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Abstract

Previous studies revealed that, upon exposuregoxig, tumour cells acquire resistance
to the cytolytic activity of IL-2-activated lymphgtes. The MHC class | chain-related
(MIC) molecules — comprised of MICA and MICB — digands for the activating
NKG2D receptor on Natural Killer (NK) and CD§ cells. MIC-NKG2D interactions
lead to the activation of NK and CDB8 cells and the subsequent lysis of the tumour
cells. The study also showed that the mechanistimeotfiypoxia-mediated immune escape
involves the shedding of MIC, specifically MICApfn the tumour cell surface. The
objective of the present study was to determinetlhdrehe shedding of MICA requires
the expression of hypoxia inducible factor-1 (HIfd transcription factor that regulates
cellular adaptations to hypoxia. Exposure to hypdRi5% Q vs. 20% Q) led to the
shedding of MIC from the surface of MDA-MB-231 humiareast cancer cells and DU-
145 human prostate cancer cells as determinediydytometry. Knockdown of HIF el
MRNA using siRNA technology resulted in inhibitiohHIF-10 accumulation under
hypoxic conditions as determined by Western blalysis. Parallel study revealed that
knockdown of HIF-& also blocked the shedding of MICA from the surfat&DA-
MB-231 cells exposed to hypoxia. These resultcetei that HIF-1 is required for the
hypoxia-mediated shedding of MICA and, consequetttigt HIF-1 may play an
important role in tumour immune escape. Ongoindistiaim to determine the HIF-1

target genes involved in the shedding of MICA unugroxia.
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Chapter 1

Introduction

1.1 Cancer Immunology

1.1.1Host-protecting effect of the immune system againsteveloping tumours

Cancer immunosurveillance is defined as immunobdgicotection of the host against
the development of cancer, resulting from immuriectdr functions stimulated by

immune recognition of either stress ligands orgarts expressed on transformed cells

[1].

The concept of immunosurveillance was first propdsg Burnet and Thomas in the
1950s. However, subsequent studies in the 1970paramg wild type with athymic nude
mice failed to show either increased incidencehefigically induced tumours or a
shortened tumour latency period after carcinoggeciion in these immune-deficient

mice [2] Furthermore, there were no statistically significdifferences in the incidence

of spontaneous non-viral tumour formation betweeatenand wild type mice. Due to the
limited understanding at that time of the immunatagidefects in the nude mouse, these
results were considered to be highly convincing emtsequently led to the abandonment

of the immunosurveillance hypothesis [3, 4].



Between 1994 and 1998, two major findings led tormewed interest in the process of
cancer immunosurveillance: endogenously producedf@rony (IFN-y) could protect

the host against the growth of transplanted tumandsagainst the formation of primary
chemically-induced and spontaneous tumours, andrtite lacking the cytolytic protein
perforin were more prone to tumour induction by ¢hemical carcinogen
methylcholanthrene (MCA) compared with their wiyghé counterparts [4]. Recent
studies using mice with molecularly defined inaating defects in innate and/or adaptive
immunity have together shown that immunodeficiedogs indeed lead to increased
incidence of spontaneous and carcinogen-inducedutsnThese data now give strong
support for the existence of an effective cancariimosurveillance mechanism in mice.
Moreover, clinical data indicate that cancer immaungeillance also occurs in humans:
studies of transplant recipients who were immurgpsessed and of individuals with
primary immune-deficiencies showed that both grcuwgus a significantly higher risk for

cancer development than the general populatios-fl,

1.1.2Tumour-sculpting role of the immune system

Since cancer occurs in immune-competent individualgas been thought that during
tumour formation, the immune system selects tumvauants that can be best suited to
survive in an immunologically intact environmengry like what the immune system
does with viruses, bacteria and parasites [4]. Imwselective effects have been observed
as re-passage of transplantable tumours througlumaraompetent hosts resulted in the

predominance of tumour variants with reduced imngemicity [4]. Moreover, studies
2



have shown that tumours from immunocompetent reosismmunodeficient hosts have
different immunogenic phenotypes: tumour cells tekkem immunocompetent mice
could form progressively growing tumours when t@asted into immunocompetent
recipients, whereas tumour cells taken from immefictent mice were rejected when

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

1.1.3Cancer immunoediting

The opposing functions of immunity — host protesti@rsus tumour sculpting — form

the basis for a process termed cancer immunoed#ing

This process consists of three phases: eliminagiguilibrium, and escape. In the
elimination phase, which corresponds to immunoslianee, if the inhibition of tumour
development and/or growth by immunosurveillancaeemplete, the cancer-
immunoediting process can advance to the equilibphase. This second phase, which
is similar to the older concept of tumour dormarisygharacterized by the persistence of
residual cancer cells that are highly mutablehindscape phase of the cancer-
immunoediting process, cancer cells that develeg#pacity to avoid destruction by
immune responses and/or are able to directly adterthe protective anti-tumour
functions of immune effectors can grow progressitelform clinically evident lesions
[1,4]. Itis believed that the activating receptid(G2D (natural-killer group 2, member
D) and its ligands play an important role duringhbitne elimination phase and the escape

phase of the cancer-immunoediting process.



1.2NKG2D-NKG2DL interactions during innate immunity

The activating receptor NKG2D was identified incaeen for the preferentially
expressed genes by human natural killer (NK) ¢&0s12]. It was designated as
NKG2D as its gene resides in the NKG2 (naturakekigroup 2) complexexpression of
this activating receptor was shown in NK cells, KT cells,ys" T cells, and CD8T
cells. Under non-pathological conditions, exprasgibNKG2D is not detectable on a

substantial proportion of CD4T cells [13-20].

The NKG2D receptor binds to a variety of ligandbjak resemble major
histocompatibility complex (MHC) class | proteirZF23]. In humans, NKG2D ligands
consist of the Retinoic Acid Early Transcript 1 (RRL) family members, which were
initially referred to as UL16-binding proteins (UBB), and the MHC class I-chain-
related (MIC) proteins A and B. The members of RAET1 family of ligands are
orthologues of the mouse RAE-1 proteins, containihg@ndo2 domains; while the MIC

family has a third 1g-like domaia3 [21, 24, 25].

Ligands for NKG2D are rarely detectable on theatefof healthy cells and tissues, but
their expression can be up-regulated by many faciocluding infection by bacteria or
viruses or by cellular transformation [20]. Theg &equently expressed by tumour cell
lines and in tumour tissues. It has been repoltadRAETL1 proteins are expressed by
tumours of various origin, including leukemiaspghias and melanomas [20, 26-28],

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



lung, colon, kidney, ovary and prostate), glionresjroblastomas and melanomas [20,

26-32].

Interactions between NKG2D and NKG2DLs can leath&activation of NK cells

despite the presence of inhibitory signals indumgthe expression of MHC class |
molecules on target cells [21, 33]. NKG2D-NKG2Dltaractions can also co-stimulate
CDS8" T cell activation [20]. Specifically, NKG2D doestrcontain any known signalling
motifs within its intracellular domain. Upon bindjto a ligand, NKG2D associates with
the adaptor protein DNAX-activating protein of 1D KDAP10). The latter carries a Tyr-
X-X-Met motif within the cytoplasmic domain, whi¢hen recruits phosphoinositide-3
kinase (PI3K) and growth factor receptor-bound giro (Grb2) [20]. In NK cells, the
subsequent downstream signalling triggers cellalagation, with release of perforin

and granzymes at the junction between the intergctlls. Granzyme B enters the target
cell via perforin-gated pores or by binding to masm 6-phosphate receptors that are
subsequently endocytosed. Granzyme B is then ezldasm the vesicle into the
cytoplasm in a perforin-dependent process [34]aGige of procaspase 8 by granzyme B
activates a caspase cascade that leads to theotipalaiath of the NKG2D ligand-

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

interaction plays an important role in the NK-meethimmune response.

Among NKG2DL members, MICA was the first identifiadd is the most extensively
studied. MICA is highly polymorphic, as it has 6iokvn alleles. As mentioned above,

MICA is not expressed on the surface of most notiealies except on the intestinal
5



epithelium and its expression can be enhancedusvor bacteria-infected cells or in
tumour cells[20]. It was reported that an AP-1-lmgdsite is present in the promoter
region of theMICA gene [35]. AP-1 is a transcription factor that raégk gene regulation
in response to a variety of extracellular stimatluding growth factors, cytokines,
oncogenes, tumour promoters and chemical carcirsd86h AP-1 plays an important
role during tumourigenesis as it is involved in tegulation of cell proliferation,
differentiation and apoptosis [36]. At the samestjiihis well established that the DNA
damage pathway is activated in many tumours, and B&mage can induce surface
expression of MICA [37]. Thus it has been propoded AP-1 and the DNA damage
pathway cooperate in the up-regulation of MICA dgriumourigenesis [20]. High levels
of soluble MICA were detected in sera of patient$esing from different types of

cancer, including breast and lung cancer, leukepaiagreatic carcinomas, hepatocellular
cancer and colon carcinoma [28, 38-41]. Theress avidence that soluble MICA is an
independent marker of progression for many eadgestancers, such as gastrointestinal,
breast, and prostate carcinoma [20, 42]. The shgdufiMICA is mediated by
metalloproteinases; one study has shown that Mi&dding by tumour cells was
inhibited by the silencing of ADAM-10 and ADAM-1#&vo members of the “a

disintegrin and metalloproteinase” (ADAM) family ofetalloproteinases [43]. Cell
surface endoplasmic reticulum protein 5 (ERp5)ss aequired for MICA shedding: it
acts by forming mixed disulfide complexes that aske MICA [44]. It has been proposed

that shedding of MICA may have multiple consequerme NKG2D-mediated



responses: first, shedding of MICA itself reducd€€i density on the tumour cell
surface; second, soluble MICA can down-regulateesgion of NKG2D on effector
cells; and third, soluble MICA can bind to the NKI2eceptor thereby blocking

interactions between NKG2D and NKG2D ligands onddiémembrane [20].

1.3 Hypoxia and tumour cell biology

Growth of a solid tumour is limited by the extemtvascularisation which supplies
tumour cells with oxygen and nutrients [45]. Be@abthe highly irregular nature of
tumour vascular networks, oxygen distribution immaun tumours is heterogeneous.
Tumour hypoxia (low oxygen tension) usually occatra distance of 100—200 um from
blood vessels [46]. Most solid tumours contain eegiwith pQ values of less than 5
mmHg (corresponding to approximately 0.7%i®the gas phase oruM in solution),
while the partial pressure of oxygen of normaluessfrom which the tumours arose is
around 30-50mmHg (corresponding to approximatel¢# O, in the gas phase) (Table

1.1) [45,46].

Hypoxia has a so-called Janus face on tumour psegne: it can induce apoptosis
(programmed cell death) or necrosis in cells thanot adapt to oxygen and nutrient
deprivation, but it can also prevent cell deathrigiucing adaptive responses that
facilitate cell proliferation or angiogenesis, figacontributing to tumour progression

[45].



Hypoxia can hinder or even completely inhibit tumoell proliferation [47]. It has also
been established that hypoxia can induce apoptbsisrmal or neoplastic cells via both
Hypoxia Inducible Factor-1 in a p53-dependent @-pilependent pathway involving
genes such as those of Ba@-2 family[45]. Hypoxia-induced differentiation, apasis,
and necrosis may explain the phenomenon of deleg@drences, dormant micro-

metastases, and growth retardation which can ondarge tumours [46].

In contrast, other studies have revealed that tegemce of hypoxia within the tumour
mass is correlated with a negative clinical outcdongatients with various types of
cancers including carcinoma of the head and negkiissue sarcoma, carcinoma of the
cervix, and prostatic adenocarcinoma [48-53]. Softbese studies demonstrated that
the survival of patients with severely hypoxic tunsis significantly lower than that for
patients with well-oxygenated tumours [47]. Otheidges showed that tumour hypoxia is
associated with resistance to radiotherapy, cheznaply, photodynamic therapy and
immunotherapy [46, 47]. Hypoxic cells are considdebe resistant to most anticancer
drugs for reasons such as inadequate exposure tmtitancer drugs due to long
distance from blood vessels, selection of cells hlaae lost sensitivity to p53-mediated

apoptosis, and up-regulation of genes involvedugdesistance [46, 54-56)].

In addition, it has been demonstrated that hypwxiamours tends to select for a more
malignant phenotype: it increases mutation rateseases expression of genes
associated with angiogenesis and invasion, anskiscéated with a more metastatic

phenotype [46]. Thus hypoxia-induced adaptive resps can enable cells to overcome
8



nutrient deprivation, to escape from the hostitalanicro-environment, and to acquire

clinically aggressive/malignant phenotypes [46].

Since hypoxia and hypoxia-induced necrosis is gusmfeature of solid tumours it could
potentially be exploited in cancer therapy [46]uFgeneral strategies are now being
developed: using pro-drugs activated by hypoxiayhich a non-toxic pro-drug can be
activated to a toxic drug in a hypoxic environmerging hypoxia-selective gene therapy,
in which hypoxia-specific promoters provide seleetiranscription of enzymes that can
convert pro-drugs into toxic drugs; targeting tlypdxia inducible factor 1 (HIF-1)
transcription factor, the primary factor that meesacellular adaptations to hypoxia; and
using recombinant obligate anaerobic bacteria,hicivan obligate anaerobe colonizes a

tumour and causes necrosis after systemic adnatistr[46].

Studies from our laboratory showed that hypoxiaioes the shedding of membrane-
bound MICA (mMICA) from the surface of DU-145 humprostate cancer cells, and
increases the resistance of these cells to the ysdiated by IL-2-activated peripheral
blood lymphocytes (PBL). A causal relationship betw hypoxia-induced MICA
shedding and resistance to PBL-mediated lysis masad by results which showed that,
in the presence of an anti-MICA/MICB antibody whigtevents MIC-NKG2D
interactions, the sensitivity to the cytolytic adly of donor PBLs was significantly
decreased in DU-145 cells pre-incubated in 20%0nDile addition of anti-MICA/MICB
antibody did not further decrease the sensitiati?BL-mediated cytotoxicity in DU-145

cells pre-incubated in 0.5%,@57].



Table 1.1 Oxygenation of tumours and the surroundig normal tissue

Median tumour pQ, *

Median normal pO, *

Tumourtype (number of patients) (number of patients)
Breast cancer 10.0(15) ND
Prostate cancer 2.4 (59) 30.0(59)
. 4.9 (10) ND

Glioblastoma 5.6 (14) ND

12.2 (30) 40,0 (14)
':aerf':?n?;:a“ec" 14.7 (23) 43.8 (30)

14.6 (65) 51.2 (65)
Pancreatic cancer | 2.7 (7) 51.6(7)

5.0(8) 51(8)
Cervical cancer 5.0(74) ND

3 (86) ND

*pO, measured in mmHg. Measurements were made usiogmercially available oxygen
electrode (the ‘Eppendorf’ electrode). The valdesmn are the median of the median values for

each patient. ND, not determined;»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 factbat mediates the cellular adaptations to

hypoxia.

1.4.1Regulation of HIF-1

HIF-1 is a heterodimer consisting of an oxygen-tibie alpha subunit and a
constitutively expressed beta subunit (Hi-HIF-18). Under normoxic conditions,
proline residues 402 and 564 within the Hid-dkygen dependent degradation domain
(ODDD) are hydroxylated by prolyl hydroxylase domabntaining enzymes (PHD).
PHDs are effective oxygen sensors, as they hawehigh Km values for @(slightly
above the atmospheric oxygen concentrations), atidig that even small decreases in O
can attenuate their activities [45, 58]. Thus, ip@Kl02/564 hydroxylation is an oxygen-
dependent reaction. Hydroxylated HIk-forms hydrogen bonds with the von Hippel
Lindau protein (pVHL) side chains. The pVHL asstesawith the proteins elongin C,
elongin B, cullin-2, and Rbx1 to form the VCB-CW3 ligase complex, which tags HIF-
1o with ubiquitin, leading to the subsequent degradadf HIF-1o by the 26S-
proteasome[59, 60]. Thus under normoxic conditietif;1a protein is unstable and has

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

In addition to the regulation of HIFelstabilization, there is a second major mechanism
that regulates HIF-1 activity. Under normoxic cdratis, asparagine residue 803 within
the HIF-1o. C-terminal transactivation domain (CTAD) is hydytated by factor

11



inhibiting HIF-1 (FIH-1). Like the PHDs, the aspgnayl hydroxylase FIH-1 also serves
as an oxygen sensor. Hydroxylation of asparagit3ggdevents the association of HIF-1
with the transcriptional co-activator p300/CBP amdls inhibits the transcriptional

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

However, under hypoxic conditions, the activitié€®slDs and FIH-1 are inhibited due
to lack of oxygen. Under hypoxia, hydroxylationpsbline 402 and 564 does not occur,
and pVHL is unable to bind to HIFe1The latter therefore cannot be ubiquitinated and
degraded. The stabilized HIF:protein translocates from the cytoplasm to thdeus;
where it associates with the HIB-$ubunit and forms the HIF-1 heterodimer. The
inhibition of asparagine 803 hydroxylation undepbyia enables the association of HIF-
1 with transcriptional co-activator p300/CBP, leaglto the activation of thdIF-1a

gene and subsequent HIF-1 target gene transcrigfigare 1.1B) [60]. Besides the post-
translational modifications discussed above, dipbctsphorylation of HIF-d has also
been observed and it is likely that the mitogerivated protein kinase (MAPK) pathway
plays a role here [61]. This phosphorylation doatsseem to affect HIFelstability but
increases the transcriptional activity of HIF-1héts been proposed that HIBHinds

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

(A) In normoxia, hydroxylation of two proline residusfsHIF-1a (P*°? and P®) leads to its
binding to the E3 ubiquitin ligase VHL complex. Tigase complex tags HIFelwith ubiquitin,
leading to the subsequent degradation of Hifbyt the proteasome. Meanwhile, hydroxylation of
asparagine (K% blocks the recruitment of the transcriptionalamivator CBP/p30QB) In
hypoxia, the activities of hydroxylases are inkgtdidue to lack of oxygen, VHL is unable to bind
to HIF-1o and HIF-1u is therefore stabilized. Stabilized Hlfe-protein translocates from the
cytoplasm into the nucleus, where it associatels thi¢ HIF-PB subunit and forms the HIF-1
heterodimer. The inhibition of asparagine 803 hyglkation under hypoxia enables the
association of HIF-1 with the transcriptional careattor p300/CBP, leading to the activation of
theHIF-1a gene and subsequent HIF-1 target gene transeriptio

Figure adapted from REF 60.
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1.4.2The target genes of HIF-1

Activation of HIF-1 results in the expression afgets whose enhancer and promoter
regions contain HRE (hypoxia-responsive elemetglsvith the core DNA sequence 5'-

ACGTG-3[63].

To date, there are over 100 genes known to begydated through HIF-1-mediated
transcriptional activation. These include geneslved in erythropoiesis/iron
metabolism, which can enhance the formation ofheoglytes and thereby the delivery of
oxygen to tissues [63, 64]; genes involved in aggiesis, such as the vascular
endothelial cell growth factor (VEGF), that canrtecendothelial cells into hypoxic and
avascular areas and can stimulate their prolifeng65-67]; and genes involved in
glycolysis, resulting in increased expression gtglytic enzymes and glucose
transporters to generate more ATP to compensatbddow efficiency of the oxygen-

independent glycolysis [68-70].

Moreover, HIF-1 can up-regulate target genes agtstiwith cell proliferation/survival,
such as insulin-like growth factor-2 (IGF2) andistorming growth factoe: (TGF-u)

[71, 72]. Paradoxically, hypoxia can also leadgog@osis in some circumstances: it has
been shown that expression of Hl&-dnd HIF-B significantly correlates with apoptosis

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

The six classes of mammalian proteases are sengtallo, cysteinyl, aspartyl, threonine,
and glutamyl proteases [73]. Pro-protein convegd®Cs) are members of a family of
nine C&*-dependent serine proteases that process protipestide precursors as they
move through the secretory pathway, and thus P&€reaponsible for post-translational

processing and activation of precursors of manyegame [74].

Seven of the PC family members cleave peptidescatibns preceded by basic amino
acids at the general consensus motif (Lys/Arg)-(§ys/Arg)|, where n=0, 2, 4 or 6 and
X is any amino acid, and are called PC1/3, PC) flaC4, PC5/6, PACE4 and PC7. The
two other convertases, SKI-1/S1P and PCSK?9, ar&dated in cholesterol and/or fatty
acid metabolism [74]. Within the PC family, membsush as PC1, PC2, and PC4 are
tissue-specific distributed, whereas furin, PACERE5/PC6, and PC7 are expressed in a

broad range of tissues and cell lines [75].

The majority of proteins regulating the metastabdity of tumour cells, such as
adhesion molecules, growth factors, growth faatoeptors, and metalloproteinases, are
synthesized as inactive precursor proteins that@ngerted to their bioactive forms by
PC family members [76]. Over-expression of PCsheen observed in lung, breast,
colon, and head and neck carcinomas, and becatiseiiofole in the activation of matrix
metalloproteinases (MMPs), PCs are thought toridedtl to progression of a variety of

cancers [75, 76].
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Among the PC convertases, furin was the first ifiedtand has been the most
extensively studied. Furin is ubiquitously expresaed is mainly localized to the trans-
Golgi network, though furin molecules are also kndw cycle between the trans-Golgi
network and the cell surface [77]. This enzymenisoeled by théur gene, which stands
for cfes/fps proto-oncogengstreanrtegion. Furin activates precursors of many
proteins including growth factorse.g. transforming growth factopd, insulin-like growth
factor-1, platelet-derived growth factor), serurotpms, receptors, viral-envelope
glycoproteins, bacterial exotoxins, and variousath@proteinases. It acts at sites marked
by the consensus Arg-Xaa-(Lys/Arg)-Argequence [78]. It has also been reported that
furin expression and activity are increased by kygo a HIF-1-dependent manner [79].
Because of the critical role of furin in the actiea of metalloproteinaseg.g. ADAMS)
involved in the shedding of surface proteins, thyedthesis tested in the studies described
in this thesis is that increased furin activityisessential step in the mechanism of
hypoxia-induced shedding of MICA and resistanctuofour 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 hyp@sia induce the shedding of
membrane-bound MICA from the surface of DU-145 horpeostate cancer cells, while
at the same time, upon exposure to hypoxia, turoells acquire resistance to cytolysis
by IL-2-activated peripheral blood lymphocytes (RB[57]. Further study showed that,
in the presence of an anti-MICA/MICB antibody whigtevents MIC-NKG2D
interactions, the sensitivity to the cytolytic adly of PBLs was significantly decreased
in DU-145 cells pre-incubated in 20%,@hile addition of anti-MICA/MICB antibody
did not further decrease the sensitivity to PBL-ratstl cytotoxicity in DU-145 cells pre-
incubated in 0.5% @ thus it was concluded that hypoxia-induced MICG¥dding can
induce resistance of tumour cells to PBL-mediaysts[57]. Identification of critical
molecules involved in the pathway of hypoxia-indliceembrane-bound MICA
shedding is an important component of this th&iisce Hypoxia Inducible Factor-1
(HIF-1) is a key mediator of cellular adaptatioasypoxia, the first hypothesis tested in
the present studies is thithe hypoxia-inducedshedding of MICA from the cancer cell

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

A previous study revealed that the expression atidity of the pro-protein convertase
furin are increased by hypoxia in a HIF-1-dependeanner [79]. Since furin is a key
player in the activation of metalloproteinases imed in the shedding of surface

proteins, the second hypothesis tested here isuhatexpression and activity in
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cancer cells are increased by hypoxia and are reqed for the hypoxia-induced

shedding of MICA from cancer cell surface(Figure 1.2).
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1.7 Objectives

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

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

2. To determine whether furin expression/activitynicreased 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 humahIa5 prostatic carcinoma

cells were obtained from the American Type Cul@adlection (Manassas, VA, USA).
Cells were maintained in monolayer culture in RAI@40 medium supplemented with
5% FBS (Invitrogen, Burlington, ON, Canada). Celkre cultured in a standard

Thermo Forma C@incubator (5% C@in air at 37C).

MDA-MB-231 cells were initially isolated from a pleal effusion obtained from a 51-
year-old patient. They are invasive and metastate gstrogen receptor negative, and do

not express wild-type p53 tumour suppressor prg&dh

DU-145 cells were initially derived from a humarogiate adenocarcinoma metastatic to
the brain. They are not detectably hormone-semséid do not express prostate-specific
antigen [81, 82].

2.2 Exposure to hypoxic conditions

To establish hypoxic conditions, cells were placedirtight plastic chambers that were

flushed with a 5% C& 95% N gas mixture (BOC, Kingston, ON, Canada). Different
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oxygen tensions within these chambers were maeddny Pro-Ox Model 110 0
regulators (Biospherix, Redfield, NY, USA). Freskdium was always replaced

immediately prior to incubation in 0.5%,©r 20% Q.

2.3Small interfering RNA (siRNA) transfection

A transfection reagent, sSiPORT™ NeoFX™ (Ambion Ji#wstin, TX, USA) was used

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

For siRNA uptake optimization, Silencer FAM-labdll& APDH siRNA (Ambion) was
introduced into cells and flow cytometry was usedétermine the fluorescent signal of

the cells that took up the siRNA (cells exhibitihgprescence).

Knockdown of HIF-1 expression was achieved using Silencer validaRNA targeted
against exon 5 of the human Hlk-g@ene (ID #42840; Ambion). Silencer Negative
Control siRNA #1 (Ambion), Silencer Negative ComtsdRNA #2 (Ambion), and
AllStars Negative Control siRNA (Qiagen, Mississau@N, Canada) were used as

negative controls to assess for any non-specifiectsf of transfection.

2.4\Western blot analysis

Following incubation under various conditions, sellere removed from the hypoxia
chambers and frozen immediately by rapidly discagydhe media and placing the culture
plates in a liquid nitrogen bath. Cells were lysadce using 80-100 ul HIF-1 lysis

buffer [L00 mM NacCl, 20 mM Tris HCI pH 7.6, 5 mM g, 0.5% Igepal CA630,
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Protease Inhibitor Cocktail(Roche Diagnostics, La@&C, Canada)] for a 6-cm plate.
Lysates were briefly sonicated (one 10-sec. burs@aiz) then centrifuged (5 minutes at
14,000 x g at &). Determination of protein content was performeuhg a modified
Lowry assay (Bio-Rad DC Protein Assay, Bio-Rad Labaries, Mississauga, ON,

Canada). Lysates were stored af’@Qntil use.

Protein samples of 15-1Q@ were resolved on 6-10% SDS-polyacrylamide geds an
transferred onto Immobilon-P membranes (Millipo@@ration, Bedford, MA, USA)
using a wet transfer apparatus. Membranes werdated in TBS (140 mM NacCl, 50
mM Tris HCI pH 7.2) containing 5% milk powder (w/w) a hybridization incubator for

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

After blocking, the membranes were incubated witmary antibody in TBS/0.5% milk
overnight at 4C. Primary antibodies used included Hlé-dntibody, 1:250 (BD
Transduction Laboratories, Oakville, ON, Canada)infantibody (MON-152; Axxora,
San Diego, CA, USA)-tubulin antibody, 1:20000 (Sigma-Aldrich Canadd.)tp-actin
antibody, 1:5000 (Sigma-Aldrich Canada Ltd.). Altlee primary antibodies were

monoclonal antibodies produced in mouse.

The membranes were washed in TBS containing 0.1%em&20 (6 x 5 min) and then
incubated for 1 h at room temperature (RT) withtoseary antibody in TBS/0.5% milk.
The secondary antibody used was horseradish perseddonjugated goat anti-mouse

(1:5000; Biorad). Membranes were then washed in @&8aining 0.1% Tween 20 (6 x
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5 min). Secondary antibodies were detected by er@tachemiluminescence (Amersham

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

2.5Flow Cytometry

Flow cytometry was used to monitor SIRNA uptakecsghcy and to measure membrane-

bound MICA expression.

Silencer FAM-labelled GAPDH siRNA uptake efficienasas analyzed with a Beckman
Coulter EPICS Altra HSS flow cytometer (Beckman-@en). Excitation was performed
by an argon laser at a wavelength of 488 nm, thdemhfluorescence was collected at

525 £+ 20 nm, and at least 10,000 events per sangre analyzed.

Surface expression of MICA on tumour cells was yred with the same flow cytometer.
In preparation for flow cytometry, tumour cells wealated and allowed to reach 80%
confluence. Cells were then incubated in a stan@&gincubator (20% ¢) or were
placed in 0.5% &¥or 24 h. Cells were then harvested with 5 mM EDWashed twice
with washing buffer (PBS containing 2% FBS), incigolwith mouse anti-human
MICA/MICB monoclonal antibody, 1:10 (Santa Cruz &iochnology, CA, USA) or
mouse anti-human MICA monoclonal antibody, 1:10n{8aCruz Biotechnology) for 1 h
on ice, washed three times with washing bufferyibated with FITC-conjugated goat
anti-mouse antibody, 1:10 (Dako, Mississauga, O&hada) for 1 h and then analyzed

by flow cytometry. Excitation was performed byangon laser at a wavelength of 488
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nm, the emitted fluorescence was collected at 526 em, 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 Isolatkit (Qiagen) according to the
manufacturer's protocol. Opg of total RNA sample was reverse-transcribed with
Transcriptor Reverse Transcriptase (Roche, MissgasaON, Canda) using a random
hexamer (Cortex, Kingston, ON, Canada). Real-ti@& Rvas conducted by an Corbett
Research Rotor-Gene 3000 (Corbett Robotics Inc,Feamcisco, USA), using SYBR
Green PCR Master Mix (Roche) and gene-specific gménas follows: Furin sense 5'-
GGCATTGTGGTCTCCATT-3 and antisense 5- ATCTGTCACCGCCATC-3’; 18S
sense 5-GCCCGAAGCGTTTACTTTGA-3' and antisense 5'-
TCCATTATTCCTAGCTGCGGTA-3'. Real-time PCR conditiofar furin were 95°C
for 5 min, followed by 45 cycles of 95°C for 10 sé&°C for 20 sec and 72°C for 30 sec;
for 18S were 95°C for 3 min, followed by 35 cyctd®95°C for 15 sec, 62°C for 20 sec
and 72°C for 20 sec. SYBR Green dye intensity weadyaed using Rotor-Gene 6
software (Corbett). The mRNA level of each gene m@snalized against 18S mRNA
levels. The specific transcripts were confirmedmsiting curve analysis at the end of
each PCR cycle, and the specificity of the PCR fweker verified by subjecting the

amplification products to agarose gel electrophen&s].
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2.7 Pro-Protein Convertase Activity Assay

Tumour cells (1.5 x 10or 2.0 x 16) were plated in 96-well plates and incubated in a
standard C@incubator (20% ¢) overnight. Fresh medium was replaced and celte we
incubated in 0.5% ©or 20% Q for 24 h. Adherent cells were then assayed in the
presence of 0.25% Triton X-100 (as a permeabiliziggnt) and the fluorogenic substrate
Boc-RVRR-AMC (100uM) (Bachem Americas, Inc. Torrance, CA, USA) atGTor 5

h. Boc-RVRR-AMC is a substrate for furin (Km=50 Mnd other pro-protein
convertases, such as PC2 (Km=40 uM), PC1/3 (Km=38% Wpon cleavage, AMC (7-
amino-4-methylcoumarin) is liberated, and fluoremeewas measured at 380-nm
excitation and 460-nm emission wavelengths. Tha da&tre normalized to cell density
by parallel staining of another 96-well plate witlystal violet [84-86]. To pool the data
from five independent experiments, data were theemalized to results obtained from

cells incubated under standard conditions (209oAathin each experiment.

2.8 Calculations and statistical analysis

For flow cytometric analysis, at least 10,000 cps sample were analyzed. The level of
membrane-bound MICA expression was presented asedén fluorescence intensity
of the cells. The relative change in membrane-bddi@A expression of cells in 0.5%

O, versus 20% @was determined by subtracting the median fluoresentensity of

cells incubated in 20% Qrom that of cells incubated in 0.5%,@nd then divided by

the median fluorescence intensity of cells incuth&e20% Q.
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To quantify the knockdown efficiency of HIFeErom Western blot results (showing the
level of HIF-1o expression), densitometric analysis was perforaos#ag Scion Image

software (Scion Corporation, Frederick, Marylan&A). To pool data from independent
experiments, data were normalized to results obthirom untransfected cells incubated

under hypoxic conditions (0.5%,within each experiment.

For the furin activity assay, fluorescence readiwgse normalized to cell density by
parallel staining of another 96-well plate withstgl violet. To pool the data from
independent experiments, data were normalizedstdtseobtained from cells incubated

under standard conditions (20%)@vithin each experiment.

In the present study, data are reported as the m#danstandard error of the mean
(SEM). Statistical analyses were performed usingpBPad Prism software version 4.0
(GraphPad Software, Inc., San Diego, CA, US). Widg two groups were compared,
statistical significance was determined by a paited-tailed t-test. One-sample t-tests
were used when groups were compared against naedatontrol values. When more
than two groups were compared, statistical sigaifoe was determined by one-way
ANOVA followed by Bonferroni Comparison test. Aliadistical tests were two-sided and
differences were considered to be statisticallpificant 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 HIk; 5IRNA uptake optimization
experiments were performed using human DU-145 aresiancer cells and MDA-MB-

231 breast cancer cells.

To determine the appropriate concentration of siRIA transfection reagent NeoFX to
be used in DU-145 cells, 10 nM, 25 nM, 40 nM omB0 Silencer FAM-labelled

GAPDH siRNA together with 2.5 pl, 5 pl, 10 pul or ibof NeoFX were added to wells
of a 6-well plate containing 1.2x10U-145 cells/well. After a 48-h incubation in a
standard C@incubator, cells were subjected to flow cytomeaiyalysis to measure the

SiRNA uptake efficiency.

Results showed uptake of SiRNA in 66.5% cells ugi@dgM siRNA plus 10 pl NeoFX,
which is close to the maximum uptake efficiency6f9% obtained with 40 nM siRNA
plus 15 pl NeoFX (Table 3.1)hus, a transfection mix consisting of 40 nM siRplAs

10 pl NeoFX was used for further study using DU-tdBs.

Since the purpose of this experiment was onlyetemine the optimal transfection

conditions for DU-145 cells, it was not repeated.
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Similar optimization experiments were previouslyfpamed in the laboratory with
MDA-MB-231 cells, and uptake of siRNA in 75-85%tbese cells was observed using

25 nM siRNA plus 10 pl NeoFX (R. Sullivan, unpubksi observations).

3.2 HIF-1a knockdown

To knockdown HIF-& expression, siRNA targeting HlFeelvas introduced into MDA-
MB-231 cells and DU-145 cells. Cells were then iated for 24h under standard
conditions followed by a 24-h incubation in eitlae®.5% Q hypoxic chamber or a
standard C@incubator (20% ¢). Cell lysates were then subjected to Western blot

analysis to measure the efficiency of Hl&Knockdown.

The molecular weight of HIFelprotein is 120 kD and a slightly higher molecuazight
band observed represents the phosphorylated fottFela protein. The molecular

weight ofa-tubulin is approximately 50 kD.

Densitometric analysis revealed that transfectigh #IF-1o SIRNA decreased HIFel
protein levels in DU-145 cells by approximately 3QBtgure 3.1) and by about 80% in

MDA-MB-231 cells compared with controls (Figure B.2

To determine the persistence of Hl&Hnockdown in MDA-MB-231 cells, a time-
course study was performed and results showedhtbied than 70% knockdown

efficiency was maintained 96 h following the traettion with siRNA (Figure 3.3).
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Table 3.1 siRNA uptake optimization in DU-145 ced#l

NeoFX (ul) 0 25| 5 5 5 10| 10|10 |15 | 15
FAM™ labelled

_ 0 10 |10 | 25 | 50| 10| 25|40 |25 |40
GAPDH siRNA(nM)
Percentage of cells
exhibiting 21 | 195 346 37.% 35JF 56]1 50.68.6|53.3| 69
fluorescence
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Figure 3.1 HIF-1a knockdown optimization using siRNA in human DU-145rostate cancer
cells.DU-145 cells were plated at a density of 1.2xddlIs/well in a 6-well plate. 40 nM HIFel
SiRNA or negative control siRNA was introduced intdls by 10 pl NeoFX. Cells were then
incubated for 24 h under standard conditions fodldusy 24 h incubation in either 0.5% @
20% O. (A) Cell lysates were subjected to Western blot aigalysing anti-HIF-& or antie-
tubulin monoclonal antibodyB) Results of densitometric analysis of blot showf(An
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Figure 3.2 HIF-1a knockdown optimization using siRNA in human MDA-MB-231 breast
cancer cellsMDA-MB-231 cells were plated at a density of 6.5%d@ll/well in a 6-well plate.
25 nM HIF-1o siRNA or negative control siRNA was introduceaittie cells using 10 pl
NeoFX. Cells were then incubated for 24h underdsateshconditions followed by a 24-h
incubation in either 0.5% {r 20% Q. (A) Cell lysates were then subjected to Western blot
analysis using anti-HIFelor antie-tubulin monoclonal antibodyB) Results of densitometric
analysis of blot shown in (A).
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Figure 3.3 Time-course of HIF-Ir knockdown in MDA-MB-231 cells.Cells were transfected
with HIF-10 sSiRNA or negative control siRNA for 24 h. Mediumntaining siRNA was then
replaced with fresh culture medium. Cells were timenbated for 24 h, 48 h, 72 h, 96 h, or 120 h
under standard conditions followed by a 24-h intiolpan either 0.5% @or 20% Q. (A) Cell

lysates were then subjected to Western blot arsaly@ng anti-HIF-& or antie-tubulin

monoclonal antibodyB) Results of densitometric analysis of blot showfAh 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 ofiypoxia in 0.5% O,

To confirm that hypoxia induces the shedding of WI@ DU-145 prostate cancer cells,
the latter were incubated under hypoxia (0.5%d standard conditions (20%)3dor

24 h. Results of flow cytometry using an antibodgttrecognizes both MICA and MICB
revealed that the levels of membrane-bound MIC \28fé lower in DU-145 cells

incubated for 24 h in 0.5%®ersus 20% @(Figure 3.4).

To determine whether a similar hypoxia-mediatedidiregy of membrane-bound MIC
occurs in human MDA-MB-231 breast cancer cellss¢heells were incubated in hypoxia
(0.5% Q) or standard conditions (20%)3dor 24 h. Results of flow cytometry using an
antibody that specifically recognizes MICA reveatethean 40% decrease in the levels
of membrane-bound MICA on MDA-MB-231 cell surfadéeaa 24-h incubation under

0.5% Q (Figure 3.5).

Since MDA-MB-231 cells exhibited a substantially rm@obust response to hypoxia (in
terms of hypoxia-induced shedding of MIC) than D&k Xells, the former cells were

used in subsequent experiments.
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Figure 3.4 Hypoxia-induced mMIC shedding from DU-14% cell surface.Cells were plated at a
density of 4.5x10cells/60-mm dish and incubated in a standard i@€ubator overnight. Cells
were then incubated in 0.5% Or 20% Q for 24 h. They were harvested and analyzed by flow
cytometry using anti-MICA/B antibody. Results releshan approximately 20% decrease in the
levels of membrane-bound MIC on DU-145 cells indedan 0.5% @ compared to 20% LT his
experiment was repeated at least three times. dbatan here are results of a single experiment.

35



MedianFluorescence Intensity

No Ab 6.8
Onlysccondary Ab 9.9
— 0.5% 0, 40.3
- 20%0, 704
100
S0
S50
Lo
S ao
Q
L]
8 20
0 i - i
10° 10" 10° 10°

Log Fluorescence Intensity

Figure 3.5 Hypoxia-induced mMICA shedding from MDA-MB-231 cell surface Cells were
plated at a density of 3.1x%6ell/60-mm dish and incubated in a standard (BEubator
overnight. Cells were then incubated in 0.5%0020% Q for 24 h and subsequently subjected
to flow cytometric analysis using anti-MICA antibotb determine the level of surface MICA.
Results revealed a mean 40% (P < 0.01, n=5) dexiedke levels of membrane-bound MICA
after incubation in hypoxia. Data shown are frone@resentative of five independent
experiments.
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3.3.2 Time-course of membrane-bound MICA shedding®m the tumour cell

surface

To determine the optimal time point to analyzeghedding of mMICA from the tumour
cell surfacei(e. when maximal shedding has occurred), a time-caostisgy was
conducted. MDA-MB-231 cells were incubated for B,3.2 h, or 24 h under 0.5% @r
20% G Results of flow cytometry using an antibody thatapcally recognizes MICA
revealed the shedding reached its maximum by Z4ricobation at 0.5% gFigure

3.6).

As the goal of this experiment was to determineoibimal exposure to hypoxia for
subsequent experiments, it was only conducted dfarethe purpose of convenience, 24-

h exposure to hypoxia was used in subsequent expets.
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Figure 3.6 Time-course of hypoxia-induced mMICA shéding from the surface of MDA-
MB-231 cells.Cells were plated at a density of 3.1%£6lIs/60-mm dish and incubated in a
standard CO2 incubator overnight. After a 3.5-kh18r 24-h incubation in 0.5%,@r 20% Q,
cells were subjected to flow cytometric analysimg&nti-MICA antibody to determine the level
of surface MICA (n=1). Because incubations at 2096003.5 h and 12 h yielded similar level of
surface MICA, for simplicity’s sake, only resultsamntrol cells incubated for 24 h in 20% &e
shown.
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3.4 MICA shedding vs. HIF-1o0. knockdown

To test the hypothesis that the shedding of MIG#Tithe tumour cell surface is HIF-1
dependent, HIF-d expression was knocked down using HEFsIRNA. The expectation
was that inhibition of HIF-1 activity through the@dckdown of HIF-& expression would

block the hypoxia-mediated shedding of MICA frore urface of tumour cells.

MICA is a stress-inducible molecule and manipulatd cells during transfection is

likely a stressful process. Since in the presemtiss, more than 70% knockdown
efficiency was still maintained 96 h following tifaction (Figure 3.3), MDA-MB-231
cells were transfected with HIFe 5iRNA or negative control siRNA for 24 h and then
allowed to recover for 48 h under standard culbareditions. This recovery was
followed by a 24-h incubation in either 0.5% @ standard conditions (20%)OCells
were then subjected to flow cytometric analysisuwface MICA. Results revealed that
the levels of membrane-bound MICA decreased omstiniace of MDA-MB-231 cells
after a 24-h incubation in 0.5% @elative change: mean + SEM: -41.2 + 3.3%; 95% CI
(-49.7%, -32.7%); P < 0.0001], but this decreass pravented when the expression of
HIF-1a was knocked down using siRNA [relative change:me&EM: -12.1 + 8.4%;
95% CI: (-33.8%, 9.6%); P = 0.21]. The decreassunfiace MICA levels still occurred in
cells transfected with negative control siRNA [tela change: mean = SEM: -39.9 +
5.6%; 95% CI: (-53.5%, -26.2%); P < 0.0005] (Fig8r@é). Parallel plates were subjected
to Western blot analysis using Hlfk-ionoclonal antibodto verify the knockdown of

HIF-1a 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-1a. MDA-MB-231 cells were plated at a density of 6.5%&6lls/well
in a 6-well tissue culture plate. 25 nM HIk-4iRNA or negative control sSiRNA was introduced
into the cells using 10 pl NeoFX and cells weraibated for 24 h under standard conditions.
Medium containing siRNA was then replaced with lireslture medium. Cells were then
incubated for another 48 h under standard conditftmallow for recovery) followed by a 24-h
incubation in either 0.5% r 20% Q. Cells were subjected to flow cytometric analysgg
anti-MICA antibody to determine the level of sudadICA. (A) Flow cytometry results of
membrane-bound MICA level from a representativeseixpent of five experiments. (B) Pooled
results of flow cytometric analyses from five indepent experiments. Data are presented as the
relative change in membrane-bound MICA expressfarells in 0.5% Q versus 20% @(mean
+ SEM). Statistically significant differences of tbleange in membrane-bound MICA (mMICA)
relative to the untransfected control are indicgt&ek0.05).
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Figure 3.8 Confirmation of HIF-1a knockdown. MDA-MB-231 cells were plated at a density
of 6.5x10 cells/well in a 6-well plate. 25 nM HIFlIsiRNA or negative control SiRNA was
introduced into cells using 10 pl NeoFX and cellgsvincubated for 24h under standard
conditions. Medium containing siRNA was then replawvith fresh culture medium. Cells were
incubated for another 48 h under standard conditftmallow for recovery) followed by a 24-h
incubation in either 0.5% r20% Q. Cells were subjected to Western blot analysisgianti-
HIF-1a monoclonal antibody to verify knockdown efficiendigure shows pooled results of
densitometric analyses from eight independent éxgeits. Data were normalized to

untransfected cells grown under hypoxia within eaxgberiment, 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 anidigcare increased by hypoxia, MDA-
MB-231 cells were incubated under hypoxia (0.5% @ standard conditions (20%)O

for 24 h.

To determine the levels of furin mMRNA, total RNA svaolated from the cells and then
reverse-transcribed and subjected to real-timetijative PCR (QPCR) analysiResults
of gPCR revealed that there was no increase in faRNA levels in cells incubated for

24 h in hypoxia (Figure 3.9A).

To study the level of furin protein expression]selere subjected to Western blot
analysis. The molecular weight of Furin proteimjgproximately 100 kD. The molecular
weight of B-actin is 43 kD. Results of Western blot analysigealed that there was no
significant increase in furin protein levels inlsghcubated for 24 h in hypoxia (Figure

3.9B).

To study furin activity following incubation in hypia, cells were subjected to a pro-
protein convertases activity assay (see MateridiMethods). Results of the assay
revealed that pro-protein convertase activity wgsicantly increased after 24 h of
hypoxia [Figure 3.10, mean + SEM: 119.8 + 11.3%969CI: (88.43, 151.2), p=0.0005,
n=5 for cells plated at a density of 1.5 % t@lls/well; mean + SEM: 125.6 + 16.6%,
95% ClI: (79.5, 171.8), p=0.0017, n=5 for cells ihat a density of 2.0 x 416ells/well].

Similar results were also obtained using DU-14%sd@&ata not shown).
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Figure 3.9 Furin expression after 24 h of hypoxian MDA-MB-231 cells. Cells were plated at

a density of 3.1xT0cells/60-mm dish and incubated in a standard i@ubator overnight. Cells
were then incubated in 0.5% 6r 20% Qfor 24 h. (A) Total RNA was isolated from the cells
and then reverse-transcribed. The level of mMRNA&sgion was compared by real-time
guantitative PCR. Data are the mean = SEM of sesgtative experiment performed in
triplicate. This experiment was performed twice) (®lIs lysates were subjected to Western blot
analysis using anti-furin or arfiractin monoclonal antibody. This experiment wadqrered

once.
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Figure 3.10 Pro-protein convertase activity followig incubation in hypoxia. MDA-MB-231
cells were plated in 96-well plates and incubated standard C{ncubator overnight. Cells
were then incubated in 0.5% @ 20% Qfor 24 h. Adherent cells were assayed in the p@sen
of 0.25% Triton X-100 and pro-protein convertasbesstate at 3 for 5 h. The data were
normalized to cell density by parallel stainingaobther 96-well plate with crystal violet. Figure
shows pooled results of five independent experiméntan + SEM). Data are normalized to
results obtained from cells incubated under stahdanditions (20% &) within each experiment.
(A) Cells were plated at a density of 1.5 ¥ &6lls/well on day one [mean + SEM: 119.8 +
11.3%, 95% ClI: (88.4, 151.2), p=0.0005, n=5]. (B)IS€were plated at a density of 2.0 ¥ 10
cells/well on day one [mean + SEM: 125.6 + 16.6%%:9CI. (79.5, 171.8), p=0.0017, n=5].
Statistically significant increase of pro-proteomeertase activity in 0.5% Qelative to 20%
O.are indicated (*P<0.05; one-sample t-test).
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Chapter 4

Discussion
Our laboratory’s previous studies revealed thabnugxposure to hypoxia, tumour cells
acquire resistance to the cytolytic activity of2tactivated lymphocytes, and that the
mechanism of this hypoxia-mediated resistanceds involves the shedding of MIC,

specifically MICA, from the tumour cell surface [57

The main conclusion of this thesis is that the direglof MICA in cells exposed to
hypoxia is mediated by HIF-1. This conclusion ipgorted mainly by the results of
experiments showing that knockdown of Hl&-éxpression led to significant inhibition

of hypoxia-induced shedding of MICA.

An objective of the present study was to identifyiecules that are critical to the
mechanism of hypoxia-induced shedding of MICA fribra tumour cell surface;
membrane-bound MICA expression was determineddwy flytometry. First, the
hypoxia-induced MICA shedding was confirmed usinoMMB-231 breast cancer
cells. A mean 40% decrease in the level of surfdlkkeA on MDA-MB-231 cells was
observed after 24-h incubations in 0.5% Results revealed that the hypoxia-induced
shedding of MICA from the tumour cell surface reqsithe expression of HIF-1. This
conclusion is based on the results showing thedgstlular HIF-1 levels increased under
hypoxia, and that knockdown of HIF#InRNA using siRNA technology prevented this
accumulation and blocked the shedding of MICA fritve surface of MDA-MB-231
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cells exposed to hypoxia. Furthermore, the roléhefpro-protein convertase furin in the
regulation of hypoxia-induced shedding of MICA vedso explored. This was done to
test the hypothesis that hypoxia increases MICAlIgimg in tumour cells via HIF-1-
mediated activation dfir transcription. Interestingly, hypoxia did not iaase the
expression of furin in MDA-MB-231 cells exposediygpoxia at the mRNA level nor at
the protein level. This is despite a previous matlon that reported a hypoxia-mediated
up-regulation of furin expression in HepG2 cell8][However, in the present study,
overall furin activity as measured using a furitihaty assay (See Materials and

Methods) was increased in cells exposed to hypoxia.

The findings of the present study indicate that-Hilfray play an important role in
tumour immune escape: membrane-bound MICA and NK@&&actions have been
proposed to participate in tumour immunosurveilaaod MICA shedding from the
tumour cell surface is now considered to be an mapb mechanism linked to tumour

immune escape [20].

4.1 The significance of shedding of MICA

NKG2D-NKG2DL interactions can induce the activatmfmNK cells despite the

presence of inhibitory signals induced by the eggian of MHC class | molecules on
target cells [21, 33]. NKG2D-NKG2DL interactionsncalso co-stimulate CD8T cell
activation [21]. In the present study, an averddfs 4lecrease was observed in the levels

of membrane-bound MICA on MDA-MB-231 cell surfadéea a 24-h incubation in
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0.5% Q. Since MICA is an important ligand for NKG2D, thlidscreased expression

likely results in a net attenuation of NK cell &etion. Furthermore, soluble MICA
released from the tumour cell surface can binth¢adNKG2D receptor, thereby blocking
the NKG2D-NKG2DL interaction between immune effeatells and tumour cells [20].
Moreover, soluble MICA has been shown to down-raguNKG2D expression in

effector cells [20, 57]. Thus, it is now well actegh that the shedding of MICA impairs
the ability of NK cells to eliminate primary tumauand metastases. The clinical
significance of MICA shedding has been proven byous clinical studies. High levels

of soluble MICA were detected in sera of patient$esing from different types of

cancer, including breast and lung cancer, leukepaiagreatic carcinomas, hepatocellular
cancer and colon carcinoma [28, 38-41]. Theress avidence that soluble MICA is an
independent marker of progression for many eadgestancers, such as gastrointestinal,
breast, and prostate carcinoma [20, 42]. Thus ypexia-mediated decreased expression
of MICA on the tumour cell surface may have impottelinical implications;
consequently, HIF-1, which is required for the hyipemediated shedding of MICA,

likely plays an important role in tumour immune &3se.

4.2 Potential ‘'Sheddases’ involved in the releasé ®ICA from the

tumour cell surface

It was reported that the shedding of MICA from tledl surface requires the cleavage of
the extracellular domains of MICA through a proces®Iving metalloproteinase

activity [28]. A recent study revealed that MICAesldling by tumour cells requires the
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action of ADAM-10 and ADAM-17, two members of tha disintegrin and
metalloproteinase” (ADAM) family of metalloproteis@s [43]. Other studies showed that
the cell surface endoplasmic reticulum protein BgE) is also required for MICA
shedding through the formation of mixed disulfidenplexes that release MICA [44]. In
support of this finding, a recent report demonstiat correlation between MICA and
ERp5S levels in the sera of patients with multiplgetoma [87]. An important future goal
arising from the present study is to determine Wisiceddases are involved in the

hypoxia-mediated release of MICA from tumour cells.

4.3 The expression of other NKG2D ligands under hygxia

The MIC molecules are a family of NKG2D ligands.€TRetinoic Acid Early Transcript
(RAET) family is another class of NKG2D ligands; RARwas initially referred to as the
UL16-binding proteins (ULBPs) [20]. RAET proteingealso rarely detectable on the
surface of healthy cells and tissues, but are &rtiy expressed by tumour cell lines and
in tumour tissues including leukemia, gliomas arelanomas [20, 26-28].Thus it would
be very interesting to determine whether hypoxia@ause the shedding of RAET
members on the tumour cell surface, and if so, ndreéhe mechanism of shedding of
RAET molecules is similar to the one responsibletlie hypoxia-mediated shedding of

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

NKG2D-deficient mice have been used to study theiscance of NKG2D-mediated
immunity during tumourigenesis. These mice wera®ed to transgenic adenocarcinoma
of the mouse prostate (TRAMP) mice that spontarigales/elop prostatic
adenocarcinoma. This was done to generate male [BKd&2icient TRAMP mice as

well as NKG2D wild-type TRAMP littermates. Resuttsowed that NKG2D-deficient
TRAMP mice are three times more likely than wilgh¢yNKG2D TRAMP littermates to

develop highly malignant, early-arising prostateraatarcinoma [88].

Interestingly, an in vitro study showed that expesaf purified NK cells to NKG2D
ligand-expressing targets leads only to low lewétsarget cell killing. However, culture
of NK cells in the presence of interleukin (IL)-dbhigh doses of IL-2 significantly
increased NKG2D-mediated killing of tumour targi@B]. Our laboratory’s previous
studies revealed that, upon exposure to hypoxmgtu cells acquire resistance to the
cytolytic activity of IL-2-activated lymphocytes Th Future studies are required to
determine whether HIF-1 knockdown can rescue thaytic effect of IL-2-activated
lymphocytes againstancer cells exposed to hypoxia. This could contirenconclusion
that HIF-1 plays an important role in tumour immuwseape by mediating hypoxia-

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

Among the PC convertases, furin was the first ifiedtand has been the most
extensively studied. Furin mRNA is detected irtisBues and cell lines examined so far,
and furin protein is mainly localized to the traBelgi network [77]. It has been reported
that furin mRNA expression is up-regulated apprately 18-fold in human hepatoma
HepG2 cells exposed to 24-h hypoxia, and this ecdthmRNA expression is mediated
by HIF-1 [79]. However, in the present study, highels of furin protein were present in
MDA-MB-231 cells even when these cells were culduneder standard conditions (20%
05), and no increase in furin expression was obseirvedlls exposed to 24-h hypoxia,
either at the mRNA level or at the protein leveheQpotential explanation for this lack of
up-regulation by hypoxia is that furin expressiortiese cells may already be maximal
under standard culture conditions, and therefopokia is unable to further increase
furin expression. This explanation is supporteclsyudy of furin levels in ovarian
cancer. In that study, furin protein expression alaarly found in all of the different
ovarian cancer cell lines but not in cells derifreain the normal ovarian surface
epithelium; increased expression of furin was dategl with decreased survival [89]. It
has also been reported that furin is over-expressedlon, head and neck, and breast

cancers [89].

Although furin mRNA and protein expression were imasteased by hypoxia in the
present study, overall pro-protein convertase agtwas significantly elevated in MDA-

MB-231 cells exposed to hypoxia. Human furin igiaily synthesized as 100-kD pro-
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furin, which is then converted into 94-kD formsibyro-molecular autocatalytic cleavage
of the pro-peptide. However, even after its cleaydlge pro-peptide remains associated
with the mature furin moiety and functions as aepbtuto-inhibitor of furin [78]. Upon
exposure of the latent form of furin to low pH aBef*, the pro-peptide is further cleaved
and released, generating active furin [78]. Meateyltellular adaptation to hypoxia is
accompanied by a decreased intracellular pH reguitom cells switching from oxygen-
dependent tricarboxylic acid (TCA) cycle and oxidatphosphorylation to glucose
consumption and lactic acid production [45]. Theref the possible explanation for the
present results is that hypoxia reduces the inttdaepH level, thereby inducing the
release of the propeptide from latent furin zymaqgeasulting in an increase of overall

furin activity under hypoxia.

4.6 Furin is involved in hypoxia-induced shedding oMICA and tumour

Immune escape

To determine whether furin expression and actiargy required for the hypoxia-induced
shedding of MICA and tumour immune escape, furipregsion was knocked down in
our laboratory by introducing furin siRNA into MDRID-231 cells, and furin activity
was inhibited by incubating cells with the furiropgase inhibitor decanoyl-Arg-Val-Lys-
Arg-chloromethylketone (CMK). Results showed thadékdown of furin expression
with siRNA or inhibition of furin activity with CMKblocked the hypoxia-induced MICA
shedding, and interfered with hypoxia-induced tasice to the cytolytic activity of IL-2-

activated lymphocytes (Nianping Hu, D.R.Siemens @rtd. Graham, unpublished).
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While furin expression and activity are requiredtte hypoxia-induced shedding of
MICA, the finding that hypoxia did not up-reguldtein expression in the MDA-MB-

231 cells in the present study indicates that fur@is not likely the primary mediator of
the hypoxia-induced shedding of MICA. Recent stadevealed that the sheddases
ADAM-10 and ADAM-17 are responsible for the shedgof MICA [43] and can be up-
regulated by hypoxia [90]. Thus, it is possiblet e shedding of MICA under hypoxic
conditions is due to a HIF-1-mediated up-reguladbADAM-10 and ADAM-17

(Figure 4.1). Future studies are required to tasthypothesis and to determine the HIF-1
target genes involved in the hypoxia-induced MIGwdading pathway and hypoxia-

induced immune escape.

In summary, the results of the present study sugpmle for hypoxia in cancer immune
escape and provide evidence of a mechanism of lgqo&diated immune escape

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

Future directions

To determine whether Hife-knockdown can rescue the lytic effect of IL-2-

activated lymphocytes against cancer cells exptzsagipoxia.

To determine whether the shedding of MIG#er hypoxic conditions is due to a

HIF-1-mediated up-regulation of ADAM-10 and ADAM-HLtivity.

To determine whether hypoxia can inducesttedlding of RAET members on the
tumour cell surface, and if so, whether the medrarof shedding of RAET
NKG2D ligands is similar to the one responsibletf@ hypoxia-mediated shedding

of MICA described in the present study.
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