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Abstract 

Previous studies revealed that, upon exposure to hypoxia, tumour cells acquire resistance 

to the cytolytic activity of IL-2-activated lymphocytes. The MHC class I chain-related 

(MIC) molecules – comprised of MICA and MICB – are ligands for the activating 

NKG2D receptor on Natural Killer (NK) and CD8+ T cells. MIC-NKG2D interactions 

lead to the activation of NK and CD8+ T cells and the subsequent lysis of the tumour 

cells. The study also showed that the mechanism of the hypoxia-mediated immune escape 

involves the shedding of MIC, specifically MICA, from the tumour cell surface. The 

objective of the present study was to determine whether the shedding of MICA requires 

the expression of hypoxia inducible factor-1 (HIF-1), a transcription factor that regulates 

cellular adaptations to hypoxia. Exposure to hypoxia (0.5% O2 vs. 20% O2) led to the 

shedding of MIC from the surface of MDA-MB-231 human breast cancer cells and DU-

145 human prostate cancer cells as determined by flow cytometry. Knockdown of HIF-1α 

mRNA using siRNA technology resulted in inhibition of HIF-1α accumulation under 

hypoxic conditions as determined by Western blot analysis. Parallel study revealed that 

knockdown of HIF-1α also blocked the shedding of MICA from the surface of MDA-

MB-231 cells exposed to hypoxia. These results indicate that HIF-1 is required for the 

hypoxia-mediated shedding of MICA and, consequently, that HIF-1 may play an 

important role in tumour immune escape. Ongoing studies aim to determine the HIF-1 

target genes involved in the shedding of MICA under hypoxia.  
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Chapter 1    

Introduction 

1.1 Cancer Immunology 

1.1.1 Host-protecting effect of the immune system against developing tumours 

Cancer immunosurveillance is defined as immunological protection of the host against 

the development of cancer, resulting from immune effector functions stimulated by 

immune recognition of either stress ligands or antigens expressed on transformed cells 

[1]. 

The concept of immunosurveillance was first proposed by Burnet and Thomas in the 

1950s. However, subsequent studies in the 1970s comparing wild type with athymic nude 

mice failed to show either increased incidence of chemically induced tumours or a 

shortened tumour latency period after carcinogen injection in these immune-deficient 

mice [2]. Furthermore, there were no statistically significant differences in the incidence 

of spontaneous non-viral tumour formation between nude and wild type mice. Due to the 

limited understanding at that time of the immunological defects in the nude mouse, these 

results were considered to be highly convincing and consequently led to the abandonment 

of the immunosurveillance hypothesis [3, 4]. 
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Between 1994 and 1998, two major findings led to the renewed interest in the process of 

cancer immunosurveillance: endogenously produced interferon γ (IFN-γ) could protect 

the host against the growth of transplanted tumours and against the formation of primary 

chemically-induced and spontaneous tumours, and that mice lacking the cytolytic protein 

perforin were more prone to tumour induction by the chemical carcinogen 

methylcholanthrene (MCA) compared with their wild type counterparts [4]. Recent 

studies using mice with molecularly defined inactivating defects in innate and/or adaptive 

immunity have together shown that immunodeficiency does indeed lead to increased 

incidence of spontaneous and carcinogen-induced tumours. These data now give strong 

support for the existence of an effective cancer-immunosurveillance mechanism in mice. 

Moreover, clinical data indicate that cancer immunosurveillance also occurs in humans: 

studies of transplant recipients who were immune-suppressed and of individuals with 

primary immune-deficiencies showed that both groups had a significantly higher risk for 

cancer development than the general population [1, 4-6]. 

1.1.2 Tumour-sculpting role of the immune system 

Since cancer occurs in immune-competent individuals, it has been thought that during 

tumour formation, the immune system selects tumour variants that can be best suited to 

survive in an immunologically intact environment, very like what the immune system 

does with viruses, bacteria and parasites [4]. Immunoselective effects have been observed 

as re-passage of transplantable tumours through immune-competent hosts resulted in the 

predominance of tumour variants with reduced immunogenicity [4].  Moreover, studies 
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have shown that tumours from immunocompetent hosts and immunodeficient hosts have 

different immunogenic phenotypes: tumour cells taken from immunocompetent mice 

could form progressively growing tumours when transplanted into immunocompetent 

recipients, whereas tumour cells taken from immunodeficient mice were rejected when 

transplanted into wild-type hosts [1, 7-9]. 

1.1.3 Cancer immunoediting 

The opposing functions of immunity — host protection versus tumour sculpting — form 

the basis for a process termed cancer immunoediting [4].  

This process consists of three phases: elimination, equilibrium, and escape. In the 

elimination phase, which corresponds to immunosurveillance, if the inhibition of tumour 

development and/or growth by immunosurveillance is incomplete, the cancer-

immunoediting process can advance to the equilibrium phase. This second phase, which 

is similar to the older concept of tumour dormancy, is characterized by the persistence of 

residual cancer cells that are highly mutable. In the escape phase of the cancer-

immunoediting process, cancer cells that develop the capacity to avoid destruction by 

immune responses and/or are able to directly attenuate the protective anti-tumour 

functions of immune effectors can grow progressively to form clinically evident lesions 

[1,4]. It is believed that the activating receptor NKG2D (natural-killer group 2, member 

D) and its ligands play an important role during both the elimination phase and the escape 

phase of the cancer-immunoediting process. 
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1.2 NKG2D-NKG2DL interactions during innate immunity 

The activating receptor NKG2D was identified in a screen for the preferentially 

expressed genes by human natural killer (NK) cells [10-12].  It was designated as 

NKG2D as its gene resides in the NKG2 (natural killer group 2) complex. Expression of 

this activating receptor was shown in NK cells, most NKT cells, γδ+ T cells, and CD8+ T 

cells. Under non-pathological conditions, expression of NKG2D is not detectable on a 

substantial proportion of CD4+ T cells [13-20]. 

The NKG2D receptor binds to a variety of ligands, which resemble major 

histocompatibility complex (MHC) class I proteins [20-23].  In humans, NKG2D ligands 

consist of the Retinoic Acid Early Transcript 1 (RAET1) family members, which were 

initially referred to as UL16-binding proteins (ULBPs), and the MHC class I-chain-

related (MIC) proteins A and B. The members of the RAET1 family of ligands are 

orthologues of the mouse RAE-1 proteins, containing α1 and α2 domains; while the MIC 

family has a third Ig-like domain α3 [21, 24, 25]. 

Ligands for NKG2D are rarely detectable on the surface of healthy cells and tissues, but 

their expression can be up-regulated by many factors, including infection by bacteria or 

viruses or by cellular transformation [20]. They are frequently expressed by tumour cell 

lines and in tumour tissues. It has been reported that RAET1 proteins are expressed by 

tumours of various origin, including leukemias, gliomas and melanomas [20, 26-28], 

while MICs are even more broadly expressed in leukemias, various carcinomas (breast, 



 

5 

 

lung, colon, kidney, ovary and prostate), gliomas, neuroblastomas and melanomas [20, 

26-32]. 

Interactions between NKG2D and NKG2DLs can lead to the activation of NK cells 

despite the presence of inhibitory signals induced by the expression of MHC class I 

molecules on target cells [21, 33]. NKG2D-NKG2DL interactions can also co-stimulate 

CD8+ T cell activation [20]. Specifically, NKG2D does not contain any known signalling 

motifs within its intracellular domain. Upon binding to a ligand, NKG2D associates with 

the adaptor protein DNAX-activating protein of 10 kD (DAP10). The latter carries a Tyr-

X-X-Met motif within the cytoplasmic domain, which then recruits phosphoinositide-3 

kinase (PI3K) and growth factor receptor-bound protein 2 (Grb2) [20].  In NK cells, the 

subsequent downstream signalling triggers cell degranulation, with release of perforin 

and granzymes at the junction between the interacting cells. Granzyme B enters the target 

cell via perforin-gated pores or by binding to mannose 6-phosphate receptors that are 

subsequently endocytosed. Granzyme B is then released from the vesicle into the 

cytoplasm in a perforin-dependent process [34]. Cleavage of procaspase 8 by granzyme B 

activates a caspase cascade that leads to the apoptotic death of the NKG2D ligand-

bearing targets [34]. Thus during the process of tumourigenesis, NKG2D-NKG2DL 

interaction plays an important role in the NK-mediated immune response. 

Among NKG2DL members, MICA was the first identified and is the most extensively 

studied. MICA is highly polymorphic, as it has 61 known alleles. As mentioned above, 

MICA is not expressed on the surface of most normal tissues except on the intestinal 
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epithelium and its expression can be enhanced in virus- or bacteria-infected cells or in 

tumour cells[20]. It was reported that an AP-1-binding site is present in the promoter 

region of the MICA gene [35]. AP-1 is a transcription factor that mediates gene regulation 

in response to a variety of extracellular stimuli including growth factors, cytokines, 

oncogenes, tumour promoters and chemical carcinogens [36]. AP-1 plays an important 

role during tumourigenesis as it is involved in the regulation of cell proliferation, 

differentiation and apoptosis [36]. At the same time, it is well established that the DNA 

damage pathway is activated in many tumours, and DNA damage can induce surface 

expression of MICA [37]. Thus it has been proposed that AP-1 and the DNA damage 

pathway cooperate in the up-regulation of MICA during tumourigenesis [20]. High levels 

of soluble MICA were detected in sera of patients suffering from different types of 

cancer, including breast and lung cancer, leukemia, pancreatic carcinomas, hepatocellular 

cancer and colon carcinoma [28, 38-41]. There is also evidence that soluble MICA is an 

independent marker of progression for many early-stage cancers, such as gastrointestinal, 

breast, and prostate carcinoma [20, 42]. The shedding of MICA is mediated by 

metalloproteinases; one  study has shown that MICA shedding by tumour cells was 

inhibited by the silencing of ADAM-10 and ADAM-17, two members of the “a 

disintegrin and metalloproteinase” (ADAM) family of metalloproteinases [43]. Cell 

surface endoplasmic reticulum protein 5 (ERp5) is also required for MICA shedding: it 

acts by forming mixed disulfide complexes that release MICA [44]. It has been proposed 

that shedding of MICA may have multiple consequences on NKG2D-mediated 
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responses: first, shedding of MICA itself reduces MICA density on the tumour cell 

surface; second, soluble MICA can down-regulate expression of NKG2D on effector 

cells; and third, soluble MICA can bind to the NKG2D receptor thereby blocking 

interactions between NKG2D and NKG2D ligands on the cell membrane [20]. 

 

1.3 Hypoxia and tumour cell biology 

Growth of a solid tumour is limited by the extent of vascularisation which supplies 

tumour cells with oxygen and nutrients [45]. Because of the highly irregular nature of 

tumour vascular networks, oxygen distribution in human tumours is heterogeneous. 

Tumour hypoxia (low oxygen tension) usually occurs at a distance of 100–200 µm from 

blood vessels [46]. Most solid tumours contain regions with pO2 values of less than 5 

mmHg (corresponding to approximately 0.7% O2 in the gas phase or 7 µM in solution), 

while the partial pressure of oxygen of normal tissues from which the tumours arose is 

around 30-50mmHg (corresponding to approximately 4-7% O2 in the gas phase) (Table 

1.1) [45,46].  

Hypoxia has a so-called Janus face on tumour progression: it can induce apoptosis 

(programmed cell death) or necrosis in cells that cannot adapt to oxygen and nutrient 

deprivation, but it can also prevent cell death by inducing adaptive responses that 

facilitate cell proliferation or angiogenesis, finally contributing to tumour progression 

[45]. 
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Hypoxia can hinder or even completely inhibit tumour cell proliferation [47]. It has also 

been established that hypoxia can induce apoptosis of normal or neoplastic cells via both 

Hypoxia Inducible Factor-1 in a p53-dependent or p53-independent pathway involving 

genes such as those of the Bcl-2 family[45]. Hypoxia-induced differentiation, apoptosis, 

and necrosis may explain the phenomenon of delayed recurrences, dormant micro-

metastases, and growth retardation which can occur in large tumours [46]. 

In contrast, other studies have revealed that the presence of hypoxia within the tumour 

mass is correlated with a negative clinical outcome for patients with various types of 

cancers including carcinoma of the head and neck, soft tissue sarcoma, carcinoma of the 

cervix, and prostatic adenocarcinoma [48-53]. Some of these studies demonstrated that 

the survival of patients with severely hypoxic tumours is significantly lower than that for 

patients with well-oxygenated tumours [47]. Other studies showed that tumour hypoxia is 

associated with resistance to radiotherapy, chemotherapy, photodynamic therapy and 

immunotherapy [46, 47]. Hypoxic cells are considered to be resistant to most anticancer 

drugs for reasons such as inadequate exposure to the anticancer drugs due to long 

distance from blood vessels, selection of cells that have lost sensitivity to p53-mediated 

apoptosis, and up-regulation of genes involved in drug resistance [46, 54-56]. 

In addition, it has been demonstrated that hypoxia in tumours tends to select for a more 

malignant phenotype: it increases mutation rates, increases expression of genes 

associated with angiogenesis and invasion, and is associated with a more metastatic 

phenotype [46]. Thus hypoxia-induced adaptive responses can enable cells to overcome 
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nutrient deprivation, to escape from the hostile local micro-environment, and to acquire 

clinically aggressive/malignant phenotypes [46].  

Since hypoxia and hypoxia-induced necrosis is a unique feature of solid tumours it could 

potentially be exploited in cancer therapy [46]. Four general strategies are now being 

developed: using pro-drugs activated by hypoxia, in which a non-toxic pro-drug can be 

activated to a toxic drug in a hypoxic environment; using hypoxia-selective gene therapy, 

in which hypoxia-specific promoters provide selective transcription of enzymes that can 

convert pro-drugs into toxic drugs; targeting the hypoxia inducible factor 1 (HIF-1) 

transcription factor, the primary factor that mediates cellular adaptations to hypoxia; and 

using recombinant obligate anaerobic bacteria, in which an obligate anaerobe colonizes a 

tumour and causes necrosis after systemic administration [46].  

Studies from our laboratory showed that hypoxia induces the shedding of membrane-

bound MICA (mMICA) from the surface of DU-145 human prostate cancer cells, and 

increases the resistance of these cells to the lysis mediated by IL-2-activated peripheral 

blood lymphocytes (PBL). A causal relationship between hypoxia-induced MICA 

shedding and resistance to PBL-mediated lysis was implied by results which showed that, 

in the presence of an anti-MICA/MICB antibody which prevents MIC-NKG2D 

interactions, the sensitivity to the cytolytic activity of donor PBLs was significantly 

decreased in DU-145 cells pre-incubated in 20% O2, while addition of anti-MICA/MICB 

antibody did not further decrease the sensitivity to PBL-mediated cytotoxicity in DU-145 

cells pre-incubated in 0.5% O2 [57]. 
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Table 1.1 Oxygenation of tumours and the surrounding normal tissue 

 

*pO2 measured in mmHg. Measurements were made using a commercially available oxygen 
electrode (the ‘Eppendorf’ electrode). The values shown are the median of the median values for 
each patient. ND, not determined; pO2, oxygen partial pressure. 

Table adapted from REF 46. 
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1.4 HIF-1 (Hypoxia-inducible factor-1) 

The transcription factor HIF-1 is a primary factor that mediates the cellular adaptations to 

hypoxia. 

1.4.1 Regulation of HIF-1 

HIF-1 is a heterodimer consisting of an oxygen-inducible alpha subunit and a 

constitutively expressed beta subunit (HIF-1α, HIF-1β). Under normoxic conditions, 

proline residues 402 and 564 within the HIF-1α oxygen dependent degradation domain 

(ODDD) are hydroxylated by prolyl hydroxylase domain containing enzymes (PHD). 

PHDs are effective oxygen sensors, as they have very high Km values for O2 (slightly 

above the atmospheric oxygen concentrations), indicating that even small decreases in O2 

can attenuate their activities [45, 58]. Thus, proline 402/564 hydroxylation is an oxygen-

dependent reaction. Hydroxylated HIF-1α forms hydrogen bonds with the von Hippel 

Lindau protein (pVHL) side chains. The pVHL associates with the proteins elongin C, 

elongin B, cullin-2, and Rbx1 to form the VCB-Cul2 E3 ligase complex, which tags HIF-

1α with ubiquitin, leading to the subsequent degradation of HIF-1α by the 26S-

proteasome[59, 60]. Thus under normoxic conditions, HIF-1α protein is unstable and has 

a short half-life (~5min) (Figure 1.1A) [60]. 

In addition to the regulation of HIF-1α stabilization, there is a second major mechanism 

that regulates HIF-1 activity. Under normoxic conditions, asparagine residue 803 within 

the HIF-1α C-terminal transactivation domain (CTAD) is hydroxylated by factor 
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inhibiting HIF-1 (FIH-1). Like the PHDs, the asparaginyl hydroxylase FIH-1 also serves 

as an oxygen sensor. Hydroxylation of asparagine 803 prevents the association of HIF-1 

with the transcriptional co-activator p300/CBP and thus inhibits the transcriptional 

activity of HIF-1 (Figure 1.1A) [45]. 

However, under hypoxic conditions, the activities of PHDs and FIH-1 are inhibited due 

to lack of oxygen. Under hypoxia, hydroxylation of proline 402 and 564 does not occur, 

and pVHL is unable to bind to HIF-1α. The latter therefore cannot be ubiquitinated and 

degraded. The stabilized HIF-1α protein translocates from the cytoplasm to the nucleus, 

where it associates with the HIF-1β subunit and forms the HIF-1 heterodimer. The 

inhibition of asparagine 803 hydroxylation under hypoxia enables the association of HIF-

1 with transcriptional co-activator p300/CBP, leading to the activation of the HIF-1α 

gene and subsequent HIF-1 target gene transcription (Figure 1.1B) [60]. Besides the post-

translational modifications discussed above, direct phosphorylation of HIF-1α has also 

been observed and it is likely that the mitogen-activated protein kinase (MAPK) pathway 

plays a role here [61]. This phosphorylation does not seem to affect HIF-1α stability but 

increases the transcriptional activity of HIF-1. It has been proposed that HIF-1β binds 

preferentially to the phosphorylated form of HIF-1α (Figure 1.1B) [60, 62]. 
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Figure 1.1 Oxygen-dependent regulation of HIF-1 stabilization and transactivation.  

(A) In normoxia, hydroxylation of two proline residues of HIF-1α (P402 and P564) leads to its 
binding to the E3 ubiquitin ligase VHL complex. The ligase complex tags HIF-1α with ubiquitin, 
leading to the subsequent degradation of HIF-1α by the proteasome. Meanwhile, hydroxylation of 
asparagine (N803) blocks the recruitment of the transcriptional co-activator CBP/p300. (B) In 
hypoxia, the activities of hydroxylases are inhibited due to lack of oxygen, VHL is unable to bind 
to HIF-1α and HIF-1α is therefore stabilized. Stabilized HIF-1α protein translocates from the 
cytoplasm into the nucleus, where it associates with the HIF-1β subunit and forms the HIF-1 
heterodimer. The inhibition of asparagine 803 hydroxylation under hypoxia enables the 
association of HIF-1 with the transcriptional co-activator p300/CBP, leading to the activation of 
the HIF-1α gene and subsequent HIF-1 target gene transcription. 
Figure adapted from REF 60. 
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1.4.2 The target genes of HIF-1 

Activation of HIF-1 results in the expression of targets whose enhancer and promoter 

regions contain HRE (hypoxia-responsive element) sites with the core DNA sequence 5’-

ACGTG-3’[63]. 

To date, there are over 100 genes known to be up-regulated through HIF-1-mediated 

transcriptional activation. These include genes involved in erythropoiesis/iron 

metabolism, which can enhance the formation of erythrocytes and thereby the delivery of 

oxygen to tissues [63, 64]; genes involved in angiogenesis, such as the vascular 

endothelial cell growth factor (VEGF), that can recruit endothelial cells into hypoxic and 

avascular areas and can stimulate their proliferation [65-67]; and genes involved in 

glycolysis, resulting in increased expression of glycolytic enzymes and glucose 

transporters to generate more ATP to compensate for the low efficiency of the oxygen-

independent glycolysis [68-70]. 

Moreover, HIF-1 can up-regulate target genes associated with cell proliferation/survival, 

such as insulin-like growth factor-2 (IGF2) and transforming growth factor-α (TGF-α) 

[71, 72]. Paradoxically, hypoxia can also lead to apoptosis in some circumstances: it has 

been shown that expression of HIF-1α and HIF-1β significantly correlates with apoptosis 

and pro-apoptotic factors, such as caspase-3, Fas, and Fas ligand [45, 60]. 
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1.5 HIF-1 regulated Pro-protein Convertase Furin 

The six classes of mammalian proteases are serine, metallo, cysteinyl, aspartyl, threonine, 

and glutamyl proteases [73].  Pro-protein convertases (PCs) are members of a family of 

nine Ca2+-dependent serine proteases that process protein and peptide precursors as they 

move through the secretory pathway, and thus PCs are responsible for post-translational 

processing and activation of precursors of many proteins [74]. 

Seven of the PC family members cleave peptides at locations preceded by basic amino 

acids at the general consensus motif (Lys/Arg)-(X)n-(Lys/Arg)↓, where n=0, 2, 4 or 6 and 

X is any amino acid, and are called PC1/3, PC2, furin, PC4, PC5/6, PACE4 and PC7. The 

two other convertases, SKI-1/S1P and PCSK9, are implicated in cholesterol and/or fatty 

acid metabolism [74]. Within the PC family, members such as PC1, PC2, and PC4 are 

tissue-specific distributed, whereas furin, PACE-4, PC5/PC6, and PC7 are expressed in a 

broad range of tissues and cell lines [75]. 

The majority of proteins regulating the metastatic ability of tumour cells, such as 

adhesion molecules, growth factors, growth factor receptors, and metalloproteinases, are 

synthesized as inactive precursor proteins that are converted to their bioactive forms by 

PC family members [76]. Over-expression of PCs has been observed in lung, breast, 

colon, and head and neck carcinomas, and because of their role in the activation of matrix 

metalloproteinases (MMPs), PCs are thought to be linked to progression of a variety of 

cancers [75, 76]. 
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Among the PC convertases, furin was the first identified and has been the most 

extensively studied. Furin is ubiquitously expressed and is mainly localized to the trans-

Golgi network, though furin molecules are also known to cycle between the trans-Golgi 

network and the cell surface [77]. This enzyme is encoded by the fur gene, which stands 

for c-fes/fps proto-oncogene upstream region. Furin activates precursors of many 

proteins including growth factors (e.g. transforming growth factor-β1, insulin-like growth 

factor-1, platelet-derived growth factor), serum proteins, receptors, viral-envelope 

glycoproteins, bacterial exotoxins, and various metalloproteinases. It acts at sites marked 

by the consensus Arg-Xaa-(Lys/Arg)-Arg↓ sequence [78]. It has also been reported that 

furin expression and activity are increased by hypoxia in a HIF-1-dependent manner [79]. 

Because of the critical role of furin in the activation of metalloproteinases (e.g. ADAMs) 

involved in the shedding of surface proteins, the hypothesis tested in the studies described 

in this thesis is that increased furin activity is an essential step in the mechanism of 

hypoxia-induced shedding of MICA and resistance of tumour cells to lysis by effector 

cells of the immune system. 
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1.6 Rationale and Hypothesis 

Our laboratory’s previous study showed that hypoxia can induce the shedding of 

membrane-bound MICA from the surface of DU-145 human prostate cancer cells, while 

at the same time, upon exposure to hypoxia, tumour cells acquire resistance to cytolysis 

by IL-2-activated peripheral blood lymphocytes (PBLs) [57]. Further study showed that, 

in the presence of an anti-MICA/MICB antibody which prevents MIC-NKG2D 

interactions, the sensitivity to the cytolytic activity of  PBLs was significantly decreased 

in DU-145 cells pre-incubated in 20% O2, while addition of anti-MICA/MICB antibody 

did not further decrease the sensitivity to PBL-mediated cytotoxicity in DU-145 cells pre-

incubated in 0.5% O2; thus it was concluded that hypoxia-induced MICA shedding can 

induce resistance of tumour cells to PBL-mediated lysis[57]. Identification of critical 

molecules involved in the pathway of hypoxia-induced membrane-bound MICA 

shedding is an important component of this thesis. Since Hypoxia Inducible Factor-1 

(HIF-1) is a key mediator of cellular adaptations to hypoxia, the first hypothesis tested in 

the present studies is that the hypoxia-induced shedding of MICA from the cancer cell 

surface is dependent on HIF-1 expression and activity (Figure 1.2).       

A previous study revealed that the expression and activity of the pro-protein convertase 

furin are increased by hypoxia in a HIF-1-dependent manner [79]. Since furin is a key 

player in the activation of metalloproteinases involved in the shedding of surface 

proteins, the second hypothesis tested here is that furin expression and activity in 
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cancer cells are increased by hypoxia and are required for the hypoxia-induced 

shedding of MICA from cancer cell surface (Figure 1.2). 
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Figure1.2 Proposed mechanism of hypoxia-mediated immune escape 
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1.7 Objectives 

1. To determine whether the shedding of MICA from cancer cell surface requires the 

expression of hypoxia inducible factor-1 (HIF-1). 

2. To determine whether furin expression/activity is increased during hypoxia-

induced shedding of MICA from cancer cell surface.  
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Chapter 2 

Materials and Methods 

2.1 Cell culture 

Human MDA-MB-231 breast carcinoma cells and human DU-145 prostatic carcinoma 

cells were obtained from the American Type Culture Collection (Manassas, VA, USA). 

Cells were maintained in monolayer culture in RPMI 1640 medium supplemented with 

5% FBS (Invitrogen, Burlington, ON, Canada).  Cells were cultured in a standard 

Thermo Forma CO2 incubator (5% CO2 in air at 37oC). 

MDA-MB-231 cells were initially isolated from a pleural effusion obtained from a 51-

year-old patient. They are invasive and metastatic, are estrogen receptor negative, and do 

not express wild-type p53 tumour suppressor protein [80]. 

DU-145 cells were initially derived from a human prostate adenocarcinoma metastatic to 

the brain. They are not detectably hormone-sensitive and do not express prostate-specific 

antigen [81, 82]. 

2.2 Exposure to hypoxic conditions 

To establish hypoxic conditions, cells were placed in airtight plastic chambers that were 

flushed with a 5% CO2/ 95% N2 gas mixture (BOC, Kingston, ON, Canada). Different 
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oxygen tensions within these chambers were maintained by Pro-Ox Model 110 O2 

regulators (Biospherix, Redfield, NY, USA). Fresh medium was always replaced 

immediately prior to incubation in 0.5% O2 or 20% O2. 

2.3 Small interfering RNA (siRNA) transfection 

A transfection reagent, siPORT™ NeoFX™ (Ambion Inc., Austin, TX, USA) was used 

according to the manufacturer’s instructions to introduce siRNA into cells.   

For siRNA uptake optimization, Silencer FAM-labelled GAPDH siRNA (Ambion) was 

introduced into cells and flow cytometry was used to determine the fluorescent signal of 

the cells that took up the siRNA (cells exhibiting fluorescence). 

Knockdown of HIF-1α expression was achieved using Silencer validated siRNA targeted 

against exon 5 of the human HIF-1α gene (ID #42840; Ambion). Silencer Negative 

Control siRNA #1 (Ambion), Silencer Negative Control siRNA #2 (Ambion), and 

AllStars Negative Control siRNA (Qiagen, Mississauga, ON, Canada) were used as 

negative controls to assess for any non-specific effects of transfection.   

2.4 Western blot analysis 

Following incubation under various conditions, cells were removed from the hypoxia 

chambers and frozen immediately by rapidly discarding the media and placing the culture 

plates in a liquid nitrogen bath. Cells were lysed on ice using 80-100 µl HIF-1 lysis 

buffer [100 mM NaCl, 20 mM Tris HCl pH 7.6, 5 mM MgCl2, 0.5% Igepal CA630, 
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Protease Inhibitor Cocktail(Roche Diagnostics, Laval, QC, Canada)] for a 6-cm plate. 

Lysates were briefly sonicated (one 10-sec. burst at 50 Hz) then centrifuged (5 minutes at 

14,000 x g at 4oC). Determination of protein content was performed using a modified 

Lowry assay (Bio-Rad DC Protein Assay, Bio-Rad Laboratories, Mississauga, ON, 

Canada). Lysates were stored at -80oC until use. 

Protein samples of 15-100 µg were resolved on 6-10% SDS-polyacrylamide gels and 

transferred onto Immobilon-P membranes (Millipore Corporation, Bedford, MA, USA) 

using a wet transfer apparatus. Membranes were incubated in TBS (140 mM NaCl, 50 

mM Tris HCl pH 7.2) containing 5% milk powder (w/v) in a hybridization incubator for 

1 h at room temperature in order to block non-specific binding.  

After blocking, the membranes were incubated with primary antibody in TBS/0.5% milk 

overnight at 4oC. Primary antibodies used included HIF-1α antibody, 1:250 (BD 

Transduction Laboratories, Oakville, ON, Canada); furin antibody (MON-152; Axxora, 

San Diego, CA, USA); α-tubulin antibody, 1:20000 (Sigma-Aldrich Canada Ltd.); β-actin 

antibody, 1:5000 (Sigma-Aldrich Canada Ltd.). All of the primary antibodies were 

monoclonal antibodies produced in mouse. 

The membranes were washed in TBS containing 0.1% Tween 20 (6 × 5 min) and then 

incubated for 1 h at room temperature (RT) with secondary antibody in TBS/0.5% milk. 

The secondary antibody used was horseradish peroxidase-conjugated goat anti-mouse 

(1:5000; Biorad). Membranes were then washed in TBS containing 0.1% Tween 20 (6 × 
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5 min). Secondary antibodies were detected by enhanced chemiluminescence (Amersham 

Biosciences, Baie D’Urfe, QC, Canada) and exposure to Kodak X-Omat Blue Film. 

2.5 Flow Cytometry   

Flow cytometry was used to monitor siRNA uptake efficiency and to measure membrane-

bound MICA expression. 

Silencer FAM-labelled GAPDH siRNA uptake efficiency was analyzed with a Beckman 

Coulter EPICS Altra HSS flow cytometer (Beckman-Coulter). Excitation was performed 

by an argon laser at a wavelength of 488 nm, the emitted fluorescence was collected at 

525 ± 20 nm, and at least 10,000 events per sample were analyzed.  

Surface expression of MICA on tumour cells was analyzed with the same flow cytometer. 

In preparation for flow cytometry, tumour cells were plated and allowed to reach 80% 

confluence. Cells were then incubated in a standard CO2 incubator (20% O2) or were 

placed in 0.5% O2 for 24 h. Cells were then harvested with 5 mM EDTA, washed  twice 

with washing buffer (PBS containing 2% FBS), incubated with mouse anti-human 

MICA/MICB monoclonal antibody, 1:10 (Santa Cruz Biotechnology, CA, USA) or 

mouse anti-human MICA monoclonal antibody, 1:10 (Santa Cruz Biotechnology) for 1 h 

on ice, washed three times with washing buffer, incubated with FITC-conjugated goat 

anti-mouse antibody, 1:10  (Dako, Mississauga, ON, Canada) for 1 h and then analyzed 

by flow cytometry.  Excitation was performed by an argon laser at a wavelength of 488 
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nm, the emitted fluorescence was collected at 525 ± 20 nm, and at least 10,000 events per 

sample were analyzed.  

2.6 Determination of mRNA by real-time PCR 

Total RNA was isolated using High Pure RNA Isolation Kit (Qiagen) according to the 

manufacturer's protocol. One µg of total RNA sample was reverse-transcribed with 

Transcriptor Reverse Transcriptase (Roche, Mississauga, ON, Canda) using a random 

hexamer (Cortex, Kingston, ON, Canada). Real-time PCR was conducted by an Corbett 

Research Rotor-Gene 3000 (Corbett Robotics Inc, San Francisco, USA), using SYBR 

Green PCR Master Mix (Roche) and gene-specific primers as follows: Furin sense 5’-

GGCATTGTGGTCTCCATT-3’ and antisense 5’- ATCTGTCACCTCGCCATC-3’; 18S 

sense 5’-GCCCGAAGCGTTTACTTTGA-3’ and antisense 5’- 

TCCATTATTCCTAGCTGCGGTA-3’. Real-time PCR conditions for furin were 95°C 

for 5 min, followed by 45 cycles of 95°C for 10 sec, 61°C for 20 sec and 72°C for 30 sec; 

for 18S were 95°C for 3 min, followed by 35 cycles of 95°C for 15 sec, 62°C for 20 sec 

and 72°C for 20 sec. SYBR Green dye intensity was analyzed using Rotor-Gene 6 

software (Corbett). The mRNA level of each gene was normalized against 18S mRNA 

levels. The specific transcripts were confirmed by melting curve analysis at the end of 

each PCR cycle, and the specificity of the PCR was further verified by subjecting the 

amplification products to agarose gel electrophoresis [83]. 
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2.7 Pro-Protein Convertase Activity Assay 

Tumour cells (1.5 × 104 or 2.0 × 104) were plated in 96-well plates and incubated in a 

standard CO2 incubator (20% O2) overnight. Fresh medium was replaced and cells were 

incubated in 0.5% O2 or 20% O2 for 24 h. Adherent cells were then assayed in the 

presence of 0.25% Triton X-100 (as a permeabilizing agent) and the fluorogenic substrate 

Boc-RVRR-AMC (100 µM) (Bachem Americas, Inc. Torrance, CA, USA) at 37oC for 5 

h. Boc-RVRR-AMC is a substrate for furin (Km=50 µM), and other pro-protein 

convertases, such as PC2 (Km=40 µM), PC1/3 (Km=66 µM). Upon cleavage, AMC (7-

amino-4-methylcoumarin) is liberated, and fluorescence was measured at 380-nm 

excitation and 460-nm emission wavelengths. The data were normalized to cell density 

by parallel staining of another 96-well plate with crystal violet [84-86]. To pool the data 

from five independent experiments, data were then normalized to results obtained from 

cells incubated under standard conditions (20% O2) within each experiment.   

2.8 Calculations and statistical analysis 

For flow cytometric analysis, at least 10,000 cells per sample were analyzed. The level of 

membrane-bound MICA expression was presented as the median fluorescence intensity 

of the cells. The relative change in membrane-bound MICA expression of cells in 0.5% 

O2 versus 20% O2 was determined by subtracting the median fluorescence intensity of 

cells incubated in 20% O2 from that of cells incubated in 0.5% O2, and then divided by 

the median fluorescence intensity of cells incubated in 20% O2.  
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To quantify the knockdown efficiency of HIF-1α from Western blot results (showing the 

level of HIF-1α expression), densitometric analysis was performed using Scion Image 

software (Scion Corporation, Frederick, Maryland, USA). To pool data from independent 

experiments, data were normalized to results obtained from untransfected cells incubated 

under hypoxic conditions (0.5% O2) within each experiment.   

For the furin activity assay, fluorescence readings were normalized to cell density by 

parallel staining of another 96-well plate with crystal violet. To pool the data from 

independent experiments, data were normalized to results obtained from cells incubated 

under standard conditions (20% O2) within each experiment.   

In the present study, data are reported as the mean ± the standard error of the mean 

(SEM). Statistical analyses were performed using GraphPad Prism software version 4.0 

(GraphPad Software, Inc., San Diego, CA, US). When only two groups were compared, 

statistical significance was determined by a paired, two-tailed t-test. One-sample t-tests 

were used when groups were compared against normalized control values. When more 

than two groups were compared, statistical significance was determined by one-way 

ANOVA followed by Bonferroni Comparison test. All statistical tests were two-sided and 

differences were considered to be statistically significant at P < 0.05. 95% confidence 

intervals (CI) are included where appropriate. 
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Chapter 3 

Results 

3.1 Optimization of siRNA uptake 

To achieve good knockdown efficiency for HIF-1α, siRNA uptake optimization 

experiments were performed using human DU-145 prostate cancer cells and MDA-MB-

231 breast cancer cells.  

To determine the appropriate concentration of siRNA and transfection reagent NeoFX to 

be used in DU-145 cells, 10 nM, 25 nM, 40 nM or 50 nM Silencer FAM-labelled 

GAPDH siRNA together with 2.5 µl, 5 µl, 10 µl or 15 µl of NeoFX were added to wells 

of a 6-well plate containing 1.2×105 DU-145 cells/well. After a 48-h incubation in a 

standard CO2 incubator, cells were subjected to flow cytometric ayalysis to measure the 

siRNA uptake efficiency.  

Results showed uptake of siRNA in 66.5% cells using 40 nM siRNA plus 10 µl NeoFX, 

which is close to the maximum uptake efficiency of 66.9% obtained with 40 nM siRNA 

plus 15 µl NeoFX (Table 3.1). Thus, a transfection mix consisting of 40 nM siRNA plus 

10 µl NeoFX was used for further study using DU-145 cells.  

 Since the purpose of this experiment was only to determine the optimal transfection 

conditions for DU-145 cells, it was not repeated.   
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Similar optimization experiments were previously performed in the laboratory with 

MDA-MB-231 cells, and uptake of siRNA in 75-85% of these cells was observed using 

25 nM siRNA plus 10 µl NeoFX (R. Sullivan, unpublished observations).  

3.2 HIF-1α knockdown 

To knockdown HIF-1α expression, siRNA targeting HIF-1α was introduced into MDA-

MB-231 cells and DU-145 cells. Cells were then incubated for 24h under standard 

conditions followed by a 24-h incubation in either a 0.5% O2 hypoxic chamber or a 

standard CO2 incubator (20% O2). Cell lysates were then subjected to Western blot 

analysis to measure the efficiency of HIF-1α knockdown. 

The molecular weight of HIF-1α protein is 120 kD and a slightly higher molecular weight 

band observed represents the phosphorylated form of HIF-1α protein. The molecular 

weight of α-tubulin is approximately 50 kD. 

Densitometric analysis revealed that transfection with HIF-1α siRNA decreased HIF-1α 

protein levels in DU-145 cells by approximately 30% (Figure 3.1) and by about 80% in 

MDA-MB-231 cells compared with controls (Figure 3.2).  

To determine the persistence of HIF-1α knockdown in MDA-MB-231 cells, a time-

course study was performed and results showed that more than 70% knockdown 

efficiency was maintained 96 h following the transfection with siRNA (Figure 3.3).  
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Table 3.1  siRNA uptake optimization in DU-145 cells 

NeoFX (µl) 0 2.5 5 5 5 10 10 10 15 15 

FAM™ labelled 

GAPDH siRNA(nM) 
0 10 10 25 50 10 25 40 25 40 

Percentage of cells 

exhibiting 

fluorescence 

2.1 19.5 34.6 37.5 35.7 56.1 50.1 68.6 53.3 69 
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Figure 3.1 HIF-1α knockdown optimization using siRNA in human DU-145 prostate cancer 
cells. DU-145 cells were plated at a density of 1.2×105 cells/well in a 6-well plate. 40 nM HIF-1α 
siRNA or negative control siRNA was introduced into cells by 10 µl NeoFX. Cells were then 
incubated for 24 h under standard conditions followed by 24 h incubation in either 0.5% O2 or 
20% O2. (A) Cell lysates were subjected to Western blot analysis using anti-HIF-1α or anti-α-
tubulin monoclonal antibody. (B) Results of densitometric analysis of blot shown in (A).  
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Figure 3.2 HIF-1α knockdown optimization using siRNA in human MDA-MB-231 breast 
cancer cells. MDA-MB-231 cells were plated at a density of 6.5×104 cell/well in a 6-well plate. 
25 nM HIF-1α siRNA or negative control siRNA was introduced into the cells using 10 µl 
NeoFX. Cells were then incubated for 24h under standard conditions followed by a 24-h 
incubation in either 0.5% O2 or 20% O2. (A) Cell lysates were then subjected to Western blot 
analysis using anti-HIF-1α or anti-α-tubulin monoclonal antibody. (B) Results of densitometric 
analysis of blot shown in (A). 
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Figure 3.3 Time-course of HIF-1α knockdown in MDA-MB-231 cells. Cells were transfected 
with HIF-1α siRNA or negative control siRNA for 24 h. Medium containing siRNA was then 
replaced with fresh culture medium. Cells were then incubated for 24 h, 48 h, 72 h, 96 h, or 120 h 
under standard conditions followed by a 24-h incubation in either 0.5% O2 or 20% O2. (A) Cell 
lysates were then subjected to Western blot analysis using anti-HIF-1α or anti-α-tubulin 
monoclonal antibody. (B) Results of densitometric analysis of blot shown in (A). This experiment 
was performed once. 
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3.3 Shedding of membrane-bound MICA under hypoxia 

3.3.1 Shedding of membrane-bound MICA after 24-h of hypoxia in 0.5% O2 

To confirm that hypoxia induces the shedding of MICA in DU-145 prostate cancer cells, 

the latter were incubated under hypoxia (0.5% O2) or standard conditions (20% O2) for 

24 h. Results of flow cytometry using an antibody that recognizes both MICA and MICB 

revealed that the levels of membrane-bound MIC were 20% lower in DU-145 cells 

incubated for 24 h in 0.5% O2 versus 20% O2 (Figure 3.4). 

To determine whether a similar hypoxia-mediated shedding of membrane-bound MIC 

occurs in human MDA-MB-231 breast cancer cells, these cells were incubated in hypoxia 

(0.5% O2) or standard conditions (20% O2) for 24 h. Results of flow cytometry using an 

antibody that specifically recognizes MICA revealed a mean 40% decrease in the levels 

of membrane-bound MICA on MDA-MB-231 cell surface after a 24-h incubation under 

0.5% O2 (Figure 3.5). 

Since MDA-MB-231 cells exhibited a substantially more robust response to hypoxia (in 

terms of hypoxia-induced shedding of MIC) than DU-145 cells, the former cells were 

used in subsequent experiments. 

 



 

35 

 

 

Figure 3.4 Hypoxia-induced mMIC shedding from DU-145 cell surface. Cells were plated at a 
density of 4.5×105 cells/60-mm dish and incubated in a standard CO2 incubator overnight. Cells 
were then incubated in 0.5% O2 or 20% O2 for 24 h. They were harvested and analyzed by flow 
cytometry using anti-MICA/B antibody. Results revealed an approximately 20% decrease in the 
levels of membrane-bound MIC on DU-145 cells incubated in 0.5% O2 compared to 20% O2.This 
experiment was repeated at least three times. Data shown here are results of a single experiment.  
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Figure 3.5 Hypoxia-induced mMICA shedding from MDA-MB-231 cell surface. Cells were 
plated at a density of 3.1×105 cell/60-mm dish and incubated in a standard CO2 incubator 
overnight. Cells were then incubated in 0.5% O2 or 20% O2 for 24 h and subsequently subjected 
to flow cytometric analysis using anti-MICA antibody to determine the level of surface MICA. 
Results revealed a mean 40% (P < 0.01, n=5) decrease in the levels of membrane-bound MICA 
after incubation in hypoxia. Data shown are from a representative of five independent 
experiments.  
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3.3.2 Time-course of membrane-bound MICA shedding from the tumour cell 

surface 

To determine the optimal time point to analyze the shedding of mMICA from the tumour 

cell surface (i.e. when maximal shedding has occurred), a time-course study was 

conducted. MDA-MB-231 cells were incubated for 3.5 h, 12 h, or 24 h under 0.5% O2 or 

20% O2. Results of flow cytometry using an antibody that specifically recognizes MICA 

revealed the shedding reached its maximum by 24 h of incubation at 0.5% O2 (Figure 

3.6).  

As the goal of this experiment was to determine the optimal exposure to hypoxia for 

subsequent experiments, it was only conducted once. For the purpose of convenience, 24-

h exposure to hypoxia was used in subsequent experiments. 
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Figure 3.6 Time-course of hypoxia-induced mMICA shedding from the surface of MDA-
MB-231 cells. Cells were plated at a density of 3.1×105 cells/60-mm dish and incubated in a 
standard CO2 incubator overnight. After a 3.5-h, 12-h, or 24-h incubation in 0.5% O2 or 20% O2, 
cells were subjected to flow cytometric analysis using anti-MICA antibody to determine the level 
of surface MICA (n=1). Because incubations at 20% O2 for 3.5 h and 12 h yielded similar level of 
surface MICA, for simplicity’s sake, only results of control cells incubated for 24 h in 20% O2 are 
shown.  
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3.4 MICA shedding vs. HIF-1α knockdown 

To test the hypothesis that the shedding of MICA from the tumour cell surface is HIF-1 

dependent, HIF-1α expression was knocked down using HIF-1α siRNA. The expectation 

was that inhibition of HIF-1 activity through the knockdown of HIF-1α expression would 

block the hypoxia-mediated shedding of MICA from the surface of tumour cells.   

MICA is a stress-inducible molecule and manipulation of cells during transfection is 

likely a stressful process. Since in the present studies, more than 70% knockdown 

efficiency was still maintained 96 h following transfection (Figure 3.3), MDA-MB-231 

cells were transfected with HIF-1α siRNA or negative control siRNA for 24 h and then 

allowed to recover for 48 h under standard culture conditions. This recovery was 

followed by a 24-h incubation in either 0.5% O2 or standard conditions (20% O2). Cells 

were then subjected to flow cytometric analysis of surface MICA. Results revealed that 

the levels of membrane-bound MICA decreased on the surface of MDA-MB-231 cells 

after a 24-h incubation in 0.5% O2 [relative change: mean ± SEM: -41.2 ± 3.3%; 95% CI: 

(-49.7%, -32.7%); P < 0.0001], but this decrease was prevented when the expression of 

HIF-1α was knocked down using siRNA [relative change: mean ± SEM: -12.1 ± 8.4%; 

95% CI: (-33.8%, 9.6%); P = 0.21]. The decrease in surface MICA levels still occurred in 

cells transfected with negative control siRNA [relative change: mean ± SEM: -39.9 ± 

5.6%; 95% CI: (-53.5%, -26.2%); P < 0.0005] (Figure 3.7). Parallel plates were subjected 

to Western blot analysis using HIF-1α monoclonal antibody to verify the knockdown of 

HIF-1α expression (Figure 3.8). 
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Figure 3.7 Hypoxia-induced mMICA shedding from MDA-MB-231 cell surface was blocked 
by the knockdown of HIF-1α. MDA-MB-231 cells were plated at a density of 6.5×104 cells/well 
in a 6-well tissue culture plate. 25 nM HIF-1α siRNA or negative control siRNA was introduced 
into the cells using 10 µl NeoFX and cells were incubated for 24 h under standard conditions.  
Medium containing siRNA was then replaced with fresh culture medium. Cells were then 
incubated for another 48 h under standard conditions (to allow for recovery) followed by a 24-h 
incubation in either 0.5% O2 or 20% O2. Cells were subjected to flow cytometric analysis using 
anti-MICA antibody to determine the level of surface MICA. (A) Flow cytometry results of 
membrane-bound MICA level from a representative experiment of five experiments. (B) Pooled 
results of flow cytometric analyses from five independent experiments. Data are presented as the 
relative change in membrane-bound MICA expression of cells in 0.5% O2 versus 20% O2 (mean 

± SEM). Statistically significant differences of the change in membrane-bound MICA (mMICA) 
relative to the untransfected control are indicated (*P<0.05). 
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Figure 3.8 Confirmation of HIF-1α knockdown. MDA-MB-231 cells were plated at a density 
of 6.5×104 cells/well in a 6-well plate. 25 nM HIF-1α siRNA or negative control siRNA was 
introduced into cells using 10 µl NeoFX and cells were incubated for 24h under standard 
conditions. Medium containing siRNA was then replaced with fresh culture medium. Cells were 
incubated for another 48 h under standard conditions (to allow for recovery) followed by a 24-h 
incubation in either 0.5% O2 or20% O2. Cells were subjected to Western blot analysis using anti-
HIF-1α monoclonal antibody to verify knockdown efficiency. Figure shows pooled results of 
densitometric analyses from eight independent experiments. Data were normalized to 
untransfected cells grown under hypoxia within each experiment, and are presented as the mean ± 
SEM (n=8).  
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3.5 Furin expression and activity under hypoxia 

To test the hypothesis that furin expression and activity are increased by hypoxia, MDA-

MB-231 cells were incubated under hypoxia (0.5% O2) or standard conditions (20% O2) 

for 24 h.  

To determine the levels of furin mRNA, total RNA was isolated from the cells and then 

reverse-transcribed and subjected to real-time quantitative PCR (qPCR) analysis. Results 

of qPCR revealed that there was no increase in furin mRNA levels in cells incubated for 

24 h in hypoxia (Figure 3.9A). 

To study the level of furin protein expression, cells were subjected to Western blot 

analysis. The molecular weight of Furin protein is approximately 100 kD. The molecular 

weight of β-actin is 43 kD. Results of Western blot analysis revealed that there was no 

significant increase in furin protein levels in cells incubated for 24 h in hypoxia (Figure 

3.9B). 

To study furin activity following incubation in hypoxia, cells were subjected to a pro-

protein convertases activity assay (see Material and Methods). Results of the assay 

revealed that pro-protein convertase activity was significantly increased after 24 h of 

hypoxia [Figure 3.10, mean ± SEM: 119.8  ± 11.3%, 95% CI: (88.43, 151.2), p=0.0005, 

n=5 for cells plated at a density of 1.5 × 104 cells/well; mean ± SEM: 125.6 ± 16.6%, 

95% CI: (79.5, 171.8), p=0.0017, n=5 for cells plated at a density of 2.0 × 104 cells/well]. 

Similar results were also obtained using DU-145 cells (Data not shown). 
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Figure 3.9 Furin expression after 24 h of hypoxia in MDA-MB-231 cells. Cells were plated at 
a density of 3.1×105 cells/60-mm dish and incubated in a standard CO2 incubator overnight. Cells 
were then incubated in 0.5% O2 or 20% O2 for 24 h. (A) Total RNA was isolated from the cells 
and then reverse-transcribed. The level of mRNA expression was compared by real-time 
quantitative PCR. Data are the mean ± SEM of a representative experiment performed in 
triplicate. This experiment was performed twice. (B) Cells lysates were subjected to Western blot 
analysis using anti-furin or anti-β-actin monoclonal antibody. This experiment was performed 
once.   
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Figure 3.10 Pro-protein convertase activity following incubation in hypoxia. MDA-MB-231 
cells were plated in 96-well plates and incubated in a standard CO2 incubator overnight. Cells 
were then incubated in 0.5% O2 or 20% O2 for 24 h. Adherent cells were assayed in the presence 
of 0.25% Triton X-100 and pro-protein convertase substrate at 37oC for 5 h. The data were 
normalized to cell density by parallel staining of another 96-well plate with crystal violet. Figure 
shows pooled results of five independent experiments (mean ± SEM). Data are normalized to 
results obtained from cells incubated under standard conditions (20% O2) within each experiment.  
(A) Cells were plated at a density of 1.5 × 104 cells/well on day one [mean ± SEM: 119.8 ± 
11.3%, 95% CI: (88.4, 151.2), p=0.0005, n=5]. (B) Cells were plated at a density of 2.0 × 104 
cells/well on day one [mean ± SEM: 125.6 ± 16.6%, 95% CI: (79.5, 171.8), p=0.0017, n=5]. 
Statistically significant increase of pro-protein convertase activity in 0.5% O2 relative to 20% 
O2are indicated (*P<0.05; one-sample t-test). 
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Chapter 4 
 

Discussion 

Our laboratory’s previous studies revealed that, upon exposure to hypoxia, tumour cells 

acquire resistance to the cytolytic activity of IL-2-activated lymphocytes, and that the 

mechanism of this hypoxia-mediated resistance to lysis involves the shedding of MIC, 

specifically MICA, from the tumour cell surface [57].  

The main conclusion of this thesis is that the shedding of MICA in cells exposed to 

hypoxia is mediated by HIF-1. This conclusion is supported mainly by the results of 

experiments showing that knockdown of HIF-1α expression led to significant inhibition 

of hypoxia-induced shedding of MICA. 

An objective of the present study was to identify molecules that are critical to the 

mechanism of hypoxia-induced shedding of MICA from the tumour cell surface; 

membrane-bound MICA expression was determined by flow cytometry. First, the 

hypoxia-induced MICA shedding was confirmed using MDA-MB-231 breast cancer 

cells. A mean 40% decrease in the level of surface MICA on MDA-MB-231 cells was 

observed after 24-h incubations in 0.5% O2. Results revealed that the hypoxia-induced 

shedding of MICA from the tumour cell surface requires the expression of HIF-1. This 

conclusion is based on the results showing that intracellular HIF-1 levels increased under 

hypoxia, and that knockdown of HIF-1α mRNA using siRNA technology prevented this 

accumulation and blocked the shedding of MICA from the surface of MDA-MB-231 
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cells exposed to hypoxia. Furthermore, the role of the pro-protein convertase furin in the 

regulation of hypoxia-induced shedding of MICA was also explored. This was done to 

test the hypothesis that hypoxia increases MICA shedding in tumour cells via HIF-1-

mediated activation of fur transcription. Interestingly, hypoxia did not increase the 

expression of furin in MDA-MB-231 cells exposed to hypoxia at the mRNA level nor at 

the protein level. This is despite a previous publication that reported a hypoxia-mediated 

up-regulation of furin expression in HepG2 cells [79]. However, in the present study, 

overall furin activity as measured using a furin activity assay (See Materials and 

Methods) was increased in cells exposed to hypoxia. 

The findings of the present study indicate that HIF-1 may play an important role in 

tumour immune escape: membrane-bound MICA and NKG2D interactions have been 

proposed to participate in tumour immunosurveillance and MICA shedding from the 

tumour cell surface is now considered to be an important mechanism linked to tumour 

immune escape [20]. 

4.1 The significance of shedding of MICA 

NKG2D-NKG2DL interactions can induce the activation of NK cells despite the 

presence of inhibitory signals induced by the expression of MHC class I molecules on 

target cells [21, 33]. NKG2D-NKG2DL interactions can also co-stimulate CD8+ T cell 

activation [21]. In the present study, an average 40% decrease was observed in the levels 

of membrane-bound MICA on MDA-MB-231 cell surface after a 24-h incubation in 
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0.5% O2. Since MICA is an important ligand for NKG2D, this decreased expression 

likely results in a net attenuation of NK cell activation. Furthermore, soluble MICA 

released from the tumour cell surface can bind to the NKG2D receptor, thereby blocking 

the NKG2D-NKG2DL interaction between immune effector cells and tumour cells [20]. 

Moreover, soluble MICA has been shown to down-regulate NKG2D expression in 

effector cells [20, 57]. Thus, it is now well accepted that the shedding of MICA impairs 

the ability of NK cells to eliminate primary tumours and metastases. The clinical 

significance of MICA shedding has been proven by various clinical studies. High levels 

of soluble MICA were detected in sera of patients suffering from different types of 

cancer, including breast and lung cancer, leukemia, pancreatic carcinomas, hepatocellular 

cancer and colon carcinoma [28, 38-41]. There is also evidence that soluble MICA is an 

independent marker of progression for many early-stage cancers, such as gastrointestinal, 

breast, and prostate carcinoma [20, 42]. Thus the hypoxia-mediated decreased expression 

of MICA on the tumour cell surface may have important clinical implications; 

consequently, HIF-1, which is required for the hypoxia-mediated shedding of MICA, 

likely plays an important role in tumour immune escape. 

4.2 Potential ‘Sheddases’ involved in the release of MICA from the 

tumour cell surface 

It was reported that the shedding of MICA from the cell surface requires the cleavage of 

the extracellular domains of MICA through a process involving metalloproteinase 

activity [28]. A recent study revealed that MICA shedding by tumour cells requires the 
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action of ADAM-10 and ADAM-17, two members of the “a disintegrin and 

metalloproteinase” (ADAM) family of metalloproteinases [43]. Other studies showed that 

the cell surface endoplasmic reticulum protein 5 (ERp5) is also required for MICA 

shedding through the formation of mixed disulfide complexes that release MICA [44]. In 

support of this finding, a recent report demonstrated a correlation between MICA and 

ERp5 levels in the sera of patients with multiple myeloma [87]. An important future goal 

arising from the present study is to determine which sheddases are involved in the 

hypoxia-mediated release of MICA from tumour cells. 

4.3 The expression of other NKG2D ligands under hypoxia  

The MIC molecules are a family of NKG2D ligands. The Retinoic Acid Early Transcript 

(RAET) family is another class of NKG2D ligands; RAET was initially referred to as the 

UL16-binding proteins (ULBPs) [20]. RAET proteins are also rarely detectable on the 

surface of healthy cells and tissues, but are frequently expressed by tumour cell lines and 

in tumour tissues including leukemia, gliomas and melanomas [20, 26-28].Thus it would 

be very interesting to determine whether hypoxia can cause the shedding of RAET 

members on the tumour cell surface, and if so, whether the mechanism of shedding of 

RAET molecules is similar to the one responsible for the hypoxia-mediated shedding of 

MICA described in the present study. 
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4.4 Extended discussion on NKG2D in tumour surveillance 

NKG2D-deficient mice have been used to study the significance of NKG2D-mediated 

immunity during tumourigenesis. These mice were crossed to transgenic adenocarcinoma 

of the mouse prostate (TRAMP) mice that spontaneously develop prostatic 

adenocarcinoma. This was done to generate male NKG2D-deficient TRAMP mice as 

well as NKG2D wild-type TRAMP littermates. Results showed that NKG2D-deficient 

TRAMP mice are three times more likely than wild-type NKG2D TRAMP littermates to 

develop highly malignant, early-arising prostate adenocarcinoma [88]. 

Interestingly, an in vitro study showed that exposure of purified NK cells to NKG2D 

ligand-expressing targets leads only to low levels of target cell killing. However, culture 

of NK cells in the presence of interleukin (IL)-15 or high doses of IL-2 significantly 

increased NKG2D-mediated killing of tumour targets [20]. Our laboratory’s previous 

studies revealed that, upon exposure to hypoxia, tumour cells acquire resistance to the 

cytolytic activity of IL-2-activated lymphocytes [57]. Future studies are required to 

determine whether HIF-1 knockdown can rescue the cytolytic effect of IL-2-activated 

lymphocytes against cancer cells exposed to hypoxia. This could confirm the conclusion 

that HIF-1 plays an important role in tumour immune escape by mediating hypoxia-

induced MICA shedding from the tumour cell surface. 
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4.5 Furin expression vs. furin activity under hypoxia 

Among the PC convertases, furin was the first identified and has been the most 

extensively studied. Furin mRNA is detected in all tissues and cell lines examined so far, 

and furin protein is mainly localized to the trans-Golgi network [77]. It has been reported 

that furin mRNA expression is up-regulated approximately 18-fold in human hepatoma 

HepG2 cells exposed to 24-h hypoxia, and this enhanced mRNA expression is mediated 

by HIF-1 [79]. However, in the present study, high levels of furin protein were present in 

MDA-MB-231 cells even when these cells were cultured under standard conditions (20% 

O2), and no increase in furin expression was observed in cells exposed to 24-h hypoxia, 

either at the mRNA level or at the protein level. One potential explanation for this lack of 

up-regulation by hypoxia is that furin expression in these cells may already be maximal 

under standard culture conditions, and therefore hypoxia is unable to further increase 

furin expression. This explanation is supported by a study of furin levels in ovarian 

cancer. In that study, furin protein expression was clearly found in all of the different 

ovarian cancer cell lines but not in cells derived from the normal ovarian surface 

epithelium; increased expression of furin was correlated with decreased survival [89]. It 

has also been reported that furin is over-expressed in colon, head and neck, and breast 

cancers [89]. 

Although furin mRNA and protein expression were not increased by hypoxia in the 

present study, overall pro-protein convertase activity was significantly elevated in MDA-

MB-231 cells exposed to hypoxia. Human furin is initially synthesized as 100-kD pro-
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furin, which is then converted into 94-kD forms by intro-molecular autocatalytic cleavage 

of the pro-peptide. However, even after its cleavage, the pro-peptide remains associated 

with the mature furin moiety and functions as a potent auto-inhibitor of furin [78]. Upon 

exposure of the latent form of furin to low pH and Ca2+, the pro-peptide is further cleaved 

and released, generating active furin [78]. Meanwhile, cellular adaptation to hypoxia is 

accompanied by a decreased intracellular pH resulting from cells switching from oxygen-

dependent tricarboxylic acid (TCA) cycle and oxidative phosphorylation to glucose 

consumption and lactic acid production [45]. Therefore, the possible explanation for the 

present results is that hypoxia reduces the intracellular pH level, thereby inducing the 

release of the propeptide from latent furin zymogen, resulting in an increase of overall 

furin activity under hypoxia.  

4.6 Furin is involved in hypoxia-induced shedding of MICA and tumour 

immune escape 

To determine whether furin expression and activity are required for the hypoxia-induced 

shedding of MICA and tumour immune escape, furin expression was knocked down in 

our laboratory by introducing furin siRNA into MDA-MD-231 cells, and furin activity 

was inhibited by incubating cells with the furin protease inhibitor decanoyl-Arg-Val-Lys-

Arg-chloromethylketone (CMK). Results showed that knockdown of furin expression 

with siRNA or inhibition of furin activity with CMK blocked the hypoxia-induced MICA 

shedding, and interfered with hypoxia-induced resistance to the cytolytic activity of IL-2-

activated lymphocytes (Nianping Hu, D.R.Siemens and C.H.Graham, unpublished). 
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While furin expression and activity are required for the hypoxia-induced shedding of 

MICA, the finding that hypoxia did not up-regulate furin expression in the MDA-MB-

231 cells in the present study indicates that furin was not likely the primary mediator of 

the hypoxia-induced shedding of MICA. Recent studies revealed that the sheddases 

ADAM-10 and ADAM-17 are responsible for the shedding of MICA [43] and can be up-

regulated by hypoxia [90]. Thus, it is possible that the shedding of MICA under hypoxic 

conditions is due to a HIF-1-mediated up-regulation of ADAM-10 and ADAM-17 

(Figure 4.1). Future studies are required to test this hypothesis and to determine the HIF-1 

target genes involved in the hypoxia-induced MICA shedding pathway and hypoxia-

induced immune escape. 

In summary, the results of the present study support a role for hypoxia in cancer immune 

escape and provide evidence of a mechanism of hypoxia-mediated immune escape 

involving HIF-1 activity. 
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Figure 4.1 Modified proposed mechanism of hypoxia-mediated immune escape. 
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Chapter 5 

Future directions 

1.       To determine whether HIF-1α knockdown can rescue the lytic effect of IL-2-

activated lymphocytes against cancer cells exposed to hypoxia.  

2.      To determine whether the shedding of MICA under hypoxic conditions is due to a 

HIF-1-mediated up-regulation of ADAM-10 and ADAM-17 activity. 

3.      To determine whether hypoxia can induce the shedding of RAET members on the 

tumour cell surface, and if so, whether the mechanism of shedding of RAET 

NKG2D ligands is similar to the one responsible for the hypoxia-mediated shedding 

of MICA described in the present study. 
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