) signal intensity as measured by positron emission tomography (PET). We 
composed a model with most important determinants of quantitative glucose 
metabolism in breast cancer, assuming a role of HIF-1 in the variable uptake of 
18FDG.  

Further, we hypothesized that the cell cycle regulating protein BCL-6 is not only 
involved in lymphomas, but might also be present in breast cancer. In fact, our data 
not only showed the presence of BCL-6 in breast cancer, but, also an association of 
BCL-6 with HIF-1. 
 
HIF-1αααα in breast cancer 

In chapter 2, different stages of human breast carcinogenesis were studied for 
expression of HIF-1α. As the angiogenic switch is recognized as an essential event 
during tumor development, unraveling its initiation would be most valuable. In breast 
cancer, the angiogenic switch occurs at the stage of carcinoma in situ. We noted the 
overexpression of HIF-1α in such early lesions as well as in invasive cancer speci-
mens. In contrast, we did not detect increased levels of HIF-1α in tissue specimens 
of normal breast nor in areas with ductal hyperplasia.  

Levels of HIF-1α increased as the degree of malignancy increased, and were 
most pronounced in poorly differentiated lesions. These data fit with our current 
model of breast cancer progression; well-differentiated cancers arising from well 
differentiated precursor lesions and poorly differentiated cancers from poorly differ-
entiated precursor lesions. Thus, the observed increased levels of HIF-1α overex-
pression in poorly differentiated DCIS may indicate a higher likelihood that such 
lesion will acquire invasive properties and that the resulting poorly differentiated inva-
sive lesions may have a poorer prognosis. Therefore, HIF-1α Is a potential 
prognosticator in pure carcinoma in situ lesions. However, it will be difficult to 
compose a large group of pure DCIS cases with adequate follow-up data to proof this 
hypothesis. 
 Further, it is interesting to note the occasional finding of nuclei with HIF-1α 
positivity in usual ductal hyperplasia adjacent to invasive cancers and areas of 
atypical ductal hyperplasia. This phenomenon was attributed to “malignancy 

T 
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associated changes”. In addition to our study, similar results were found in a study 
with precursor lesions of prostate cancer 1,2. For other types of cancer, no such 
studies have as yet been published. 
 We observed that an increased level of HIF-1α was associated with a high 
degree of proliferation and ER-positivity. In addition, an angiogenesis-inducing role 
for HIF-1α during breast carcinogenesis seems likely in view of the positive 
association between increased levels of HIF-1α and both VEGF and microvessel 
density (the latter only in the subgroup of DCIS patients).  
 Since HIF-1α-positive cells are especially seen around areas of necrosis, we 
postulate that the HIF-1 overexpression is mainly hypoxia related. Thus, hypoxia-
induced HIF-1 overexpression seems to occur in breast cancer in vivo. This is in line 
with presence of hypoxia in breast cancer as witnessed by the presence of necrosis 
and actual in vivo low oxygen measurements in breast cancer 3. Using in situ 
hybridization, previous studies showed that tumors of hepatoma wild type cells 
expressing HIF-1 also expressed high mRNA levels of VEGF and Glut-3 in viable 
cells surrounding areas of necrosis. This was not seen in HIF-1 non-expressing sub-
clones 4. These and our data suggest that physiologic upregulation of HIF-1 
contributes to angiogenesis and tumor growth. However, some cases with diffuse 
overexpression unrelated to hypoxia were noted, which might be oncogene/tumor 
suppressor gene related. Indeed, for the first time a positive association between 
HER-2/neu and HIF-1α was shown on the protein level as a putative explanation of 
non-hypoxia related HIF-1 induction.  
 
 In chapter 3, 150 invasive breast cancers were evaluated for aberrant expres-
sion of cell cycle related proteins and their association with levels of HIF-1α. In this 
study, we confirm that HIF-1α overexpression is associated with increased prolifera-
tion (cyclin A and Ki-67).  
 These associations were primarily seen in the subgroup of ER negative tumors. 
In the ER positive tumors, only p21, a known downstream target of HIF-1, was asso-
ciated with HIF-1α, in contrast to proliferation. Therefore, we hypothesized that ER 
might be necessary for p21 induction, because p21 is known to block cell cycle 
progression. This was further confirmed by the fact that VEGF and p53 likewise 
lacked any association with HIF-1α in the ER positive subgroup, which was, in 
contrast to the data found in the ER-negative subgroup. Thus, the different associa-
tions in both ER-subgroups could not solely be attributed to a well-known difference 
in proliferation rate.  
 In addition, the results seemed to be independent from p53 status. We were able 
to show for the first time, that p53 overexpression was associated with increased 
levels of HIF-1α in human breast cancer. Further, increased levels of cyclin D1 corre-
sponded to high p21, but not to HIF-1α. Since p21 is orchestred by HIF-1, we 
postulate that cyclin D1 and HIF-1 may both be stimulated by the same mechanism 
(hypoxia or oncogenes). 
 Another result of this study was the inverse association between HIF-1α and 
BCL-2 (an inhibitor of apoptosis). Loss of BCL-2 is associated with tumor aggres-
siveness in breast cancer, and fits to our model in which upregulation of HIF-α is 
associated with breast cancer aggressiveness. In contrast to (precursor) lesions of 
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oral cavity cancer 5, we found a positive association between HIF-1α and the 
apoptotic index 6. Although we do not have the data to prove so, we propose that this 
association is epigenetic, because in aggressive breast cancer a high rate of both 
proliferation and apoptosis co-exist. 
 

In chapter 5, in 45 invasive breast cancers the association between HIF-1α and 
several important growth factors, growth inhibiting factors and their receptors is 
described. In summary, we found that HIF-1α is significantly associated with expres-
sion of growth factors PDGF-BB and bFGF, and growth factor receptor EGFR. In 
prostate cancer, androgens have been shown to increase HIF-1 activity via stimulat-
ing EGF, which in turn stimulates HIF-1 7. In this way, the use of antiandrogens might 
inhibit HIF-1. These and our data contribute to the rationale for blocking EGFR and 
HER-2/neu in breast cancer patients, because we think that these growth factor 
inhibitory therapies may diminish HIF-1 activity. However, the exact mechanisms 
responsible for the association of HIF-1α with EGFR, bFGF and PDGF are still 
unknown. Most likely, the growth factors and receptors induce HIF-1 activation in an 
autocrine fashion or via a mechanism similar to HER-2/neu. 

Surprisingly, in these 45 patients only a trend for a positive association between 
HIF-1α and VEGF (P=0.109) was found, while significant associations were found for 
HIF-1α and VEGF in chapters 2 and 7. 

Finally,  the finding of an association of the microvessel density (as a degree of 
angiogenesis) with HIF-1α levels in human breast cancer is described for the first 
time. This is in line with data from other tumors types 8,9,10,11 that also show a positive 
association between HIF-1α and angiogenesis. Since in breast cancer high levels of 
HIF-1α as well as a high microvessel density are associated with a poor prognosis 12, 
and because both factors are interrelated, we argue that targeting HIF-1 might have 
anti-angiogenesis effects in breast cancer. 
 

In chapter 6, the long-term survival of 150 early stage breast cancer patients 
has been related to the protein levels of HIF-1α. For the first time it was shown that 
high levels of HIF-1α independently predict poor prognosis in patients with invasive 
breast carcinoma, especially in the subgroup of lymph-node negative patients. When 
these data can be confirmed, it suggests that levels of HIF-1α may be used to select 
high risk patients with negative lymph node status who would benefit from systemic 
adjuvant therapy. Obviously, before its introduction in daily practice, the predictive 
value of HIF-1α has to be investigated, and a large prospective international study is 
required to prove so. Further, before clinical implementation, additional research 
should try to answer the question whether the combined overexpression of HIF-1α 
and its downstream targets better predicts prognosis in breast cancer than HIF-1α 
alone. In fact, in a non-small-cell lung cancer study, the combined value of HIF-1α 
and LHD-5 was suggested to reflect a functional HIF-1 pathway, and harbored 
stronger prognostic significance than both markers separately. Also, the use of 
surrogate markers of HIF-1α expression (i.e. downstream targets, which only repre-
sent HIF-1 activity) should be investigated, in order to bypass the relatively difficult 
detection method for detecting HIF-1α.  

Further, in the same 150 patients we provided clinical confirmation of the impor-
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tant association between HIF-1α expression and the amplification and overexpres-
sion of HER-2/neu found in vitro 13. This implies that in vivo HIF-1α-overexpression 
may also be due to HER-2/neu amplification and overexpression. In addition, besides 
EGFR and HER-2/neu, HIF-1α staining might be considered as a predictor (and 
perhaps follow up marker) for response to anti-HER-2/neu and anti-EGFR therapies. 
This is supported by Koukourakis et al., who noted that the difference in clinical 
response to trastuzumab treatment in two locally recurrent HER-2/neu positive breast 
carcinomas could be explained by a difference in expression of HIF-1. Special 
attention should be paid to genetic alterations which can induce HIF-1 activity. In fact, 
both Cowden disease and Li Fraumeni syndrome, based on loss of both PTEN 
alleles or due to a p53 mutation, respectively, are associated with breast cancer. 
These patients could benefit even more from forthcoming adjuvant anti-HIF-1 
therapy, and clinicians should consider such treatment for such patients.  

In accordance with the results of chapter 2, we found that high levels of HIF-1α 
were correlated with overexpression of VEGF, increased proliferation, and poor 
histologic grade. However, in contrast to chapter 2, we observed a negative associa-
tion between levels of HIF-1α and PR, and ER. This observation is consistent with 
the prognostic value of HIF-1α, because loss of the steroid receptors characterizes 
tumor aggressiveness. This discrepancy may be explained by the fact that Chapter 5 
was confined to invasive breast cancer without (as in chapter 2) the inclusion of 
normal breast tissue. Additional analysis on the separate group of invasive breast 
cancers of chapter 2 indeed revealed no association between overexpression of HIF-
1α and ER.  

Whether future anti-HIF therapeutics, such as 2-methoxyestradiol (2ME2) or YC-
1 14,15, will be beneficial in practice, should be awaited from the first trials that are 
ongoing 16. In the meantime however HIF-1 has substantially increased our current 
understanding of multiple pathways in breast cancer, and has contributed to more 
knowledge of the mechanism of other therapies, such as the tyrosine kinase 
inhibitors and anti-angiogenesis therapies.  
 
BCL-6 in breast cancer 

In chapter 4, we were the first to recognize BCL-6 protein expression in breast 
cancer. Thus, the dogma that BCL-6 overexpression is a unique feature of lympho-
mas was discarded. Increased BCL-6 nuclear expression was seen in 35% of inva-
sive breast cancers and BCL-6 protein overexpression was found in 16% of cases. 
Also, the recognized breast cancer precursor lesions ductal hyperplasia and DCIS 
sometimes showed increased expression. Genetic alterations are the main reason 
for tumor biological activity of BCL-6 in lymphomas. Our data imply that BCL-6 gene 
amplification could, in part, be responsible for protein overexpression, because by 
analyzing 86 breast cancers with comparative genomic hybridization (CGH) we found 
in 16% of patients a gain at the BCL-6 locus, 25% of these having BCL-6 protein 
overexpression. More research to unravel the exact mechanism of BCL-6 overex-
pression is however needed.  

Further, BCL-6 nuclear overexpression was significantly associated with overex-
pression of HIF-1α. This association was unexpected and a functional relationship 
between these genes has not been established. We also observed concerted overex-
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pression of HIF-1α and BCL-6 in diffuse large cell B-cell lymphomas to exclude a 
breast cancer restricted phenomenon. Interestingly, BCL-6 aberrations in lymphomas 
have been associated with high LDH levels, which indirectly support our HIF-1 asso-
ciation with BCL-6 17,18. Further research is definitely required to unravel whether this 
association has any functional meaning. 

BCL-6 nuclear overexpression was also significantly associated with p53 and cy-
clin D1 overexpression. This association between BCL-6 and cyclin D1 might be im-
portant since many investigators have searched for the cause of cyclin D1 upregula-
tion in breast cancer, which is a common phenomenon and just partly explained by a 
genetic alteration (amplification, translocation) and ER expression. BCL-6 therefore 
seems to qualify as a next upregulator of cyclin D1.  

In lymphomas presence of BCL-6 translocation at certain locations is known to 
harbor a relative good prognostic sign 19,20,18. However, we could not detect 
prognostic value for BCL-6 in breast cancer (unpublished data). 
 
PET and breast cancer 

In chapter 7, we showed that a model with multiple parameters for delivery of 
glucose can explain the differential uptake of 18FDG in PET scanning of breast 
cancer patients. This model consists of several credible biologic variables: 
microvessels that provide glucose, Glut-1 that transports 18FDG into the cell, 
hexokinases to enter 18FDG into glycolysis, number of tumor cells per unit volume, 
rate of tumor cell proliferation (also reflected in necrosis), amount of inflammatory 
cells within the tumor, and, to some extent, HIF-1α that is upregulated by hypoxia 
and induces Glut-1 expression and angiogenesis. 

With this study, we were the first to report overexpression of hexokinase I in 
breast cancer. In fact, HK I overexpression was associated with high 18FDG uptake. 
HK II has traditionally more often been related to glucose uptake, but in our study to 
a much lesser extent and only significant in multivariate analysis. Further, it was 
investigated whether the presence of lymphocytes, macrophages, or necrosis could 
explain 18FDG accumulation. Indeed, in this study, the number of lymphocytes was 
correlated positively with 18FDG uptake, in contrast to the presence of macrophages. 
Also, a positive correlation between the presence of necrosis and 18FDG uptake was 
found. Evidence for this relation can be found in the predominant presence of Glut-1 
and HIF-1 around necrosis as noted in this study. No correlation between glucose 
metabolism and the expression of the angiogenesis inducing growth factor VEGF165 
could be detected. However, the involvement of HIF-1 in 18FDG accumulation was 
limited to some additional value compared with features like the rate of proliferation 
and Glut-1 expression. In contrast, a direct correlation between 18FDG uptake and the 
intratumoral microvessel density was found. Also, a large variation in tumor cell 
density was found in breast cancer (from 12% to 70% cell density), with a strong 
positive correlation with 18FDG uptake.  

In summary, this study resolves why invasive lobular breast cancers in general 
have low 18FDG uptake, and why there is such a large variety of 18FDG uptake in 
other types of breast cancer.  
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Conclusions 
1. Both cellular hypoxia and oncogenes are considered main activators of HIF-1 
activity in breast cancer, with a minor role for immune modulators. Unraveling 
whether hypoxia, oncogenes or growth factors are responsible for HIF-1 activation 
will identify potential therapeutic targets. In the present thesis, we link both HER-
2/neu, EGFR and PDGF with HIF-1 activation. 
2. Blocking HIF-1 seems to be attractive in breast cancer treatment since several 
downstream effects of HIF-1 (such as VEGF production, formation of angiogenesis, 
and stimulation of glycolysis) all potentiate aggressiveness of breast cancer. 
3. As a consequence, levels of HIF-1α represent tumor aggressiveness and predict 
prognosis. This is especially valuable to identify high risk lymph node negative breast 
cancer patients, and might be used for further studies to assess the risk of pure DCIS 
recurrence. 
4. BCL-6 protein is overexpressed in breast cancer, possibly due to gene 
amplification, and is associated with p53, cyclin D1 and HIF-1α.  
5. The different intensity of FDG-PET scanning between breast cancer patients can 
be explained by a biologic model of glucose transport and rate of proliferation per 
tumor volume. 
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N DIT PROEFSCHRIFT (dissertatie) worden de wetenschappelijke gegevens gebundeld 
die in zes verschillende wetenschappelijke tijdschriften zijn gepubliceerd. Deze zes 
artikelen worden voorafgegaan door een inleiding en afgesloten met een discussie. 

Hiermee krijgt de lezer de onderliggende medische kennis, de reden van het onder-
zoek, de resultaten en suggesties voor vervolgonderzoek. 
 

In hoofdstuk 1, de introductie, wordt uitgelegd dat dit proefschrift met name over 
de rol van HIF-1 in borstkanker gaat. Tot voor kort (1999) was hier nog nooit onder-
zoek naar gedaan. In 1999 waren wij, samen met onze collega’s in Baltimore (De 
Verenigde Staten), de eerste onderzoeksgroep die hier interesse voor kregen. Tot 
dan toe was van geen enkele kankersoort bekend welke rol HIF-1 zou kunnen 
spelen. Wij kozen ervoor om de rol van HIF-1 bij borstkanker te onderzoeken omdat 
borstkanker in Nederland de meest voorkomende vorm van kanker is. Per jaar 
krijgen in Nederland 11000 vrouwen te horen dat zij borstkanker hebben en dit aantal 
neemt nog elk jaar toe. 
 

HIF-1 is de afkorting van Hypoxie induceerbare factor-1. Hypoxie staat voor 
zuurstof (O2) gebrek. In 1995 werd deze factor ontdekt door Prof.Gregg Semenza, 
werkzaam in het Johns Hopkins Kanker Centrum in Baltimore. Hierna werd snel 
duidelijk dat HIF-1 een belangrijk eiwit is, die in alle zoogdiercellen aanwezig is en 
nauwlettend de leefomstandigheden van een cel in de gaten houdt. Indien een cel te 
weinig zuurstof of energie (glucose) krijgt dan wordt deze overlevingsfactor actief, 
omdat dan het bestaan van de cel wordt bedreigd. HIF-1 werkt als een overlevings-
factor omdat het bepaalde genen kan dwingen tot stoppen met werken of juist kan 
activeren. Hierdoor gaan er meerdere reddingsmechanismen werken, zoals de aan-
maak van nieuwe bloedvaatjes (voor energie- en zuurstoftoevoer). Ook worden 
andere manieren van energieproductie gestart. 

HIF-1 kan al deze processen reguleren omdat het alleen actief is bij zuurstof- of 
energietekort, dan komen twee eiwitten (HIF-1α en HIF-1β) bij elkaar om het actieve 
eiwitcomplex HIF-1 te vormen. Omdat HIF-1β altijd aanwezig is, maar HIF-1α alleen 
bij zuurstof- of energiegebrek, wordt dit eiwit als de zuurstof- en energiemeter van de 
cel beschouwd. 

Omdat van veel kankersoorten, zoals borstkanker, bekend is dat bij het ontstaan 
van kanker nieuwe bloedvaatjes worden aangemaakt en andere vormen van 
energieproductie worden gebruikt, veronderstelden wij dat HIF-1 aan deze processen 
ten grondslag zou kunnen liggen. 
 
HIF-1 in borstkanker 

Daarom onderzochten we, zoals beschreven in hoofdstuk 2, in een model voor 
het ontstaan van borstkanker of en wanneer het eiwit HIF-1α aanwezig is. Inderdaad 
bleek HIF-1α aantoonbaar, met behulp van een herkenningsstof (antilichaam) van 
het afweersysteem. Dit antilichaam herkent specifiek HIF-1α en is zichtbaar te 
maken met behulp van een kleurstof, op heel dunne plakjes van het operatie-
materiaal van borstkanker patiënten (deze techniek heet immuno-histochemie). HIF-
1α was niet aantoonbaar in normaal weefsel en goedaardige borstafwijkingen. Wel 
vonden we HIF-1α in het voorstadium van borstkanker en in borstkanker zelf en dan 

I 
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met name in de snelst groeiende tumoren. 
Tevens vonden we dat de aanwezigheid van HIF-1α met name in tumoren met 

veel celdelingen, dus bij de agressievere vormen van borstkanker. In het weefsel van 
vrouwen met een voorstadium van kanker werd een overeenkomst tussen HIF-1α en 
de aanmaak van nieuwe bloedvaatjes gevonden. Verder zagen we dat HIF-1α 
voornamelijk aangetoond kon worden in kankergebieden rondom dode kankercellen. 
Verondersteld wordt dat dit wijst op de productie van HIF door cellen in de nabijheid 
van gebieden met zuurstoftekort. Een andere verklaring voor de aanwezigheid van 
HIF-1α in borstkanker zou ook een genetische verandering kunnen zijn die met 
borstkanker te maken heeft zoals de overmatige aanwezigheid van het HER-2/neu 
gen. 
 
 Om de overeenkomst tussen HIF-1α en veel celdelingen (en dus snelle tumor-
groei) verder te onderzoeken hebben wij, zoals uiteengezet in hoofdstuk 3, bij 150 
borsttumoren verschillende eiwitten, die bekend zijn om hun betrokkenheid bij de 
celdeling, onderzocht op hun associatie met HIF-1α. 
 In deze studie werd duidelijk dat de aanwezigheid van HIF-1α samengaat met 
een hoge celdelingsactiviteit (cycline A en Ki-67), waarmee onze eerdere observatie 
bevestigd kon worden  
 Echter, theoretisch klopt een associatie tussen celdeling (welke veel energie 
verbruikt) en HIF-1α (is er alleen bij bedreigde cel in tijden van verminderde energie 
en zuurstof) niet. Daarom twijfelen wij of er een directe relatie is tussen beiden. Dit 
wordt mede gesteund door het feit dat deze associatie alleen gevonden wordt in 
tumoren zonder de hormoonreceptor, oestrogeen receptor, (OR). In de groep 
tumoren met wel een OR is er juist sprake van een associatie met p21 en niet met 
celdeling. p21 is één van de vele genen die door HIF-1 wordt geactiveerd. Van p21 is 
bekend dat het de celdeling remt. Omdat al veel langer bekend is dat OR positieve 
cellen veel minder celdelingen hebben, vergeleken we in de beide OR groepen ook 2 
andere factoren, VEGF en p53, met HIF-1α. Hieruit blijkt dat in de OR negatieve 
groep de verwachte associatie met HIF-1α en VEGF en p53 bestaat, maar niet in de 
OR positieve groep. Dit sterkt ons vermoeden dat er een essentieel verschil is tussen 
OR status en de interactie met HIF-1 en dat deze niet alleen berust op een verschil in 
celdeling. Wij stellen de hypothese dat OR nodig is om via HIF-1/p21 de celdeling te 
remmen. Meer onderzoek op dit gebied lijkt ten zeerste aanbevolen. 
 Verder toonden we in deze studie aan dat een hoge mate van aanwezigheid van 
p53 (een belangrijk eiwit dat betrokken is bij herstel van schade aan de genen en 
hiermee de celdeling bewaakt en indien dit mislukt tot celdood kan aanzetten) geas-
socieerd is met aanwezigheid van HIF-1α.  
 Tevens werd een verhoogde aanwezigheid van cycline D1 (eiwit betrokken bij 
celdeling) geassocieerd met p21, maar niet met HIF-1α. Omdat p21 door HIF wordt 
aangestuurd en mogelijk dus ook een relatie heeft met cycline D1, stellen we de 
hypothese dat beiden door hetzelfde mechanisme zouden kunnen worden 
geactiveerd (zuurstof gebrek of genetische veranderingen). 
 Als laatste van deze studie dient BCL-2 genoemd te worden. Van BCL-2 is 
bekend dat het celdood tegen kan gaan. Bij borstkanker geldt dat hoe agressiever de 
tumor hoe minder BCL-2. En inderdaad, wij vonden hoe meer HIF-1α, des te minder 
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BCl-2. Dit onderschrijft dan toch weer onze eerdere bevindingen dat HIF-1α met 
name bij snel groeiende tumoren tot uiting komt. 
 

Bloedvatnieuwvorming, angiogenese, is een bekend fenomeen bij borstkanker. 
Hierdoor kunnen de tumorcellen beter en sneller groeien en eventueel uitzaaien naar 
elders in het lichaam. Inmiddels zijn er al verscheidene geneesmiddelen die de 
bloedvatnieuwvorming remmen. Om een beter inzicht te krijgen in de rol van HIF-1 bij 
de totstandkoming van nieuwe bloedvaten bij borstkanker bestudeerden we 45 
tumoren in hoofdstuk 5. Hierbij keken we naar belangrijke groeifactoren die de 
bloedvatnieuwvorming stimuleren of juist remmen, ook werd de hoeveelheid bloed-
vaten per tumor geteld als maat voor de aanwezigheid van bloedvatnieuwvorming. 
De groeifactoren PDGF-BB en bFGF bleken geassocieerd met de aanwezigheid van 
HIF-1α. Hetzelfde geldt voor EGFR, een andere groeifactor receptor. Onduidelijk is 
nog hoe deze factoren op HIF-1 ingrijpen, maar mogelijk wordt HIF-1 door deze 
factoren gestimuleerd (dus zonder zuurstof- of energiegebrek). Op deze manier zal 
ook een genetische afwijking of een groeifactor, geproduceerd door de tumor, HIF-1 
kunnen activeren. Momenteel zijn er al nieuwe medicijnen die sommige van deze 
groeifactoren kunnen blokkeren. Mogelijk hebben deze nieuwe middelen een goed 
anti-tumor effect doordat ze ook HIF-1 onderdrukken. 

Van VEGF (een belangrijke groeifactor die bloedvatvorming stimuleert en aan-
gestuurd wordt door HIF-1) konden we in deze groep van 45 patiënten geen 
statistische relatie vinden met HIF-1, terwijl we dat wel konden aantonen in hoofdstuk 
2 en 7 (bij grotere groepen patiënten). 

Vele onderzoeken hebben laten zien dat de levensverwachting van een patiënt 
met borstkanker slechter is als er veel bloedvaatjes in de tumor zijn. Wij vonden in 
deze studie dat de aanwezigheid van veel bloedvaatjes samengaat met HIF-1 
activiteit. 

Wij suggereren dat de nieuwe zogenaamde anti-angiogenese middelen, 
medicijnen tegen bloedvaatjes, eigenlijk vervangen zouden moeten worden door 
geneesmiddelen die tegen HIF-1 gericht zijn. 
 
 Omdat we nu weten dat HIF-1α in borstkanker voorkomt, was onze volgende 
vraag of de aanwezigheid van HIF-1α iets zegt over de levensverwachting van borst-
kanker patiënten. Daarom hebben we in Hoofdstuk 6 het operatiemateriaal van een 
groep van 150 vrouwen met borstkanker uit de jaren 1987-1993 onderzocht op de 
aanwezigheid van HIF-1α. Door de overleving van deze patiënten te vergelijken met 
de hoeveelheid HIF-1α in hun tumoren bleek dat vrouwen met veel HIF-1α eerder 
uitzaaiingen krijgen en/of eerder dood gaan. Met name in de groep vrouwen die geen 
uitzaaiingen in de okselklieren (lymfeklieren =Ln) hadden bleek dat HIF-1α een voor-
speller is van de levensverwachting. Dat is een bijzonder interessante bevinding 
omdat juist bij deze categorie patiënten bekend is dat een deel van hen een goede 
levensverwachting heeft en een deel een grote kans heeft op het ontstaan van uit-
zaaiingen. Echter, tot op heden is er geen sluitende methode om de patiënten met 
een goede en zij met een slechte levensverwachting van elkaar te onderscheiden, en 
dus is onvoldoende bekend wie je wel en wie je niet moet nabehandelen met bv 
chemotherapie Er is recent veel aandacht voor nieuwe methoden die op basis van 
zogenaamde genetische profielen van de borsttumor een onderscheid kunnen 
maken in vrouwen met een goede en zij met een minder goede levensverwachting. 
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Het Nederlands Kanker Instituut in Amsterdam speelt hierin een voortrekkers rol. Het 
zal nog even duren voordat deze methoden routinematig gebruikt kunnen gaan 
worden. Het lijkt erop dat HIF-1α in de tussentijd een vergelijkbare rol zou kunnen 
vervullen. Echter, voordat dit in de praktijk gebruikt kan worden dient eerst in een 
grotere groep patiënten deze resultaten herhaald te worden. Verder onderzoek is ook 
nodig om uit te maken of HIF-1α gecombineerd met andere tumorkarakteristieken 
een nog betere voorspeller is van de levensverwachting. 
 Tevens vonden we in dit onderzoek een sterke samenhang tussen HIF-1α en 
HER-2/neu. Dit betekent dat, naast zuurstof en energietekort, inderdaad ook 
genetische afwijkingen kunnen lijden tot activatie van HIF-1. HER-2/neu is een eiwit 
dat, als gevolg van een genetische afwijking, in overmaat aanwezig is op de cel-
membraan van tumorcellen en voorkomt bij tumoren van 20-30% van de borstkanker 
patiënten. Er is inmiddels een medicijn beschikbaar, trastuzumab, dat specifiek het 
HER-2/neu in haar werking blokkeert. Mogelijk dat een deel van de effectiviteit van 
trastuzumab te verklaren is door een effect op HIF-1. 
 Zodra er medicijnen beschikbaar zijn die tegen HIF-1 gericht zijn, moeten deze 
met name ingezet worden bij bepaalde genetische (Li Fraumeni en Cowden) 
oorzaken van borstkanker. Omdat bij deze vormen van borstkanker HIF-1 door een 
gendefect continu gestimuleerd wordt (dus zonder dat er een zuurstof tekort is). 
 In overeenstemming met de resultaten van hoofdstuk 2, vonden we ook bij dit 
onderzoek dat HIF-1α geassocieerd was met snel groeiende tumoren en de groei-
factor VEGF. Echter, in tegenstelling tot hoofdstuk 2 vonden we in dit onderzoek een 
associatie tussen HIF-1α en het ontbreken van de oestrogeen- en progesteronre-
ceptor (in plaats van het aanwezig zijn daarvan). Waarschijnlijk komt deze tegenstel-
ling doordat we in Hoofdstuk 2 ook goedaardige afwijkingen in de analyse hebben 
meegenomen.  
 
Bcl-6 in borstkanker 

Van een andere hoek vanuit het kankeronderzoek, namelijk kanker van lymfe-
klieren (non-hodgkin lymfoom), kwamen we op het idee om te kijken of BCL-6 ook in 
borstkanker aanwezig is. Deze gedachte is gebaseerd op het feit dat BCL-6 een 
belangrijke rol bij de regulatie van celdeling en celdood bleek te hebben. Tot nog toe 
werd aangenomen dat BCL-6 alleen bij lymfomen voorkwam. Bij deze tumoren zijn 
ook genetische afwijkingen beschreven die de aanwezigheid van BCL-6 verklaren. 
Vanwege de algemene betrokkenheid bij de celdeling veronderstelden wij dat BCL-6 
ook bij borstkanker een rol bij de celdeling zou kunnen spelen. In hoofdstuk 4, 
vonden we inderdaad dat BCL-6 ook bij borstkanker aanwezig kan zijn. Door 
tumoren van 86 borstkanker patiënten genetisch te onderzoeken, bleek dat bij hen bij 
wie veel BCL-6 eiwit aanwezig was inderdaad genetische afwijkingen aangetoond 
konden worden in de buurt van het BCL-6 gen. Mogelijk zijn er bij borstkanker dus 
ook genetische afwijkingen die leiden tot BCL-6 activatie. Echter meer onderzoek 
naar de oorzaak van BCL-6 aanwezigheid bij borstkanker is nodig. In tegenstelling 
tot de aanwezigheid van HIF-1α lijkt de aanwezigheid van BCL-6 niets over de 
levensverwachting van een borstkankerpatiënt te zeggen (niet gepubliceerde 
gegevens). 

Verrassend genoeg bleek dat de aanwezigheid van BCL-6 samenging met de 
aanwezigheid van HIF-1α. Of en hoe beide factoren elkaar beïnvloeden is ons niet 
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duidelijk. Om meer zekerheid over onze bevinding te krijgen keken we ook naar de 
aanwezigheid van HIF-1α in lymfomen, deze ging inderdaad samen met BCL-6. 
Verder is al eerder beschreven dat lymfomen met BCL-6 veel LDH produceren. LDH 
wordt onder andere gestimuleerd door HIF-1, dus een directe relatie tussen beide 
lijkt zeker niet uitgesloten. Ook hier geldt dat meer onderzoek nodig is.  

Verder vonden we ook dat BCL-6 geassocieerd was met p53 en cycline D1. 
Cycline D1 is een celdelingseiwit welke vaak verhoogd aanwezig is bij borstkanker, 
waarom is tot nog toe onduidelijk. Mogelijk dat een genetische afwijking in BCL-6 dus 
ook leidt tot cycline D1 activatie.  
 
PET en borstkanker 

Positron emissie tomografie (PET) is een geavanceerde techniek om met behulp 
van nucleair geladen deeltjes een bepaalde stof in het lichaam te vervolgen door de 
vrijgekomen energie van deze deeltjes te meten. Daar waar de gemarkeerde stof in 
het lichaam zich ophoopt zal op de scan een vlekje te zien zijn. Op het gebied van 
kankeronderzoek wordt vooral gebruik gemaakt van nucleair geladen glucose (de 
eenvoudigste vorm van suiker). Door een patiënt deze glucose in te spuiten zal daar 
waar veel energie (=suiker) nodig is een vlekje op de scan ontstaan. Op deze manier 
kunnen sommige uitzaaiingen al worden gezien die niet door reguliere CT-scans 
worden gezien. Uiteraard is het zichtbaar worden van een vlekje ook afhankelijk van 
de grootte van een tumor.  

Bij borstkanker komt het soms voor dat bij een patiënt geen aankleuring wordt 
gezien terwijl er bij operatie wel een grote tumor in de borst gevonden is. Ook het 
omgekeerde komt voor. Dit heeft bij veel nucleair geneeskundigen vraagtekens op-
geroepen, zonder ooit een duidelijk antwoord te krijgen. Omdat HIF-1 betrokken is bij 
zowel de vorming van glucose als het aanmaken van bloedvaatjes (aanvoer van 
glucose), veronderstelden wij dat wij middels HIF vele vraagtekens konden 
beantwoorden. Daarom onderzochten wij in hoofdstuk 7 welke factoren een 
belangrijke rol spelen bij het wel of niet zichtbaar worden van een borstkanker tumor 
op een PET scan. Daartoe stelden we een model op van verschillende factoren die 
van belang zouden kunnen zijn om het verschil in glucoseopname te verklaren. Deze 
factoren werden bij tumoren van 55 borstkanker patiënten bepaald nadat ze een PET 
scan hadden gehad en waren geopereerd. Bij patiënten met een sterk PET signaal 
kwamen de volgende factoren naar voren; grote aantallen bloedvaatjes in de tumor 
(aanvoer glucose), aanwezigheid van Glucose transporter-1 (een eiwit dat glucose 
vanuit het bloed de cel in vervoerd), van hexokinases (enzymen die nodig zijn voor 
verbranding van glucose tot energie), de hoeveelheid tumorcellen per volume opper-
vlak (er is een groot verschil qua compositie tussen verschillende borstkankers), een 
hoge celdeling, veel aanwezige afweercellen en indirect ook de aanwezigheid van 
HIF-1α (stimuleert de bloedvaatjesgroei, productie van Glut-1 en verbranding van 
glucose). 

Hiermee waren wij de eerste die een duidelijke verklaring hadden voor de 
verschillen op een PET scan tussen patiënten onderling. Ook was nog nooit de aan-
wezigheid van hexokinase I in borstkanker gerapporteerd. Tot nog toe werd juist van 
macrofagen (opruimcellen) aangenomen dat ze veel glucose gebruiken en dus een 
hoger PET signaal geven, echter wij konden dit niet bevestigen. Nieuw was ook dat 
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we een associatie vonden tussen de bloedvaatjesdichtheid en een sterk PET signaal. 
Een overeenkomst tussen VEGF en het PET signaal konden we vreemd genoeg niet 
vinden. Wat ook opviel was dat Glut-1 met name in nog levende cellen rond resten 
van dode cellen te zien was. Hoogst waarschijnlijk is deze glut-1 door zuurstoftekort 
(HIF-1) geactiveerd. 

Een bepaald type borstkanker (lobulair) heeft vaak een zwak PET signaal. Dit 
kunnen we nu goed begrijpen aan de hand van boven beschreven factoren, omdat 
lobulaire tumoren meestal niet snel delen en niet compact of bolvormig, maar juist 
heel diffuus en dun bezaaid groeien. 
 
 
Algemene conclusies 
1. Zowel zuurstoftekort als ook genetische veranderingen kunnen HIF-1 activeren 
in borstkanker. In dit proefschrift vinden we aanwijzingen dat HER-2/neu, EGFR en 
PDGF kunnen zorgen voor HIF-1 activatie. 
2. Therapie tegen HIF-1 lijkt een aantrekkelijk nieuw doelwit omdat daarmee 
meerdere onderliggende processen worden aangepakt (VEGF productie, bloedvat-
nieuwvorming, energievorming) die allen ten grondslag liggen aan agressieve 
kankersoorten. 
3. De hoeveelheid HIF-1α geeft de agressiviteit van een tumor weer en voorspelt 
de levensverwachting van een patiënt. Hiermee zou met name bij patiënten zonder 
lymfeklieruitzaaiingen bepaald kunnen worden wie er wel en wie geen aanvullende 
chemotherapie nodig heeft. Mogelijk kunnen ook de ‘slechte’ voorstadia van borst-
kanker  onderscheiden worden van de relatief gunstige voorstadia. 
4. BCL-6 eiwit is ook bij borstkanker aanwezig, hetgeen mogelijk door genetische 
afwijkingen verklaard kan worden. Tevens is, bij borstkanker, BCL-6 geassocieerd 
met p53, cyclin D1 en HIF-1α.  
5. Het verschil in PET signaal tussen verschillende borstkanker patiënten kan 
verklaard worden door een biologisch model waarin het glucose transport, de celde-
lingsnelheid en het aantal tumorcellen per oppervlak van groot belang zijn.  
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CHAPTER 2, FIGURE 1. Immunohistochemical analysis of hypoxia-inducible factor-1α in normal breast tissue (A) and in 
hyperplasia (B) shows no increase in HIF-1α �‘. Well-differentiated ductal carcinoma in situ (DCIS) (C) and poorly differentiated 
DCIS (D) show a striking pattern of increased HIF-1α around necrosis (N). A well-differentiated ductal carcinoma shows HIF-
1α �‘ positivity (E). A poorly-differentiated medullary breast carcinoma shows increased regional levels of HIF-1α �‘ (F). Scale bar 
= 100µm 

 

 

CHAPTER 4, FIGURE 1 Invasive ductal breast cancer showing diffuse (A) and perinecrotic (B) nuclear BCL-6 
immunohistochemical staining (microscope magnification ×20). 
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CHAPTER 6, FIGURE 1. An immunohistochemical staining of hypoxia-inducible factor-1α in patients with invasive breast 
carcinoma. Definite nuclear staining is visible in perinecrotic areas. 
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