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Abstract 
 

Hypoxia is a key feature of many cancers and the presence of hypoxia is associated 

with more aggressive and metastatic tumours. MicroRNAs are 17-22 nucleotides, 

non-coding, single stranded RNA that are important regulators of gene expression. 

Functional studies show that microRNAs are involved in regulating many cellular 

processes including developmental timing, cell differentiation, cell proliferation and 

cell death. The expression levels of many microRNAs are deregulated in human 

disease conditions including cancer. In addition to deregulation of specific 

microRNAs in cancer, it has emerged that most tumour cell lines and cancers are 

characterised by global reductions in microRNA expression when compared to 

adjacent normal tissue. Cancers are commonly characterised by hypoxia and also by 

global reductions in the levels of mature microRNAs.  

This thesis examined the hypothesis that hypoxia mediates the global reduction of 

microRNAs through repressive effects on microRNA biogenesis proteins. Cancer 

cell lines were exposed to hypoxia and manipulations of hypoxia inducible factor 

(HIF) and HIF hydroxylase activity. The effects of hypoxia on the mRNA and 

protein levels of enzymes involved in microRNA biogenesis (DICER, DROSHA, 

TARPB2, DCGR8, XPO5) were determined by RT PCR and immunoblotting. The 

effect of hypoxia on microRNA biogenesis and function was determined with 

microarrays, RT PCR, activity assays and reporter assays.  

In two breast cancer lines (MCF7 and SKBR3), a colorectal cancer cell line (HT29) 

and a non-cancer cell line (HUVEC) there were significant reductions of DICER 

mRNA and protein levels after exposure to hypoxia. This effect was independent of 

HIF but dependent on the HIF hydroxylase PHD2 and was partly mediated by 

feedback effects by microRNAs. Furthermore, several other proteins with critical 
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roles in microRNA biogenesis such as DROSHA, DGCR8, TARBP2 and XPO5 also 

showed significant and co-ordinated repression under hypoxic conditions. The 

significant and consistent reduction in the levels of proteins with central roles in 

microRNA biogenesis under hypoxia did not have a substantial effect on the 

expression levels of mature microRNAs over the time course of these experiments. 

Even though hypoxia exerted only modest effects on the production of mature 

microRNAs, a significant influence of hypoxia on the function of exogenously 

introduced precursor microRNA was observed. These observations provide further 

and important interfaces between oxygen availability and gene expression and a 

potential mechanistic explanation for the reduced levels of microRNAs observed in 

some cancers. They provide further support for the existence of feedback 

mechanisms in the regulation of the microRNA biogenesis pathway and the relative 

stability of microRNAs. 
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1.1 Hypoxia 

 

Hypoxia is a reduction in the normal level of tissue oxygen (O2) tension, and it is a 

key feature of chronic vascular disease, pulmonary disease and cancer. Tissue 

hypoxia can have widespread effects on cell functions, as O2 availability is critical 

for many cellular processes. O2 plays a major role in several important enzymatic 

reactions such as the activity of oxidases, hydroxylases and oxygenases. Most 

importantly, O2 is essential for the mitochondrial oxidative phosphorylation and 

adenosine triphosphate (ATP) production.  

 

In aerobic conditions glucose metabolism involves production of electron carriers, 

nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide 

(FADH2) from NAD+ and FAD respectively, through the citric acid cycle following 

the initial steps of glycolysis (conversion of glucose to pyruvate) and oxidative 

decarboxylation (conversion of pyruvate to acetyl coenzyme A). The transfer of 

electrons from NADH or FADH2 to O2 through the electron transfer chain (ETC) 

regenerates NAD+ and FAD, and energy released during the ETC is converted to 

ATP in the mitochondria (Rich, 2003). In hypoxia, the lack of a recipient (i.e. O2) for 

the final transfer of electrons prevents the regeneration of NAD+ and FAD. Due to 

the reduction of these electron acceptors the citric acid cycle is interrupted, and 

oxidative decarboxylation of pyruvate does not take place. Therefore, pyruvate is 

metabolised through an anaerobic glycolytic pathway in the cytoplasm and is 

converted into lactic acid, producing a much lower yield of ATP per glucose 

molecule (Rich, 2003). Thus, without an adaptive response to hypoxia most cell 

functions are compromised. Therefore, mechanisms by which cells sense and 

respond to low O2 are essential for cell survival. These mechanisms involve 
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coordinated regulation and expression of many genes critical for the adaptation to 

hypoxia.  

 

1.2 Hypoxia and cancer 

 

Hypoxia has emerged as a central feature in many tumours. During tumour 

development, some areas of solid tumours can become hypoxic due to the distortion 

caused by rapid cellular proliferation and aberrant blood vessels. Thus, resulting 

reduced O2 diffusion to parts of the tumour, with increasing distance from the 

vasculature (Reynolds et al., 1996, Thomlinson and Gray, 1955, Vaupel et al., 1989). 

Normally mammalian tissue O2 levels can vary from 2% – 9% (on average 40 

mmHg); however, solid tumours contain regions with O2 levels as low as 0.7% 

(approximately 5 mmHg) (Brown and Wilson, 2004, Bertout et al., 2008), or regions 

completely devoid of O2 (referred to as anoxic tissue) (Bertout et al., 2008). 

Prolonged, limited oxygen diffusion in tumours result in chronic hypoxia, while 

acute hypoxia may be caused by a transient block in a blood vessel (Chaplin et al., 

1986).  

 

Early evidence of hypoxic regions in tumours was reported by Thomlinson and Gray 

in the 1950s. Looking at histological sections of human lung cancers they reported 

that tumours grew as cords around blood vessels and the larger cords contained a 

necrotic core (Thomlinson and Gray, 1955). They observed that cells 180 μm away 

from a blood vessel were necrotic and this was close to the approximate calculated 

distance of O2 diffusion (145 μm) before being metabolised by the tissue 

(Thomlinson and Gray, 1955). Bordering the necrotic core were layers of viable 

cells, and they observed an O2 gradient with normal O2 levels closer to a blood 
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vessel, decreasing gradually to hypoxic or anoxic levels towards the necrotic centre 

(Thomlinson and Gray, 1955).  

 

Initially, levels of hypoxia in tumours were measured using oxygen electrodes and 

since then many more methods such as in vivo polarographic measurements 

(Montgomery et al., 1950, Montgomery and Horwitz, 1950) and ex vivo 

cryospectrophotometric measurements have been developed with the hope of finding 

a non invasive, but a precise method (Kallinowski et al., 1990, Vaupel et al., 1991, 

Brizel et al., 1994). Imaging of increased glycolysis, or other compounds that 

accumulate in hypoxic tumours using positron emission tomography has allowed the 

monitoring of hypoxia by a less invasive but indirect method (Bertout et al., 2008, 

Rajendran et al., 2004). Using oxygen electrodes early researchers showed that the 

average O2 tension in tumour tissues was much lower than in normal tissues (Vaupel 

et al., 1989, Kolstad, 1968). The average O2 pressure in breast tumours (10 mmHg) 

were found to be a lot lower than normal breast tissue (60 mmHg) (Vaupel et al., 

2004). In cervical cancers tissue hypoxia was shown to increase with the severity of 

the disease stage, with tissue hypoxia increasing as the disease progressed from early 

stages to stage 3 cancers (Kolstad, 1968). Tumour hypoxia is associated with 

increased metastasis and poor prognosis in patients suffering from squamous 

tumours of the head and neck, as well as cervical and breast cancers (Fyles et al., 

2002, Harris, 2002, Eschmann et al., 2005, Nordsmark et al., 2005).   

 

Hypoxia in solid tumours makes radiation therapy (Gray et al., 1953) and other anti- 

cancer therapies ineffective by increasing resistance in the cancer cells (Brown, 

1999, Thomlinson and Gray, 1955). In radiotherapy, cells are exposed to ionising 

radiation, which can generate free radicals in DNA or water molecules in cells. These 
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free radicals will rapidly react with O2 and generate a peroxy radical resulting in a 

chemically modified DNA molecule (in the form of DNA double strand breaks, 

DNA single strand breaks, DNA base modifications and DNA-DNA and DNA-

protein cross-links) (Bristow and Hill, 2008). Due to reduced O2 levels in hypoxic 

cells most of the free radicals in DNA will not form peroxy radicals and can be 

restored to the undamaged form by hydrogen donation from non-protein sulfhydryls 

in the cells (Gray et al., 1953, Brown, 1999). Hypoxic cells are roughly three times 

more resistant to radiation induced damage compared to well oxygenated cells 

(Frankenberg-Schwager et al., 1991, Terris et al., 2002, Bertout et al., 2008, Bristow 

and Hill, 2008). 

 

Usually cells can not survive under hypoxic conditions for prolonged periods: 

however cancer cells can undergo genetic changes that will allow them to adapt to 

hypoxia (Harris, 2002). The genetic changes that occur as adaptations to hypoxia 

enable the cells to overcome nutritive deprivation, and selection of these genetically 

altered cells further increases the malignant progression and more aggressive 

treatment resistant disease (Hockel and Vaupel, 2001a, Hockel and Vaupel, 2001b, 

Duffy et al., 2003, Vaupel and Harrison, 2004). 

 

1.3 Cell response to hypoxia 

 

Cells respond to changes in O2 tension with multiple molecular and cellular 

mechanisms, including alteration in metabolic pathways, as well as changes in gene 

regulation through transcriptional and translation mechanisms. In hypoxia the 

cellular metabolism change from aerobic to anaerobic processes (known as the 

Pasteur effect) (Racker, 1974, Dang and Semenza, 1999). In very early work, Otto 
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Warburg demonstrated that cancer cells favoured glycolysis even in well oxygenated 

conditions (Warburg effect) (Warburg, 1956). Changes in O2 tension in tissues can 

result in the induction of specific genes involved in O2 homeostasis, such as 

erythropoietin (EPO) (to increase haemoglobin production) or vascular endothelial 

growth factor (VEGF) (to increase blood vessel formation) in mammalian cells.  

 

Gene regulation in hypoxia is mediated by transcriptional and post-transcriptional 

mechanisms. Transcriptional gene regulation in hypoxia is mainly mediated by the 

transcription factor hypoxia inducible factor-1 (HIF-1) (detailed discussion on HIF-1 

can be found below) (Wang and Semenza, 1995, Wang and Semenza, 1993, Wang et 

al., 1995). Post-transcriptional gene regulation in hypoxia is mediated through 

influencing mRNA stability and protein translation (Liu et al., 2006, Goldberg et al., 

1991). Some hypoxically induced genes such as EPO are regulated at the 

transcriptional as well as post-transcriptional levels, where the mRNA levels are 

maintained through increased transcription and increased mRNA stability (Goldberg 

et al., 1991). Another example of mRNA stability in hypoxia was observed in the 

hypoxically induced VEGF mRNA, where the mRNA half-life was increased in 

hypoxia (Levy et al., 1996). Binding of a hypoxically induced RNA binding protein 

HuR (Human antigen R) to the 3’UTR of the VEGF mRNA increased the stability of 

mRNAs in hypoxia when compared to normoxia (Levy, 1998, Levy et al., 1996, 

Levy et al., 1998).  

 

Protein synthesis is reduced in cells exposed to hypoxia as a means of energy 

conservation (Romero-Ruiz et al., 2012, Pettersen et al., 1986, Hochachka et al., 

1996). Critical steps in regulating protein synthesis in hypoxia involve: the 

phosphorylation of translation initiation factor eIF2α (eukaryotic initiation factor 2α); 
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the inhibition of the elongation factor eEF2 (eukaryotic elongation factor 2) and 

suppression of mTOR (mammalian target of rapamycin), and consequently its targets 

eIF4E-binding proteins (4EBP1), protein Ser-Thr kinase that phosphorylates the 

ribosomal S6 subunit (p70
s6k

) and Ribosomal protein S6 (rpS6), which result in 

decreased mRNA translation, thus decreased protein synthesis (Koumenis et al., 

2002, Liu et al., 2006, Romero-Ruiz et al., 2012, Wouters and Koritzinsky, 2008). 

The phosphorylation of the eIF2α at Ser51 is reversible upon re-oxygenation and is 

mediated by the hyperphosphorylated PERK (endoplasmic reticulum resident kinase) 

in hypoxia (Koumenis et al., 2002). Inhibition of the elongation factor eEF2 in acute 

hypoxia occurs due to the phosphorylation at Thr56, this process is also reversible 

upon re-oxygenation and is mediated by the prolyl hydroxylase PHD2 (Romero-Ruiz 

et al., 2012). In addition, in chronic hypoxia eEF2 is inhibited by phosphorylation at 

Ser-398 by eEF2K (eEF2 kinase) which is activated by AMPK (AMP-activated 

protein kinase) (Ryazanov et al., 1988) (Browne et al., 2004). 

 

1.3.1 Hypoxia inducible factor-1 (HIF-1) 

 

The hypoxia inducible factor (HIF-1) is the main transcription factor involved in 

regulating responses to changes in tissue oxygenation (Wang and Semenza, 1995). 

HIF was first identified as the main regulator of erythropoietin expression in hypoxia 

(Wang et al., 1995, Wang and Semenza, 1995). HIF-1 is a heterodimer consisting of 

two subunits; an α subunit (HIF-1α, HIF-2α and HIF-3α) and a β subunit (HIF-1β) 

also known as the hydrocarbon receptor nuclear translocator (ARNT) (Wang and 

Semenza, 1995, Wang et al., 1995). Oxygen tension in the tissue affects the 

expression and stabilisation of HIF-α subunits, whereas the HIF-β subunit is 

constitutively expressed (Wang and Semenza, 1993). These subunits are basic helix-

loop-helix proteins that contain a PAS (Per/Arnt/Sim) domain.  
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The HIF-1α subunit is expressed in all tissues while HIF-2α and HIF-3α expression 

is limited to some tissues. HIF-2α (also known as endothelial PAS domain protein 

(EPAS1)) is also involved in gene regulation by binding to hypoxia response 

elements (HREs), and mainly expressed in vascular endothelium, liver parenchyma, 

lung type II pneumocytes and kidney epithelial cells (Wiesener et al., 2003[Tian, 

1997 #6947, Harris, 2002, Tian et al., 1997). HIF-3α (also known as inhibitory PAS 

domain (IPAS)) is a dominant negative regulator of HIF1α and HIF-2α regulated 

transcription (Makino et al., 2001). HIF-3α is mainly expressed in the thymus, 

cerebellar Purkinje cells and the corneal epithelium of the eye (Makino et al., 2001, 

Gu et al., 1998). 

 

At low oxygen levels, HIF-α is stabilised and accumulates while it is rapidly 

degraded in normoxic conditions (Figure 1.1) (Wang and Semenza, 1995, Semenza, 

2003). In hypoxia, the stable HIF-1α translocates to the nucleus and interacts with 

ARNT, CBP/p300 (cyclic adenosine monophosphate (cAMP)-response-element-

binding protein (CREB) binding protein) and DNA Polymerase II, then binds to the 

conserved cis-regulatory site (5’(A/G)CGTG-3’) of the HREs of target genes to 

activate transcription (Lando et al., 2002b, Jiang et al., 1996, Li et al., 1996, 

Semenza, 1998). 

 

Under normoxic conditions HIF-1α is hydroxylated by iron and 2-oxoglutarate (2-

OG) dependent prolyl hydroxylase domains 1, 2 and 3 (PHD1, PHD2 and PHD3; 

also known as Egln 2, 1 and 3) (Bruick and McKnight, 2001, Epstein et al., 2001). 

The PHD2 is the most abundant enzyme and plays a dominant role in HIF regulation 

(Appelhoff et al., 2004). The trans-4-hydroxylation by PHDs occurs at specific 

proline residues (Pro-402 and Pro-564 in human HIF-1α also, Pro-405 and Pro-531 
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in human HIF-2α) on the human HIF-1α oxygen dependent degradation domain 

(ODD) (Jaakkola et al., 2001, Ivan et al., 2001, Masson et al., 2001). 

 

The von Hippel Lindau protein (pVHL) which is an essential component of the E3 

ubiquitin ligase binds to the hydroxylated proline residues in HIF-α and facilitates 

ubiquitination followed by rapid proteasomal degradation (Maxwell et al., 1999). In 

the absence of pVHL, due to mutations in the VHL gene, HIF-α is not degraded. 

Therefore HIF-α accumulates and genes with HREs are transcriptionally activated 

(Maxwell et al., 1999, Cockman et al., 2000). Mutations in the VHL gene result in 

hereditary cancer syndromes such as clear cell renal carcinoma (RCC), 

phaeochromocytoma and hemangioblastoma (Kim and Kaelin, 2004).   

 

Further oxygen regulated control is facilitated by factor inhibiting HIF-1 (FIH-1) 

(also known as the HIF asparaginyl hydroxylase). FIH-1 hydroxylates the asparagine 

residue (Asn-803 in human HIF-1α) located in the C-terminal transactivation domain 

of HIF-1α and prevents binding of the HIF-1α to the transcriptional co-activator 

p300CBP, thus reducing the transcriptional activity of HIF-1α (Lando et al., 2002a, 

Mahon et al., 2001).  
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Figure 1.1 Oxygen dependent gene regulation by hypoxia inducible factor-1α 

(HIF-1α). 

 

Under normoxia, HIF-1α is hydroxylated by PHD enzymes and degraded via pVHL mediated 

ubiquitin–proteasome pathway. Under hypoxia, HIF-1α is dimerized with HIF-1β and activates 

transcription of several cellular processes (Reproduced following ((Gleadle, 2009)) 
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The transcription factor HIF-1 plays a dominant role in transcriptional gene 

regulation in hypoxia (Semenza et al., 1991, Semenza, 2003, Semenza, 2000, Rey 

and Semenza, 2010). Gene expression arrays examining genome wide transcript 

analysis demonstrate that hundreds of genes are regulated either positively or 

negatively by the HIF pathway (Manalo et al., 2005, Elvidge et al., 2006, Hu et al., 

2003, Choi et al., 2008). A microarray study examining global changes in gene 

expression in MCF7 cells in response to hypoxia, dimethyloxalyl glycine (DMOG) 

and HIF-1α or HIF-2α inhibition by short interfering RNA (siRNAs), showed that a 

large number of genes were similarly regulated by hypoxia and DMOG (Elvidge et 

al., 2006). DMOG is a competitive inhibitor of prolyl hydroxylases that stabilizes 

HIF-α expression at normal oxygen tensions. Most of the genes induced by hypoxia 

or DMOG were suppressed by the HIF-1α or HIF-2α siRNA, with the majority 

showing HIF-1α dependence. These results confirmed the significance of gene 

regulation by the HIF-1 transcriptional system.  

 

Chromatin immunoprecipitation (ChIP) techniques have been used to identify genes 

directly regulated by HIF binding to DNA (Elvidge et al., 2006, Choi et al., 2008, 

Ortiz-Barahona et al., 2010, Schodel et al., 2011, Mole et al., 2009). Genome wide 

analysis of HIF-1α and HIF-2α DNA binding in MCF7 cells using ChIP methods 

showed the distribution of HIF binding sites across approximately 25,000 human 

genome promoters (Mole et al., 2009). They also reported a striking difference 

between the two alpha subunits in gene regulation. Even though many loci could 

bind to both isoforms, HIF-1α played a more dominant role than HIF-2α in the HIF 

pathway (Mole et al., 2009). Another study using ChIP coupled with next generation 

high throughput sequencing (ChIP-Seq) also identified a large number of HIF 
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binding sites across the genome (Schodel et al., 2011), further demonstrating the 

extensive regulation by the HIF pathway.  

 

In addition to mediating direct transcriptional effects via HREs, HIF-α also interacts 

with other regulatory pathways. These include interactions with miRNA networks, 

such as miR-210 mediated gene regulation in hypoxia (Kulshreshtha et al., 2007a, 

Kulshreshtha et al., 2007b). HIF-α also interacts with other signalling pathways such 

as Notch, Wnt and Myc (Kaidi et al., 2007, Gustafsson et al., 2005, Koshiji et al., 

2004) and also mediates selective mRNA translation during hypoxia (Uniacke et al., 

2012).  

 

1.3.2 HIF independent pathways 

 

Even though majority of the transcriptional regulation in response to hypoxia is 

mediated through HIF, there are a number of HIF independent pathways that are 

involved in regulating cellular functions in hypoxia. The following processes show 

hypoxic regulation and may contribute to the effects of hypoxia on transcriptional 

gene regulation, protein synthesis and inhibition of translation.  

 

A number of transcription factors are involved in hypoxic gene regulation in addition 

to HIF (reviewed in (Cummins and Taylor, 2005)), examples include: cyclic AMP 

response element binding protein (CREB) (Taylor et al., 2000), nuclear factor kappa 

B (NFkB) (Cummins et al., 2006), Activating protein 1 (AP-1) (Karin and Shaulian, 

2001, Shaulian and Karin, 2001), early growth response-1 (EGR-1) (Yan et al., 

1999), and the metal-transcription factor-1 (Murphy et al., 1999). 

The inhibition of protein synthesis in hypoxic conditions is also mediated through 

HIF independent pathways. The mammalian target of rapamycin (mTOR), 
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endoplasmic reticulum kinase (PERK) and AMP- activated protein kinase (AMPK) 

have been identified to contribute to HIF independent regulation of protein 

translation in hypoxia (Liu et al., 2006). In chronic hypoxia, AMPK is activated, and 

phosphorylation and inactivation of eEF2 is increased, resulting in reduced protein 

translation (by pausing translation temporarily at elongation) (Horman et al., 2002). 

Another recent study demonstrated that eEF2 phosphorylation and inhibition of 

protein translation occurred rapidly in acute hypoxia without ATP depletion or AMP 

kinase activation and was mediated through PHD2 activity in a HIF independent 

manner (Romero-Ruiz et al., 2012).  

 

Angiogenesis in hypoxia is also regulated through HIF-1 independent mechanisms 

(Mizukami et al., 2007): by the angiogenic factor IL-8 (interleukin 8) (Mizukami et 

al., 2005); oncogenic Ras (K-Ras and H-Ras) (Mizukami et al., 2004, Zhang et al., 

2001); COX-2 (cyclooxygenase-2) (Pichiule et al., 2004) and transcription factor 

NF-ҝB (Mizukami et al., 2005).  

 

1.3.3 HIF expression in cancer 

 

HIF expression and function is enhanced in many cancers (Wong et al., 2011, 

Semenza, 2000, Mizukami et al., 2007, Zhong et al., 1999). HIF-1 induces or 

represses transcription of many genes, including genes with key roles in tumour 

initiation, growth and metastasis (Figure 1.2). HIF induces cell proliferation and 

reduces cell death by inducing growth or survival factors such as vascular endothelial 

growth factor (VEGF) (Forsythe et al., 1996), insulin like growth factor-2 (IGF2) 

(Feldser et al., 1999), endothelin 1 (EDN1) (Grimshaw, 2007) and erythropoietin 

(EPO) (Semenza and Wang, 1992, Semenza et al., 1991). HIF is also involved in the 

metabolic reprogramming of cells in hypoxia, by regulating genes encoding glucose 
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transporters (GLUT1, GLUT2) (Chen et al., 2001) and glycolytic enzymes Aldose A 

(ALDOA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In hypoxia, 

cellular transformation takes place by: immortalization through increased telomerase 

activity via hypoxia regulated mitogen-activated protein kinase (MAPK) signalling 

(Seimiya et al., 1999); hypoxia induced DNA breaks at fragile sites (Coquelle et al., 

1998); and disruption of DNA repair mechanisms (Yuan et al., 2000).  

 

Angiogenesis has a critical role in tumour progression and is driven by hypoxia and 

HIF-1. In hypoxia, angiogenesis is increased by HIF-1 mediated induction of 

vascular endothelial growth factor (VEGF) (Shweiki et al., 1992) and platelet derived 

growth factor B (Rey and Semenza, 2010). HIF-1 also plays a role in epithelial to 

mesenchymal transition (EMT) by activating repressors (such as Zinc finger E-box 

binding homeobox1 and 2: ZEB1 and ZEB2) that block the expression of E-cadherin 

and other proteins involved in maintaining cell to cell adhesion, rigid cytoskeleton 

and other characteristics of epithelial cells (Esteban et al., 2006). Some genes (lysyl 

oxidase family (LOX), angiopoietin-like 4 (ANGPTL4) and L1 cell adhesion 

molecule (L1CAM)) involved in metastasis and invasion are also regulated by HIF-1 

(Wong et al., Zhang et al., 2011). Therefore it is apparent that HIFs play important 

roles in many crucial aspects of cancer biology from tumour initiation to growth and 

metastasis. 
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Figure 1.2 Genes activated by hypoxia-inducible factors (HIFs) that are 

involved in tumour progression.  
 

Genes encoding proteins involved in numerous aspects of tumour initiation, growth and 

metastasis are transcriptionally activated by either HIF-1α or HIF-2α. carbonic anhydrase IX 

(CAIX,); C-X-C chemokine receptor type 4 (CXCR4), insulin-like growth factor ii (IGF2,); 

platelet-derived growth factor B (PDGF); pyruvate dehydrogenase kinase 1 (PDK1); vascular 

endothelial growth factor A (VEGFA); glucose transporters (GLUT1 and GLUT2); lysyl oxidase 

family (LOX); angiopoietin-like 4 (ANGPTL4) (Reproduced following (Bertout et al., 2008)) 
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A large number of studies show a correlation between HIF-1α expression, poor 

prognosis and resistance to therapy in head and neck, ovarian, oesophageal, colon, 

breast, gastric, lung, skin, pancreatic, prostate and renal carcinomas (Talks et al., 

2000, Zhong et al., 1999, Chi et al., 2006). Over expression of HIF-2α correlated 

with poor prognosis in; non-small cell lung cancer (Giatromanolaki et al., 2001), 

neuroblastoma (Holmquist-Mengelbier et al., 2006), astrocytoma (Khatua et al., 

2003), and head and neck squamous cell carcinomas (Koukourakis et al., 2002). 

However, in head and neck cancers (Beasley et al., 2002) and non small cell lung 

cancers (Volm and Koomagi, 2000), HIF-1α over expression was found to correlate 

with reduced patient mortality. HIF-1α and HIF-2α subunits might be having 

opposite effects on cancer progression depending on the type of tumour. In patients 

with VHL disease, HIF-1α expression gradually decreases, while HIF-2α expression 

increases as renal carcinomas develop (Kaelin, 2007). Studies looking at 

transcriptional selectivity have shown exclusive HIF-1α targets or HIF-2α targets, 

and genes that respond to both HIF-1α and HIF-2α (Holmquist-Mengelbier et al., 

2006, Hu et al., 2003, Raval et al., 2005). Large differences have been observed in 

HIF-2α activity in cells that express both HIF-1α and HIF2α, with HIF-2α appearing 

to be less active than HIF-1α in many cell types (Hu et al., 2006). 
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1.4 MicroRNAs 

 

MicroRNAs (miRNAs) are 17-22 nucleotide long, non-coding, endogenous, single 

stranded RNA molecules that play a key role in gene regulation at the 

posttranscriptional level (Filipowicz et al., 2008, Winter et al., 2009). Functional 

studies show that miRNAs are involved in regulating many cellular processes 

including developmental timing, cell differentiation, cell proliferation and cell death 

(Brennecke et al., 2003, Xu et al., 2003). Furthermore, evidence from many studies 

shows that the expression of several miRNAs are deregulated in human disease 

conditions including cancer (Calin et al., 2002, Calin et al., 2004, Deng et al., 2008, 

Greither et al., 2010, Iorio et al., 2005, Michael et al., 2003). A global reduction in 

miRNA expression has been observed in both human and mouse cancers when 

compared to normal tissue (Lu et al., 2005, Volinia et al., 2006, Dvinge et al., 2013).  

 

1.4.1 Discovery of microRNAs 

 

The first miRNA, lin-4 was discovered in 1993 in the nematode worm 

Caenorhabidititis elegans. Lin-4 was found to regulate the lin-14 gene in C.elegans 

and the expression of lin-4 was essential for the transformation of C. elegans from 

the first to the second larval form (Wightman et al., 1993, Lee et al., 1993). Later, 

another small RNA molecule let-7 with critical functions in C.elegans larval 

development was discovered (Reinhart et al., 2000, Slack et al., 2000). Since the 

discovery of the first miRNAs many more have been discovered in plants, animals 

and humans. Currently, the miRBase repository of published miRNAs contains a 

total of 2578 human miRNAs miRBase version 20 (miRBase, 2010). 
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1.5 MicroRNA biogenesis 

 

MicroRNAs are synthesised from larger RNA transcripts by a complex enzymatic 

pathway. This section will provide a detailed description of the miRNA biogenesis 

pathway (Figure 1.3). MicroRNAs are transcribed as primary transcripts (pri-

miRNAs) (Lee et al., 2004) from independent non-coding RNAs or processed from 

the introns of protein coding genes miRtrons (Rodriguez et al., 2004). Some miRNAs 

such as those of the miR-17-22 cluster have been found clustered in polycistronic 

transcripts (Hayashita, Osada et al. 2005). Pri-miRNAs are transcribed by RNA 

Polymerase II (Lee et al., 2004) or III (Borchert et al., 2006) enzymes, they contain 

one or several stem-loop structures and can be several kilobases long.  

 

1.5.1 DROSHA processing 

 

DROSHA catalyses the processing of pri-miRNAs into pre-miRNAs in the nucleus. 

A typical pri-miRNA contains a dsRNA stem (~33 bp) with a terminal loop at one 

end and flanking ssRNA segments at the other end (Han et al., 2006). Pri-miRNAs 

are cleaved at the base of the stem loop structure to generate a hairpin called the 

precursor miRNA (pre-miRNA) (about 70 nucleotides long), by the microprocessor 

complex formed by the nuclear RNase Ш enzyme DROSHA (Pasha in 

D.melanogaster and C.elegans) and the double stranded RNA-binding protein 

DiGeorge Syndrome Critical Region gene 8 (DGCR8) in humans (Han et al., 2004). 

A DROSHA processed pre-miRNA contains a (~ 2 nt) 3’ overhang, a dsRNA stem 

(~ 24 bp long) and a terminal loop. The 3’ end contains a hydroxyl group and the 

5’end a phosphate group (Cai et al., 2004). 
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DROSHA contain two RNase Ш domains and one double-stranded RNA binding 

domain (dsRBD). The RNases Ш domains function as a dimer and cleave the 3’ and 

5’ strands of the hairpin stem (Han et al., 2004). DGCR8 contains two dsRBDs and 

recognises the pri-miRNA by the single stranded RNA segments flanking the stem 

loop structure. Then DGCR8 binds to the ssRNA-ds-RNA junction and DROSHA 

cleaves the pri-miRNA ~11 bp away from this junction (Han et al., 2006). 

 

DGCR8 is a heme binding protein and heme is required for the dimerisation and 

efficient activation of DGCR8 for pri-miRNA processing (Faller et al., 2007). In a 

mouse study, it was shown that DROSHA-mediated pri-miRNA processing was 

regulated by RNA helicases (p72 and p68) bound to the microprocessor complex 

formed by DROSHA and DGCR8. Both of these RNA helicases were found to be 

essential for survival of mice and required for the processing of a subset of pri-

miRNAs (Fukuda et al., 2007). In addition, arsenite-resistance protein 2 (ARS2) 

(Sabin et al., 2009, Gruber et al., 2009) and heterogenous nuclear ribonuclear protein 

(hnRNP A1) (Guil and Caceres, 2007) are also involved in regulating DROSHA 

mediated processing of specific miRNAs. A component of the RNA cap-binding 

complex (CBC), ARS2 is important for stability and delivery of some pri-miRNAs to 

the DROSHA-DGCR8 complex (Gruber et al., 2009). The pri-miR-18a is bound by 

the hnRNP A1 before DROSHA processing and depletion of hnRNP A1 reduced the 

abundance of pre-miR-18a levels in HeLa cells (Guil and Caceres, 2007). Another 

study showed the estrogen receptor-α (ERα) association with p72 and DROSHA 

under estradiol (E2) stimulation. The association of the ERα-E2 with DROSHA 

inhibits the binding and processing of some pre-miRNAs, therefore reducing mature 

miRNA levels (Yamagata et al., 2009). DGCR8 is essential for miRNA biogenesis 

and loss of DGCR8 correlated with global reductions in mature miRNA expression 
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(Wang et al., 2007, Yi et al., 2009). Two separate microarray analyses looking at 

wild type and DGCR8 knockout mouse embryonic stem cells and mouse skin cells, 

showed a global decrease in mature miRNA expression in the DGCR8 knockout 

cells (Wang et al., 2007, Yi et al., 2009).   

 

DROSHA-DGCR8 processing is essential for a majority of the miRNAs but there are 

a small group of miRNAs that can bypass this step. These are derived from short 

intronic hairpins (miRtrons) and are processed by splicing machinery into pre-

miRNA like hairpins, and then processed as a regular pre-miRNA by DICER 

(Okamura et al., 2007). In addition to miRNA processing, DROSHA-DGCR8 

microprocessor complex is also involved in processing hairpin structures from 

protein coding genes. 



 21 

 

Figure 1.3 Schematic diagram of the canonical miRNA biogenesis pathway. 

 

MicroRNAs are transcribed as primary transcripts (pri-miRNAs) by RNA Polymerase II or III 

enzymes. In the nucleus, pri-miRNAs are cleaved by micro-processor complex DROSHA and 

DGCR8 to generate a precursor miRNA (pre-miRNA). Pre-miRNAs are exported to the 

cytoplasm by exportin-5. In the cytoplasm pre-miRNAs are further cleaved by DICER coupled 

with TARBP2 to generate a 22 nucleotide double stranded miRNA duplex. One strand of the 

RNA duplex functions as the mature miRNA and often the passenger strand will be degraded by 

endonucleases. Mature miRNA binds to RNA induced silencing complex containing an 

Argonaute protein leading to either translational inhibition or destruction of the target mRNA. 

(Reproduced following (Winter et al., 2009)) 
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1.5.2 Nuclear export by Exportin-5 

 

Pre-miRNAs are recognised and exported to the cytoplasm by the karyopherin 

exportin-5 (XPO5), a member of the nuclear transport receptors (Kim, 2004, 

Bennasser et al., 2011). XPO5 binds to the correctly processed pre-miRNA (with a 3’ 

overhang) in a Ran guanosine triphosphate (Ran-GTP) dependent manner in the 

nucleus and translocates to the cytoplasm, where hydrolysis of GTP (guanosine 

triphosphate) to GDP (guanosine diphosphate) releases the pre-miRNA from the 

complex (Kim, 2004).  

 

XPO5 mediated transport is important for miRNA biogenesis, as depletion of XPO5 

reduced mature miRNA levels in the cytoplasm (Yi et al., 2003). However, pre-

miRNAs did not accumulate in the nucleus after depletion of XPO5, suggesting pre-

miRNAs might be relatively unstable and interaction with XPO5 may be involved in 

stabilising the pre-miRNAs (Yi et al., 2003). Another study also showed that changes 

in XPO5 levels affected mature miRNA levels in mouse embryonic fibroblasts 

(MEF) during cell proliferation, where mature miRNA levels significantly decreased 

with XPO5 inhibition (Iwasaki et al., 2013). During cell cycle entry, XPO5 levels 

significantly increased in MEFs compared to other important miRNA biogenesis 

proteins (such as DROSHA, DGCR8, DICER and AGO2). XPO5 protein levels were 

found to be highly induced in actively proliferating cells, however, no change in 

mRNA levels of XPO5 was observed. They identified that this increase in XPO5 

protein levels during cell cycle entry was mediated through a phosphoinositide 3-

kinase (PI3K) dependent post-transcriptional mechanism: however, further 

investigations are needed to understand the exact details of this regulation (Iwasaki et 

al., 2013).  
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1.5.3 DICER processing 

 

DICER catalyses the processing of a pre-miRNA into a mature miRNA duplex. In 

the cytoplasm, pre-miRNAs are further cleaved by DICER ribonuclease III enzyme 

(Grishok et al., 2001, Hutvagner et al., 2001), coupled with Tar RNA binding protein 

2 (TARBP2) (Chendrimada et al., 2005, Haase et al., 2005). This results in a 22 

nucleotide double stranded miRNA duplex with protruding 2 nucleotide 3’ ends. 

 

DICER is a multi domain protein, with two RNAse III domains, a dsRBD, a long N-

terminal containing a DEAD-BOX RNA helicase domain, a Domain of Unknown 

Function 283 (DUF283) domain and a Piwi Argonaut and Zwille (PAZ) domain. The 

PAZ domain within DICER binds to the 2 nt 3’overhang and the dsRBD binds to the 

double stranded stem of small RNAs (MacRae et al., 2007). DICER cleaves the pre-

miRNA near the base of the loop 22 nt away from the 3’ end.  

 

DICER cleavage is essential for miRNA processing and deletion of DICER 

decreases mature miRNA expression (Grishok et al., 2001, Hutvagner et al., 2001). 

Deletion of DICER has been found to cause lethality during early development of 

mice (Bernstein et al., 2003). In addition, loss of DICER has resulted in defects in 

normal skeletal muscle development (O'Rourke et al., 2007) and severe dilated 

cardiomyopathy and heart failure in mice (Chen et al., 2008). However, there are 

exceptions where DICER independent miRNA biogenesis has been described for a 

small number of miRNAs (Cifuentes et al., 2010, Langenberger et al., 2012).  

 

The first identified DICER independent miRNA was miR-451, which used AGO2 

catalytic activity for processing (Cifuentes et al., 2010, Cheloufi et al., 2010). Pri-
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miR-451 is normally processed by DROSHA into a pre-miR-451. This pre-miR-451 

differs from other “canonical” miRNAs; as it is encoded in a conserved 42 nt hairpin 

with a 17 nt stem (Cheloufi et al., 2010), while efficient DICER processing requires a 

19 nt stem (Siolas et al., 2005). In addition, the last 6 nt of the 23 nt mature miR-451 

extends over the loop region into the complementary strand of the hairpin precursor. 

The DROSHA processed pre-miR-451 is loaded on to AGO2 and cleaved by AGO2 

catalytic centre into an intermediate 30 nt with a 3’ end. This intermediate product 

undergoes polyuridylation and further processed into a 20 nt mature miRNA by a 

cellular nuclease (Cifuentes et al., 2010). Langenberger et al (2012) suggested ten 

additional miRNAs (miR-30a, miR-143, miR-374, miR-379, miR-381, miR-134, 

miR-4417, miR-4516, miR-3676, miR-125b-2) as DICER independent. Six of these 

miRNAs (miR-30a, miR-143, miR-374, miR-379, miR-381, miR-134) derive from 

precursor hairpins. Out of these, miR-30a, miR-374a and miR-125b-2 were good 

DICER substrates, but did not change in response to DICER knockdown 

(Langenberger et al., 2012).   

  

TARBP2 plays an important role in miRNA biogenesis by being a vital component 

of the DICER containing complex (Melo et al., 2009, Haase et al., 2005). Depletion 

of TARBP2 resulted in a decrease in miRNA biogenesis (Melo et al., 2009). 

Biochemical analysis has revealed the association of TARBP2 with DICER and 

AGO2 in the RNA induced silencing complex (RISC) loading complex (RLC) 

formation (Liu et al., 2004, Meister et al., 2004). Furthermore, inhibition of DICER 

and TARBP2 using siRNAs showed reduced RISC mediated reporter gene silencing 

(Chendrimada et al., 2005). Therefore, TARBP2 plays an important role not only in 

miRNA processing, but also in RISC mediated gene silencing. Due to mutations in 

TARBP2, protein level of TARBP2 was reduced and this affected DICER function 
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and miRNA processing in colorectal cancers (Melo et al., 2009). Re-introduction of 

TARBP2 into deficient cells restored DICER processing and mature miRNA 

production (Melo et al., 2009).   

 

Melo et al. (2011) showed that binding of small molecule enoxacin (a 

fluoroquinolone used as an antibacterial compound) to TARBP2 protein enhances 

the miRNA biogenesis process. They reported a global increase in miRNA 

production in colon carcinoma RKO cell line after treatment with enoxacin, and the 

majority of the up regulated miRNAs had tumour suppressor features (Melo et al., 

2011). Treatment with enoxacin had a cancer specific growth inhibitory effect in 

human cell cultures and xenografted, orthotopic and metastatic mouse models (Melo 

et al., 2011).   

  

After DICER processing, the double stranded duplex is loaded onto AGO proteins 

with the aid of Hsp70 and Hsp 90 (heat shock proteins) (Iwasaki et al., 2010). 

According to the current model, the loading of a small RNA duplex onto the AGO 

protein requires ATP hydrolysis (Yoda et al., 2009, Kawamata et al., 2009). 

Subsequently the duplex is unwound in an ATP independent manner (Kawamata et 

al., 2009). One strand of the RNA duplex is retained by AGO protein and functions 

as the mature miRNA (or guide strand), while the passenger strand is often degraded 

by endonucleases (Khvorova et al., 2003, Schwarz et al., 2003). The selection of a 

single strand from the small RNA duplex depends on the thermodynamical stability 

of the first 1-4 bases at each end of the RNA duplex, and the strand with the less 

stable 5’ end is retained as the guide strand (Khvorova et al., 2003, Schwarz et al., 

2003). The seed sequences (from 2-8 nt) of mature miRNAs are highly conserved 
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and these sequences specifically bind to the complementary sequences in the 3’UTR 

of target mRNAs (Brennecke et al., 2005).  

 

In some instances, the passenger strand (previously referred to as the star form) is not 

degraded and may function as a mature miRNA in addition to its corresponding 

miRNA (Lim et al., 2003, Zhou et al., 2010). In C. elegans antisense miRNA 

(passenger strand) have been recovered but at a much lower frequency than the 

corresponding mature miRNA (Lim et al., 2003). Zhou et al. (2010) found that miR-

155-5p and miR-155-3p were highly induced in human plasmacytoid dendritic cells, 

and they both functioned as mature miRNAs exerting opposite effects on type I 

interferon production. 

 

1.6 Relationships between biogenesis proteins  

 

The co-ordinated availability of the proteins with roles in miRNA biogenesis is vital 

to achieve optimal generation of regulatory mature miRNAs. However, the 

mechanisms underlying this co-ordinate regulation are incompletely understood.  

A relationship has been observed between miRNA biogenesis proteins DROSHA 

and DGCR8 (Han et al., 2009). DROSHA and DGCR8 form the microprocessor 

complex, and regulate each other post-transcriptionally (Han et al., 2009, Han et al., 

2004). The DROSHA-DGCR8 complex cleaves the hairpin structures in the DGCR8 

mRNA, reducing DGCR8 mRNA levels. The protein-protein interaction between 

DGCR8 and DROSHA stabilises the DROSHA protein (Han et al., 2009).  

 

Inhibition of XPO5 increased nuclear localisation of DICER mRNA and down 

regulated DICER protein levels in the cytoplasm. Post-transcriptional interaction of 
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XPO5 and DICER mRNA has been reported, and an increase in pre-miRNA or 

adenoviral associated 1 (VA1) RNA resulted in a reduction of this interaction and 

decreased DICER protein levels (Bennasser et al., 2011). Otherwise XPO5 is not 

involved in mRNA transport and only known to transport transfer RNAs (tRNAs), 

non-coding cytoplasmic localized RNAs (Y-RNAs) and pre-miRNAs (Bennasser et 

al., 2011). 

 

Conflicting results have been reported about the TARBP2 and DICER interaction. 

Chendrimada et al. (2005) observed that TARBP2 is involved in stabilising DICER 

and knock down of TARBP2 reduced DICER levels and vice versa. However, 

another study reported that deletion of TARBP2 had no effect on DICER levels 

(Haase et al., 2005).  

 

1.7 RNA induced silencing complex 

 

MicroRNAs exert their functional role as part of the RNA induced silencing complex 

(RISC) (Gregory et al., 2005). The functional mature miRNA strand is loaded into 

the RISC composed of Argonaute-2 protein (AGO2) bound with a glycine 

tryptophan repeat containing protein of 182 kDa (GW182) (Eulalio et al., 2008b). 

The RISC loading complex (RLC), which is composed of DICER, TARBP2, PACT 

(protein activator of PKR) assist with the loading of the mature miRNA onto the 

RISC (Gregory et al., 2005, Hammond et al., 2000, Chendrimada et al., 2005, Fabian 

and Sonenberg, 2012). 

 

In mammals the Argonaute (AGO) family consists of four closely related proteins 

(AGO1 to AGO4), which seem to have overlapping functions in miRNA mediated 
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translational repression and cleavage of mRNA through endonuclease activity (Su et 

al., 2009). When over-expressed, all four AGO proteins seem to bind endogenous 

miRNAs without selectivity but only AGO2 is able to catalyse cleavage (or possess 

slicer activity) of miRNAs (Liu et al., 2004, Meister et al., 2004), as it is the only 

AGO with the RNaseH like P-element induced wimpy testis (PIWI) domain, that 

allows it to function in RNA interference (RNAi) (Liu et al., 2004). AGO2 proteins 

are also involved in processing and cleavage of pre-miRNAs in addition to DICER. 

In some miRNAs, AGO2 cleaves the prospective passenger strand creating a nicked 

hairpin termed ac-pre-miRNA (Diederichs and Haber, 2007). Loss of endogenous 

AGO2 seems to reduce steady state levels and activity of mature miRNAs (O'Carroll 

et al., 2007, Diederichs and Haber, 2007). Mouse embryonic stem cells deficient for 

AGO1-4 lack miRNA mediated gene regulation, thus the proapoptotic protein 

BCL2L11 (Bcl-2 like 11) (a miRNA target) is increased, causing cells to undergo 

apoptosis (Su et al., 2009).  

 

1.8 Gene regulation by microRNAs 

 

Mature miRNAs loaded onto the RISC complex are involved in gene regulation 

through translational repression and/or mRNA degradation. Some studies suggest 

repression at translational initiation (Pillai et al., 2005) while others suggest 

inhibition of post initiation processes (Filipowicz et al., 2008). Generally, in animals, 

miRNAs post transcriptionally regulate protein synthesis by base pairng to partly 

complementary sequences in the 3’ untranslated regions (UTRs) of specific mRNAs 

(Bartel, 2009, Fabian et al., 2010, Krol et al., 2010). Effective miRNA mediated 

regulation requires the binding of miRNA nucleotides 2 – 8 (seed region) with the 

target mRNA. Messenger RNA degradation takes place when miRNAs with a high 
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degree of sequence complementarity bind with the target mRNA, which is then 

degraded by AGO2 protein cleavage activity (Wahid et al., 2010). Without its 

interacting partner GW182, AGO proteins fail to silence mRNA targets (Eulalio et 

al., 2008b). Depletion of GW182 reduced miRNA mediated silencing of reporter 

mRNAs in human and Drosophila melanogaster cells.(Yao et al., 2011, Eulalio et 

al., 2008b).  

 

In addition, deadenylation, decapping and exonucleolytic digestion of mRNA by 

miRNA mediated processes are also involved in mRNA decay (Eulalio et al., 2008a, 

Eulalio et al., 2009). Wu et al., (2006) reported of miRNA mediated acceleration of 

deadenylation in mammalian cells which led to rapid mRNA decay, another distinct 

mechanism of post-translational gene regulation. They used miR-125b and let-7 as 

representative miRNAs, and these miRNAs increased deadenylation of mRNA with 

imperfect complementarity, thereby accelerating degradation (Wu et al., 2006). A 

recent study looking at miRNA mediated gene silencing in Drosophila S2 cells 

showed inhibition of translation and subsequent mRNA deadenulation and decay 

(Djuranovic et al., 2012).   

 

Some studies argue that miRNA mediated silencing occurs independent of a 

deadenylation event, as mRNAs lacking polyadenylated tails were also repressed 

(Pillai et al., 2005, Iwasaki et al., 2009, Eulalio et al., 2009). Other studies argue that 

miRNA regulated mRNA decay is independent of translation as mRNA decay by this 

method happened even when translation was disrupted (Eulalio et al., 2009, 

Zdanowicz et al., 2009, Wu et al., 2006). Guo et al. (2010) has shown that reduced 

protein output in miRNA mediated gene regulation is mainly due to destabilization 

of target mRNAs.   
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In the recent years the understanding of miRNA mediated gene silencing have 

advanced significantly; however, the exact mechanism of translational repression has 

not been determined. Possible models have been proposed based on current evidence, 

with the latest model suggesting inhibition of translation initiation leading to 

deadenylationm and mRNA decay (Djuranovic et al., 2011). 

 

1.9 MicroRNAs and cancer 

 

Several lines of evidence have suggested an association both with specific miRNAs 

and general levels of miRNAs and cancer. The connection between miRNAs and 

cancer was first identified in B-cell chronic lymphocytic leukaemia (CLL), where 

genes for miR-15 and miR-16 were frequently deleted (Calin et al., 2002). Michael et 

al. (2003) identified reduced levels of mature miRNAs miR-143 and miR-145 in 

colon adenocarcinomas (Michael et al., 2003). Since then, many miRNAs have been 

associated with tumourigenesis. In cancers, different miRNAs were found to be 

induced or repressed when compared to normal tissue (See review by (Lee and 

Dutta, 2009).  

 

A study looking at miRNA expression levels in 334 samples, including multiple 

human cancers observed an overall reduction in mature miRNAs in human cancers 

when compared to normal tissue (Lu et al., 2005). Rosenfeld et al (2008) showed that 

miRNA expression analysis can be used to link metastatic cancers with its primary 

site. The over expression of specific miRNAs, such as miR-21, in human brain 

tumour (glioblastoma) contributed to its malignant progression. Inhibiting this 

miRNA induced critical apoptotic pathways in human glioblastomas (Chan et al., 

2005, Si et al., 2007). In some instances miRNA expression profiles can be used as 
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diagnostic and prognostic markers, such as in human lung cancers, where high miR-

155 and low let-7a-2 expression correlated with poor survival (Yanaihara et al., 

2006). Therefore, these observations suggests a relationship between miRNA 

expression patterns and tumour progression, metastasis and prognosis in some 

cancers (Lu et al., 2005, Rosenfeld et al., 2008, Chan et al., 2005, Volinia et al., 

2006, Yanaihara et al., 2006). These perturbations in miRNA abundance in cancers 

have led to the use of miRNA profiling in order to differentiate human cancers from 

normal tissues and also to classify poorly differentiated tumours (Lu et al., 2005). A 

miRNA signature for cancer was observed in a study of lung, breast, stomach, 

prostate, colon and pancreatic tumours, where several cancers associated miRNAs 

such as miR-17-5p, miR-20a, miR-21, miR-92, miR-106a, and miR-155 were 

consistently up regulated (Volinia et al., 2006).  

 

1.9.1 Specific miRNAs function as oncogenes or tumour suppressors  

 

Different miRNAs can act as oncogenes or tumour suppressor genes. Let-7 acts as a 

tumour suppressor regulating the oncogenic RAS gene (Johnson et al., 2005). Low 

let-7 correlates with poor prognosis in lung cancer and head and neck squamous cell 

carcinomas (Esquela-Kerscher and Slack, 2006). In human and murine colorectal 

cancers, two miRNAs, miR-143 and miR-145 function as tumour suppressors (Zhu et 

al., 2010). Epidermal growth factor receptors (EGRF) that contribute to colon 

tumorigenesis down regulates these two miRNAs, and transfection with these 

miRNAs inhibited HCT116 colorectal cancer cell growth in vitro and in vivo (Zhu et 

al., 2010).  

 

The individual miRNAs with the miR-17-92 cluster function as oncogenes or tumour 

suppressors by targeting transcription factors E2F and myelocytomatosis oncogene 
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(MYC). E2F and MYC act as oncogenes or tumour suppressors by regulating cell 

proliferation or apoptosis depending on their level of expression. The miR-17-92 

cluster inhibits E2F and MYC post transcriptionally, while E2F and MYC induce 

each other and transcription of miR-17-92 cluster, thus creating a negative feedback 

loop (Aguda et al., 2008).   

 

miR-21 acts as an oncogene by controlling cell growth and inhibiting apoptosis in 

some cancers; by downregulating antiapoptotic gene Bcl-2 (B-cell lymphoma 2) (Si 

et al., 2007, Chan et al., 2005). Studies have shown that miR-21 is up-regulated in 

human glioblastomas (Chan et al., 2005), breast cancers (Iorio et al., 2005, Yan et al., 

2008) and many other solid tumours (Folini et al., 2010, Gao et al., 2010).  

 

1.9.2 MicroRNAs and metastasis  

 

MicroRNAs are also involved in regulating tumour metastasis. Some miRNAs are 

associated with increased metastasis; while others are involved in suppressing 

metastasis in cancers (see review (Nicoloso et al., 2009)). miR-10b was highly 

expressed in metastatic breast cancer cells and has been found to increase cell 

migration and invasion in human and mouse cells (Ma et al., 2007). In breast cancer, 

miR-335 and miR-126 have been identified as metastasis suppressors and loss of 

expression in either of these miRNAs was found to be associated with poor distal 

metastasis free survival (Tavazoie et al., 2008). miR-31 expression was found to be 

inversely related to metastasis of human breast cancer and high levels of miR-31 

seem to decrease metastasis even in otherwise aggressive breast cancer cells 

(Valastyan et al., 2009). Recent research has shown that it is possible to use miRNA 

expression as a molecular marker for metastatic potential. A study of head and neck 

squamous cell carcinomas (HNSCC) has shown that miR-205 was highly expressed 



 33 

in metastatic cervical lymph node tissue when compared to non-metastatic tissue. 

Cervical lymph node metastases in HNSCC could be used for determining patient 

prognosis. Therefore miR-205 could be used as a molecular marker to detect 

metastasis in HNSCC and predict prognosis (Fletcher et al., 2008).  

 

1.10 Mechanisms of miRNA dysregulation in human cancer 

 

The mechanisms underlying miRNA dysregulation appear to be a result of several 

different factors, such as genomic abnormalities, epigenetic factors, transcriptional 

regulation and altered miRNA processing (See review (Deng et al., 2008)). In 

addition, most miRNAs are encoded within fragile sites that are often deleted in 

cancer (Calin et al., 2004).  

 

Some miRNAs are regulated by transcription factors such as p53, which is an 

important tumour suppressor that acts as a transcriptional regulator affecting the 

expression of many apoptosis related pathways (Lane and Benchimol, 1990). p53 

was found to induce miR-34a expression by binding to a p53 binding site located 

within the promoter region of the miR-34a gene. Over-expression of miR-34a 

increases apoptosis, while inactivation of miR-34a decreased apoptosis. Therefore, 

miR-34a is a direct transcriptional target of p53 that contributes to p53 mediated 

apoptosis (Raver-Shapira et al., 2007). In addition, it has been shown that p53 

activity affects post transcriptional maturation of some miRNAs (miR-16,  miR-143 

and miR-145) involved in growth suppression by disrupting the function of miRNA 

biogenesis protein DROSHA (Suzuki et al., 2009). p53 interacts with the DROSHA 

processing complex and facilitates the processing of pri-miRNA to pre-miRNAs, but 



 34 

p53 mutants interfere with the association of DROSHA microprocessor complex and 

DEAD-box helicase p68, decreasing miRNA processing (Suzuki et al., 2009).  

The repression of miRNA maturation promotes cellular transformation and 

tumourigenesis (Kumar et al., 2007), and may be mediated through alterations in 

miRNA processing enzymes. The ratio of pre-miRNA to mature miRNA seems to 

increase in some cancer cells, may be due to a problem in miRNA processing 

(Michael et al., 2003). Michael et al. (2003) observed a decrease in mature miRNAs 

miR-143 and miR-145 in precancerous and neoplastic colorectal tissues, even though 

constant levels of unprocessed precursor miRNAs were present in these tissues 

(Michael et al., 2003). Defects in DROSHA processing have been observed in cancer 

cells in a mouse study, where primary transcripts were present in high levels but they 

were not further processed by the enzyme DROSHA (Thomson et al., 2006). Kumar 

et al. (2007) used short hairpin RNA (shRNAs) to knockdown mRNA levels of the 

three main regulators of miRNA processing; DROSHA, DGCR8 and DICER1, and 

observed an increase in cellular transformation and tumourigenesis when compared 

to controls (Kumar et al., 2007).  

 

Furthermore, decreased levels of DICER and DROSHA have been observed in 

tumours. Merritt, et al. (2008) reported a correlation between DICER and DROSHA 

mRNA levels in ovarian cancer cells and patient outcome. They observed low 

DICER expression was significantly associated with advanced tumour stage and high 

DICER expression was associated with increased median survival (Merritt et al., 

2008). Decreased expression of DICER has been associated with decreased survival 

in patients with non-small cell lung cancer (Karube et al., 2005, Chiosea et al., 2007). 

In contrast, no significant association was observed between increased or decreased 

DICER expression and survival in esophageal cancer patients (Sugito et al., 2006). 
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DICER1 is a haploinsufficient tumour suppressor in human cancers and loss of one 

DICER1 allele is sufficient for the formation of tumours in breast, kidney, stomach, 

intestine, liver, lungs and pancreas (Kumar et al., 2009). Kumar et al. 2009 showed 

that deletion of one copy of the DICER1 gene reduced survival in a mouse model 

(Kumar et al., 2009).  

 

1.11 Hypoxic regulation of miRNAs in cancer 

 

MicroRNA expression profiles have been analysed in hypoxia, in different cell types 

and disease conditions. A small number of miRNAs were induced while others were 

repressed under hypoxic conditions, and these were referred to as hypoxically 

regulated miRNAs (HRMs) (Kulshreshtha et al., 2007b, Kulshreshtha et al., 2007a). 

HRM profiles seem to vary between studies, mainly due to differences in detection 

methods, exposure time, severity of hypoxia, and the differences in cell types.  

 

Kulshreshtha et al. (2007) identified a group of miRNAs that are induced by hypoxia 

in colon and breast cancer cell lines. Some of these HRMs (miR-21, 23, 24, 26, 27, 

103, 107, 181, 210, and 213) were induced across different cell lines (Kulshreshtha et 

al., 2007a, Kulshreshtha et al., 2007b). Hua et al. (2006) also identified several 

miRNAs that were induced by hypoxia and desferrioxamine (an iron chelator that 

induces HIF-1α expression) treatment in human nasopharyngeal carcinoma 

epithelioid cell line (Hua et al., 2006). Both studies showed that miR-210 and miR-

181 were induced in hypoxia.  

 

Most hypoxically regulated miRNAs were also over expressed in human cancers and 

associated with poor prognosis (Camps et al., 2008, Greither et al., 2010). 
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Hypoxically regulated miR-210 has been detected in many tumours with poor 

prognosis and metastatic potential (Foekens et al., 2008, Camps et al., 2008). 

Another study showed that miR-210 and miR-155, both hypoxically regulated 

miRNAs, were associated with poor outcome in pancreatic adenocarcinomas 

(Greither et al., 2010). 

 

1.11.1 Expression and function of miR-210 in hypoxia  

 

miR-210 was consistently induced in hypoxia across many cancer cell lines including 

breast, lung, colon, pancreatic, renal and head and neck (Camps et al., 2008, Huang 

et al., 2009). miR-210 is involved in regulating several processes affected by hypoxia 

including cell cycle regulation, angiogenesis, DNA damage repair, mitochondrial 

metabolism and carcinogenesis (see review by (Huang et al., 2010)). Several studies 

show that miR-210 is up-regulated in cancers (Camps et al., 2008, Greither et al., 

2010) and in other physiological conditions that result in tissue hypoxia such as high 

altitude, anaemia, and inadequate blood supply due to poor vasculature (Pineles et 

al., 2007, Huang et al., 2010). Over expression of miR-210 in breast cancers 

correlated with metastasis and poor prognosis (Camps et al., 2008, Foekens et al., 

2008, Zhang et al., 2009). Interestingly, in head and neck or pancreatic tumours 

ectopically implanted into immunodeficient mice, miR-210 expression was linked 

with repression of tumour initiation and growth (Huang et al., 2009). In a sample of 

ovarian cancer patients, a high frequency of miR-210 gene deletions and reduced 

miR-210 expression was observed (Giannakakis et al., 2008).  

 

miR-210 is directly regulated by HIF-1α, but not HIF-2α, through a hypoxia 

responsive element (HRE) in its promoter region (Huang et al., 2009, Crosby et al., 

2009, Camps et al., 2008). Another study also showed miR-210 as a VHL dependent 
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miRNA in renal cancer, and that it was up-regulated in RCC4 cells with mutated 

VHL (Neal et al., 2010).  

 

The downstream targets of miR-210 are increasingly being defined. Hypoxia induced 

miR-210 inhibits Max binding protein (MNT), a transcriptional repressor and a 

known MYC antagonist, thereby suppressing hypoxia induced cell cycle arrest in 

many cancer cell lines (Zhang et al., 2009). Crosby et al. (2009) found that 

hypoxically regulated miR-210 and miR-373 are involved in regulating DNA repair 

through suppression of RADiation sensitive 52 (RAD52), which is a key component 

of the DNA repair pathway, and this effect could be partially reversed by antisense 

inhibition of miR-210 and miR-373 (Crosby et al., 2009). miR-210 also regulates an 

iron-sulphur cluster assembly protein (ISCU1/2) involved in electron transport and 

mitochondrial oxidation reduction reactions (Rouault and Tong, 2008). An inverse 

correlation was seen between miR-210 expression and ISCU1/2 expression, 

consistent with it being a miR-210 target (Neal et al., 2010, Rouault and Tong, 

2008).   

 

1.11.2 Mechanisms involved in hypoxic regulation of miRNA 

expression 

1.11.2.1 miRNAs regulated by transcription factors 

 

The expression of miRNAs under hypoxia may be controlled by hypoxically 

regulated transcription factors. Some miRNAs are products of genes that are 

regulated by transcription factors expressed in hypoxic conditions, such as; c-MYC 

(O'Donnell et al., 2005), p53 (Yan et al., 2009) and HIF-1 (Camps et al., 2008). HIF-

1 is the main transcription factor that is induced in hypoxia, and it regulates many 

genes including those that produce miRNAs. Kulshreshtha et al. (2007) analysed 25 
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kb promoter regions of all known and predicted miRNAs using a position weight 

matrix (PWM) method, and found that 40% of human and 50% of mouse miRNA 

promoters have one or more predicted HIF binding sites (Kulshreshtha et al., 2007a). 

Therefore, HIF-1 induces the expression of specific miRNAs including miR 210, 

through its action as a transcription factor (Crosby et al., 2009).  

 

Hypoxia induces the tumour suppressor p53 (Graeber et al., 1994). Expression of the 

oncogenic miR-17-92 cluster is reduced in hypoxic conditions in wild-type p53 cells, 

but unchanged in p53 deficient cells (Yan et al., 2009). When overexpressed, the 

miR-17-92 cluster inhibited hypoxia mediated apoptosis in cancers: therefore p53 

repression of this cluster is important as it acts as a tumour suppressor in hypoxia 

(Yan et al., 2009). In addition, p53 is also involved in regulating miR-34a expression 

which is involved in apoptosis (as discussed in section 1.10) (Raver-Shapira et al., 

2007). Another transcription factor induced in hypoxia, c-MYC is involved in 

inducing the miR-17-92 cluster and thus tumour formation (O'Donnell et al., 2005).  

 

1.11.2.2 Regulation of miRNA biogenesis machinery by hypoxia 

 

MicroRNA regulation in hypoxia may also be achieved through regulation of activity 

or abundance of the miRNA biogenesis machinery. There are several lines of 

evidence suggesting a possible link between hypoxia and activity of proteins 

involved in miRNA synthesis and function (Elvidge et al., 2006, Caruso et al., 2010, 

Fahling et al., 2004, Qi et al., 2008). Microarray studies by Elvidge et al. (2006) 

showed modest, but consistent hypoxic reductions in mRNA levels encoding some 

miRNA biogenesis machinery including DICER, AGO2, DEAD/H box 5 (DDX5), 

RNA polymerase III subunit C5 (RPC5), polymerase (RNA) III (DNA directed) 

polypeptide K (POLR3K) and Transcription initiation factor TFIID subunit 9B 
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(TAF9B) (Elvidge et al., 2006). A study using rats and rat pulmonary artery 

fibroblasts exposed to chronic hypoxia showed reduced DICER expression (Caruso 

et al., 2010). Hydroxylation by collagen prolyl-4-hydroxylase (C-P4H1), an oxygen 

dependent, hypoxically regulated enzyme (Fahling et al., 2004), stabilises AGO2, 

while human cells depleted of C-P4H1 showed reduced AGO2 stability. These 

findings show the importance of hydroxylation for AGO2 stability and effective 

RNA silencing (Qi et al., 2008). This process is oxygen dependent and regulated by 

hypoxia: therefore, AGO2 stabilisation may be regulated by hypoxia which may 

affect gene regulation by miRNA. However, in other experimental settings such 

regulation has not been seen. Donker et al. (2007) showed that even though hypoxia 

dysregulated miRNA expression, it did not affect the key miRNA biogenesis proteins 

(DROSHA, XPO5, DICER and AGO2) or their mRNA levels in human trophoblasts 

(Donker et al., 2007). The extent and circumstances in which hypoxia influences the 

expression and function of enzymes central to miRNA generation and function is 

therefore unclear, particularly in cancer. 
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1.12 Rationale for this study 

 

The links between tumour hypoxia, miRNA expression and cancer aggression raises 

the possibility of a general effect of hypoxia on miRNA biogenesis and function. 

Given the many observations that tumour cell lines and cancers are usually 

characterised by global reductions in miRNA expression (Lu et al., 2005) when 

compared to normal tissue, it is important to understand the mechanisms underlying 

this difference. Several lines of evidence point towards global reduction in miRNA 

abundance in cancer and also to influences of hypoxia on the enzymes with critical 

roles in miRNA manufacture. It is possible that the hypoxic regulation of miRNA 

biogenesis proteins might contribute to the reduction of mature miRNA expression 

and hypoxia may have a key role in cancer progression through this mechanism.  

 

This thesis explores the role of hypoxia in mediating miRNA abundance, particularly 

to understand whether alteration in miRNA abundance is due to changes in miRNA 

biogenesis proteins in hypoxia. It also examines the mechanisms and consequences 

of such changes and investigates the possibility that hypoxic regulation of miRNA 

biogenesis proteins might contribute to the reduction in miRNA expression in many 

tumours and the role of hypoxia in cancer progression. 
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Chapter 2 . Materials 

and methods 
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2.1 Cell culture procedures 

2.1.1 Cell lines and culture procedures 

 

All cell lines used in this thesis (Table 2.1) were maintained in polystyrene flasks 

with vented caps (Greiner). MCF7, SKBR3 and HT29 cells were cultured in RPMI 

1640 media (Invitrogen) supplemented with 10% foetal bovine serum (FBS). 

RCC4+VHL and RCC4-VHL cell lines were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Invitrogen) supplemented with 10% FBS. Primary cell 

line human umbilical vein endothelial cells (HUVECs) were maintained in 

polystyrene flasks coated with gelatine in Media 200 PRF (Invitrogen) supplemented 

with 20% fetal bovin serum (FBS) and 100μg/mL penicillin/streptomycin. All cell 

lines were maintained in a humidified incubator with 5% CO2 at 37°C. 

 

The collection of primary human umbilical vein endothelial cells (HUVEC) for use 

in this study was given ethical clearance from the Royal Adelaide Hospital (RAH), 

Adelaide, South Australia. Consent was obtained from all subjects in accordance 

with the ‘Declaration of Helsinki’ and conforms to the guidelines established by the 

National Health and Medical Research Council of Australia.  

 

2.1.1.1 Subculturing cells 

 

Adherent cells were washed once with sterile 1x phosphate buffered saline (PBS), 

and incubated with 1x TriplE Express (Invitrogen) for 5 min at 37°C. Fresh media 

was added to deactivate TriplE Express and detached cells were re-plated at the 

desired density.  
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2.1.1.2 Cell counting 

 

Adherent cells were washed with sterile 1x PBS and incubated with 1x TriplE 

Express (Invitrogen) for 5 mins at 37°C. Then detached cells were re-suspended in 

cell culture medium to obtain a fully dissociated cell suspension, and counted using 

an inverted microscope and a Neubauer ruled haemocytometer.  

 

2.1.1.3 Cryo-preservation of cells 

 

For cryo-preservation, cultured cells were harvested and pelleted by centrifugation at 

136 relative centrifugal forces (RCF) for 5 min, and resuspended in basal media 

containing 10% FCS. The resuspended cells were mixed with 20% FBS and 10% 

dimethyl sulphoxide (DMSO), aliquoted into cryo-vials and slowly frozen in a 

special container (Mr Frosty-Thermo Scientific) at -80°C overnight before 

transferring to long-term storage boxes at -80°C. For resuscitation, cells were thawed 

rapidly in a 37°C water bath and mixed with pre-warmed medium in a polystyrene 

flask. 

 

2.1.1.4 Cell viability assay - Trypan blue exclusion method  

 

A 0.4% trypan blue (Life Technologies) solution was prepared in PBS solution (pH 

7.2 to 7.3). 0.1 mL of trypan blue stock solution was added to 1 mL of cells. Then 

loaded onto a hemacytometer and examined immediately under a microscope at low 

magnification. The number of cells with blue staining and the number of total cells 

were counted. Cell viability was calculated by dividing the number of viable cells by 

the total number of cells within the grids on the hemacytometer.  If cells take up 
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trypan blue, they were considered non-viable. Cell viability should be at least 95% 

for healthy log-phase cultures.  

 

Table 2.1 Human derived cell lines  

Cell line Derivation Source 

MCF7 Mammary gland 

adenocarcinoma 

ATCC, Manassas, VA, 

USA 

 

SKBR3 Mammary gland 

adenocarcinoma 

ATCC, Manassas, VA, 

USA 

 

HT29 Colorectal adenocarcinoma ATCC, Manassas, VA, 

USA 

 

RCC4 +VHL 

 

VHL deficient 

Renal cell carcinoma cell line 

Stably transfected with 

pcDNA3-VHL. Encodes the von 

Hippel-Lindau (VHL) tumour 

suppressor gene product pVHL. 

European Collection of 

Cell Cultures, UK  

RCC4 -VHL VHL deficient 

Renal cell carcinoma cell line 

stably transfected with an empty 

expression vector, pcDNA3 

European Collection of 

Cell Cultures, UK  

(Maxwell et al., 1999) 

HUVECs Umbilical vein endothelial cells 

from multiple donors 

Claudine Bonder, IMVS, 

Adelaide, Australia 
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2.1.2 Exposure of cultured cells to experimental conditions 

2.1.2.1 Exposing cells to different O2 levels 

 

A hypoxic incubator (Coy Laboratory Hypoxic workstation glove box) was used to 

expose cells to continuous controlled hypoxic conditions. This was a humidified, 

temperature controlled (37 ºC) chamber supplemented with 5% CO2, room air and N2 

(as required to maintain controlled O2 levels). Cells were exposed to 0.1% or 1% O2 

levels for varying time durations. Parallel controls were incubated in normoxic 

conditions in a humidified incubator supplemented with 5% CO2 at 37 ºC.  

 

2.1.2.2 Exposing cells to different chemical compounds 

 

Dimethyloxalylglycine (DMOG) (Enzo Life Sciences) was dissolved in sterile water 

to make a 100 μM stock solution. Cells were treated with a final concentration of 

1mM DMOG and incubated at 37 ºC in a normoxic incubator for 48 h.  

 

Similarly Desferrioxamine (DFO) (Sigma-Aldrich) was dissolved in sterile water to 

make a 100 μM stock solution. Cells were treated with a final concentration of 

0.1mM DFO and incubated at 37 ºC in a normoxic incubator for 48 h.  

 

Z-Leu-Leu-Leu-al (MG-132) was dissolved in DMSO to make a 10 mM stock 

solution. 100 μL of the stock solution was further diluted in serum free RPMI media 

to make a 1 mM solution and filter sterilised by passing through a 0.25 μm filter. 

Cells were treated with a final concentration of 10 μM MG-132 and control plates 

were treated with only DMSO.  

 



 46 

2.1.3 Transient transfection of cultured cells 

2.1.3.1 Transient transfection with small interfering RNAs (siRNAs), 

miRNA mimics and miRNA inhibitors  

 

Cells were seeded at 5 x 10
4
 cells per well in 24-well plates and grown for 24 h. For 

each transfection sample siRNA-Lipofectamine 2000 complexes were prepared as 

follows: siRNAs (see table 2.2 for list of siRNAs) were diluted in 50 μL of Opti-

MEM I (Invitrogen) (serum free medium) to make a final concentration of 20 nM in 

each well. 1 μL of Lipofectamine 2000 regent was diluted in 50 μL of Opti-MEM I, 

mixed gently and incubated for 5 min at room temperature. After the incubation the 

diluted siRNA and Lipofectamine 2000 were combined and mixed gently, then 

incubated for 20 minutes at room temperature. Then siRNA-Lipofectamine 2000 

complexes were added to each well containing cells and medium and mixed gently 

by rocking the plate. The plates were incubated for 24 h and then a second 

transfection was done following the above procedure to ensure complete knock down 

of the gene of interest. 24 h after the second transfection cells were harvested or 

exposed to desired experimental condition (e.g. exposure to hypoxia vs. normoxia)  
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Table 2.2 List of siRNAs   

siRNA  siRNA sequence Company Reference 

DICER 5’-UCCAGAGCUGCUUCAAGCATT-3’ 

5’-UGCUUGAAGCAGCUCUGGATT-3’ 

Shanghai 

GenePharma  

Co., Ltd 

(Chu et al., 

2010) 

DROSHA 5-ACGAAGCUCGAUGAAGAUUUATT-3’ 

5’-UAAAUCUUCAUCGAGCUUCGUTT-3’ 

Shanghai 

GenePharma  

Co., Ltd 

(Han et al., 

2012) 

TARBP2 5’-AAUUCACCAUGACCUGUCGAGTT-3’ 

5’-CUCGACAGGUCAUGGUGAAUUTT-3’ 

Shanghai 

GenePharma  

Co., Ltd 

(Christense

n et al., 

2007) 

HIF-1α 5’-CUGAUGACCAGCAACUUGAdTdT-3’     

5’-UCAAGUUGCUGGUCAUCAGdTdT-3’ 

Dharmacon, 

Lafayette, 

CO, USA 

(Sowter et 

al., 2003) 

HIF-2α 5’-CAGCAUCUUUGAUAGCAGUdTdT-3’ 

 

5’-ACUGCUAUCAAAGAUGCUGdTdT-3’ 

Dharmacon, 

Lafayette, 

CO, USA 

(Sowter et 

al., 2003) 

PHD1 5’-CUAUAUCGUGCCCUGAUGTT-3’ 

5’-CAUGCAGGGCACGAUAUAGUC-3’ 

Shanghai 

GenePharma  

Co., Ltd 

(Appelhoff 

et al., 

2004) 

PHD2 5’-GGACAUCCGAGGCGAUAAGTT-3’ 

5’-CUUAUCGCCUCGGAUGUCCTT-3’ 

Shanghai 

GenePharma  

Co., Ltd 

(Appelhoff 

et al., 

2004) 

FIH-1 5’-CAGCGGCGGAGGCUGUGGCTT-3’ 

5’-GCCACAGCCUCCGCCGCUGTT-3’ 

Shanghai 

GenePharma  

Co., Ltd 

(Stolze et 

al., 2004) 

NC 5’-UUCUCCGAACGUGUCACGUTT-3’ 

5’-ACGUGACACGUUCGGAGAATT-3’ 

Shanghai 

GenePharma  

Co., Ltd 
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2.1.3.2 Transfection with Plasmids 

 

Cells were seeded at 1 x 10
5
 cells per well in 24-well plates and grown for 24 h. For 

each transfection sample plasmid DNA-Lipofectamine 2000 complexes were 

prepared as follows: 0.5 μg of plasmid DNA (see table 2.3 for list of plasmid 

constructs) was diluted in 50 μL of Opti-MEM I (Invitrogen) (reduced serum 

medium without serum). 1 μL of Lipofectamine 2000 regent was diluted in 50 μL of 

Opti-MEM I, mixed gently and incubated for 5 min at room temperature. After the 

incubation the diluted plasmid DNA and Lipofectamine 2000 were combined and 

mixed gently, and incubated for 20 min at room temperature. The DNA-

Lipofectamine 2000 complexes were added to each well containing cells and 

medium, and mixed gently by rocking the plate. The plates were incubated at 37 C 

for 2 h and then exposed to hypoxia or normoxia for 24 h before harvesting.  

 

The optimal plasmid DNA: Lipofectamine 2000 ratio was determined by transfecting 

SKBR3 cells with varying amounts of plasmid DNA (containing a green floursence 

protein (GFP) promoter-MM043) and Lipofectamine 2000 reagent following the 

above protocol for plasmid transfections. After 24 hours the plates were scanned 

using the Typhoon 9400 variable mode imager (Amersham Biosciences, Piscataway, 

NJ, USA) and the best ratio was determined by quantifying the GFP expression. 
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Table 2.3 List of plasmid constructs    

Plasmid Source/Reference 

pEF-BOS-cs-HIF1P402AP564G 

contains the full length HIF1 coding 

sequence bearing P402A and P564G 

point mutations in pcDNA3 cloned into 

pEF-BOS  

Dr Dan Peet, Adelaide University 

pEF-BOS-HIF2P531AN847A contains 

the full length HIF1 coding sequence 

bearing P531A and N847A point 

mutations in pcDNA3 cloned into pEF-

BOS 

Dr Dan Peet, Adelaide University 

pCMV-miR-200b containing a pre-miR-

200b sequence 

Origene 

pCMV-miR Empty vector without a 

miRNA sequence 

Origene 

pCi-neo-ZEB1-hRL containing the 

3’UTR from the ZEB1 gene downstream 

of a Renilla luciferase reporter  

(Gregory et al., 2008) 

pGL3-control contains SV40 promoter 

and enhancer sequences, upstream of a 

firefly luciferase reporter 

Promega 
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2.2 RNA protocols 

2.2.1 RNA extraction 

 

Trizol (Invitrogen) reagent was added directly to adherent cells in plates and 

homogenised by passing the cell lysate several times through a pipette. The amount 

of Trizol added was based on the area of the culture plate (1 ml per 10 cm
2
). The 

homogenised sample was incubated at 15 ºC to 30 ºC for 5 min to allow complete 

dissociation of nucleoprotein complexes. After the incubation, 0.2 ml of chloroform 

per 1 ml of Trizol was added, mixed well by shaking the tube vigorously by hand for 

15 seconds and incubated at 15 ºC to 30 ºC for 2-3 min. After the short incubation 

the sample was centrifuged at 12000 x g for 15 min at 2-8 ºC. Following 

centrifugation the mixture separates into a lower red phenol-chloroform phase, an 

interphase and a colourless upper aqueous phase containing RNA. The aqueous 

phase containing RNA was transferred into a new tube and  mixed with isopropyl 

alcohol (0.5 ml per 1 ml of Trizol) to precipitate RNA. The sample was incubated at 

15 ºC to 30 ºC for 10 min and centrifuged at 12000 x g for 20 min at 2-8 ºC. 

Afterwards the supernatant was removed and the RNA pellet was washed with 75% 

ethanol (1 ml per 1 ml of Trizol) by mixing well. The mix was centrifuged at 7500 x 

g for 5 min at 2-8 ºC, the supernatant removed and the pellet was allowed to air dry 

for 5-10 min. Finally the RNA pellet was re-dissolved in nuclease free sterile water 

by mixing well and RNA samples were stored at -80 ºC.  
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2.2.2 RNA quantitation 

 

RNA was quantified using the NanoDrop 8000 spectrophotometer (Thermo 

Scientific). RNA integrity was assessed by agarose gel electrophoresis or by the 

Agilent 2100 bioanalyser using a RNA 6000 Pico Chip.  

 

2.2.3 Microarray analysis 

 

Total RNA from MCF7 cells exposed to hypoxia or normoxia was extracted using 

the TRIzol protocol as above. RNA integrity was assessed using the Agilent 2100 

Bioanalyzer. Affymetrix miRNA 3.1 Array Strip was used for RNA analysis. This 

array consisted of probe sets unique to human mature and pre-miRNA hairpins. A 

detailed protocol can be found in the miRNA 3.1 Array Strips technical manual 

(Affymetrix). In summary, 100-300 ng of total RNA was used to synthesise double 

stranded cDNA using random hexamers. The complementary DNA (cDNA) was 

then amplified to produce antisense cRNA, which was then reverse transcribed in a 

second cycle of cDNA synthesis. The second cycle incorporates deoxyuridine 

triphosphate (dUTP) into the cDNA sequence, which allows it to be fragmented 

using uracil DNA glycosylase and apurinic/apyrimidic endonuclease I. Following 

biotinylation, these fragments were hybridised overnight to a Affymetrix miRNA 3.1 

array. The arrays were then washed, stained using a fluorescent-labelled antibody, 

and scanned using a high-resolution scanner. Intensity data was analysed using 

Partek® software (Partek Inc.). Data was normalised by quantile normalisation and 

log 2 transformed. Differential expression was determined by ANOVA and corrected 

for false discovery. 
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2.2.4. Relative quantification of real time RT-PCR for miRNA   

 

For miRNA expression analysis, cDNA was synthesised using total RNA, TaqMan 

miRNA specific primers and TaqMan miRNA reverse transcription kit (Invitrogen). 

Each reaction contained 5 ng of total RNA, 1.5 μL of specific TaqMan RT primer 

and 3.5 μL RT master mix (made up of 0.075 μL 100M dNTP mix, 0.75 μL of 10x 

RT buffer, 0.5 μL MultiScribe RT enzyme, 0.095 μL of RNase inhibitor and 2.08 μL 

of nuclease free water). The samples were then loaded on to a thermo cycler 

(Applied Biosystems) and cDNA was synthesised by incubating at 16 ºC for 30 min, 

42 ºC for 30 min, and 85º C for 5 min and at 4 ºC until ready to use.  

 

Quantitative real time polymerase chain reaction (qRT PCR) was done following the 

TaqMan protocol in triplicate. Each reaction was done in 0.1 mL PCR tubes 

(Axygen, Fisher Scientific) and contained 1 μL cDNA, 5 μL of TaqMan universal 

PCR master mix, 0.5 μL of specific TaqMan miRNA real time primer and 3.84 μL of 

nuclease free water. The tubes were then loaded on to a thermo cycler (Corbert 

Rotogene 2000 or Qiagen Rotogene Q) and incubated at 95 ºC for 10 min, then 50 

cycles; denaturing step at 95 ºC for 15 sec and annealing/extension step at 60 ºC for 

60 sec.    

 

The different TaqMan miRNA assays used are listed in table 2.4. Small nuclear RNA 

RNU6B was used as a control gene. Data was analysed using Corbett Rotogene 

software (Version 5.0.61) (Corbett Research). The miRNA expression levels were 

calculated based on Ct values using Qgene software. 
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2.2.5 Relative quantification of real time RT-PCR for precursor and 

mature miRNA   

 

For the parallel detection of precursor and mature miRNA expression cDNA was 

synthesised using total RNA, miScript HiFlex buffer and miScript ii reverse 

transcription kit (Qiagen). Each reaction contained 1 μg of total RNA, 4 μL of 5x 

miScript HiFlex buffer, 2 μL miScript nucleics mix, miScript RT master mix and 

nuclease free water to make up a 20 μL reaction. The samples were then loaded on to 

a thermo cycler (Applied Biosystems) and cDNA was synthesised by incubating at 

37 ºC for 60 min, 95 ºC for 50 min, and then at 4 ºC until ready to use.  

 

Quantitative real time polymerase chain reaction (qRT PCR) was done following the 

miScript SYBR Green PCR kit with miScript precursor assays or miScript primer 

assays following the manufacture’s protocol in triplicate (see table 2.4 for list of 

assays).  

 

For detecting pre-miRNA levels, each reaction was done in 0.1 mL PCR tubes 

(Axygen, Fisher Scientific) and contained 1 μL cDNA (5 ng/ μL), 10 μL of 2x 

QuantiTech SYBR Green PCR master mix, 2 μL of 10x specific miScript precursor 

assay and 10 μL of nuclease free water.  

 

For detecting mature miRNA levels, each reaction was done in 0.1 mL PCR tubes 

(Axygen, Fisher Scientific) and contained 1 μL cDNA (5 ng/ μL), 10 μL of 2x 

QuantiTech SYBR Green PCR master mix, 2 μL of 10x specific miScript primer 

assay, 2 μL of 10x miScript universal primer and 6 μL of nuclease free water.  
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The tubes were loaded on to a thermo cycler (Corbert Rotogene 2000 or Qiagen 

Rotogene Q) and incubated at 95 ºC for 15 min, then 50 cycles; denaturing step at 94 

ºC for 15 sec, annealing/extension step at 55 ºC for 30 sec and 70 ºC for 30 sec.    

Small nuclear RNA RNU6B was used as a housekeeping gene. Data was analysed 

using Corbett Rotogene software (Version 5.0.61) (Corbett Research). The miRNA 

expression levels were calculated based on Ct values using Qgene software. 

 

2.2.6 Relative quantification of real time RT-PCR for mRNA 

 

For mRNA expression analysis 1μg of total RNA was diluted in 12.5 μL of nuclease 

free water and DNase treated by adding 1 μL of DNase and 2.5 μL of DNase buffer 

(New England BioLabs) and incubated at 37 ºC for 20 min. The reaction was stopped 

by adding the DNase stop reagent or “slurry”. The DNase treated RNA (1μg) was 

incubated with random primer 6 (New England Labs) (100 ng) at 70 ºC for 5 min and 

on ice for 5 min. To the reaction 1 μL of M-MLV reverse transcriptase RNase H 

minus, point mutant (Promega), 5 μL of RT buffer, 1.25 μL of dNTP mix and 6.75 

μL of nuclease free water was added and mixed gently. The reaction was incubated 

at room temperature for 10 min and then loaded on a thermal cycler and incubated at 

50 ºC for 50 min and 70 ºC for 15 min. Real time PCR was subsequently performed 

in triplicate with 1:5 dilution of cDNA using TaqMan gene expression assays 

following the TaqMan gene expression assay protocol (see table 2.5 for mRNA gene 

expression assays). Each reaction was done in 0.1 mL PCR tubes (Axygen, Fisher 

Scientific) and contained 1 μL of diluted cDNA, 5 μL of 2x TaqMan Gene 

Expression master mix, 0.5 μL of specific TaqMan Gene Expression assay mix and 

3.5 μL of nuclease free water. The tubes were then loaded on to a thermo cycler 

(Corbert Rotogene 2000 or Qiagen Rotogene Q) and incubated at 50 ºC for 2 mins 
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and 95 ºC for 10 min, then 50 cycles; denaturing step at 95 ºC for 15 sec and 

annealing/extension step at 60 ºC for 60 sec. β-2-microglobulin and 18S genes were 

used as control genes. The data was analysed using Corbett Rotogene software 

(Version 5.0.61) (Corbett Research). The mRNA expression levels were calculated 

based on Ct values using Qgene software.  

 

2.2.7 Statistical analysis  

 

All experiments were performed in triplicate. The data represent normalized mean 

±S.E (error bars) (n=3). Statistical significance established by two tailed, paired 

student’s t-test using GraphpadPrism software. A P value <0.05 was considered to 

indicate statistical significance. 
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Table 2.4 List of pre-miRNA and miRNA assays 

miRNA Assay type Supplier 

has-miR-210 TaqMan miRNA assay Life Technologies 

has-miR-103 TaqMan miRNA assay Life Technologies 

has-miR-107 TaqMan miRNA assay Life Technologies 

RNU6B TaqMan miRNA assay Life Technologies 

has-miR-21 miScript primer assay Qiagen 

has-miR-185 miScript primer assay Qiagen 

has-let-7a miScript primer assay Qiagen 

RNU6B miScript primer assay Qiagen 

Pre-miR-21 miScript precursor assay Qiagen 

Pre-miR-185 miScript precursor assay Qiagen 

Pre-let-7a miScript precursor assay Qiagen  

 

 

 

 

 

Table 2.5 List of mRNA assays 

mRNA Assay type Supplier 

DICER TaqMan Gene expression assay Life Technologies 

DROSHA TaqMan Gene expression assay Life Technologies 

CAIX TaqMan Gene expression assay Life Technologies 

AGO2 TaqMan Gene expression assay Life Technologies 

18S TaqMan Gene expression assay Life Technologies 

β-2-microglobulin TaqMan Gene expression assay Life Technologies 

TARBP2 TaqMan Gene expression assay Life Technologies 
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2.3 Protein protocols 

2.3.1 Protein extraction 

2.3.1.1 Preparation of whole cell extracts 

 

Cells in tissue culture plates were washed once in 1xPBS after removing media and 

lysed by adding 300 μL (for 6-well plates) or 70 μL (for 24-well plates) of protein 

lysis buffer (6.7 M urea, 10 mM Tris-HCl (pH 6.8), 10% glycerol and 1% SDS) 

supplemented with 1 mM DTT and Complete Protease Inhibitor Cocktail Tablets 

(Roche Applied Science, UK) just before use. The wells were scraped with a cell 

scraper and lysates were transferred to an Eppendorf tube before being vortexed 

vigorously for 30 sec, passed through a 26 gauge needle and stored at -20 ºC.  

 

2.3.1.2 Protein quantitation 

 

Extracts were assayed for total protein using EZQ protein quantification kit (Life 

Technologies). A series of standards (ranging from 0.02-2 mg/ml) were prepared by 

diluting a 2mg/ml ovalbumin solution in protein lysis buffer. Then 1 µL of each 

standard, protein sample and control samples (lysis buffer only) were spotted in 

triplicate onto the prepared assay paper. The paper was allowed to air dry, fixed with 

methanol for 5 mins and dried again before being stained with EZQ protein 

quantification reagent for 30 mins with gentle agitation and washed (3 x 2 mins) with 

a de-stainer (10% methanol and 7% Acetic acid). The fluorescence was detected by 

scanning the assay paper using the Typhoon scanner. Carestream Molecular imaging 

software was used to analyse the results. Fluorescence values of the standards and 

samples were calculated by subtracting the fluorescence value of controls. A 

standard curve was plotted using the corrected fluorescence values of the standards 



 58 

vs. the corresponding protein mass. The mass of the protein samples was determined 

using the standard curve. 

 

2.3.2 Immunoblotting 

 

Total protein extracts (30-50 μg) were resolved by using 8% SDS polyacrylamide gel 

or Mini-PROTEAN TGX stain-free, AnyKD gradient gel (BIO-RAD) 

electrophoresis and then electro-blotted on to a polyvinylidene difluoride membrane 

(Millipore). 

 

2.3.2.1 Sample preparation 

 

To each protein sample (e.g. 50 μg in 30 μL), 3xSDS loading buffer (187 mM Tris-

HCl (pH 6.8), 6% SDS, 30% glycerol, 0.03% bromophenol blue and 125 mM DTT 

added just before use) (15 μL) was added and then heated at 100 ºC for 5 min before 

loading on to a gel.  

 

2.3.2.2 Pouring SDS-PAGE gels 

 

The SDS-PAGE gel consisted of a 5 % stacking gel (upper gel) and an 8% separation 

gel (lower gel). The 8% separation gel was made up of 2.5 mL 4x separation gel 

buffer (1.5 M Tris-HCl pH 8.8, 0.4% SDS), 2.5 mL 40 % acrylamide/bisacrylamide, 

5.5 mL water, 33 μL 10% Ammonium persulphate (APS) and 10 μL of TEMED. 

Once the separation gel was set the stacking gel was poured and a gel comb was 

inserted. The 5 % stacking gel was made up of 1.25 mL 4x stacking gel buffer (0.5 

M Tris-HCl pH 6.8, 0.4% SDS), 625 μL of 40% acrylamide/bisacrylamide, 33 μL 

10% Ammonium persulphate and 10 μL of TEMED. 
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The gel was placed in a gel tank with 1xSDS running buffer (25 mM Tri Base, 200 

mM glycine, 0.1% SDS) then protein samples (prepared as above) and a pre-stained 

protein marker (7-175 KDa) (New England BioLabs) were loaded on to the gel. The 

gel was run at a constant current of 25 mA for 45 min.  

 

2.3.2.3 Using pre-cast gels 

 

When Mini-PROTEAN TGX stain free, AnyKD gradient gels (BIO-RAD) were used 

for electrophoresis, sample preparation and loading was done following above 

protocol. The gel was placed in a Mini-PROTEAN tetra Cell (BioRad), filled with 1x 

running buffer (25mM Tris, 192 mM glycine and 0.1% SDS) and run at a constant 

voltage of 160 V for 38 min. The Mini-PROTEAN TGX stain free gel was imaged 

with the Chemi-doc imager (BioRad) after electrophoresis to visualise protein 

loading. Electroblotting followed the same protocol as below. After electroblotting 

the PVDF membrane was imaged again using the Chemi-Doc system to detect total 

protein content on the blot.   

 

2.3.2.4 Electro-blotting 

 

Electro-blotting was performed using a fully submerged transfer apparatus (Mini 

Trans-blot BioRad system). Transfer buffer consisted of 10 mM N-cyclohexyl-3-

aminopropanesulfonic acid (CAPS) and 5% methanol (pH 11 with NaOH). After 

electrophoresis the gel was soaked in transfer buffer for 30 mins, and then assembled 

into a transfer sandwich in a transfer cassette in the following order; sponge, 2 layers 

of filter paper, gel, polyvinylidene difluoride (PVDF) membrane (Millipore), 2 layers 

of filter paper and another sponge. The direction of protein transfer was from (–) to 

(+).  
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Once the cassettes were assembled and inserted, the tank was filled with ice cold 

CAPS buffer and electro-blotting was carried out at a constant current of 150 mA for 

3 h at 4 ºC. For transferring large proteins (>150 kDa) electro-blotting was carried 

out at a constant current of 40 mA for 22.5 h at 4 ºC.  

 

After electroblotting, the PVDF membrane was imaged again using the Chemi-Doc 

system to detect total protein content on the blot if a Mini-PROTEAN TGX stain 

free, AnyKD gradient gel (BIO-RAD) was used.  

 

2.3.2.5 Blocking 

 

The the PVDF membrane was blocked with 5 % skim milk in 1x TBS-T (20 mM 

Tris-Base, 137 mM NaCl and 0.1% Tween-20) at room temperature for 1 h with 

gentle rocking.  

 

2.3.2.6 Incubating with antibodies 

 

Primary antibodies were diluted appropriately in 1% skim milk in 1x TBS-T, added 

to the blot and incubated overnight at 4 ºC with gentle rocking. The blot was washed 

three times with 1xTBS-T the next day, and incubated with horseradish peroxidise 

conjugated secondary antibodies at room temperature for 1 h.  

A variety of primary antibodies were tested at different concentrations until the best 

antibody and optimal concentration was determined. Some of these antibodies were 

validated using siRNAs. For list of antibodies used refer to table 2.5.  
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2.3.2.7 Detecting bands 

 

The enhanced chemiluminescence (ECL) (GE health care) system was used to detect 

bands, which were imaged with a Chemi-Doc MP system (Bio-Rad). Densitometry 

was performed using the band analysis tools of ImageLab software version 4.0 

(BioRad). The linearity of ECL signal was established by loading a serial dilution of 

total protein (10, 20, 30, and 40 μg) and measuring the ECL signal. The ECL signal 

of the serial dilution of total protein increased in a linear manner. Protein levels were 

normalised to β-tubulin, α-actinin or total protein levels. Total protein levels or β-

tubulin or α-actinin levels did not change between different treatments. The 

normalisation was performed following previously published protocol by (Taylor et 

al., 2013) Quantified results represent n=3 samples and these were technical 

replicates. Statistical significance was determined using Student’s t-test. 
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Table 2.6 List of antibodies 

Antigen Molecular 

weight 

Clonality; clone; 

host species 

Dilution Source/ 

reference 

DICER  217 kDa Polyclonal, Rabbit 1:1000 Cell Signalling 

Technology 

DROSHA  160 kDa Monoclonal, Rabbit 1:1000 Cell Signalling 

Technology 

Exportin-5 136 kDa Monoclonal, Rabbit 1:1000 Abcam 

TARBP2 55 kDa Monoclonal, Mouse 1:1000 Abnova 

AGO2  97 kDa Monoclonal, Rabbit 1:500 anti-

Ago2(11A9) 

(Rudel et al., 

2008) 

PHD1 45 kDa Polyclonal, Rabbit 1:1000 Novus 

Biologicals 

PHD2  46 kDa Polyclonal, Rabbit 1:1000 Abcam 

FIH-1 40 kDa Monoclonal, Mouse 

clone FIH 162c 

1:1000 Millipore 

β-tubulin 55 kDa Polyclonal, Mouse 1:20000 Sigma 

α-actinin  100 kDa Polyclonal, Rabbit 1:500 Cell Signalling 

Technology 

Horseradish 

peroxidise 

conjugated 

secondary 

antibodies goat 

anti-rabbit IgG  

 Goat 1:5000 Immunopure: 

Thermo 

Scientific 

Horseradish 

peroxidise 

conjugated 

secondary 

antibodies 

donkey anti-

mouse IgG 

 Goat 1:5000 Immunopure: 

Thermo 

Scientific 
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2.4 Measurement of luciferase acitivity in transiently transfected 

cells 

 

Luciferase activity was detected using a dual-luciferase reporter assay system 

(Promega). Cells transfected with plasmids containing a luciferase reporter were 

lysed by adding the supplied cell lysis buffer and incubated at room temperature for 

15 min, before being mixed well by pipetting. Cell lysates were collected in an 

eppendorf tube and centrifuged at 10 000 rpm to collect cell debris. The cleared 

lysates were used to measure luciferase activity after adding 100 μL Luciferase 

Assay Reagent. Luminescence was measured using a plate reader luminometer 

(Beckman Coulter DTX 880 Multimode detector). 
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2.5 DICER activity assay 

 

In vitro DICER activity assay was performed following the previously described 

method (Perron et al., 2011). A plasmid containing pre-miR-145 with a T7 RNA 

polymerase promoter was used to prepare the substrate RNA. The plasmid DNA was 

linearized with a restriction enzyme downstream of the insert to ensure transcription 

was terminated by run-off. A restriction enzyme for linearization one that leaves a 5’ 

overhang was selected, A previous report showed low levels of transcription with 

plasmid template strands cut with restriction enzymes leaving 3’ overhangs 

(Schendorn and Mierindorf, 1985). The linearized plasmid DNA was run on a 0.5% 

Agarose gel to confirm that cleavage was complete, because even a small amount of 

circular plasmid in the template would generate a large proportion of longer 

transcripts. 

 

2.5.1 Gel purification of plasmid DNA 

 

The linearized plasmid DNA band was cut out of the gel under UV light and purified 

using a Qiagen QIAquick gel extraction kit following manufacture’s protocol. 

 

2.5.2 In Vitro Transcription for RNA Radio-labelling with UTP 

2.5.2.1 MEGAshortscript protocol 

 

The reaction was assembled in RNase-free microfuge tube at room temperature 

(Components in the transcription buffer can lead to precipitation of the template 

DNA if the reaction is assembled on ice) in the order shown in the manufacture’s 

protocol. The contents were mixed thoroughly by gently flicking the tube and then 

spun briefly to collect the reaction mixture at the bottom of the tube. 
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Per reaction: 2 μL T7 10X reaction buffer; 2 μL T7 ATP Solution (75 mM); 2 μL T7 

CTP Solution (75 mM); 2 μL T7 GTP Solution (75 mM); 20 μCi of α 
32

P; <8 μL 

Template DNA; 2 μL T7 enzyme mix and nuclease-free water up to 20 μL final 

volume. Reaction mix was incubated at 37°C for 3 h.  

 

To remove excess DNA template, 1 μL of TURBO DNase was added to the reaction, 

mixed well and continued the incubation at 37°C for a further 15 min. This reaction 

was stopped by adding 1 μL of EDTA 0.5 M, mixed and incubated for 2 min at room 

temperature. 20 μL of gel loading buffer (GLB) II (provided in the MEGAshort 

script T7 kit) was added to the mix, heated for 5 min at 95°C and quickly put on ice 

for 5 min. 

 

2.5.2.2 Resolving RNA on a denaturing PAGE gel 

 

All of the reaction mix was loaded on to a denaturing PAGE gel. Electrophoresis was 

conducted at a constant voltage of 275 V for ~2 h or until the bromophenol blue was 

2 cm from the bottom of gel. TBE (x1) was used as the gel running buffer. When the 

migration is finished, the gel was left on one of the two glass plates and wrapped 

using plastic wrap. The gel was placed in a plexiglass box. In the dark room, the gel 

was exposed to an X-ray film for 2 min and 10 min. Afterwards, in the radioactivity 

room, the band corresponding to the RNA probe was cut out. 
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2.5.2.3 Extracting RNA from the gel 

 

The gel slice was cut in to small pieces and put into a 1.5-mL screwcap tube. 400 μL 

of gel extraction buffer was added and incubated overnight at 37°C. Next morning 

the tube was centrifuged at 600 × g for 1 min at 4°C. The supernatant was transferred 

into a new 1.5-mL screw-cap tube. 1 μL glycogen and 1 mL of ice-cold ethanol 

(100%) was added to the supernatant, mixed well and incubated overnight at −80°C. 

The next morning the tube was centrifuged at 16,000 × g for 30 min at 4°C. The 

supernatant was removed with a pipette and the pellet was washed with 900 μL of 

ice-cold ethanol (70%) and then centrifuged at 16,000 × g for 5 min at 4°C. 

 

The RNA pellet (DICER substrate probe) was dried and resuspend in 20 μL of 

annealing buffer (10 mM Tris–HCl, pH 7.5, 1 mM EDTA, and 25 mM NaCl). The 

RNA probe was annealed by heating for 5 min at 85°C and then removed from the 

heating block and allowed to cool down to room temperature. 1 μL of the RNA 

solution was added to 5 mL of scintillation liquid and counted using a beta 

scintillation counter. 
32

P UTP labelled sample was aliquoted into different tubes (to 

be used at 40,000 cpm/μL) and stored at −80°C. 

 

2.5.3 End labelling Decade markers  

 

The Ambion® Decade™ Marker System produces a set of radiolabeled RNA 

molecules of 150, 100, 90, 80, 70, 60, 50, 40, 30, 20, and 10 nucleotides. The system 

included all of the reagents necessary to produce the molecular weight markers 

except gamma-
32

P-ATP. The Decade™ Markers derive from a single, gel-purified 

transcript that was provided in the kit. The transcript was 5' end-labelled using the 

kinase and kinase buffer supplied with the kit. The kinase reaction was then diluted 
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into a cleavage reagent that generated the molecular weight marker set in a five 

minute, room temperature reaction. Gel loading buffer from the kit was then added 

and the marker is ready for electrophoresis.  

 

2.5.4 Detection of human DICER Activity 

 

This protocol was adapted from Haase et al. (2009). Mammalian cells (MCF7) 

cultured in a 100-mm petri dish were lysed by adding 250 μL of DICER lysis buffer 

(20 mM Tris–HCl pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, and 0.25% NP-40. 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and protease cocktail inhibitor without 

EDTA 1× (Roche) added just prior to use) and then incubated for 15 min on ice and 

centrifuged at 10,000 × g for 10 min at 4°C.  

 

The protein concentration was determined by EZQ protein quantification assay 

method as described previously. The protein concentration was adjusted to 5 mg/mL 

with DICER lysis buffer. 

 

A 50 μL reaction was prepared on ice in 1.5-mL screw-cap tubes as follows: 25 μL 

of MCF7 cell extract at 5 mg/mL (125 μg protein in total), 24 μL of 2× DICER assay 

buffer (20 mM Tris–HCl pH 7.5, 2 mM MgCl2, 75 mM NaCl, 10% glycerol. Add 1 

mM PMSF and protease inhibitor cocktail mix without EDTA 1×, prior to use), and 

1 μL of radiolabeled dsRNA substrate probe (40,000 cpm/μL). The reaction was 

mixed by vortexing and then incubated for 10, 30, 60, and 120 min at 37°C. 

To stop the reaction, 150 μL of water and 200 μL of Acid Phenol:CHCl3 (5:1 

solution, pH 4.5) was added, vortexed for 20 s and the aqueous and organic phases 

were separated by centrifugation at 16,000 × g for 4 min at 4°C. 
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The aqueous phase was transferred to a fresh tube and RNA was precipitated by 

adding 50 μL of 5 M ammonium acetate, 700 μL of ice-cold ethanol (100%), 1 μL of 

yeast tRNA, and 1 μL of glycogen and then incubated overnight at −80°C.  Next 

morning the reaction mix was centrifuged at 16,000 × g for 30 min at 4°C, the 

supernatant was removed and RNA pellet was washed with 400 μL of ice-cold 

ethanol (70%) before being centrifuged at 16,000 × g for 5 min at 4°C. The RNA 

pellet was dried at room temperature for 5 min, before 10 μL of GLB II was added, 

and heated for 5 min at 95°C. The whole sample was loaded on a denaturing PAGE 

gel. After electrophoresis the gel was wrapped in a plastic wrap and exposed to an x-

ray film with an intensifying screen at −80°C.  

 

The developed x-ray film was imaged with a Chemi-Doc MP system (Bio-Rad). 

Densitometry was performed using the ImageLab software version 4.0 (BioRad). 

Pre-miR-145 substrate RNA levels were normalised to the starting RNA 

concentrations. 

 

2.5.5 Preparing a denaturing PAGE gel 

 

Preparing a 0.75-mm thick 10% polyacrylamide gel (19:1) containing 7 M of urea. 

For a 30-mL preparation, 7.5 mL of polyacrylamide (19:1) (stock 40%), 12.6 g of 

urea, 3 mL of 10×TBE solution was mixed with nuclease free water. To completely 

dissolve urea the mix was incubated at 37°C. Once the urea was dissolved 150 μL of 

10% APS and 30 μL of TEMED was added, mixed gently, and poured immediately. 

The gel polymerized in approximately 30 min.  

 

The gel was pre-run at 250 V for 30 min in 1× TBE at room temperature. 

Electrophoresis apparatus with a big tank assisted with a constant migration 
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temperature. The wells were rinsed two times with 1× TBE buffer before loading the 

RNA samples. A radiolabeled Decade size marker was loaded in order to estimate 

the size of RNA species under study. Electrophoresis was conducted at a constant 

275 V for 1.5 h or until the bromophenol blue was 2 cm from the bottom of the gel. 
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Chapter 3 . DICER 

regulation by hypoxia 
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3.1 Introduction 

 

DICER is a key ribonuclease ІІІ enzyme involved in the maturation of miRNAs and 

the cleavage of double stranded RNAs into small interfering RNAs. In the cytoplasm 

precursor miRNAs are cleaved by DICER (Grishok et al., 2001, Hutvagner et al., 

2001), coupled with TARBP2 protein (Chendrimada et al., 2005, Haase et al., 2005). 

DICER is also an integral part of the RISC loading complex, that assist in loading the 

mature miRNA strand on to the RISC, which is involved in post-translational gene 

regulation (Gregory et al., 2005, Hammond et al., 2000, Chendrimada et al., 2005). 

DICER cleavage is essential for processing most miRNAs and deletion of DICER 

decreases mature miRNA expression (Grishok et al., 2001, Hutvagner et al., 2001). 

A reduction in mature miRNA levels have been observed after inhibiting DICER 

using RNA interference or in DICER null cell lines (Ravi et al., 2012, Sadegh et al., 

2012, Suarez et al., 2007). 

 

There is some evidence from previous work suggesting that hypoxia may be 

involved in regulating DICER (Caruso et al., 2010, Elvidge et al., 2006). A 

microarray study looking at the mRNA expression in breast cancer cell line MCF7 

after exposure to hypoxia showed a modest but consistent decrease in DICER mRNA 

levels (Elvidge et al., 2006). In addition, Caruso et al. (2010) reported a decrease in 

DICER expression during the development of pulmonary arterial hypertension in rats 

after exposure to chronic hypoxia (Caruso et al., 2010).   

 

Considering the importance of DICER in miRNA biogenesis, and the possible links 

between hypoxia and DICER expression, a detailed examination of DICER mRNA 

and protein levels in hypoxia was conducted using a cancer cell model. As discussed 
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in chapter 1, gene regulation in hypoxia may be mediated through transcriptional 

(Wang and Semenza, 1995, Wang and Semenza, 1993, Wang et al., 1995) and post-

transcriptional mechanisms (Liu et al., 2006, Goldberg et al., 1991). To investigate 

the effects of hypoxia on DICER transcription/mRNA stability, DICER mRNA levels 

were examined in three different cancer cell lines (MCF7, HT29 and SKBR3) after 

exposure to hypoxia. To identify possible effects of hypoxia on post-transcriptional, 

translational and protein degradation mechanisms, DICER protein levels were 

examined in cancer cell lines (MCF7 and SKBR3) and a non-cancer cell line 

(HUVECs) after exposure to hypoxia. In all in vitro experiments, cells were exposed 

to hypoxic conditions (0.1% or 1 % O2) and compared with controls under normoxic 

conditions (21% O2).  

 

These experimental conditions were similar to O2 tension in hypoxic tumours, and 

have been commonly used in cell culture experiments that have defined action of 

HIF-1 and its O2 sensing control (Elvidge et al., 2006). Cancer cell lines have been 

widely used in research studies and have proven to be a useful model for studying 

biological mechanisms involved in cancer (Louzada et al., 2012, van Staveren et al., 

2009, Burdall et al., 2003). The MCF7 cell line was previously used in a microarray 

study by Elvidge et al. (2006), which showed DICER mRNA down regulation in 

hypoxia, and in this study MCF7 cell line was used to allow comparison between 

studies. Data presented in this chapter show DICER mRNA and protein levels after 

exposure to hypoxia, when compared to normoxia. 
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3.2 Aims 

 

The main aims of this chapter were to identify the effect of hypoxia on DICER 

mRNA expression and DICER protein levels in cancer and non-cancer cells using 

real time RT-PCR and immunoblotting techniques.  

 

3.3 Exposing cells to hypoxia 

 

MCF7 cells were incubated in a hypoxic incubator at 0.1% O2 for 16 h and control 

plates were incubated at normoxic conditions. After 16 h cells were harvested by 

adding TRIzol reagent, and RNA was extracted following the TRIzol protocol (see 

chapter 2). After hypoxic exposure media was removed and cells were lysed under 

hypoxia. Hypoxically induced carbonic anhydrase IX (CAIX) mRNA (Wykoff et al., 

2000) levels and miRNA-210 (Camps et al., 2008) levels were quantified with real 

time RT-PCR. There was a large induction of CAIX mRNA levels (100-fold) (Figure 

3.1) and miR-210 levels (2.6-fold) (Figure 3.2) in MCF7 cells exposed to hypoxia 

when compared to normoxia. Ribosomal RNA 18S was used to normalise mRNA 

expression and small nucleolar RNA, RNU6B, was used to normalise miRNA 

expression. These controls did not change in hypoxia compared to normoxia. The 

following initial results confirmed the induction of well characterised hypoxically 

regulated genes in this cell culture model of hypoxic exposure.  

 

It is possible that the polystyrene plasticware used for cell culture contained some 

dissolved O2. This might have slightly altered the level of O2 the cells were exposed 

to, specifically the cells in hypoxic conditions. However, large induction of the 

hypoxically regulated mRNA CAIX and miR-210 levels in hypoxia confirms the 
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hypoxic exposure of these cells. These observations suggest that the dissolved O2 in 

plasticware did not significantly affect the gene expression of cells in hypoxia when 

compared to normoxia. 
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Figure 3.1 CAIX mRNA expression in MCF7 cells in hypoxia vs. normoxia.  

 

CAIX mRNA levels were analysed by real time RT-PCR and normalised to 18S ribosomal RNA 

levels. CAIX mRNA expression in MCF7 cells after hypoxia (0.1% O2 for 16 h) vs. normoxia 

(P=0.0001). Data represent normalized mean ±S.E (error bars) (n=3). Statistical significance 

tested for with student’s t-test. * denotes p < 0.05 compared with parallel controls.   
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Figure 3.2 miR-210 expression in MCF7 cells in hypoxia vs. normoxia. 
 

miR-210 levels were analysed by real time RT-PCR and normalised to RNU6B small nucleolar 

RNA levels. miR-210 expression in MCF7 cells after hypoxia (0.1% O2 for 16 h) vs. normoxia 

(P=0.0002). Data represent normalized mean ±S.E (error bars) (n=3). Statistical significance 

tested for with student’s t-test. * denotes p < 0.05 compared with parallel controls.   
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3.4 Hypoxic regulation of DICER mRNA expression 

3.4.1 The effect of hypoxia on DICER mRNA expression in cancer 

cell lines  

 

3.4.1.1 Exposing cells to different concentrations of hypoxia 

 

Initially, MCF7 cells were exposed to different levels of hypoxia (0.1%, 1%, 2% and 

5% O2) for 16 h with parallel controls in normoxia (21% O2). The aim of this initial 

experiment was to identify the O2 concentration that had a significant effect on 

DICER mRNA expression. Cells were harvested after the 16 h incubation, and RNA 

was extracted following the TRIzol method (See chapter 2). Relative quantitation 

real time RT-PCR was used to determine DICER mRNA expression. The ribosomal 

RNA 18S was used as the normalising control and 18S levels did not change in 

hypoxia, compared to normoxia. The most significant reduction of DICER mRNA 

expression was seen at 0.1% O2 after 16 h (P=0.0009) (Figure 3.3). No significant 

changes in DICER mRNA levels were observed at O2 concentrations of 1%, 2% or 

5% after 16 h (Figure 3.3).  

To confirm that non-specific stress and toxic effects due to hypoxia did not affect the 

cell viability, a cell viability assay was done comparing hypoxic and normoxic 

treatments. The cell viability assay showed that there were no significant changes in 

the cell viability of SKBR3 cells between hypoxic (1% O2 for 48 h) and normoxic 

cultures (Figure 3.4). Cell viability assays done at much lower O2 concentrations 

such as 0.1% O2 for 48 h did not show a significant change in cell viability in 

SKBR3, MCF7 or HT29 cell lines (work conducted by other members of the lab). In 

addition there was no change in any of the controls (miRNA, mRNA and protein 

levels) between hypoxia and normoxia, further confirming the lack of toxic effects 

due to non-specific strees in cells during the course of these experiments.
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Figure 3.3 DICER mRNA expression in MCF7 cells after exposure to varying 

concentrations of hypoxia. 
  

DICER mRNA levels were analysed by real time RT-PCR and normalised to 18S ribosomal 

RNA levels. DICER mRNA expression in MCF7 cells after exposure to 16 h for 0.1% O2 

(P=0.0009), 1% O2, 2% O2 and 5% O2. Data represent normalized mean ±S.E (error bars) (n=3). 

Statistical significance examined for with student’s t-test. * denotes P < 0.05 compared with 

parallel controls in normoxia. 

 

 

Figure 3.4 Viability of SKBR3 cells following hypoxia.  
 
Viability of SKBR3 cells was measured using the trypan blue exclusion method. Cells were 

exposed to hypoxia (1% O2 for 48 h) vs. normoxia, and viability was determined using the trypan 

blue exclusion method. Data represent mean ±S.E (error bars) (n=6). 
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3.4.1.2 Exposing cells to varying durations of hypoxia 

 

After observing a significant decrease in DICER mRNA expression at 0.1% O2 after 

16 h, MCF7 cells were exposed to varying durations of hypoxia vs. normoxia, to 

examine the time course of hypoxic down regulation of DICER mRNA expression. 

MCF7 cells were exposed to 8 h, 16 h, 24 h and 48 h of hypoxia (0.1% O2), 

compared to normoxia. DICER mRNA expression over the time course was 

quantified in hypoxia compared to normoxia using real time RT-PCR. There was a 

significant and consistent repression of DICER mRNA levels after exposure to 

hypoxia (0.1% O2) for 8 h (P=0.007), 16 h (P=0.0009), 24 h (P=0.02) and 48 h 

(P=0.008) in MCF7 cells (Figure 3.5), when compared to normoxia. 

 

To investigate if this repression was observed in other cancer cell lines, DICER 

mRNA levels were also examined in the colorectal cancer cell line HT29. HT29 cells 

were exposed to hypoxia (0.1% O2), compared to normoxia for 8 h, 16 h, 24 h and 48 

h and DICER mRNA expression was quantified using real time RT-PCR. A similar, 

albeit less striking, reduction in DICER mRNA levels was seen in HT29 cells after 

exposure to hypoxia (0.1% O2) for 8 h, (P=0.2), 16 h (P=0.01), 24 h (P=0.02) and 48 

h (P=0.09) when compared to normoxia (Figure 3.6). 

 

No significant changes in DICER mRNA levels were observed in SKBR3 cells after 

being exposed to 0.1% O2 for 24 h and 36 h or after being exposed to 1% O2 for 72 h 

(Figure 3.7).  
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Figure 3.5 DICER mRNA expression in MCF7 cells in hypoxia vs. normoxia. 
  
DICER mRNA levels were analysed by real time RT-PCR and normalised to 18S ribosomal 

RNA levels. DICER mRNA expression in MCF7 cells after exposure to 0.1% O2 for 8 h 

(P=0.007), 16 h (P=0.0009), 24 h (P=0.02) and 48 h (P=0.008). Data represent normalized mean 

±S.E (error bars) (n=3). Statistical significance tested for with student’s t-test. * denotes P < 0.05 

compared with parallel controls in normoxia. 

 

Figure 3.6 DICER mRNA expression in HT29 cells in hypoxia vs. normoxia. 
 

DICER mRNA levels were analysed by real time RT-PCR and normalised to 18S ribosomal 

RNA levels. DICER mRNA expression in HT29 cells after exposure to 0.1% O2 for 8 h (P=0.2), 

16 h (P=0.01), 24 h (P=0.02) and 48 h (P=0.09). Data represent normalized mean ±S.E (error 

bars) (n=3). Statistical significance tested for with student’s t-test. * denotes P < 0.05 compared 

with parallel controls in normoxia. 
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Figure 3.7 DICER mRNA expression in SKBR3 cells in hypoxia vs. normoxia. 

 

DICER mRNA levels were analysed by real time RT-PCR and normalised to 18S ribosomal 

RNA levels. A, DICER mRNA expression in SKBR3 cells after exposure to 0.1% O2 for 24 h 

and B, 36 h. C, DICER mRNA expression in SKBR3 cells after exposure to 1% O2 for 72 h. Data 

represent normalized mean ±S.E (error bars) (n=3).  
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3.5 Hypoxic regulation of DICER protein levels 

 

3.5.1 The effect of hypoxia on DICER protein levels in breast cancer 

cell lines 

 

To examine whether the hypoxic repression of DICER mRNA levels was reflected in 

alterations in DICER protein levels, two different breast cancer cell lines (MCF7 and 

SKBR3 cells) were exposed to varying durations (16. 24 and 48 h) of hypoxia (0.1% 

O2). The changes in protein levels were analysed by immunoblotting. α-actinin 

protein level was used as a loading control, and hypoxia did not affect α-actinin level 

in the different cell lines examined in this study. After 16 h and 24 h of hypoxia no or 

very modest reductions in DICER protein abundance were seen in SKBR3 cells 

(Figure 3.8 A and B) and MCF7 cells (Figure 3.8 C and D).  

 

To accommodate the possibility that hypoxic alterations in DICER mRNA levels 

were not reflected by alterations in protein levels because of significant stability of 

the DICER protein, the effects of longer durations of hypoxia on MCF7 and SKBR3 

cells were examined. A striking reduction in DICER protein levels was seen in both 

MCF7 (5-fold) (Figure 3.9A) and SKBR3 cells (40-fold) (Figure 3.9B) after being 

exposed to 0.1% O2 for 48 h. The expression of the control protein α-actinin was 

unaffected by the hypoxic exposure. A large reduction of DICER protein was also 

observed in MCF7 cells (4.5-fold) (Figure 3.10A) and SKBR3 cells (5.4-fold) 

(Figure 3.10B) even after a more modest hypoxic exposure (1% O2) for 72 h. 
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Figure 3.8 DICER protein levels in MCF7 and SKBR3 cells in hypoxia vs. 

normoxia. 

 

DICER and α-actinin protein level was examined by immunoblotting. A, DICER protein levels in 

SKBR3 cells after exposure to 0.1% O2 for 16 h and B, 24 h. C, DICER protein levels in MCF7 

cells after exposure to 0.1% O2 for 16 h, D, 24 h.  
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Figure 3.9 DICER protein levels in MCF7 and SKBR3 cells hypoxia vs. 

normoxia.  

 

DICER and α-actinin protein levels were examined by immunoblotting. A, DICER protein levels 

in MCF7 cells after exposure to 0.1% O2 for 48 h. B, Densitometric analysis of A following  

normalisation with α-actinin levels. C, DICER protein levels in SKBR3 cells after exposure to 

0.1% O2 for 48 h. D, Densitometric analysis of B following normalisation with α-actinin levels. 

Data represent normalized mean ±S.E (error bars) (n=3).  
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Figure 3.10 DICER protein levels in MCF7 and SKBR3 cells hypoxia vs. 

normoxia.  

 

DICER and α-actinin protein levels were examined by immunoblotting. A, DICER protein levels 

in MCF7 cells after exposure to 1% O2 for 72 h. B, Densitometric analysis of A following  

normalisation with α-actinin levels. C, DICER protein levels in SKBR3 cells after exposure to 

1% O2 for 72 h. D, Densitometric analysis of B following normalisation with α-actinin levels. 

Data represent normalized mean ±S.E (error bars) (n=3). 
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3.5.2 The effect of hypoxia on DICER protein levels in human 

umbilical vein endothelial cells (HUVECs) 

 

To examine whether hypoxic repression of DICER was also observed in non-cancer 

cells, human umbilical vein endothelial cells (HUVECs) were studied. HUVECs are 

used in most research directed towards the development of anti-angiogenic and anti-

cancer agents (Lai et al., 2012). HUVECs from multiple donors were exposed to 

hypoxia (1% O2) for different durations (24 h and 48 h). There was no change in 

DICER protein levels in HUVECs after 1% O2 for 24 h (Figure 3.11A). A larger 

decrease (7-fold) in DICER protein levels was seen after 1% O2 for 48 h (Figure 

3.11B). 
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Figure 3.11 DICER protein levels in HUVECs in hypoxia vs. normoxia.  
 

DICER and α-actinin protein levels were examined by immunoblotting. A, DICER protein levels 

in HUVECs after exposure to 1% O2 for 24 h. B, Densitometric analysis of A following 

normalisation with α-actinin levels. C, DICER protein levels in HUVECs after exposure to 1% 

O2 for 48 h. D, Densitometric analysis of B following normalisation with α-actinin levels. Data 

represent normalized mean ±S.E (error bars) (n=3). 
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3.6 Discussion 

 

This chapter demonstrated the hypoxic down regulation of DICER, a key miRNA 

biogenesis protein. Hypoxia down regulated DICER mRNA levels in two different 

cancer cell lines, a breast cancer cell line (MCF7) and a colorectal cancer cell line 

(HT29). Significant down regulation of DICER mRNA levels were observed in 

MCF7 cells after exposure to hypoxia (0.1% O2) for varying durations. Despite a 

downward trend in DICER mRNA levels in HT29 cells after exposure to hypoxia 

(0.1% O2), these changes were less significant, when compared to results from 

MCF7 cells. In SKBR3 cells there were no significant changes in DICER mRNA 

levels after exposure to hypoxia. The hypoxic suppression of Dicer mRNA levels 

appears to account for regulation in some (MCF7 and HT29) but not all cells (e.g. 

SKBR3) indicating the operation of other mechanisms in the hypoxic regulation of 

Dicer. 

 

Significant reductions in DICER protein levels were observed in MCF7 and SKBR3 

cells only following longer durations of hypoxia (0.1% O2 for 48 h or 1% O2 for 72 

h) Similarly, a reduction in DICER protein levels was observed only after 48 h of 

hypoxia (1% O2) in the non-cancer HUVECs. The reductions in Dicer protein levels 

were much more significant following longer durations of hypoxia (for 48 and 72 h) 

and with greater severity of hypoxic exposure (0.1% O2). One likely explanation for 

this observation is high stability of Dicer protein. Therefore, the decrease in 

transcription might not be readily evident until 48 h. Consistent with this 

explanation, only modest reductions in Dicer protein levels were observed at shorter 

durations (16 and 24 h) of hypoxic exposure.  
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Results from this study are in agreement with previous work showing DICER mRNA 

and protein down regulation in hypoxia. Elvidge et al. (2006) reported DICER 

mRNA down regulation in MCF7 cells after exposure to hypoxia. During the course 

of this work, hypoxic repression of DICER levels was reported by others (Caruso et 

al., 2010, Ho et al., 2012, Wu et al., 2011). A study using rat pulmonary artery 

fibroblasts exposed to chronic hypoxia showed reduced DICER mRNA expression 

(Caruso et al., 2010). Also in human pulmonary artery smooth muscle cells 

(PASMCs) DICER protein levels decreased after exposure to hypoxia (Wu et al., 

2011). Ho et al. (2012) demonstrated DICER mRNA and protein down regulation in 

HUVECs after exposure to hypoxia (1% O2) for 24 h.  

 

In this thesis a reduction in DICER protein levels was only observed after exposure 

to hypoxia (1% O2) for 48 h in HUVECs, and this observation was not in line with 

the previous observations by Ho et al. (2012). Differeing results may be due to the 

slight differences in the experimental conditions when exposing cells to hypoxia. In 

this study HUVECs were exposed to hypoxia using an incubator (see details in 

chapter 2) where precise O2 levels could be controlled by balancing with CO2, N2 

and room air. The use of an incubator with precisely controlled O2 levels ensured all 

hypoxic exposures were consistent across different experiments allowing accurate 

comparisons between multiple experiments. Whereas Ho et al. (2012) used an 

anaerobic system in which O2 levels were kept below 1% by flushing with an 

anaerobic gas mixture which did not allow for precise control.  

 

Overall DICER levels were suppressed in cells exposed to hypoxia. This was 

observed in three different cancer cell lines, two breast cancer cell lines (SKBR3, 

MCF7) and one colorectal cancer cell line (HT29), suggesting that this could be a 
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common phenomenon in cancer cells. Furthermore, DICER down regulation was 

also observed in a non-cancer cell line (HUVECs), suggesting that this could be a 

common phenomenon in cells and not restricted to cancer cells. Whilst mRNA 

regulation by hypoxia was seen in MCF7 and HT29 cell lines it was not observed in 

SKBR3 cells, which displayed substantial hypoxic repression of DICER protein 

levels. This observation indicates the operation of different mechanisms of DICER 

regulation under hypoxia and this could involve transcriptional and/or post-

transcriptional mechanisms.  

 

3.7 Chapter summary 

 

This chapter reports the effects of hypoxia on DICER mRNA and DICER protein 

levels in cancer and non-cancer cells, using real time RT-PCR and immunoblotting 

techniques. DICER mRNA levels were significantly down regulated in breast cancer 

cell line (MCF7) and colorectal cancer cell line (HT29) after exposure to hypoxia 

(0.1% O2) for varying durations (8, 16, 24 and 48 h). Striking decreases in DICER 

protein levels were observed in breast cancer cell lines MCF7 and SKBR3 only after 

exposure to longer durations of hypoxia (0.1% O2 for 48 h or 1% O2 for 72 h). 

DICER protein down regulation was also observed in HUVECs, a non-cancer cell 

line after exposure to hypoxia. 
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Chapter 4 Mechanisms 

of DICER regulation 

by hypoxia 
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4.1 Introduction 

 

Chapter 3 reported that there was a consistent down regulation of DICER mRNA 

levels in two cancer cell lines; breast cancer cell line MCF7 and colorectal cancer 

cell line HT29. Similarly down regulation of DICER protein levels was observed in 

two breast cancer cell lines (MCF7 and SKBR3) and a non-cancer human umbilical 

vein endothelial cell line (HUVEC). This chapter investigates the possible 

mechanisms involved in DICER down regulation in hypoxia by exploring the 

mechanisms involved in hypoxic regulation of transcription, translation and protein 

degradation.  

 

As discussed in chapter 1, transcriptional gene regulation in hypoxia is mainly 

mediated by the transcription factor hypoxia inducible factor-1 (HIF-1) (Wang and 

Semenza, 1995, Wang and Semenza, 1993, Wang et al., 1995). HIF-1 may directly 

regulate genes at the transcriptional level by binding to hypoxia response elements in 

specific genes (Mole et al., 2009, Schodel et al., 2011, Semenza, 1998), or indirectly 

at the post-transcriptional or translational levels (Kulshreshtha et al., 2007a, 

Kulshreshtha et al., 2007b, Kaidi et al., 2007, Gustafsson et al., 2005, Koshiji et al., 

2004, Uniacke et al., 2012). Even though HIF-1 is the main transcriptional regulator 

in hypoxia, HIF-1 independent mechanisms might also be involved in DICER 

regulation during hypoxia. Post-transcriptional gene regulation in hypoxia is 

mediated through influencing mRNA stability and protein translation (Liu et al., 

2006, Goldberg et al., 1991). Key mechanisms in regulating protein synthesis in 

hypoxia involve the phosphorylation of translation initiation factor eIF2α (eukaryotic 

initiation factor 2α), the inhibition of the elongation factor eEF2 (eukaryotic 

elongation factor 2) and suppression of mTOR (mammalian target of rapamycin). 
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The mTOR suppression results in suppression of its targets 4EBP1, p70
s6k

 and rpS6, 

which result in decreased mRNA translation, thus decreased protein synthesis 

(Koumenis et al., 2002, Liu et al., 2006, Romero-Ruiz et al., 2012, Wouters and 

Koritzinsky, 2008).  

 

Several studies have shown that some miRNAs are induced or repressed in tumour 

hypoxia and these are referred to as hypoxically regulated miRNAs (HRMs) 

(Kulshreshtha et al., 2007a, Kulshreshtha et al., 2007b).  Hypoxically induced miR-

210 has been detected in many tumours with poor prognosis and metastatic potential 

(Foekens et al., 2008, Camps et al., 2008). Previous work showed miRNAs were 

involved in DICER regulation through feedback loop mechanisms, whereby DICER 

dependent miRNAs (miR-103/107 and let-7a) were involved in regulating DICER 

levels (Martello et al., 2010, Forman et al., 2008). Forman et al. (2008) reported  

conserved miRNA target sites in the 3’UTR of DICER mRNA and showed that 

DICER was targeted by let-7a (Forman et al., 2008).  

 

HIF-1 is involved in regulating a large number of genes in hypoxia (Manalo et al., 

2005, Elvidge et al., 2006, Hu et al., 2003, Choi et al., 2008). This study examined 

for the role of HIF-1 in DICER down regulation in hypoxia. In one of the breast 

cancer cell lines (SKBR3) examined in this study, there was a lack of mRNA 

regulation by hypoxia even though there was a significant decrease in DICER protein 

levels (see chapter 3). This observation lead this study to investigate the post-

transcriptional mechanisms involved in DICER regulation in hypoxia. Recent 

research showed PHD2 dependent but HIF independent down regulation of proteins 

in hypoxia via a PHD2 mediated phosphorylation and suppression of the eukaryotic 

elongation factor-2 (eEF2) activity and protein translation under acute hypoxia 
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(Romero-Ruiz et al., 2012). The possible involvement of HIF independent but prolyl 

hydroxylase dependent mechanisms in DICER regulation was investigated. As 

previous evidence suggests DICER regulation in hypoxia could also be mediated 

through miRNAs (Forman et al., 2008, Martello et al., 2010). Therefore the possible 

involvement of hypoxically regulated miRNAs in DICER down regulation in 

hypoxia was examined. As significant consistent down regulation of DICER protein 

levels was observed in all the different cell lines examined in this study, possible 

mechanisms involved in protein degradation were also investigated. The majority of 

mammalian proteins are hydrolysed by the proteasome so the involvement of 

proteasomes in DICER protein regulation in hypoxia was examined.  

 

4.2 Aims 

 

The aims of this chapter were to identify mechanisms of DICER mRNA and protein 

regulation in hypoxia. 

 

4.3 Hypoxia inducible factor dependent regulation of DICER 

 

4.3.1 DICER mRNA and protein levels after HIF hydroxylase 

inhibition 

 

To examine for the role of the HIF pathway in the hypoxic repression of DICER, 

cells were exposed to the HIF hydroxylase inhibitors, dimethyloxalylglycine 

(DMOG) and desferrioxamine (DFO), which induce HIF-1α levels under normoxic 

conditions. DMOG is a competitive inhibitor of prolyl hydroxylases (PHDs) and 

stabilizes HIF-1α expression at normal oxygen tensions. Desferrioxamine stabilises 

HIF-1α by inhibition of prolyl hydroxylases through chelation of the Fe2+ bound to 
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the active site of PHD, which is required for enzyme activity. To confirm HIF 

induction after exposure to DMOG, HIF-1α protein levels in cells were detected by 

immunoblotting. There was an induction of HIF protein levels under normoxic 

conditions in SKBR3 cells after exposure to 1 mM DMOG for 16 h when compared 

to the control (Fig 4.1).   

 

Consistent with a role for HIF hydroxylases in the repression of DICER mRNA 

(Elvidge et al., 2006), a modest decrease in DICER mRNA levels was seen after 

exposing MCF7 cells to DMOG (1 mM) for 48 h (Figure 4.2A) and desferrioxamine  

(0.1 mM) for 48 h (Figure 4.2B). However there was no change in DICER mRNA 

levels in SKBR3 cells exposed to DMOG (Figure 4.3A) or DFO (Figure 4.3B). This 

observation was consistent with previous results that DICER mRNA levels did not 

change after exposure to hypoxia vs. normoxia in SKBR3 cells (see chapter 3).   
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Figure 4.1 HIF-1α protein levels after exposure to HIF hydroxylase inhibitor 

dimethyloxalyl glycine (DMOG). 
 

HIF-1α and β-tubulin protein levels were examined by immunoblotting. A, HIF-1α protein levels 

in SKBR3 cells after exposure to 1 mM DMOG for 16 h, compared with cells in control medium. 

β-tubulin was used as the loading control. B, Densitometric analysis following normalisation 

with β-tubulin levels. Data represent normalized mean ±S.E (error bars) (n=3).  
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Figure 4.2 DICER mRNA expression in MCF7 cells after exposure to HIF 

hydroxylase inhibitors. 

 

DICER mRNA levels were analysed by real time RT-PCR and normalised to 18S ribosomal 

RNA levels. A, DICER mRNA expression in MCF7 cells after exposure to 1 mM DMOG for 48 

h, compared with cells in control medium (P=0.04). B, DICER mRNA expression in MCF7 cells 

after exposure to 0.1 mM DFO for 48 h, compared with cells in control medium (P=0.03). Data 

represent normalized mean ±S.E (error bars) (n=3). Statistical significance tested for with 

student’s t-test. * denotes P < 0.05 compared with parallel controls. 
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Figure 4.3 DICER mRNA expression in SKBR3 cells after exposure to HIF 

hydroxylase inhibitors. 

 

DICER mRNA levels were analysed by real time RT-PCR and normalised to 18S ribosomal 

RNA  levels. A, DICER mRNA expression in SKBR3 cells after exposure to 1 mM DMOG for 

48 h. B, DICER mRNA expression in SKBR3 cells after exposure to 0.1 mM DFO for 48 h. Data 

represent normalized mean ±S.E (error bars) (n=3).  
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A similar effect on DICER protein levels was seen in cells following exposure to 

HIF hydroxylase inhibitors DMOG and desferrioxamine. A modest decrease in 

DICER protein levels was seen in MCF7 cells after exposure to DMOG (1 mM) 

(Figure 4.4A) for 48 h. Even though there was no change in DICER mRNA levels in 

SKBR3 cells after exposure to HIF hydroxylase inhibitor desferrioxamine (0.1 mM), 

a significant decrease in DICER protein levels was observed after 48 h (Figure 4.4B) 

This decrease suggests the involvement of post-transcriptional mechanisms in 

DICER regulation in SKBR3 cells in hypoxia. 



 99 

 

 

Figure 4.4 DICER protein levels in SKBR3 cells after exposure to HIF 

hydroxylase inhibitors. 

 

DICER and α-actinin protein levels were examined by immunoblotting. A, DICER protein levels 

in SKBR3 cells after exposure to 1 mM DMOG for 48 h. B, Densitometric analysis of A 

following  normalisation with α-actinin levels. C, DICER protein levels in SKBR3 cells after 

exposure to DFO (0.1 mM) for 48 h. D, Densitometric analysis of B following normalisation 

with α-actinin levels. Data represent normalized mean ±S.E (error bars) (n=3). 
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4.3.2 DICER mRNA and protein levels after HIF inhibition 

 

To further investigate the involvement of HIF in DICER regulation the two main 

isoforms HIF-1α and HIF-2α were inhibited by siRNAs, and DICER expression in 

hypoxia compared to normoxia was examined. Cells were transiently transfected 

with siRNAs targeting HIF-1α, HIF-2α or control siRNAs and then exposed to 

hypoxia (0.1% O2 for 48 h) vs. normoxia. There was substantial reduction in the 

hypoxic expression of HIF-1α protein in SKBR3 cells after transient transfection 

with siRNA targeting HIF-1α compared to the control siRNA (Figure 4.5).  

 

After confirming the siRNA mediated suppression of HIF-1α expression in hypoxia, 

DICER mRNA expression was quantified by real time RT-PCR. HIF-1α inhibition 

had no effects on the repression of DICER mRNA in hypoxia in SKBR3 cells 

(Figure 4.6). Similarly, HIF-1α inhibition using siRNAs had no effect on the 

repression of DICER mRNA levels in hypoxia in MCF7 cells. HIF-2α expression is 

low in MCF7 cells so mainly the effect of HIF-1α was examined (Carroll and 

Ashcroft, 2006). Even when HIF-1α and HIF-2α were inhibited simultaneously using 

siRNAs there was no effect on the DICER mRNA repression in MCF7 cells (Figure 

4.7), suggesting lack of HIF mediated down regulation of DICER mRNA levels in 

SKBR3 and MCF7 cell lines after exposure to hypoxia. 
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Figure 4.5 HIF-1 repression in SKBR3 cells after HIF-1α inhibition in hypoxia 

vs. normoxia. 

 

HIF-1α and β-tubulin protein levels were examined by immunoblotting. A, HIF-1α protein levels 

in SKBR3 cells after transient transfection with a HIF-1α targeting siRNA or control siRNA, 

then exposure to hypoxia (0.1% O2 for 24 h) vs. normoxia. B, Densitometric analysis following 

normalisation with β-tubulin. 
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Figure 4.6 DICER mRNA expression in SKBR3 cells after HIF-1α suppression 

in hypoxia vs. normoxia. 

 

DICER mRNA levels were analysed by real time RT-PCR and normalised to 18S ribosomal 

RNA levels. DICER mRNA expression in SKBR3 cells after transient transfection with HIF-1α 

targeting siRNA or control siRNA, then exposure to hypoxia (0.1% O2 for 48 h) vs. normoxia. 

Data represent normalized mean ±S.E (error bars) (n=3). 
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Figure 4.7 DICER mRNA expression in MCF7 cells after HIF-1α and HIF-2α 

suppression in hypoxia vs. normoxia. 

 

DICER mRNA levels were analysed by real time RT-PCR and normalised to 18S ribosomal 

RNA levels. DICER mRNA expression in MCF7 cells after transient transfection with HIF-1α 

and HIF-2α targeting siRNAs or control siRNA, then exposure to hypoxia (0.1% O2 for 48 h) vs. 

normoxia. Data represent normalized mean ±S.E (error bars) (n=3).  
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Similarly HIF-1α inhibition had no effect on DICER protein repression in hypoxia. 

When HIF-1α was inhibited in SKBR3 cells using siRNAs and exposed to hypoxia 

vs. normoxia, there was no effect on DICER protein repression (Figure 4.8).  

 

 

 

Figure 4.8 DICER protein levels in SKBR3 cells after HIF-1α inhibition in 

hypoxia vs. normoxia. 

 

DICER and β-tubulin protein levels were examined by immunoblotting. A, DICER protein levels 

in SKBR3 cells after transient transfection with a HIF-1α targeting siRNA or control siRNA, 

then exposure to hypoxia (0.1% O2 for 24 h) vs. normoxia. B, Densitometric analysis following  

normalisation with β-tubulin levels. Data represent normalized mean ±S.E (error bars) (n=3). 
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4.3.3 DICER mRNA and protein levels after HIF overexpression 

 

To further understand the involvement of HIF in DICER repression in hypoxia the 

two main isoforms HIF-1α and HIF-2α were over-expressed in cells and the 

subsequent effect on DICER expression was examined. The full length HIF-1α and 

HIF-2α proteins are regulated by oxygen dependent prolyl hydroxylases. To over-

express HIF-1α and HIF-2α proteins, even in normoxia, the two prolines targeted by 

hydroxylases were mutated to alanines when constructing these plasmids (Bracken et 

al., 2006). Cells were transiently transfected with plasmids containing full length 

HIF-1α (hHIF-1α P402A/P564A) (Bracken et al., 2006), HIF-2α (hHIF-2α 

P405A/P531A) (Bracken et al., 2006) or control plasmid (pcDNA 3.1 vector), and 

then exposed to hypoxia (0.1% O2 for 48 h) vs. normoxia. HIF-1α protein levels 

were examined by immunoblotting to confirm HIF over-expression. HIF-1α protein 

levels showed a consistent increase after HIF over-expression in normoxia when 

compared to the control (Figure 4.9). However this was lower than HIF levels 

observed after exposure to hypoxia. 

 

After seeing that HIF-1 levels were induced in normoxia with the HIF-1 over 

expression plasmids, the effects of HIF-1 over expression on DICER mRNA and 

protein levels was examined. There was no effect of HIF over-expression in 

normoxia or in hypoxia on DICER mRNA levels when compared to the control 

(Figure 4.10). Similarly there was no effect of HIF over-expression in normoxia on 

DICER protein levels when compared to the control (Figure 4.11). Dicer protein 

levels were normalised to the total protein on the PVDF memebrane (Figure 4.11B). 

These observations and lack of effect of HIF siRNAs on DICER repression suggest 

no major role for HIF in the hypoxic regulation of DICER.  
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Figure 4.9 HIF-1α protein levels in SKBR3 cells after HIF over expression. 

 
HIF-1α and β-tubulin protein levels were examined by immunoblotting. β-tubulin was used as 

the loading control. HIF-1α protein levels in SKBR3 cells after transient transfection with HIF-

1α over expression plasmids or control plasmid, and exposure to hypoxia (0.1% O2 for 24 h) vs. 

normoxia.  

 

 

Figure 4.10 DICER mRNA expression in SKBR3 cells after HIF-1α and HIF-2α 

over expression. 

 

DICER mRNA levels were analysed by real time RT-PCR and normalised to β-2-microglobulin 

mRNA levels. DICER mRNA expression in SKBR3 cells after transient transfection with a HIF-

1α and HIF-2α over-expression plasmids or control plasmid DNA and exposure to hypoxia (0.1% 

O2 for 48 h) vs. normoxia. Data represent normalized mean ±S.E (error bars) (n=3). Statistical 

significance tested for with student’s t-test. * denotes P < 0.05 compared with parallel controls. 
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Figure 4.11 DICER protein levels in SKBR3 cells after HIF-1α and HIF-2α over 

expression. 

 

DICER protein levels were examined by immunoblotting. A, DICER protein levels in SKBR3 

cells after transient transfection with a HIF-1α and HIF-2α over-expression plasmids or control 

plasmid DNA and exposure to hypoxia (0.1% O2 for 48 h) vs. normoxia. B, Stain-free image of 

SKBR3 cell lysates separated on TGX Stain-Free ‘Any kD’ SDS gel, transferred onto a PVDF 

membrane. C, Densitometric analysis following normalisation with total protein on PVDF 

membrane. Data represent normalized mean ±S.E (error bars) (n=3).  
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4.3.4 DICER mRNA and protein levels in RCC4 cells with +VHL/-

VHL 

 

The von Hippel Lindau protein (pVHL) is an essential component of the E3 ubiquitin 

ligase and it binds to the hydroxylated proline residues in HIF-1α and facilitates 

ubiquitination followed by rapid proteasomal degradation (Maxwell et al., 1999). In 

the absence of pVHL, due to mutations in the VHL gene, HIF-1α is not degraded and 

therefore HIF-1α accumulates and genes with HREs are transcriptionally activated 

(Maxwell et al., 1999, Cockman et al., 2000). In this study two RCC4 cell lines were 

used (detailed information in chapter 2) RCC4 +VHL cell line is a VHL deficient 

cell line stably transfected with a plasmid containing the VHL gene, while the RCC4 

–VHL cell line is a VHL deficient cell line stably transfected with the empty 

expression vector and does not contain the VHL gene. 

 

To verify the VHL status of these cell lines, HIF regulated miR-210 expression was 

examined in normoxia by real time RT-PCR and a large induction of miR-210 levels 

was observed in the RCC4 -VHL cell line compared to the RCC4 +VHL cell line 

(Figure 4.12).  

 

To investigate the effect of the pVHL on DICER expression, the two RCC4 cell lines 

(RCC4 +VHL and RCC4 –VHL) were exposed to hypoxia (0.1% O2) vs. normoxia 

for 48 h and DICER mRNA expression was examined by real time RT-PCR and 

protein levels by immunoblotting. There was no significant change in DICER mRNA 

levels after exposure to hypoxia (0.1% O2 for 48 h) in the RCC4 +VHL or RCC4 -

VHL cell lines (Figure 4.13A). Even the RCC4 -VHL or the cell line without the 

VHL gene did not show a significant down regulation of DICER in hypoxia. There 

was no change in DICER protein levels in hypoxia vs. normoxia in either of the 
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RCC4 cell lines (Figure 4.13B) further supporting the argument against a major role 

for HIF in the regulation of DICER protein levels by hypoxia in this cell line. 
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Figure 4.12 miR-210 expression in RCC4 cell lines in normoxia. 

 

miR-210 levels were analysed by real time RT-PCR and normalised to RNU6B levels. miR-210 

expression in RCC4 +VHL and RCC4 –VHL cell lines in normoxia (P=0.003). Data represent 

normalized mean ±S.E (error bars) (n=3). Statistical significance tested for with student’s t-test. * 

denotes P < 0.05 compared with parallel controls. 



 110 

 

Figure 4.13 DICER expression in RCC4 +VHL and RCC4 -VHL cell lines. 

 

DICER mRNA levels were analysed by real time RT-PCR and normalised to β-2-microglobulin 

mRNA levels. A, DICER mRNA levels in RCC4 +VHL/-VHL cells after exposure to hypoxia 

(0.1% O2 for 48 h) vs. normoxia. DICER and β-tubulin protein levels were examined by 

immunoblotting. β-tubulin was used as the loading control. B, DICER protein levels in RCC4 

+VHL/-VHL cells after exposure to hypoxia (0.1% O2 for 48 h) vs. normoxia. Data represent 

normalized mean ±S.E (error bars) (n=3).  
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4.4 Prolyl hydroxylase dependent regulation of DICER 

 

The results of this study point towards a mechanism of regulation that is oxygen and 

HIF hydroxylase dependent but was independent of HIF-1. Under normoxic 

conditions HIF-1α is hydroxylated by 2-oxoglutarate dependent prolyl hydroxylases; 

PHD1, PHD2 and PHD3 (Bruick and McKnight, 2001, Epstein et al., 2001). As 

mentioned before, during the course of this work a HIF hydroxylase (PHD2) but HIF 

independent pathway of repression of protein levels by hypoxia was reported in 

which there was PHD2 mediated suppression of eukaryotic elongation factor-2 

(EEF-2) activity and protein translation under acute hypoxia (Romero-Ruiz et al., 

2012). This study examined the hypothesis that PHD2 and oxygen dependent 

modulation of protein translation might be responsible for the DICER repression in 

hypoxia.  SKBR3 cells were transiently transfected with siRNAs targeting PHD2 and 

then DICER expression was examined in normoxia. In keeping with a role for PHD2 

in the regulation of DICER expression we saw a significant decrease in DICER 

mRNA levels (P=0.0008) (Figure 4.14) and a large decrease in DICER protein levels 

with PHD2 suppression in normoxia (Figure 4.15). Dicer and PHD2 protein levels 

were normalised to the total protein on the PVDF memebrane (Figure 4.15B). 

 

Over-expression of PHD2 and its effect on DICER repression in hypoxia was not 

done due to the technical difficulties involved in successfully over-expressing PHD2 

in hypoxia and also PHD2 requires O2 for its HIF hydroxylase activity. A stable cell 

line over-expressing PHD2 was not available during this study. 



 112 

 

 
 

Figure 4.14 Prolyl hydroxylase-2 dependent regulation of DICER mRNA. 

 

DICER mRNA levels were analysed by real time RT-PCR and normalised to β-2-microglobulin 

mRNA levels. DICER mRNA expression in SKBR3 cells after transient transfection with PHD2 

targeting siRNA or control siRNA in normoxia (P=0.0008). Data represent normalized mean 

±S.E (error bars) (n=3). Statistical significance tested for with student’s t-test. * denotes P < 0.05 

compared with parallel controls. 
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Figure 4.15 Prolyl hydroxylase-2 dependent regulation of DICER protein. 

 

DICER and PHD2 protein levels were examined by immunoblotting. A, DICER and PHD2 

protein levels after transient transfection of SKBR3 cells with siRNA targeting PHD2 or control 

siRNAs, in normoxia. B, Stain-free image of SKBR3 cell lysates separated on TGX Stain-Free 

‘Any kD’ SDS gel, transferred onto a PVDF membrane. C, Densitometric analysis 

followingnormalisation with total protein on PVDF membrane. Data represent normalized mean 

±S.E (error bars) (n=3).  
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The involvement of other HIF hydroxylase enzymes (PHD1 and PHD3) or factor 

inhibiting HIF-1 (FIH-1) in DICER regulation was examined. PHD1 was inhibited 

using RNA interference with siRNAs and DICER protein levels was examined by 

immunoblotting. SKBR3 cells were transiently transfected with siRNAs targeting 

PHD1 and knock down was confirmed by immunoblotting (Figure 4.16A). Two 

independent siRNAs were used to suppress PHD1 levels, however only partial 

suppression was possible even after a double transfection with 48 h incubation with 

the siRNAs. The partial inhibition of PHD1 had little effect on DICER protein levels 

(Figure 4.16A). In keeping with previous work, PHD3 levels were very low under 

normoxic conditions (Appelhoff et al., 2004) and it was not possible to observe any 

effect of PHD3 inhibition on DICER expression. FIH-1 was inhibited in SKBR3 

cells by transient transfection of siRNAs and almost complete knock down of FIH-1 

was observed (Figure 4.17A). The inhibition of FIH-1 did not show any effect on 

DICER protein levels (Figure 4.17A). 
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Figure 4.16 Prolyl hydroxylase-1 dependent regulation of DICER. 

 

DICER and PHD1 protein levels were examined by immunoblotting. A, DICER protein levels 

after transient transfection of SKBR3 cells with siRNAs targeting PHD1 or control siRNAs, in 

normoxia. B, Stain-free image of SKBR3 cell lysates separated on TGX Stain-Free ‘Any kD’ 

SDS gel, transferred onto a PVDF membrane. C, Densitometric analysis following normalisation 

with total protein on PVDF membrane. Data represent normalized mean ±S.E (error bars) (n=3).  
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Figure 4.17 Factor inhibiting HIF-1 dependent regulation of DICER. 

 

DICER and FIH-1 protein levels were examined by immunoblotting. A, DICER protein levels 

after transient transfection of SKBR3 cells with siRNAs targeting FIH-1 or control siRNAs, in 

normoxia. B, Stain-free image of SKBR3 cell lysates separated on TGX Stain-Free ‘Any kD’ 

SDS gel, transferred onto a PVDF membrane. C, Densitometric analysis following normalisation 

with total protein on PVDF membrane. Data represent normalized mean ±S.E (error bars) (n=3).  
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4.5 MicroRNAs involved in DICER regulation 

 

As discussed in chapter 1 some miRNAs regulate gene expression by binding to the 

3’UTR of mRNAs (Bartel, 2009). DICER mRNA contains a long 3’UTR (>4000 bp) 

and the presence of conserved binding sites for miR-103/107 family (Martello et al., 

2010) and let-7a (Forman et al., 2008) have been reported in previous studies.  

 

The latest release from target scan (Release 6.2), a miRNA target prediction 

algorithm, showed several miRNA target sites on the 3’UTR of human DICER 

(Figure 4.18) (Lewis et al., 2005). The miRNA targets were predicted by identifying 

mRNAs with conserved complementarity to the seed region of the miRNA (Lewis et 

al., 2005). As previously mentioned, some of these predicted target sites and 

miRNAs, such as miR-103/107 and let-7a have been validated (Forman et al., 2008, 

Martello et al., 2010). It is possible that several other predicted miRNAs are also 

involved in regulating DICER expression.  

 

This study examined the hypothesis that hypoxically induced miRNAs mediate the 

hypoxic repression of DICER expression. In addition, hypoxic regulation of miRNAs 

with well characterised roles in DICER regulation was also examined.  



116 

 

Figure 4.18 Human DICER 3' UTR. 
Schematic diagram showing predicted miRNA target sires on human DICER 3’UTR by TargetScan release 6.2 (Friedman et al., 2009). 
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4.5.1 DICER regulation by miR-210 

 

The miRNA miR-210 is the best characterised example of a miRNA that shows 

substantial induction under hypoxic conditions. Here the influence of manipulations 

of miR-210 levels on DICER expression was examined. miR-210 was over-

expressed in normoxia by transient transfection of SKBR3 cells with a miR-210 

mimic and a control mimic. Real time RT-PCR showed a large induction of miR-210 

levels after transfection with a miR-210 mimics and there was almost no expression 

of miR-210 after transfection with a miR-210 antagomir (Figure 4.19). This 

confirmed the effectiveness of the miR-210 mimic and antagomir.  

 

Subsequently, DICER mRNA and protein levels were examined after over-

expressing miR-210 using the miR-210 mimic. No significant changes in DICER 

mRNA or protein levels were observed after over expressing miR-210. Only a slight 

decrease in DICER mRNA levels was observed with miR-210 over-expression in 

normoxia (Figure 4.20A). DICER protein levels were also slightly reduced with 

miR-210 over expression in normoxia (Figure 4.20B).  

 

DICER mRNA levels showed a modest decrease after miR-210 over-expression in 

hypoxia and in normoxia when compared to the control (Figure 4.21). However miR-

210 inhibition did not reverse the decrease in the DICER mRNA levels seen after 

miR-210 over expression (Figure 4.21).  
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Figure 4.19 miR-210 expression after miR-210 mimic and miR-210 antagomir. 

 

miR-210 levels were analysed by real time RT-PCR and normalised to RNU6B levels. miR-210 

expression in SKBR3 cells after transient transfection with a miR-210 mimic, miR-210 

antagomir or a control mimic and exposure to hypoxia (0.1% O2 for 48 h) vs. normoxia. Data 

represent normalized mean ±S.E (error bars) (n=3). Statistical significance tested for with 

student’s t-test. * denotes P < 0.05 compared with parallel controls. 
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Figure 4.20 DICER mRNA and protein levels after over-expressing miR-210 in 

normoxia. 

 

DICER mRNA levels were analysed by real time RT-PCR and normalised to β-2-microglobulin 

mRNA levels. A, I mRNA expression in SKBR3 cells after transient transfection with control 

mimic and miR-210 mimic in normoxia. DICER and β-tubulin protein levels were examined by 

immunoblotting. B, DICER protein levels in SKBR3 cells after transfection with control mimic 

and miR 210 mimic in normoxia. C, Densitometric analysis following normalisation with β-

tubulin levels. Data represent normalized mean ±S.E (error bars) (n=3). 
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Figure 4.21 DICER mRNA expression after over-expressing miR-210 and 

inhibiting miR-210 in hypoxia vs. normoxia. 

 

DICER mRNA levels were analysed by real time RT-PCR and normalised to β-2-microglobulin 

mRNA levels. DICER mRNA expression in SKBR3 cells after transient transfection with control 

mimic, miR-210 mimic and miR-210 inhibitor, then exposed to 0.1% O2 for 48 h. Data represent 

normalized mean ±S.E (error bars) (n=3).  



 121 

4.5.2 DICER regulation by miR-103 and miR-107 

 

Two miRNAs, miR-103 and miR-107 have been shown to decrease miRNA 

biogenesis by targeting DICER in cancer (Martello et al., 2010) and have been 

reported to show hypoxic induction in some situations (Kulshreshtha et al., 2007b). 

This study examined miR-103 and miR-107 levels in MCF7 cells after exposure to 

hypoxia (0.1% O2 for 16, 24 and 48 h) compared with normoxia to observe the effect 

of hypoxia on these miRNAs. MCF7 cells were used in these experiments as 

previous work by Kulshreshtha et al. (2007b) showed an induction of miR-103 and 

miR-107 in MCF7 cells. There was a modest increase in miR-103 levels after 24 h of 

hypoxia (0.1% O2) and a more significant increase after 48 h of hypoxia (P=0.02) 

(Figure 4.22). There was an increase in miR-107 levels after 16 h (P=0.01), 24h and 

48 h of hypoxia (0.1% O2) (Figure 4.23). 

 

To examine if the down regulation of DICER levels in hypoxia was due to repression 

by these two miRNAs, DICER expression was examined after miR-103/107 

antagomirs and exposure to hypoxia vs. normoxia. MCF7 cells were transiently 

transfected with miR-103/107 antagomirs and exposed to hypoxia (0.1% O2 for 48 h) 

vs.normoxia.  DICER mRNA levels was examined through real time RT-PCR and 

DICER protein levels by immunoblotting. The inhibition of miR-103 and miR-107 

reversed the repression of DICER mRNA levels in hypoxia (P=0.01) (Figure 4.24). 

Similarly, a reversal in the repression of DICER protein levels was also observed in 

hypoxia (P=0.002) (Figure 4.25). These observations suggest that miR-103 and miR-

107 are involved in DICER regulation in hypoxia. 
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Figure 4.22 miR-103 expression in hypoxia vs. normoxia. 
 

miRNA levels were analysed by real time RT-PCR and normalised to RNU6B levels. miR-103 

expression in MCF7 cells after hypoxia (0.1% O2 for 16, 24 and 48 h) vs. normoxia. Data 

represent normalized mean ±S.E (error bars) (n=3). Statistical significance tested for with 

student’s t-test. * denotes P < 0.05 compared with parallel controls.   
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Figure 4.23 miR-107 expression in hypoxia vs. normoxia. 
 

miRNA levels were analysed by real time RT-PCR and normalised to RNU6B levels. miR-107 

expression in MCF7 cells after hypoxia (0.1% O2 for 16, 24 and 48 h) vs. normoxia. Data 

represent normalized mean ±S.E (error bars) (n=3). Statistical significance tested for with 

student’s t-test. * denotes P < 0.05 compared with parallel controls.   
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Figure 4.24 DICER mRNA expression after inhibiting miR-103 and miR-107 in 

hypoxia vs. normoxia. 
 

DICER mRNA levels were analysed by real time RT-PCR and normalised to β-2-microglobulin 

mRNA levels. DICER mRNA expression after transient transfection of MCF7 cells with miR-

103/107 inhibitors or control inhibitors and exposure to hypoxia (0.1% O2 for 48 h) vs.normoxia 

(P=0.01). Data represent normalized mean ±S.E (error bars) (n=3). Statistical significance tested 

for with student’s t-test. * denotes P < 0.05 compared with parallel controls.   
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Figure 4.25 DICER protein levels after inhibiting miR-103 and miR-107 in 

hypoxia vs. normoxia. 
 

DICER and β-tubulin protein levels were examined by immunoblotting. A, DICER protein levels 

after transient transfection of MCF7 cells with miR-103/107 inhibitors or control inhibitors and 

exposure to hypoxia (0.1% O2 for 48 h) vs.normoxia. (P=0.002). B, Densitometric analysis 

following normalisation with β-tubulin levels. Data represent normalized mean ±S.E (error bars) 

(n=3). Statistical significance tested for with student’s t-test. * denotes P < 0.05 compared with 

parallel controls.   
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4.5.3 DICER 3’UTR regulation in hypoxia 

 

To investigate the general effect of miRNA mediated regulation of DICER 

expression, the effect of hypoxia on the expression of a luciferase construct with 

DICER 3’UTR was examined. In this construct the CMV promoter drives 

constitutive transcription of a chimeric mRNA containing the firefly luciferase 

coding sequence fused to the full length DICER 3’UTR (Lux-DICER-3’UTR) 

(Figure 4.26A) (Martello et al., 2010). SKBR3 cells were transiently transfected with 

the Lux-DICER-3’UTR or a control plasmid, and exposed to hypoxia (0.1% O2 for 

48 h) compared with normoxia. Cells were lysed and firefly luciferase activity was 

measured using a Promega luciferase kit.  

This construct did not recapitulate the direction of regulation of DICER in hypoxia.  

There was no hypoxic repression of this construct and in fact there was a significant 

enhancement of luciferase activity under hypoxic conditions (Figure 4.26B). 
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Figure 4.26 DICER 3’UTR not targeted by miRNAs in hypoxia. 

 

A, Schematic representation of the reporter for miRNA activity against the DICER 3’UTR, 

containing a firefly luciferase coding sequence fused to the full length DICER 3’UTR (Lux-

DICER-3’UTR). Control plasmid containing a firefly luciferase coding sequence without the 

DICER 3’UTR. B, Luciferase activity in SKBR3 cells after transfection with Lux-DICER-3’UTR 

and control plasmid, then exposure to hypoxia (0.1% O2 24 h) vs. normoxia (P=0.03). * denotes 

P < 0.05 compared with parallel controls. Data represent mean ±S.E (error bars) (n=3). 
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4.6 Proteasomes in DICER regulation 

 

Proteins in mammalian cells are mainly degraded by proteasomes present in the 

nucleus and the cytosol. Proteins are marked for degradation by the binding of 

ubiquitin molecules. The ubiquitin bound protein is then rapidly degraded by the 

proteasome, an ATP dependent proteolytic complex, which consists of one 20S and 

two 19S subunits. Proteasomal inhibitors such as Z-leu-Leu-leu-al (MG-132) readily 

enter cells and selectively inhibit the proteasomal degradation pathway. To 

investigate if proteasomes are involved in DICER protein repression in hypoxia, cells 

were treated with the proteasomal inhibitor MG-132 (10 μM in DMSO), and then 

exposed to hypoxia vs. normoxia.  

 

HIF-1α proteins are degraded through the ubiquitin-proteasome degradation pathway 

(Maxwell et al., 1999). To confirm the activity of the proteasomal inhibitor (MG-

132) HIF-1α protein levels were examined by immunoblotting. After treatment with 

MG-132 there was an increase in HIF-1α protein levels in normoxia when compared 

to the control in normoxia (Figure 4.27A). After MG-132 treatment, HIF-1α was 

stable in hypoxia (0.1% O2) even after 48 h when compared to the control in hypoxia 

(Figure 4.27A). In the control, HIF-1α levels decreased after 48 h even in hypoxia, 

possibly due to the hypoxic induction of the PHD enzymes. These observations 

confirmed the proteasome inhibiting activity of MG-132.  

 

DICER protein levels after treatment with MG-132 and exposure to hypoxia vs. 

normoxia was examined by immunoblotting. There was no change in DICER levels 

between hypoxia vs. normoxia after treatment with MG-132 (Figure 4.27A). 

However the control (DMSO only) treatment failed to show the decrease in DICER 

protein levels in hypoxia as previously observed, making it difficult to interpret these 
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results. The proteosomal inhibition had no effect on the DICER repression in 

hypoxia.  

 

Figure 4.27 DICER regulation by proteasomes. 

 

DICER and HIF-1α protein levels were examined by immunoblotting. A, HIF-1α and DICER 

protein levels in SKBR3 cells after treatment with proteasomal inhibitor MG-132 (10 μM in 

DMSO), and then exposed to hypoxia vs. normoxia. B, Stain-free image of SKBR3 cell lysates 

separated on TGX Stain-Free ‘Any kD’ SDS gel, transferred onto a PVDF membrane. C, 

Densitometric analysis following normalisation with total protein on PVDF membrane. Data 

represent normalized mean ±S.E (error bars) (n=3).   
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4.7 Discussion 

 

The aim of this chapter was to investigate the mechanisms involved in DICER 

regulation in hypoxia. The effect of hypoxia on DICER mRNA and protein levels at 

transcriptional, post-transcriptional, translational and protein degradation were 

investigated.  

 

HIF plays a central role in the transcriptional response to hypoxia and the HIF 

transcriptional system plays a dominant role in gene regulation in hypoxia (Elvidge 

et al., 2006). However results from this study suggest that HIF was not the main 

regulator of DICER in hypoxia. When HIF levels were induced in normoxia with 

HIF hydroxylase inhibitors DMOG and DFO, a repression in DICER levels was 

observed. However, when HIF was inhibited using siRNAs there was no change in 

the DICER repression in hypoxia. Further investigations with the overexpression of 

HIF-1α and HIF-2α showed no change in DICER mRNA or protein levels. However, 

it is important to note that HIF induction was low with these over-expression 

plasmids.  

 

In RCC4-VHL cells HIF-1 levels was increased even in normoxia, due to the VHL 

mutation, when compared to the RCC4+VHL cells. However there was no change in 

DICER expression between these cell lines. This observation further confirms the 

HIF independent down regulation of DICER in hypoxia. It is important to note that 

there was no difference in DICER expression even in the wild type RCC4+VHL cells 

when exposed to hypoxia vs. normoxia. Therefore, DICER expression was not 

regulated by hypoxia in the RCC4 + or - VHL cell lines. Both results from HIF 

inhibition and over expression showed that HIF was not involved in DICER 
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regulation in hypoxia. This was in line with previous observations by Ho et al. 

(2012), where they observed in HUVECs, that DICER repression in hypoxia was not 

dependent on HIF-2α which is the predominant HIF-α isoform in endothelial cells 

(Ho et al., 2012). In addition they also looked at the DICER promoter region (1500 

bp upstream of the transcription start site) of the most commonly expressed DICER 

mRNA variant and did not find hypoxia response elements (Ho et al., 2012). 

  

These results point towards a mechanism of regulation that is oxygen and HIF 

hydroxylase dependent but independent of HIF-1. So the involvement of prolyl 

hydroxylases on DICER down regulation in hypoxia was examined. PHD2 inhibition 

reduced DICER mRNA and protein levels, but PHD1 and FIH-1 had no effect. PHD3 

regulation could not be confirmed due to technical difficulties. These observations 

suggest that DICER is regulated in a HIF-1 independent but PHD2 dependent 

manner. A previous study showed that PHD2 regulates EEF2 phosphorylation thus 

affecting protein translation in hypoxia (Romero-Ruiz et al., 2012), and this might 

explain some of the DICER protein down regulation observed during hypoxia. PHD2 

is also involved in down regulating NF-ҝB, another transcription factor, in a HIF 

independent manner in hypoxia (Chan et al., 2009). Therefore PHD2 dependent 

DICER regulation could be HIF independent but occur through NF-ҝB activation. 

Further investigations are needed to identify other transcriptional factors involved in 

DICER regulation in hypoxia independently of HIF.  

 

Another potential mechanism of gene regulation is through binding of miRNAs to 

the 3’UTR of mRNAs (Bartel, 2009). Previous reports identified conserved binding 

sites for miR-103/107 family (Martello et al., 2010) and let-7a (Forman et al., 2008) 

on the DICER 3’UTR. Hypoxically induced miR-210 had only a modest effect on 
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DICER regulation. Over expression of miR-210 correlated with DICER repression. 

However, when miR-210 was inhibited DICER repression was not reversed. As 

mentioned earlier there is a large number of predicted miRNA target sites on the 

3’UTR of DICER (TargetScan release 6.2) (Friedman et al., 2009), therefore 

manipulating the levels of a single miRNA might not have a significant effect on 

DICER expression. Martello et al. (2010) reported that DICER dependent miRNAs 

(miR-103 and miR-107) decrease miRNA biogenesis by down regulating DICER in 

cancer (Martello et al., 2010). A feedback loop was found to exist between these two 

miRNAs and DICER, to maintain DICER expression at low levels, but enough to 

sustain tumour growth (Martello et al., 2010). In this study an increase in miR-103 

and miR-107 was observed in hypoxia, and this was in-line with previous 

observations (Kulshreshtha et al., 2007b). When miR-103 and miR-107 were 

inhibited in hypoxia there was a reversal in DICER repression by hypoxia, 

suggesting that DICER regulation is also mediated by miR-103 and miR-107. 

 

In addition to looking at specific miRNAs, a general effect of miRNA mediated 

regulation of DICER in hypoxia was examined with a luciferase construct containing 

the firefly luciferase coding sequence fused to the full length DICER 3’UTR (Lux-

DICER-3’UTR) (Martello et al., 2010). This construct did not recapitulate the 

direction of regulation of DICER in hypoxia.  There was no hypoxic repression of 

this construct and in fact there was a significant enhancement of luciferase activity 

under hypoxic conditions, arguing against a role for miRNAs targeting the 3’UTR of 

DICER in regulation of its hypoxic repression.  

 

Proteins in mammalian cells are mainly degraded by proteasomes. To investigate if 

proteasomes are involved in DICER protein repression in hypoxia, cells were treated 
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with the proteasomal inhibitor MG-132 and then exposed to hypoxia vs. normoxia. 

There was no change in DICER protein levels after treatment with the proteasomal 

inhibitor, suggesting that proteasomes are not involved in DICER regulation in 

hypoxia. However the control (DMSO only) treatment failed to show the decrease in 

DICER protein levels in hypoxia as previously observed, making it difficult to 

interpret these results. It is not clear why the DMSO control did not show DICER 

repression in hypoxia as expected, however previous work reported that in some 

situations DMSO affects significant alterations in cell phenotype as well as gene 

expression (Pal et al., 2012). A previous study by Ho et al. (2012) showed that 

proteasomes did play a role in DICER regulation. They saw DICER repression being 

reversed in hypoxia after treatment with a proteasomal inhibitor (MG-132) in 

HUVECs (Ho et al., 2012).  

 

4.8 Chapter summary 

 

This chapter reports the possible mechanisms involved in DICER regulation in 

hypoxia. The role of HIF-1 in the down regulation of DICER in hypoxia was 

investigated. Furthermore, HIF independent, but prolyl hydroxylase dependent, 

mechanisms in DICER regulation in hypoxia were examined. DICER regulation by 

hypoxically induced miRNAs and proteasome mediated mechanisms was also 

examined. The results from this chapter showed that DICER is down regulated in 

hypoxia, through transcriptional and/or post-transcriptional mechanisms. There is a 

PHD2 dependent, but HIF independent, mechanism of repression of DICER mRNA 

and protein levels under hypoxic conditions. These results also provide further 

support for the existence of feedback mechanisms in the regulation of DICER levels 

in hypoxia. 
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Chapter 5 Hypoxic 

regulation of miRNA 

biogenesis proteins. 



 134 

5.1 Introduction 

 

As discussed in detail in chapter 1, miRNAs are transcribed as pri-miRNAs by RNA 

polymerase II or III. The pri-miRNA is cleaved by DROSHA into a pre-miRNA in 

the nucleus. Pre-miRNAs are then transported to the cytoplasm by XPO5 and further 

processed into a mature miRNA duplex by DICER coupled with TARBP2. The 

mature miRNA strand is then incorporated into the miRISC complex composed of 

DICER, TARBP2 and AGO2, and function as a gene regulator.   

 

As reported in chapter 3 of this study, a significant down regulation of DICER levels 

was observed in cells after exposure to hypoxia. In this chapter the effect of hypoxia 

on some of the other main proteins involved in miRNA biogenesis such as 

DROSHA, DGCR8, TARBP2 and XPO5 were examined. The purpose of these 

investigations was to understand if the other proteins involved in the miRNA 

biogenesis process are also affected by hypoxia and to identify if there is co-ordinate 

regulation of these proteins in hypoxia. A previous microarray study also showed 

modest but consistent hypoxic reductions in mRNA levels of genes (DROSHA, 

TARBP2 and AGO2) involved in miRNA biogenesis in MCF7 cells (Elvidge et al., 

2006).  

 

As discussed in more detail in chapter 1, some of these proteins form functional 

complexes such as; DROSHA and DGCR8 complex, and DICER and TARBP2 

complex. Previous research by Melo at al. (2009) reported a relationship between 

DICER and TARBP2 proteins, where the loss of DICER affected the stability of 

TARBP2 protein and vice versa (Melo et al., 2009).  Han et al. (2009) reported of a 

relationship between DROSHA and DGCR8, where DROSHA-DGCR8 complex 
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cleaves the hairpin structures in the DGCR8 mRNA reducing DGCR8 levels, while 

the protein-protein interaction between DROSHA and DGCR8 stabilises the 

DROSHA protein. Bennasser et al. (2011) reported that inhibition of XPO5 increased 

nuclear localisation of DICER mRNA and therefore DICER protein levels in the 

cytoplasm. There was interest to identify if the decrease or destabilisation of one 

miRNA biogenesis protein in hypoxia affected the stability or function of the other 

proteins, and also to understand possible co-ordinated regulation of these proteins 

under hypoxia.  

 

Here the effect of hypoxia on DROSHA, DGCR8, TARBP2, XPO5 and AGO2 were 

investigated.  As proteins are the main functional molecules and causative forces in 

the cell, the changes in protein levels were compared between hypoxia and. 

normoxia. DICER protein levels were significantly down regulated after exposure to 

hypoxia (0.1% O2) for 48 h, and these other proteins were examined under the same 

experimental conditions for consistency.  

 

 

5.2 Aims 

 

The aims of this chapter were to identify if hypoxia regulates other miRNA 

biogenesis proteins such as: DROSHA, TARBP2, XPO5 and AGO2, and to 

understand if there was co-ordinated regulation of these proteins in hypoxia.  

 

 

5.3 Hypoxic regulation of DROSHA mRNA and protein levels 

 

To examine if DROSHA is regulated by hypoxia, cells were exposed to hypoxia or 

normoxia and then DROSHA mRNA and protein levels were compared. MCF7 cells 
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were exposed to hypoxia (0.1% O2 for 48 h) or normoxia and DROSHA mRNA 

levels were examined by real time RT-PCR. There was a down regulation of 

DROSHA mRNA levels in hypoxia when compared to normoxia in MCF7 cells 

(Figure 5.1A). DROSHA protein levels were examined by immunoblotting, and a 

significant down regulation of DROSHA protein levels was observed in SKBR3 cells 

after exposure to hypoxia (0.1% O2 for 48 h) when compared to normoxia (Figure 

5.1B). 

 

Figure 5.1 DROSHA mRNA and protein levels in hypoxia vs. normoxia. 

 
DROSHA mRNA levels were analysed by real time RT-PCR and normalised to β-2-

microglobulin mRNA levels. DROSHA protein levels were examined by immunoblotting. A, 

DROSHA mRNA expression in MCF7 cells after exposure to hypoxia (0.1% O2 for 48 h) vs. 

normoxia (P=0.05). B, DROSHA protein levels in SKBR3 cells after exposure to hypoxia (0.1% 

O2 for 48 h) vs. normoxia (P=0.004). C, Densitometric analysis following normalisation with β-

tubulin levels. Data represent normalized mean ±S.E (error bars) (n=3). Statistical tested for by 

student’s t-test. * denotes P < 0.05 compared with parallel controls.  
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5.4 Hypoxic regulation of DGCR8 protein levels 

 

To examine if DGCR8 protein levels were also regulated by hypoxia, cells were 

exposed to hypoxia or normoxia and DGCR8 protein levels were examined by 

immunoblotting. There was a significant down regulation of DGCR8 protein levels 

in SKBR3 cells exposed to hypoxia (0.1% O2 for 48 h) compared with normoxia 

(Figure 5.2). 

 

Figure 5.2 DGCR8 protein levels in hypoxia vs. normoxia.  

 
DGCR8 protein levels were examined by immunoblotting. A, DGCR8 protein levels in SKBR3 

cells after exposure to hypoxia (0.1% O2 for 48 h) vs. normoxia (P=0.03) B, Densitometric 

analysis following normalisation with β-tubulin levels. 
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5.5 Hypoxic regulation of XPO5 protein levels 

 

To examine if XPO5 protein levels were regulated by hypoxia, cells were exposed to 

hypoxia or normoxia and XPO5 protein levels were compared by immunoblotting. 

There was a significant down regulation of XPO5 protein levels in SKBR3 cells 

exposed to hypoxia (0.1% O2 for 48 h) compared with normoxia (Figure 5.3). 

 

Figure 5.3 XPO5 protein levels in hypoxia vs. normoxia.  

 
XPO5 protein levels were examined by immunoblotting. A, XPO5 protein levels in SKBR3 cells 

after exposure to hypoxia (0.1% O2 for 48 h) vs. normoxia (P=0.03). B, Densitometric analysis 

following normalisation with β-tubulin levels. Data represent normalized mean ±S.E (error bars) 

(n=3). Statistical tested for by student’s t-test. * denotes P < 0.05 compared with parallel 

controls. 
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5.6 Hypoxic regulation of TARBP2 mRNA and protein levels 

 

To examine if TARBP2 is regulated by hypoxia, cells were exposed to hypoxia or 

normoxia and then TARBP2 mRNA and protein levels were compared. MCF7 cells 

were exposed to hypoxia (0.1% O2 for 48 hrs) or normoxia and TARBP2 mRNA 

levels were examined by real time RT-PCR. There was a significant down regulation 

of TARBP2 mRNA levels in hypoxia when compared to normoxia (Figure 5.4A). 

SKBR3 cells were exposed to hypoxia or normoxia and TARBP2 protein levels were 

examined by immunoblotting. There was a significant down regulation of TARBP2 

protein levels in hypoxia when compared to normoxia (Figure 5.4B). 



 140 

 

 

Figure 5.4 TARBP2 expression in hypoxia vs. normoxia.  

 
TARBP2 mRNA levels were analysed by real time RT-PCR and normalised to β-2-

microglobulin mRNA levels. TARBP2 protein levels were examined by immunoblotting. A, 

TARBP2 mRNA expression in MCF7 cells after exposure to hypoxia (0.1% O2 for 48 h) vs. 

normoxia (P=0.03). B, TARBP2 protein levels in SKBR3 cells after exposure to hypoxia (0.1% 

O2 for 48 h) vs. normoxia (P=0.02). C, Densitometric analysis following normalisation with α-

actinin levels. Data represent normalised mean ±S.E of three independent replicates (error bars) 

(n=3). Statistical tested for by student’s t-test. * denotes P < 0.05 compared with parallel 

controls. 
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5.7 Hypoxic regulation of AGO2 mRNA and protein levels 

 

To examine if AGO2 levels were regulated by hypoxia, cells were exposed to 

hypoxia or normoxia and then AGO2 mRNA and protein levels were compared. 

MCF7 cells were exposed to hypoxia (0.1% O2 for 48 h) or normoxia and AGO2 

mRNA levels were examined by real time RT-PCR. There was a down regulation of 

AGO2 mRNA levels in hypoxia when compared to normoxia (Figure 5.5A).  

 

For detecting AGO2 protein levels by immunoblotting, a monoclonal antibody anti-

AGO2 (11A9) (see chapter 2) was used. This antibody detects two bands for AGO2 

in some cell types including MCF7 cells (Rudel et al., 2008). In this study two bands 

were detected for AGO2 on the western blot with MCF7 cell lysates. Rudel et al. 

(2008) suggested that this additional band migrated slightly slower than AGO2 band 

and this was considered a post-translational modification of AGO2. Out of the two 

bands detected in this study the top band showed a slight reduction in hypoxia while 

the second band did not show any change in MCF7 cells after exposure to hypoxia 

(0.1% O2 for 48 h) when compared to normoxia (Figure 5.5B).  
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Figure 5.5 AGO2 expression in hypoxia vs. normoxia.  

 
AGO2 mRNA levels were analysed by real time RT-PCR and normalised to 18S ribosomal RNA 

levels. AGO2 protein levels were examined by immunoblotting. A, AGO2 mRNA expression in 

MCF7 cells after exposure to hypoxia (0.1% O2 for 48 h) vs. normoxia (P=0.02). B, AGO2 

protein levels in MCF7 cells after exposure to hypoxia (0.1% O2 for 48 h) vs. normoxia. Data 

represent normalised mean ±S.E (error bars) (n=3). Statistical tested for by student’s t-test. * 

denotes P < 0.05 compared with parallel controls.  
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5.8 Co-ordinated expression of miRNA biogenesis proteins 

5.8.1 Relationship between DICER and TARBP2 

 

Hypoxic down regulation of many proteins involved in miRNA biogenesis was 

observed in this study and further investigations were conducted to explore the 

mechanism of this effect. Previously, others have shown a powerful influence of the 

levels of DICER protein on the levels of TARBP2 and vice versa (Melo et al., 2009). 

DICER interacts with TARBP2 in processing pre-miRNAs in to mature miRNAs. 

Melo et al. (2009) showed that TARBP2 mutation or impairment reduced TARBP2 

protein levels and this in turn destabilised DICER protein (Melo et al., 2009).    

 

To examine if a mechanism of co-ordinated control of protein levels might account 

for the parallel reduction in the levels of DICER and TARBP2 under hypoxia, the 

expression of each protein was inhibited using specific siRNAs and the effect on the 

other protein was observed by immunoblotting. TARBP2 was inhibited in SKBR3 

cells by transient transfection with siRNAs targeting TARBP2. The effect of this 

inhibition on DICER protein levels were examined by immunoblotting. TARBP2 

inhibition with this siRNA was not very effective  and only a modest decrease in 

DICER protein levels was observed after inhibiting TARBP2 (Figure 5.6A), DICER 

was inhibited in SKBR3 cells by transient transfection using siRNAs targeting 

DICER and the effect on TARBP2 protein levels were examined. A significant 

decrease in TARBP2 protein levels was observed after DICER inhibition in SKBR3 

cells (Figure 5.6B).  

 

Protein levels of DICER and TARBP2 were examined over a time course to identify 

which protein changed primarily in hypoxia. DICER and TARBP2 protein levels 
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were examined in SKBR3 cells exposed to hypoxia (0.1% O2) vs. normoxia for 16, 

24 and 48 h by immunoblotting. A gradual decrease in TARBP2 protein levels was 

observed over 16, 24 and 48 h of hypoxia (0.1% O2) (Figure 5.7). DICER protein 

levels were constant at 16 and 24 h of hypoxia and a significant down regulation was 

observed only after 48 h of hypoxia (0.1% O2) (Figure 5.7). Therefore the decrease in 

TARBP2 protein levels was followed by the decrease in DICER levels. 

 

Figure 5.6 Relationship between DICER and TARBP2 protein levels.  

 
DICER and TARBP2 protein levels were examined by immunoblotting. A, DICER protein levels 

in SKBR3 cells after transient transfection with siRNAs targeting TARBP2 or control siRNAs. B, 

Densitometric analysis of A following normalisation with total protein on PVDF membrane. C, 

TARBP2 protein levels in SKBR3 cells after transient transfection with siRNAs targeting DICER 

or control siRNAs (P=0.003). D, Densitometric analysis of C following normalisation with β-

tubulin levels.  Data represent normalized mean ±S.E (error bars) (n=3). Statistical significance 

tested for with student’s t-test. * denotes P < 0.05 compared with parallel controls.  
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Figure 5.7 Relationship between DICER and TARBP2 protein levels.  

 
DICER and TARBP2 protein levels were examined by immunoblotting. A, DICER and TARBP2 

protein levels in SKBR3 cells after exposure to hypoxia (0.1% O2 for 16, 24 and 48 h). B, 

Densitometric analysis following normalisation with β-tubulin levels.  
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5.8.2 Relationship between DICER and DROSHA 

 

While investigating the relationships between DICER and other miRNA biogenesis 

proteins, a further relationship between DICER and DROSHA proteins was 

observed.  DICER levels were inhibited in SKBR3 cells by transiently transfecting 

with siRNAs targeting DICER or control siRNAs, and then the effect on Dorsha 

protein levels was examined by immunoblotting. There was an increase in DROSHA 

protein levels after inhibiting DICER (Figure 5.8A).  

 

After seeing a change in DROSHA protein levels with DICER inhibition, the effect 

of DROSHA inhibition on DICER protein levels was examined to further investigate 

the relationship between these two proteins. DROSHA levels were inhibited in 

SKBR3 cells by transiently transfecting with siRNAs targeting DROSHA or control 

siRNAs, and then the effect on DICER protein levels was examined by 

immunoblotting. A decrease in DICER protein levels was observed after DROSHA 

inhibition by siRNAs (Figure 5.8B).  
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Figure 5.8 Relationship between DICER and DROSHA protein levels.  

 
DICER and DROSHA protein levels were examined by immunoblotting. A, DROSHA protein 

levels in SKBR3 cells after transient transfection with siRNAs targeting DICER or control 

siRNAs (P=0.1). D, DICER protein levels in SKBR3 cells after transient transfection with 

siRNAs targeting DROSHA or control siRNAs (P=0.03). B and E, Stain-free image of SKBR3 

cell lysates separated on TGX Stain-Free ‘Any kD’ SDS gel, transferred onto a PVDF 

membrane. C and F, Densitometric analysis following normalisation with total protein on PVDF 

membranes. 
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5.9 Discussion 

 

Results from this chapter showed that the other main proteins involved in miRNA 

biogenesis and function, such as DROSHA, DGCR8, XPO5 and TARBP2 were also 

significantly affected by hypoxia. A significant down regulation of DROSHA, 

DGCR8, XPO5 and TARBP2 protein levels was observed in SKBR3 cells exposed 

to hypoxia (0.1% O2 for 48 h), when compared to normoxia. A significant decrease 

in AGO2 mRNA levels was observed but there was no significant decrease in AGO2 

protein levels in hypoxia.  

 

A few previous studies also reported of changes in important miRNA biogenesis 

proteins after exposure to hypoxia. Ho et al. (2012) reported a similar effect, where 

by DGCR8, XPO5, AGO1 and AGO2 levels decreased in HUVECs after exposure to 

1% O2 for 24 h (Ho et al., 2012). However, they did not see a down regulation of 

DROSHA levels in HUVECs after exposure to hypoxia (Ho et al., 2012). Wu et al. 

(2011) reported a different observation with regards to AGO2 protein levels in 

hypoxia. They observed an accumulation of AGO2 protein levels in hypoxia (Wu et 

al., 2011). They reported that type 1 collagen prolyl-4-hydroxylases increased in 

hypoxia, which led to prolyl-hydroxylation and accumulation of AGO2 (Wu et al., 

2011).  

 

Exposure to stress conditions such as hypoxia can lead to down regulation of protein 

synthesis as a mechanism of energy conservation in the cell (Koritzinsky et al., 2005, 

Wouters et al., 2005). The global down regulation of protein synthesis, resulting as a 

response to cellular stress, could be partly responsible for the down regulation of 

several proteins involved in the miRNA biogenesis pathway in hypoxia.  
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Another possible explanation could be that the decrease or destabilisation of one 

protein might have an effect on another protein, such as the relationship between 

DICER and TARBP2 (Melo et al., 2009). Decrease in TARBP2 levels or inactivating 

mutations in TARBP2 reduced DICER protein stability (Melo et al., 2009). Results 

from this study showed a significant decrease in TARBP2 levels when DICER was 

inhibited and a modest decrease in DICER levels when TARBP2 was inhibited. 

When the changes in DICER and TARBP2 protein levels were looked at over a time 

course, there was a gradual decrease in TARBP2 levels, but DICER protein levels 

remained almost constant up to 24 h and only showed a striking reduction at 48 h. 

This suggests that the decrease in TARBP2 protein levels due to hypoxia might have 

affected DICER protein stability, as previously shown by Melo et al (2009). 

Chendrimada et al. (2005) showed that knockdown of TARBP2 causes 

destabilisation of DICER, and vice versa (Chendrimada et al 2005). Similarly, Melo 

et al. (2009) also observed that TARBP2 impairment is associated with a 

destabilisation of DICER, and loss of TARBP2 leads to a defect in DICER activity. 

However, in another study they did not see destabilisation of TARBP2 when DICER 

was depleted or vice versa (Hasse et al. 2005).  

 

Results from this study showed significant decreases in both DROSHA and DGCR8 

protein levels in hypoxia. Han et al. (2009) reported that DROSHA and DGCR8 

regulate each other post transcriptionally. DROSHA-DGCR8 complex cleaves the 

hairpin structure of DGCR8 mRNA, reducing DGCR8 mRNA levels, thus DGCR8 

protein levels. When DROSHA was inhibited by siRNAs, DGCR8 protein levels 

increased (Han et al., 2009). DGCR8 protein stabilises DROSHA protein via a 

protein-protein interaction (Han et al., 2009). When DGCR8 was inhibited by 

siRNAs DROSHA protein levels decreased (Han et al., 2009). It is possible that the 
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protein-protein interactions observed by Han et al. (2009) operate between DROSHA 

and DGCR8 in hypoxia and the effect of hypoxia on DGCR8 might be affecting 

DROSHA protein stabilisation. 

  

In this study a relationship between DICER and DROSHA protein levels was 

observed. There was an increase in DROSHA protein levels after inhibiting DICER, 

and a decrease in DICER protein levels after inhibiting DROSHA by siRNA 

treatment. This was not previously reported and further studies are needed to fully 

understand this observation. One possible explanation could be that this regulation is 

mediated through miRNAs, where the decrease in DICER levels would result in a 

reduction in miRNAs that were involved in DROSHA regulation.  

 

Results from this study showed a significant down regulation of XPO5 in hypoxia. A 

similar observation was reported by Ho et al. (2012) in HUVECs after exposure to 

hypoxia. Previous work showed that XPO5 is involved in DICER regulation post 

transcriptionally through decreasing the DICER mRNA export from the nucleus 

(Bennasser et al., 2011). It is possible that the decrease in XPO5, due to hypoxia, 

reduced DICER mRNA transport from the nucleus therefore down regulating DICER 

protein levels in hypoxia.  

 

miRNAs are involved in transcriptional and post-transcriptional gene regulation 

(Chen and Rajewsky, 2007).  Some miRNAs could be involved in regulating these 

miRNA biogenesis proteins, similar to the feedback loops between DICER and 

miRNAs (miR-103/107 and let-7a) (Martello et al., 2010, Forman et al., 2008). A 

recent study reported the importance of an association between mature miRNA and 

AGO2 protein for the stabilisation of AGO2 (Smibert et al., 2013). The loss of 
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miRNA biogenesis resulted in reduced mature miRNA levels, causing destabilisation 

of AGO2 proteins. When miRNA levels were increased artificially AGO2 protein 

levels elevated (Smibert et al., 2013).   

 

5.10 Chapter summary 

 

This chapter investigated the effect of hypoxia on some of the other main miRNA 

biogenesis proteins: DROSHA, DGCR8, TARBP2, XPO5 and AGO2.  The changes 

in protein levels were compared between hypoxia and normoxia using 

immunoblotting techniques. Significant decreases in DROSHA, DGCR8, TARBP2 

and XPO5 protein levels were observed in SKBR3 cells after exposure to hypoxia 

(0.1% O2) for 48 h. AGO2 mRNA levels significantly reduced in hypoxia but no 

change was observed at the protein level. DICER and TARBP2 protein levels 

decreased co-ordinately in hypoxia. A relationship between DICER and DROSHA 

was observed, where an increase in DROSHA protein levels was seen after inhibiting 

DICER, and a decrease in DICER protein levels was seen after inhibiting DROSHA. 

These observations may provide a mechanistic explanation for the reduced levels of 

miRNAs observed in some cancers and provides evidence for the existence of a co-

ordinated mechanism of repression of miRNA biogenesis proteins in response to 

hypoxia. 

.  
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Chapter 6  Effects of 

hypoxia on miRNA 

expression and 

function 
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6.1 Introduction 

 

As described in the earlier chapters, results from this study showed that hypoxia 

down regulates proteins with key roles in miRNA biogenesis. Significant and 

consistent hypoxic down regulation of DICER, DROSHA, DGCR8, TARBP2 and 

XPO5 proteins were observed. This chapter examined the functional consequences of 

the reduction of DICER and other key proteins involved in hypoxia signalling on the 

expression and function of miRNAs.     

 

Several studies showed that reductions or mutations in miRNA biogenesis proteins 

resulted in decreased mature miRNA expression (discussed in chapter 1) (Wang et 

al., 2007, Ho et al., 2012, Melo et al., 2009, Iwasaki et al., 2013, Wu et al., 2012, Yi 

et al., 2009). Loss of DGCR8 resulted in global down regulation of mature miRNA 

expression in mouse embryonic stem cells and mouse skin cells (Wang et al., 2007, 

Yi et al., 2009). Another mouse study by Wu et al. (2012) showed that DROSHA is 

also essential for canonical miRNA processing and DROSHA knock out decreased 

the expression of many miRNAs. Furthermore, previous studies have shown that 

DICER inhibition using siRNAs decreased the expression of some mature miRNAs 

(Bu et al., 2009, Ho et al., 2012, Suarez et al., 2007). Truncating mutations in 

TARBP2 protein in sporadic and hereditary carcinomas with microsatellite instability 

showed a decreased expression of TARBP2 protein, thus a decrease in DICER 

stability and miRNA processing (Melo et al., 2009). XPO5 transports the pre-

miRNA from the nucleus into the cytoplasm. Depletion of XPO5 levels also resulted 

in reduced mature miRNA levels (Yi et al., 2003, Iwasaki et al., 2013).   
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As previously discussed (in chapter 1) miRNAs play a key role in gene regulation 

(Filipowicz et al., 2008, Winter et al., 2009) and are involved in regulating many 

cellular processes including developmental timing, cell differentiation, cell 

proliferation and cell death (Brennecke et al., 2003, Xu et al., 2003).The functional 

mature miRNA strand is loaded into the RNA induced silencing complex (RISC) 

containing AGO2, by the RISC loading complex (RLC), which is composed of 

DICER, TARBP2 and PACT (protein activator of PKR) proteins (Gregory et al., 

2005, Hammond et al., 2000, Chendrimada et al., 2005). Therefore, the depletion of 

these proteins may also affect the post-transcriptional gene regulation by mature 

miRNAs. 

 

Previous results from this thesis showed that hypoxia down regulated proteins with 

key roles in the miRNA biogenesis pathway. This chapter examines the functional 

consequences of the reduction in DICER and other key proteins in hypoxia. For a 

comprehensive understanding of the global effects of hypoxia vs. normoxia on 

miRNA biogenesis, mature and pre-miRNA levels were compared using miRNA 

microarrays and real time RT-PCR techniques. To understand if this reduction in 

miRNA biogenesis proteins affected the miRNA mediated gene regulation through 

RISC assembly and function, the effect of hypoxia on the processing and gene 

suppression of an exogenously introduced precursor miRNA was examined. In 

addition a DICER activity assay was conducted to examine the influence of hypoxia 

on the processing of an exogenously introduced pre-miRNA. 
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6.2 Aims 

 

The aim of this chapter was to investigate the effects of hypoxia on the processing, 

accumulation and function of miRNAs 

 

6.3 Mature and precursor miRNA expression in hypoxia compared 

to normoxia 

6.3.1 Mature and precursor miRNA expression analysis by 

microarrays 

 

6.3.1.1 Microarray analysis after exposure to hypoxia for 16 h 

 

As illustrated in chapters 3 and 5, hypoxia down regulates proteins involved in the 

miRNA biogenesis pathway. To get a more comprehensive understanding of the 

global affects of hypoxia compared with normoxia on miRNA biogenesis, mature 

and precursor miRNA levels were compared using an Affymetrix miRNA 3.1 array. 

Affymetrix miRNA 3.1 Array Strip consists of probe sets unique to human mature 

miRNA (1733) and pre-miRNA hairpins (1658). This array system was chosen as it 

had full miRBase coverage and contained probe sets unique to pre-miRNA hairpins. 

 

Initially, MCF7 cells were exposed to hypoxia (0.1% O2) or normoxia for 16 h and 

total RNA from these samples was analysed using the Affymetrix Genechip miRNA 

Array (version 3.1) system (as described in chapter 2). Each treatment consisted of 

three replicates. Mature and precursor miRNA expression levels were compared 

between hypoxia and normoxia. Intensity data were normalised using the quantile 

normalisation method and log2 transformed. Gene expression data were analysed 

using the Partek® software package. Differentially expressed genes were determined 
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using ANOVA and P value adjusted with FDR (False discovery rate) analysis. 

P<0.05 was considered as a significant change.  

 

In keeping with the modest changes in DICER expression at this time point, no 

significant changes were observed in overall mature miRNA (Figure 6.1) levels in 

MCF7 cells exposed to hypoxia (0.1% O2) or normoxia after 16 h.  

 

 

 

Figure 6.1 Mature miRNA expression in hypoxia (0.1% O2 16 h) vs. normoxia. 
 
Microarray analysis. Scatter plot of average probe intensities of mature miRNAs expressed in 

MCF7 cells after exposure to hypoxia (0.1% O2) 16 h vs. normoxia (n=3).  
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Even though the changes in miRNA expression in hypoxia when compared to 

normoxia at 16 h was not statistically significant, miRNAs listed in table-6.1 were 

up-regulated in hypoxia with a fold change of >2, and miRNAs listed in table-6.2 

were down regulated in hypoxia with a fold change of >2. Well validated 

hypoxically induced miR-210 (Camps et al., 2008) showed a 2.75 fold increase in 

hypoxia when compared to normoxia. None of these fold changes were statistically 

significant possibly due to variations between the replicates.  

Table 6.1 miRNAs up regulated in MCF7 cells after exposure to hypoxia (0.1% 

O2) vs. normoxia for 16 h. 

miRNA Fold change 

hsa-miR-3193 5.90 

hsa-miR-34a-3p 4.56 

hsa-miR-181a-3p 2.92 

hsa-miR-27a-5p 2.79 

hsa-miR-210 2.75 

hsa-miR-595 2.73 

hsa-miR-193b-5p 2.61 

hsa-miR-1825 2.53 

hsa-miR-155 2.51 

hsa-miR-1281 2.18 

hsa-miR-4274 2.15 

hsa-miR-30b-3p 2.10 

hsa-miR-21-3p 2.07 

hsa-miR-3185 2.03 

 

Table 6.2 miRNAs down regulated in MCF7 cells after exposure to hypoxia 

(0.1% O2) vs. normoxia for 16 h. 

miRNA Fold change 

hsa-miR-33b-3p -7.43 

hsa-miR-195-3p -4.50 

hsa-miR-1979 -2.32 

hsa-miR-3173 -2.22 
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Expression level of miR-210 in total RNA samples was examined by real time RT-

PCR. A 2.5-fold induction of miR-210 levels was observed in hypoxia (0.1% O2) 

when compared to normoxia after 16 h (Figure 6.2). The fold changes for miR-210 

levels in hypoxia compared to normoxia were similar between the two different 

experimental procedures. A 2.5-fold increase in miR-210 was detected from real time 

RT-PCR analysis, and a 2.8-fold increase was detected from the microarray analysis. 

 

Figure 6.2 miR-210 expression in MCF7 cells in hypoxia vs. normoxia.  

 
miR-210 levels were analysed by real time RT-PCR and normalised to RNU6B small nucleolar 

RNA levels. miR-210 expression in MCF7 cells after hypoxia (0.1% O2) 16 h vs. normoxia 

(P=0.0004). Data represent normalized mean ±S.E (error bars) (n=3). Statistical significance 

tested for with student’s t-test. * denotes p < 0.05 compared with parallel controls.   
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In addition to looking at the mature miRNA levels the changes in the hairpin 

(included pri-miRNAs and pre-miRNAs) levels were also examined. The changes in 

hairpin levels were investigated to identify if there was an accumulation of hairpins 

in hypoxia compared to normoxia as a result of reduced DICER processing. Hairpin 

(hp) intensity values produced in this microarray included both primary and 

precursor miRNAs. There were no significant changes in the hairpin levels in 

hypoxia (0.1% O2), when compared to normoxia after 16 h (Figure 6.3). However 

hypoxically induced miR-210 showed an increased expression of the corresponding 

hp-miR-210, in keeping with previous demonstrations of transcriptional induction of 

miR-210 by hypoxia (Camps et al., 2008).  

 

Figure 6.3 Precursor miRNA expression in hypoxia (0.1% O2 16 h) vs. 

normoxia. 

 
Microarray analysis. Scatter plot of average probe intensities of precursor miRNAs expressed in 

MCF7 cells after exposure to hypoxia (0.1% O2) 16 h vs. normoxia (n=3). 
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To determine the influence of hypoxia on the processing of each hairpin to a mature 

miRNA, the ratios between precursor miRNA/mature miRNAs were examined. If 

hypoxia affected the processing of pre-miRNAs into mature miRNAs, an 

accumulation of pre-miRNAs was expected. However, no significant changes in 

ratios were apparent between the ratio pre-miRNA/mature miRNA in hypoxia when 

compared to normoxia (Figure 6.4). In keeping with the modest changes in DICER 

expression at this time point, no significant changes were observed in mature or 

precursor miRNA levels in MCF7 cells exposed to hypoxia (0.1% O2), compared to 

normoxia after 16 h. 

 

 

Figure 6.4 Ratios between precursor/mature miRNA expression in hypoxia 

(0.1% O2 16 h) vs. normoxia.  

 
Microarray analysis. Scatter plot of average ratios between precursor/mature miRNAs expressed 

in MCF7 cells after exposure to hypoxia (0.1% O2) 16 h vs. normoxia (n=3). 
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A Principle component analysis (PCA) plot (Figure 6.5) was generated using Partek 

Express software package, to visualise the distribution of expression data within 

sample sets. Each point represents expression data from a sample microarray and the 

positions of each point are relative to each other. Arrays with similar gene expression 

cluster together. Here the three replicates of each treatment (hypoxia-red dots and 

normoxia-blue dots) did not cluster together as expected indicating that overall there 

was considerable variation in mature and precursor miRNA expression between the 

three replicates of hypoxia-treated samples or normoxia-treated samples. Also the 

variability within treatments ensured that only limited separation was observed 

between the hypoxic and normoxic array datasets. 
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Figure 6.5 Principle component analysis plot of microRNA expression values 

from MCF7 cells in hypoxia (0.1% O2 16 h) vs. normoxia. 
  

Mature and precursor miRNA expression in MCF7 cells after exposure to hypoxia (0.1% O2) 16 

h or normoxia. Red dots represent the expression values of samples exposed to hypoxia and blue 

dots represent the expression values of samples exposed to normoxia. 
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6.3.1.2 Microarray analysis after exposure to hypoxia for 48 h 

 

As described in previous chapters, significant down regulations of DICER and other 

miRNA biogenesis proteins were observed only at longer durations (48 h) of hypoxic 

exposure. Therefore, a similar microrarray experiment was undertaken after exposing 

MCF7 cells to hypoxia (0.1% O2) for 48 h. MCF7 cells were exposed to hypoxia or 

normoxia for 48 h and total RNA from these samples was analysed using the 

Affymetrix Genechip miRNA Array (version 3.1) system following the same 

analysis methods as above. There were several miRNAs that were significantly up or 

down regulated in MCF7 cells after exposure to hypoxia (0.1% O2) for 48 h when 

compared to normoxia (Figure 6.6).  

 

 Eight miRNAs were significantly up regulated (Table 6.3), and four miRNAs were 

significantly down regulated in hypoxia when compared to normoxia (Table 6.4). Of 

the eight up regulated miRNAs, miR-210 has been well validated as a highly induced 

miRNA in hypoxia (Camps et al., 2008). For the other hypoxically regulated 

miRNAs interesting links to tumour pathogenesis have been reported. Previous work 

reported miR-193 to be a tumour suppressor and expressed at significantly low levels 

in malignant melanoma (Chen et al., 2011). miR-193 can repress myeloid cell 

leukaemia sequence 1 in melanoma cells (Chen et al., 2011). miR-1972 was 

identified as a novel miRNA in acute lymphoblastic leukaemia cells (Schotte et al., 

2009). miR-181a has roles in vascular development (Kazenwadel et al., 2010), and 

cancer progression (Fei et al., 2012, Ke et al., 2012). Previous work showed that 

miR-181a was induced in gastric cancers and was involved in repressing tumour 

suppressor KLF6 (Kruppel like factor 6) (Zhang et al., 2012). Ke et al. (2012) 

reported higher expression of miR-181a was observed in human cervical cancer 

specimens and cell lines that were insensitive to radiation therapy (Ke et al., 2012). 
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Expression levels of miR-23a and miR-27a are deregulated in many cancers (Li et 

al., 2013, Wang et al., 2012). miR-23a was reported to promote colorectal cancer 

progression (Wang et al., 2012). miR-23a and miR-27a both have been found to 

promote cell invasion and metastasis both in breast and hepatic cancers (Li et al., 

2013). Interestingly hypoxic regulation of the passenger strand (or star form) of 

several miRNAs was seen (miR-23a-5p, miR-27a-5p, miR-181a-3p and miR-193b-

5p) though the functional consequences of such regulation is unclear.   

 

A miRNA down regulated in hypoxia, miR-205 regulates epithelial to mesenchymal 

transistion by targeting ZEB1 and SIP1 genes in tumour metastasis (Gregory et al., 

2008). miR-149 was also significantly down regulated in hypoxia and previous 

reports showed reduced expression of miR-149 in colorectal cancer tissue when 

compared to non-cancerous tissue (Wang et al., 2013). miR-33b-3p another miRNA 

that was significantly down regulated in hypoxia showed a 5.12 fold change in 

hypoxia compared to normoxia. Previous work showed both strands of this miRNA 

miR-33b/miR-33b-3p were involved in regulating lipid metabolism (Goedeke et al., 

2013). Significant up regulation with a large fold change was observed for miR-3193 

in hypoxia compared to normoxia. miR-3193 is a recently identified miRNA and 

there is no current validated information about genes regulated by this miRNA 
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Figure 6.6 Mature miRNA expression in hypoxia (0.1% O2 48 h) vs. normoxia.  

 
Microarray analysis. Scatter plot of average probe intensities of mature miRNAs expressed in 

MCF7 cells after exposure to hypoxia (0.1% O2) 48 h vs. normoxia (n=3). ● indicates mature 

miRNAs that were significantly up regulated in hypoxia. ● indicates mature miRNAs that were 

significantly down regulated in hypoxia. Differentially expressed genes were determined using 

ANOVA and P value adjusted with FDR (False discovery rate) analysis. P<0.05 was considered 

as a significant change.  
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Table 6.3 miRNAs up regulated in MCF7 cells after exposure to hypoxia (0.1% 

O2) vs. normoxia for 48 h. 

miRNA P value Fold change 

hsa-miR-3193 0.0349 24.85 

hsa-miR-210 0.0007 8.05 

hsa-miR-181a-3p 0.0418 7.33 

hsa-miR-27a-5p 0.0104 5.93 

hsa-miR-23a-5p 0.0413 3.01 

hsa-miR-193b-5p 0.0104 2.76 

hsa-miR-1972 0.0309 1.71 

hsa-miR-193b 0.0104 1.68 

 

Table 6.4 miRNAs down regulated in MCF7 cells after exposure to hypoxia 

(0.1% O2) vs. normoxia for 48 h. 

miRNA P value Fold change 

hsa-miR-4521 0.0008 -7.35 

hsa-miR-33b-3p 0.0360 -5.12 

hsa-miR-205 0.0307 -2.47 

hsa-miR-149 0.0077 -2.19 
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As in the previous array the hairpin (hp) intensity values included both primary and 

precursor miRNAs. Similar to the 16 h hypoxic exposure, there were no significant 

changes in precursor miRNA levels in hypoxia (0.1% O2), compared to normoxia at 

48 h (Figure 6.7). Even though not significant, the expression of hp-miR-210 was 

induced in hypoxia (0.1% O2), compared to normoxia at 48 h.  

 

 

Figure 6.7 Precursor miRNA expression in hypoxia (0.1% O2 48 h) vs. 

normoxia.  

 
Microarray analysis. Scatter plot of average probe intensities of precursor miRNAs expressed in 

MCF7 cells after exposure to hypoxia (0.1% O2) 48 h vs. normoxia (n=3).  
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To determine the influences of hypoxia on processing of each hairpin to a mature 

miRNA in hypoxia compared to normoxia, the ratios between precursor/mature 

miRNAs were examined. Even after a longer duration of hypoxic exposure (0.1% O2 

for 48 h) there were no significant changes in precursor/mature miRNA ratios 

(Figure 6.8). The overall mean ratios between pre-miRNA/mature miRNA were not 

significantly different between hypoxia (1.36) and normoxia (1.30).  

 

 

Figure 6.8 Ratios between precursor/mature miRNA expression in hypoxia 

(0.1% O2 48 h) vs. normoxia.  

 
Microarray analysis. Scatter plot of average ratios between precursor/mature miRNAs expressed 

in MCF7 cells after exposure to hypoxia (0.1% O2) 48 h vs. normoxia (n=3). 



 169 

6.3.1.3 Microarray analysis after DICER inhibition 

 

In addition to the RNA from hypoxic and normoxic cells, three replicates with 

DICER RNA interference were also included in the second microarray experiment, 

with the intention of identifying and comparing effects of DICER inhibition on 

mature and precursor miRNA levels. DICER expression was inhibited in MCF7 cells 

using transient transfection of siRNAs targeting DICER. A double transfection was 

performed following the same protocol as before (as described in chapter 2). After 24 

h following the first transfection a second transfection was performed using exactly 

the same method. A significant inhibition of DICER protein levels was observed 

after the double transfections using siRNAs targeting DICER in MCF7 cells (Figure 

6.9). RNA was extracted using the Trizol protocol and RNA from these samples was 

analysed using the Affymetrix Genechip miRNA Array (version 3.1) system. Mature 

and precursor miRNA expression levels between DICER inhibition, hypoxia and 

normoxia were compared. Intensity data were normalised using the quantile 

normalisation method and log2 transformed. Gene expression data was analysed 

using the Partek Express software package. Differentially expressed genes were 

determined using ANOVA, and P values were adjusted with FDR (False discovery 

rate) analysis. P<0.05 was considered as a significant change.  

 

Some mature miRNAs were up or down regulated after DICER RNA interference in 

MCF7 cells (Figure 6.9). Forty five miRNAs were significantly up regulated (Table 

6.5) after DICER inhibition, while nineteen miRNAs (Table 6.6) were significantly 

down regulated after DICER inhibition in MCF7 cells. The increase in mature 

miRNA levels after DICER inhibition was an unexpected result, as mature miRNA 

levels were expected to be down regulated with DICER inhibition due to a reduction 

in miRNA processing.   
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Figure 6.9 DICER protein levels in MCF7 cells after transfections with siRNAs 

targeting DICER.  

 
Protein levels were examined by immunoblotting. A, DICER protein levels in MCF7 cells after 

double transient transfections with siRNAs targeting DICER or control siRNAs (P=0.002). B, 

Stain-free image of SKBR3 cell lysates separated on TGX Stain-Free ‘Any kD’ SDS gel, 

transferred onto the PVDF membrane. C, Densitometric analysis following normalisation with 

total protein on PVDF membrane. Data represent normalized mean ±S.E (error bars) (n=3). 

Statistical significance tested for with student’s t-test. * denotes P < 0.05 compared with parallel 

controls. 
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Figure 6.10 Mature miRNA expression after DICER inhibition vs. normoxia. 
  

Microarray analysis. Scatter plot of average probe intensities of mature miRNAs expressed in 

MCF7 cells after DICER inhibition using siRNAs vs. normoxia (n=3).  
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Table 6.5 miRNAs up regulated in MCF7 cells after DICER inhibition vs. 

normoxia. 

miRNA P value Fold-Change 

hsa-miR-1231_st 0.0406 3.16 

hsa-miR-4734_st 0.0144 3.11 

hsa-miR-1908_st 0.0277 3.00 

hsa-miR-3185_st 0.0088 2.94 

hsa-miR-4741_st 0.0163 2.88 

hsa-miR-4521_st 0.0088 2.83 

hsa-miR-3196_st 0.0226 2.83 

hsa-miR-1228-5p_st  0.0198 2.77 

hsa-miR-762_st 0.0088 2.74 

hsa-miR-3940-5p_st 0.0144 2.71 

hsa-miR-3937_st 0.0271 2.71 

hsa-miR-4532_st 0.0145 2.67 

hsa-miR-3178_st 0.0088 2.66 

hsa-miR-4707-5p_st 0.0146 2.66 

hsa-miR-4651_st 0.0198 2.65 

hsa-miR-27a-5p_st  0.0301 2.64 

hsa-miR-663_st 0.0220 2.63 

hsa-miR-4745-5p_st 0.0088 2.57 

hsa-miR-4488_st 0.0249 2.54 

hsa-miR-4695-5p_st 0.0267 2.49 

hsa-miR-4505_st 0.0267 2.43 

hsa-miR-638_st 0.0146 2.40 

hsa-miR-4800-5p_st 0.0406 2.40 

hsa-miR-149-star_st 0.0283 2.39 

hsa-miR-4466_st 0.0197 2.38 

hsa-miR-4516_st 0.0211 2.33 

hsa-miR-2861_st 0.0255 2.30 

hsa-miR-4787-5p_st 0.0144 2.29 

hsa-miR-3656_st 0.0144 2.26 

hsa-miR-4763-3p_st 0.0434 2.22 

hsa-miR-1469_st 0.0146 2.21 

hsa-miR-1915_st 0.0163 2.16 
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hsa-miR-3960_st 0.0144 2.11 

hsa-miR-4484_st 0.0432 2.11 

hsa-miR-4417_st 0.0144 2.08 

hsa-miR-4433_st 0.0404 2.03 

hsa-miR-3665_st 0.0149 1.95 

hsa-miR-1972_st 0.0144 1.93 

hsa-miR-4497_st 0.0146 1.89 

hsa-miR-25-5p_st  0.0464 1.80 

hsa-miR-4687-3p_st 0.0255 1.79 

hsa-miR-4689_st 0.0406 1.79 

hsa-miR-4463_st 0.0424 1.72 

hsa-miR-1268b_st 0.0201 1.66 

hsa-miR-629-5p_st  0.0454 1.57 

 

Table 6.6 Mature miRNAs down regulated in MCF7 cells after DICER 

inhibition vs. normoxia. 

miRNA P value Fold-Change 

hsa-miR-769-3p_st 0.0144 -3.22 

hsa-miR-769-5p_st 0.0424 -2.67 

hsa-miR-3200-3p_st 0.0386 -2.59 

hsa-miR-501-5p_st 0.0088 -2.55 

hsa-miR-99b-3p_st 0.0146 -2.45 

hsa-miR-675_st 0.0418 -2.19 

hsa-miR-421_st 0.0038 -2.15 

hsa-miR-589-39_st 0.0249 -2.10 

hsa-miR-324-5p_st 0.0198 -2.05 

hsa-miR-205_st 0.0268 -2.04 

hsa-miR-330-3p_st 0.0310 -2.04 

hsa-miR-671-5p_st 0.0198 -1.90 

hsa-miR-149_st 0.0111 -1.84 

hsa-miR-301a_st 0.0249 -1.73 

hsa-miR-744_st 0.0327 -1.70 

hsa-miR-500a_st 0.0406 -1.67 

hsa-miR-1301_st 0.0268 -1.62 

hsa-miR-99b_st 0.0197 -1.59 
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hsa-miR-423-3p_st 0.0144 -1.56 

 

 

Few pre-miRNAs were up or down regulated after DICER inhibition in MCF7 cells 

(Figure 6.10). Eight pre-miRNAs were significantly up regulated after DICER 

inhibition in MCF7 cells (Table 6.7). Out of these, three of the corresponding mature 

miRNAs were also significantly up regulated after DICER inhibition in MCF7 cells 

(miR- 3185, miR-3960 and miR-4516). Two pre-miRNAs were significantly down 

regulated after DICER inhibition in MCF7 cells (Table 6.8). 

 

 

 

Figure 6.11 Precursor miRNA expression after DICER inhibition vs. normoxia. 
 
Scatter plot of average probe intensities of precursor miRNAs expressed in MCF7 cells after 

DICER inhibition vs. normoxia (n=3). * indicates hairpins that showed a significant increase 

after DICER inhibition. 
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Table 6.7 Pre-miRNAs up regulated in MCF7 cells after DICER inhibition. 

Pre-miRNA P value Fold-Change 

hp_hsa-mir-3185 0.0468 2.70 

hp_hsa-mir-3180-1 0.0136 2.57 

hp_hsa-mir-124-3 0.0406 2.49 

hp_hsa-mir-4449 0.0432 2.46 

hp_hsa-mir-3960 0.0468 1.95 

hp_hsa-mir-4792_st 0.0088 1.92 

hp_hsa-mir-4523_st 0.0440 1.82 

hp_hsa-mir-4516 0.0379 1.58 

 

Table 6.8 Pre-miRNAs down regulated in MCF7 cells after DICER inhibition. 

Pre-miRNA P value Fold-Change 

hp_hsa-mir-99b_st 0.0144 -1.77 

hp_hsa-mir-324_st 0.0365 -1.58 
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When the ratios between pre-miRNA/mature miRNA were calculated surprisingly 

there were no significant changes following DICER inhibition (Figure 6.11). The 

overall mean ratios between pre-miRNA/mature miRNA were not significantly 

different between DICER inhibition (1.33) or normoxia (1.30).  

 

No significant changes in mature/precursor miRNA ratios were seen either with 

longer exposure of hypoxia (48 h) (Figure 6.9) or surprisingly following DICER 

suppression by RNA interference (Figure 6.11). 

 

 

Figure 6.12 Ratio between precursor/mature miRNA expression after DICER 

inhibition vs. normoxia. 
  
Scatter plot of average ratios between precursor/mature miRNAs expressed in MCF7 cells after 

DICER inhibition vs. normoxia (n=3). 
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A PCA plot (Figure 6.13) was generated using Partek Express software package, to 

visualise the distribution of expression data within sample sets. Each point represents 

expression data from a sample microarray and the positions of each point are relative 

to each other. Arrays with similar gene expression cluster together. Here the three 

replicates of each treatment (hypoxia-blue dots, normoxia-green dots and DICER 

inhibition-red dots) did group together, and there was separation between the three 

different groups. This indicates that overall there was some variation in mature and 

precursor miRNA expression between the three treatments; hypoxia-treated samples, 

normoxia-treated samples or DICER inhibited samples.  
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Figure 6.13 Principle component analysis plot of microRNA expression values 

from MCF7 cells in hypoxia (0.1% O2) 48 h, normoxia and DICER inhibition. 

 
Mature and precursor miRNA expression in MCF7 cells after exposure to hypoxia (0.1% O2) 48 

h, normoxia or after DICER inhibition. Blue dots represent the expression values of samples 

exposed to hypoxia, green blue dots represent the expression values of samples exposed to 

normoxia, and red dots represent the expression values of samples after DICER inhibition. 
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6.3.2 Mature and precursor miRNA expression analysis by real time 

RT-PCR 

 

To explore the effects of hypoxia on the processing of miRNAs with an independent 

assay, the mature and precursor miRNA levels of let-7a, miR-21 and miR-185 in 

MCF7 cells exposed to hypoxia or normoxia were measured by real time RT-PCR. 

For the parallel detection of mature and pre-miRNA levels, cDNA was prepared 

using the Qiagen miScript II RT kit. Mature miRNA levels were assayed using the 

specific miScript primer assays and precursor miRNAs were assayed using miScript 

precursor assays.  

 

The expression levels of a few selected mature and corresponding precursor miRNAs 

were examined in MCF7 cells exposed to hypoxia (0.1% O2) compared to normoxia 

for 48 h. These miRNAs (let-7a, miR-21 and miR-185) were chosen as previous 

reports showed they were DICER dependent miRNAs, and DICER RNA interference 

reduced mature miRNA expression (Bu et al., 2009, Suarez et al., 2007, Ho et al., 

2012). Suarez et al. (2007) looked at let-7a and miR-16 levels in EA.hy.926 cells 60 

h after transfecting with DICER specific siRNA or control siRNA. They saw 

significant down regulation of let-7a and miR-16 levels after DICER inhibition 

(Suarez et al., 2007). Another study showed significant reduction in miR-21 

expression in MCF7 cells after DICER siRNA treatment (Bu et al., 2009). A recent 

study by Ho et al. (2012) reported miR-185 as a DICER dependent miRNA and 

showed significant down regulation of mature miR-185 expression and also 

accumulation of the pre-miR-185 after DICER inhibition in HUVECs (Ho et al., 

2012).   
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Only a modest decrease in mature and precursor levels of let-7a and miR-21 in 

hypoxia was observed. There was no accumulation of pre-let-7a or pre-miR-21 in 

hypoxia (Figure 6.14 and Figure 6.15). A significant reduction (P=0.03) in mature 

miR-185 was observed in hypoxia in MCF7 cells (Figure 6.16), but no accumulation 

of precursors were seen.  

 

Figure 6.14 Mature and precursor let-7a expression in hypoxia vs. normoxia. 
 
miRNA levels were analysed by real time RT-PCR and normalised to RNU6B nucleolar RNA 

levels. Pre-let-7a and mature let-7a expression, precursor/mature ratio in MCF7 cells exposed to 

hypoxia (0.1% O2) 48 h vs. normoxia. Data represent normalized mean ±S.E (error bars) (n=3). 
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Figure 6.15 Mature and precursor miR-21 expression in hypoxia vs. normoxia. 
 
miRNA levels were analysed by real time RT-PCR and normalised to RNU6B nucleolar RNA 

levels. Pre-miR-21 and mature miR-21 expression, precursor/mature ratio in MCF7 cells exposed 

to hypoxia (0.1% O2) 48 h vs. normoxia. Data represent normalized mean ±S.E (error bars) 

(n=3). 

 

 

Figure 6.16 Mature and precursor miR-185 expression in hypoxia vs. normoxia. 
 
miRNA levels were analysed by real time RT-PCR and normalised to RNU6B nucleolar RNA 

levels. Pre-miR-185 and mature miR-185 (p=0.03) expression, precursor/mature ratio in MCF7 

cells exposed to hypoxia (0.1% O2) 48 h vs. normoxia. Data represent normalized mean ±S.E 

(error bars) (n=3). Statistical significance tested for with student’s t-test. * denotes P < 0.05 

compared with parallel controls. 
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6.4 MicroRNA mediated gene suppression is affected by hypoxia 

 

After seeing the multiple potential influences of hypoxia on miRNA biogenesis 

proteins, the effect of hypoxia on miRNA mediated gene suppression was examined. 

For this experiment a plasmid containing the 3’UTR of the ZEB1 gene downstream 

of a Renilla luciferase (RL) reporter (Gregory et al., 2008) (Figure-6.15A) and a 

plasmid expressing a pre-miR-200b was used (Figure 6.15C). ZEB1 is an E-cadherin 

transcriptional repressor involved in the epithelial to mesenchymal transition of 

tissues and is regulated by the miR-200 family (Gregory et al., 2008). ZEB1 gene has 

miR-200b target sites and binding of the mature miR-200b will repress the RL 

activity. 

 

SKBR3 cells were co-transfected with a plasmid containing the 3’UTR from the 

ZEB1 gene downstream of a RL reporter (pCi-neo-ZEB1-hRL)  (Figure-6.15A) 

together with the precursor miR-200b expressing (pCMV-miR-200b) (Figure 6.14C) 

or empty vector (pCMV-miR) (Figure 6.14D), then exposed cells to hypoxia (0.1% 

O2 for 24h) or  normoxia. PGL3-control plasmid (Figure 6.15B) was used as a 

control and to normalise the luminescence. Cells were lysed after 24 h and 

luminescence was measured using a plate reader luminometer.   

 

The luminescence measured with pCi-neo-ZEB1-hRL + pCMV-miR-200b showed a 

significant repression in normoxia when compared to hypoxia. Two steps are 

involved in miRNA mediated gene regulation following the artificial introduction of 

a pre-miRNA. First the pre-miR-200b should be processed to a mature miRNA and 

then, the mature miR-200b should bind to the miR-200b target sites on the ZEB1 

gene.  The significant relative repression of luminescence in normoxia suggests less 
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miR-200b mediated suppression of the ZEB1 gene in hypoxia, compared to 

normoxia. No change in luminescence was seen in the control (pCi-neo-ZEB1-hRL + 

pCMV-miR) transfection in hypoxia compared with normoxia (Figure 6.16).  

 

 

 

Figure 6.17 Schematic representations of the reporter constructs.  

 
A, pCi-neo-ZEB1-hRL with the 3’UTR from the ZEB1 gene downstream of a Renilla luciferase 

reporter. B, PGL3 control plasmid with firefly luciferase reporter. C, pCMV-miR-200b pre-miR-

200b expression construct. D, pCMV-miR empty vector without the pre-miR-200b insert.  
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Figure 6.18 miRNA processing is affected by hypoxia.  
 

Luciferase activity in SKBR3 cells after co-transfection with RL reporter containing a ZEB1 WT 

with miR-200b target sites (pCi-neo-ZEB1-hRL) and precursor miR-200b (pCMV-miR-200b) or 

empty vector (pCMV-miR) (Origene), then exposure to hypoxia (0.1% O2 24 h) vs. normoxia 

(P=0.04). Data represent normalized mean ±S.E (error bars) (n=3). * denotes P < 0.05 compared 

with parallel controls. 
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6.5 Role of DICER in miRNA processing 

 

DICER inhibition by RNAi, or significant down regulation of DICER in hypoxia did 

not seem to have the significant effect on overall miRNA processing as expected. 

Therefore a DICER activity assay was carried out to examine if pre-miRNA 

processing was affected in hypoxia when compared to normoxia. To determine the 

DICER activity a 
32

P-UTP labelled human pre-miRNA-145 substrate was incubated 

for different time periods with extracts of MCF7 cells exposed to hypoxia (0.1% O2) 

or normoxia for 48 h. The processing of the pre-miR-145 substrate was examined 

over a time course (10, 30, 60 and 120 min). The positive control contained the pre-

miR-145 substrate and commercially sourced recombinant DICER. The negative 

control contained the substrate pre-miR-145 and the buffers without any cell extract 

or enzyme.  

 

Results shown here represent data from three different experiments. At the end of the 

first time point (10 min) there was no difference in premiR-145 processing between 

the hypoxic and the normoxic cell lysates (Figure 6.19). At the second time point (30 

min) a slight difference was observed in the pre-miR-145 processing. The normoxic 

cell lysate processed the pre-miR-145 substrate slightly more efficiently than the 

hypoxic cell lysate. A substantial difference in the processing efficiency of pre-miR-

145 was observed at the third time point of 60 min. Pre-miR-145 was processed 

much more efficiently with the normoxic cell lysates compared to the hypoxic cell 

lysates at 60 min. At 120 min there was no difference in processing of the pre-miR-

145 substrate by the hypoxic or normoxic cell lysates. Overall, the processing of 

substrate pre-miR-145 was slightly more efficient in the normoxic cell extracts when 

compared to the hypoxic cell extracts at earlier time points (Figure 6.20). The 
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positive control, with recombinant DICER, processed the pre-miRNA-145 substrate 

very efficiently. A change in the pre-miR-145 levels were seen even after the 10 min 

incubation with recombinant DICER when compared to the negative control at 10 

min. The negative control did not show any changes in pre-miR-145 levels even after 

the 120 min incubation.  

 

 

 

Figure 6.19 RNA gel showing pre-miRNA processing in hypoxia vs. normoxia.  
 
RNA gel showing pre-miR-145 substrate levels after incubating with MCF7 cell lysates exposed 

to hypoxia (0.1% O2) 48 h or normoxia over 10, 30, 60 and 120 min. Negative control contained 

pre-miR-145 substrate with just the buffers. The positive control contained pre-miR-145 

substrate with recombinant DICER enzyme.  
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Figure 6.20 Pre-miRNA processing in hypoxia vs. normoxia.  
 

The changes in pre-miR-145 substrate levels over 10, 30, 60 and 120 min after incubation with 

MCF7 cell lysates exposed to hypoxia (0.1% O2) 48 h or normoxia. Normalised to the negative 

control at 10 min. Data represent results from three independent experiments each with three 

technical replicates. 



 188 

6.6 Discussion 

 

Previous chapters (3 and 5) of this thesis showed significant and consistent 

reductions of DICER, TARBP2, DROSHA, DGCR8 and XPO5 proteins after 

exposure to hypoxia. Even though there was a significant and consistent reduction in 

the levels of proteins with key roles in miRNA biogenesis under hypoxia, there were 

no substantial effects on the expression levels of mature miRNAs over the time 

course of these experiments. Even when DICER levels were suppressed by siRNA 

only slight alterations in mature miRNA abundance were observed. This was true, 

both for miRNAs assessed by microarray studies and also when examining the levels 

of specific miRNAs and their precursors by real time RT-PCR.  

 

Microarray data from MCF7 cells exposed to hypoxia (0.1% O2) compared with 

normoxia for 16 h did not show any miRNAs that had a significant fold-change in 

either direction. After 16 h of hypoxia there was no significant changes in DICER 

protein levels (as shown in chapter 3), therefore the lack of altered mature miRNA 

expression in hypoxia compared with normoxia was not surprising. In addition, there 

were only three replicates per treatment, and this low number of replicates might 

have also affected the detection of a small significant change. However, surprisingly, 

microarray data from MCF7 cells exposed to hypoxia (0.1% O2) vs. normoxia for 48 

h also did not show large changes in mature miRNA levels. At 48 h of hypoxia 

(0.1% O2), DICER protein levels in MCF7 cells decreased significantly (10 fold), 

therefore a down regulation of mature miRNA levels was expected due to 

supposedly reduced processing. Only eight miRNAs were significantly up regulated 

and four miRNAs were significantly down regulated in hypoxia when compared to 

normoxia.  
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Some mature and precursor miRNAs were up or down regulated after DICER RNA 

interference in MCF7 cells. Forty five mature miRNAs were up regulated after 

DICER inhibition when compared to normoxia. This was an unexpected result as 

mature miRNA levels were expected to be down regulated with DICER inhibition 

due to the reduction in miRNA processing. It is possible that some of these miRNAs 

were processed via DICER independent mechanisms. The best reported DICER 

independent miR-451 (Cifuentes et al., 2010) was not well expressed in MCF7 cells, 

therefore any changes in miR-451 after DICER inhibition was not observed in this 

study (Langenberger et al., 2012). However some of the miRNAs identified as 

DICER independent by Langenberger et al (2012) such as miR-4417, miR-663, miR-

4516, miR-3960 and miR-3185 were also up regulated in MCF7 cells after DICER 

inhibition (Langenberger et al., 2012). In addition, 19 miRNAs were down regulated 

after DICER inhibition when compared to normoxia, and these miRNAs may be 

DICER dependent miRNAs. Eight pre-miRNAs were up regulated after DICER 

inhibition in MCF7 cells, possibly accumulating due to reduced DICER processing.  

 

To determine the influences of hypoxia on processing of each hairpin to a mature 

miRNA in hypoxia compared to normoxia, the ratios between precursor/mature 

miRNAs were examined. Even after a longer duration of hypoxic exposure (0.1% O2 

for 48 h) or DICER RNAi, there were no significant changes in precursor/mature 

miRNA ratios. This observation indicates that there was no accumulation of pre-

miRNAs in hypoxia compared to normoxia, due to reduced processing by DICER, 

 

During the course of this work, Ho et al. (2012) reported a reduction in DICER levels 

after exposure to hypoxia. They reported a decrease in the levels of several mature 

miRNAs (miR-492, miR-340, miR-184.miR-185, miR-146b-3p, miR-490-3p and 
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miR-625) and an accumulation of their pre-miRNAs in HUVEC cells after exposure 

to hypoxia. It was not possible to replicate these findings in this thesis using 

HUVECs under controlled levels of hypoxia. This suggests that in particular cells or 

conditions of hypoxic exposure, the hypoxic repression of DICER can have 

important influences on miRNA biogenesis.  

 

When expression levels of specific miRNAs were examined in MCF7 cells using real 

time RT-PCR, only a modest decrease in mature levels were observed in hypoxia 

compared to normoxia. Mature let-7a and miR-21 levels decreased slightly after 

exposure to hypoxia, and there was no accumulation of pre-let-7a or pre-miR-21 in 

hypoxia. A significant reduction in mature miR-185 was observed in hypoxia in 

MCF7 cells, but there was no accumulation of precursors. These miRNAs (let-7a, 

miR-21 and miR-185) were chosen as previous reports showed they were DICER 

dependant miRNAs and mature levels decreased with DICER inhibition (Suarez et 

al., 2007, Ho et al., 2012). Previously Ganiter et al. (2011) explored the surprising 

stability of many miRNAs and this may largely explain the lack of changes in mature 

miRNA levels even after significant reduction in miRNA biogenesis proteins 

(Gantier et al., 2011). They measured decay rates of a few miRNAs (miR-155, miR-

21, miR-125b, let-7i, miR-146a, miR-19b, miR-107) in mouse embryonic fibroblasts 

after deletion of DICER1. Using a mathematical model they determined the average 

half-life of a miRNA to be 119 h (or close to five days) but the half-life varied for 

each miRNA, from as low as 28 h (miR-155) to 211 h (miR-125b) (Gantier et al., 

2011). As shown above in this chapter, the changes in miRNA levels were examined 

by real time RT-PCR and microarray analysis after exposure to hypoxia for 48 h. It is 

possible that most miRNAs examined would still have been stable at 48 h and the 

changes in mature miRNA levels due to disruption of processing would have been 
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too small to be detected. Suarez et al. (2007) also reported that reducing DICER 

levels by RNA interference in human endothelial cells did not completely reduce the 

mature miRNA levels (Suarez et al., 2007). Due to low transfection efficiencies 

when using RNA interference techniques DICER inhibition could be impaired, 

therefore miRNA processing might not be affected.   

 

Another possible but unlikely explanation for the lack of altered mature miRNA 

levels after the down regulation of DICER could be due to the action of DICER 

independent mechanisms in processing a large number of miRNAs. The operation of 

DICER independent pathways of miRNA biogenesis have only been well described 

for a small number of specific miRNAs (Cifuentes et al., 2010, Langenberger et al., 

2012). Cifuentes (2010) reported of a DICER independent but AGO2 dependent 

processing of miR-451 (Cifuentes et al., 2010). Langenberger (2012) reported that a 

few miRNAs that were processed in a DICER independent manner. Therefore it is 

unlikely that a large number of miRNAs were processed by a DICER independent 

mechanism that was unaffected by hypoxia.  

 

Even though only a modest effect of hypoxia on miRNA biogenesis was observed, 

there was a significant influence of hypoxia on the operation of an exogenously 

introduced precursor miRNA. The processing and function of miR-200b was reduced 

in hypoxia when compared to normoxia. DROSHA, DICER and TARBP2 proteins 

are involved in the processing of a precursor miRNA into a mature miRNA and the 

reduction of all these proteins in hypoxia would likely have impacted on the 

maturation of the pre-miR-200b. The reduction in DICER, TARBP2 and AGO2 

levels in hypoxia would interfere with the formation and activity of the RISC 
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complex, and this may further explain the reduced gene silencing in hypoxia when 

compared to normoxia. 

 

When DICER activity in cell lysates from hypoxic and normoxic cells was measured 

there were no significant changes in the processing of an introduced pre-miR-145. 

The processing of pre-miRNA-145 was only slightly reduced in hypoxia when 

compared to normoxia, even though DICER protein levels were significantly (10-

fold) decreased in the hypoxic cell lysates. Therefore another possible explanation 

could be that the levels of proteins such as DICER are not rate limiting for the 

production of some miRNAs under these conditions.  

 

6.7 Chapter summary 

 

This chapter examined the functional consequences of the reduction in DICER and 

other key proteins in hypoxia. The global effects of hypoxia compared to normoxia 

on mature and pre-miRNA levels were examined using miRNA microarrays and real 

time RT-PCR techniques. To understand if this reduction in miRNA biogenesis 

proteins affected the miRNA mediated gene regulation through RISC assembly and 

function, the effect of hypoxia on the processing and gene suppression of an 

exogenously introduced precursor miRNA was examined. In addition a DICER 

activity assay was conducted to examine the influence of hypoxia on the processing 

of an exogenously introduced pre-miRNA. Even though there was a significant and 

consistent reduction in the levels of proteins with key roles in miRNA biogenesis 

under hypoxia, there were no substantial effects on the expression levels of mature 

miRNAs over the time course of these experiments. While only a modest effect of 

hypoxia on mature miRNA expression was observed, there was a significant 
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influence of hypoxia on the operation of an exogenously introduced precursor 

miRNA. The processing and function of miR-200b was reduced in hypoxia when 

compared to normoxia. When DICER activity in cell lysates from hypoxic and 

normoxic cells was examined there were no significant changes in the processing of 

pre-miR-145, which was only slightly reduced in hypoxia when compared to 

normoxia. Overall, these observations suggest that early and immediate responses to 

hypoxic stresses are not likely to be mediated by global alterations in mature miRNA 

levels. 
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Chapter 7  Discussion 



 195 

7.1 DICER regulation by hypoxia  

 

The links between tumour hypoxia, miRNA expression and cancer aggression raised 

the possibility of a general effect of hypoxia on miRNA biogenesis and function. 

This thesis investigated the possibility that hypoxic regulation of miRNA biogenesis 

proteins might contribute to the reduction in miRNA expression in many tumours 

and the role of hypoxia in cancer progression.  

 

The results from chapter 3 and 5 showed that, several proteins with major roles in 

miRNA biogenesis (including DICER, TARBP2, DROSHA, DGCR8 and XPO5) 

were down regulated in hypoxia. DICER mRNA and protein levels were repressed in 

three different cancer cell lines, two breast cancer cell lines (SKBR3 and MCF7) and 

one colorectal (HT29) cancer cell line after exposure to hypoxia. In addition hypoxic 

repression of DICER was also observed in non-cancer HUVECs. These observations 

suggest that the hypoxic repression of DICER could be a widespread phenomenon in 

cells and not restricted to cancer cells. Reductions in DICER mRNA levels were 

observed as early as 8 h after hypoxic exposure (0.1% O2), whereas significant 

reductions in DICER protein levels were only observed following longer durations 

(48 and 72 h) and with greater severity of hypoxic exposure (0.1% O2), possibly due 

to the stability of DICER proteins. Therefore, the decrease in transcription might not 

be readily evident until 48 h. Consistent with this explanation, only modest 

reductions in Dicer protein levels were observed at shorter durations (16 and 24 h) of 

hypoxic exposure.  

 

Hypoxic regulation of miRNA biogenesis proteins appears to operate at several 

levels. Whilst DICER mRNA down regulation in hypoxia was seen in MCF7 and 
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HT29 cells, it was not seen in SKBR3 cells even though there was substantial down 

regulation of DICER protein levels, indicating the operation of transcriptional and 

post-transcriptional mechanisms in DICER down regulation in hypoxia.  

 

In a previous microarray study, Elvidge et al. (2006) reported a hypoxic down 

regulation of DICER mRNA levels in MCF7 cells. During the course of this work, 

hypoxic repression of DICER levels was reported by others (Caruso et al., 2010, Ho 

et al., 2012, Wu et al., 2011). A study using rat pulmonary artery fibroblasts exposed 

to chronic hypoxia showed reduced DICER mRNA expression (Caruso et al., 2010). 

Also in human pulmonary artery smooth muscle cells (PASMCs) DICER protein 

levels decreased after exposure to hypoxia (Wu et al., 2011). Ho et al. (2012) 

demonstrated DICER mRNA and protein down regulation in HUVECs after 

exposure to hypoxia (1% O2) for 24 h.  

 

In this thesis a reduction in DICER protein levels was only observed after exposure 

to hypoxia (1% O2) for 48 h in HUVECs, and this observation was not in line with 

the previous observations by Ho et al. (2012). Differeing results may be due to the 

slight differences in the experimental conditions when exposing cells to hypoxia. In 

this study HUVECs were exposed to hypoxia using an incubator (see details in 

chapter 2) where precise O2 levels could be controlled by balancing with CO2, N2 

and room air. The use of an incubator with precisely controlled O2 levels ensured all 

hypoxic exposures were consistent across different experiments allowing accurate 

comparisons between multiple experiments. Whereas Ho et al. (2012) used an 

anaerobic system in which O2 levels were kept below 1% by flushing with an 

anaerobic gas mixture which did not allow for precise control of O2 levels. 

 



 197 

To eliminate the possibility of non-specific stress or toxicity effects due to hypoxia, 

two control proteins (α-actinin and β-tubulin) and two control mRNAs (18S and β-2-

microglobulin) were examined under hypoxia and normoxia. The expression levels 

of these controls did not change between hypoxia and normoxia. As shown in 

chapter 3, a cell viability assay confirmed that, cell numbers between hypoxia and 

normoxia treatments remained constant. In addition, hypoxically induced proteins 

such as CAIX and HIF-1 were examined to confirm the induction of such proteins 

under hypoxic conditions. All experiments were done using a cell culture system 

under stringently controlled conditions. Therefore these results might not be directly 

comparable to an in vivo model or to an actual tumour condition.   

 

7.2 Mechanisms of DICER regulation in hypoxia 

 

In exploring the mechanism of hypoxic regulation of DICER, the role of HIF and the 

HIF hydroxylases was examined. When cells were exposed to the HIF hydroxylase 

inhibitors DMOG and desferroxiamine a modest decrease in DICER mRNA and 

protein levels was observed in MCF7 cells. However, somewhat surprisingly no, or 

very modest, effects on the repression of DICER mRNA and protein levels was 

observed after HIF-1α and HIF-2α inhibition with RNA interference. No change in 

DICER levels was observed after HIF-1α and HIF-2α over expression in normoxia. 

These observations suggested that despite sensitivity to HIF hydroxylase inhibitors, 

HIF did not play a major role in the hypoxic down regulation of DICER, a 

conclusion also reached recently by Ho and colleagues. Ho et al. (2012) reported in 

HUVECs that, DICER repression in hypoxia was not dependent on HIF-2α which is 

the predominant HIF-α isoform in endothelial cells (Ho et al., 2012). In addition they 

also looked at the DICER promoter region (1500 bp of the transcription start site) of 
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the most commonly expressed DICER mRNA variant and did not find hypoxia 

response elements (Ho et al., 2012). 

 

The VHL protein regulates the degradation of HIF-α subunits in normoxia by 

binding to the hydroxylated proline residues of the HIF-α subunits, and facilitating 

ubuquitination followed by proteasomal degradation (Maxwell et al., 1999). In 

chapter 4 of this thesis VHL dependent regulation of DICER mRNA and protein 

levels was examined using RCC4 cells with and without the VHL function. DICER 

down regulation was not observed in both cell types, in hypoxia or in normoxia. HIF-

1 levels were increased in RCC4 -VHL cells when compared to RCC4 +VHL cells 

even in normoxia, but there was no effect on DICER levels between these cell lines. 

In contrast Ho et al. (2012) reported that DICER protein levels were lower in VHL 

deficient RCC4 and UMRC2 or VHL mutant 786-O-CI62F cells when compared to 

the VHL expressing cells suggesting at least some VHL mediated DICER regulation 

(Ho et al., 2012). Furthermore they showed that in hypoxia, DICER mRNA and 

protein levels decreased in the VHL wild-type cells but not in VHL deficient RCC4 

cells (Ho et al., 2012). The lack of DICER regulation observed in these two cell lines 

(RCC4 –VHL and RCC4 +VHL) further points towards HIF independent regulation. 

However, it is important to note that there was no difference in DICER expression 

even in the wild type RCC4+VHL cells when exposed to hypoxia or normoxia. 

 

Taken together, these observations suggested a mechanism of DICER regulation that 

was mediated by oxygen and HIF hydroxylases but was independent of HIF. To 

explore this mechanism further, the possible contribution of each of the three HIF 

prolyl hydroxylases (PHD1, 2 and 3) and the HIF asparaginyl hydroxylase, FIH-1 on 

DICER regulation was examined. When PHD2 was suppressed by RNA interference 
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in normoxic conditions, significant decreases in DICER mRNA and protein levels 

was observed. This indicates the operation of another pathway of response to 

hypoxia in which PHD2 is playing a central role. A previous study showed that 

PHD2 regulates EEF2 phosphorylation thus, affecting protein translation (Romero-

Ruiz et al., 2012) and this might partly explain the global protein down regulation 

observed in hypoxia. PHD2 is also involved in down regulating NF-ҝB, another 

transcription factor that operates in a HIF independent manner in hypoxia (Chan et 

al., 2009). Therefore, PHD2 dependent DICER regulation could be HIF independent 

but through NF-ҝB activation. Further investigation is needed to identify other 

transcription factors that might be involved in the regulation of miRNA biogenesis 

machinery in hypoxia independently of HIF. The other HIF hydroxylase enzymes 

(PHD1, PHD3) and FIH-1 did not appear to be involved in DICER regulation in 

hypoxia. 

 

The DICER 3’UTR contains conserved binding sites for the miR-103/107 family 

(Martello et al., 2010) and let-7a (Forman et al., 2008). Given the importance of 

miRNA mediated feedback loops in the control of DICER expression (Forman et al., 

2008, Martello et al., 2010), chapter 4 of this thesis examined the possible influence 

of hypoxically induced miRNAs in mediating the hypoxic repression of DICER. 

Hypoxically induced miR-210 is the best characterised example of a miRNA that 

shows substantial induction under hypoxic conditions (Kulshreshtha et al., 2007a, 

Kulshreshtha et al., 2007b). However, the introduction of miR-210, or its 

antagonism, had only a small or no effect on DICER protein levels, arguing against a 

major role in the hypoxic regulation of DICER. The TargetScan a miRNA target 

prediction tool reported of a large number of miRNA target sites on the 3’UTR of 

DICER (TargetScan release 6.2) (Friedman et al., 2009), therefore its possible that 
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manipulating the levels of a single miRNA might not have a significant effect on 

DICER expression. 

 

The two miRNAs, miR-103 and miR-107 have been shown to decrease miRNA 

biogenesis by targeting DICER in cancer (Martello et al., 2010) and have been 

reported to show hypoxic induction in some situations (Kulshreshtha et al., 2007b). 

A feedback loop exists between these two miRNAs and DICER, in order to maintain 

DICER expression at low levels, but enough to sustain tumour growth (Martello et 

al., 2010). The levels of miR-103 and miR-107 showed a modest increase in MCF7 

cells after exposure to hypoxia. To examine their contribution to hypoxic repression 

of DICER, cells were exposed to hypoxia after inhibiting miR-103 and miR-107 with 

antagomirs. The consistent and significant down regulation of DICER levels in 

hypoxia was reversed after inhibiting miR-103 and miR-107. These results 

demonstrate the involvement of miR-103/miR-107 feedback loops in the hypoxic 

regulation of DICER and were consistent with a role for miR-103 and miR-107 in 

the regulation of DICER (Martello et al., 2010). 

 

As the DICER 3’UTR contains conserved binding sites for some miRNAs (Martello 

et al., 2010, Forman et al., 2008) the possibility of miRNA mediated regulation of 

DICER 3’UTR in hypoxia was examined. Luciferase activity was measured in cells 

transfected with a luciferase construct containing the firefly luciferase coding 

sequence fused to the full length DICER 3”UTR (Lux-DICER-3’UTR) and exposed 

to hypoxia or normoxia (Martello et al., 2010). There was no hypoxic repression of 

this construct and in fact there was a significant enhancement of luciferase activity 

under hypoxic conditions, arguing against a role for miRNAs targeting the 3’UTR of 

DICER in regulation of its hypoxic repression. However, it is important to note some 
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limitations of reporter assays. The reporter expression may be altered based on the 

region chosen for cloning and can be sensitive to changes in protocol such as the 

method of transfection or promoter identity (Kong et al., 2008, Thomson et al., 

2011). 

 

Proteins in mammalian cells are mainly degraded by proteasomes. The involvement 

of proteasomes in DICER protein repression during hypoxia was examined using a 

proteasomal inhibitor (MG-132). There was no change in the hypoxic repression of 

DICER protein levels after treatment with the proteasomal inhibitor, suggesting that 

proteasomes are not involved in DICER regulation in hypoxia. However, the control 

(DMSO only) treatment in hypoxia did not show a decrease in DICER protein levels, 

making it difficult to interpret these results. A previous study by Ho et al. (2012) 

showed that proteasomes did play a role in DICER regulation. They saw DICER 

repression being reversed in hypoxia after treatment with a proteasomal inhibitor 

(MG-132) in HUVECs (Ho et al., 2012). 

 

7.3 Hypoxia down regulates other miRNA biogenesis proteins 

 

Other proteins involved in miRNA biogenesis also showed significant down 

regulation under hypoxia when compared to normoxia. Consistent down regulation 

of DROSHA, DGCR8, TARBP2, XPO5 and AGO2 protein levels were observed 

after exposure to hypoxia (0.1% O2 for 48 h). A previous microarray study also 

showed modest but consistent hypoxic reductions in mRNA levels of genes 

(DROSHA, TARBP2 and AGO2) involved in miRNA biogenesis in MCF7 cells 

(Elvidge et al., 2006). Ho et al. (2012) have also reported a decrease in DGCR8, 

XPO5 and AGO2 protein levels in HUVECs after exposure to hypoxia, (though they 
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did not see a decrease in DROSHA levels in hypoxia) (Ho et al., 2012). Wu et al. 

(2011) also reported a down regulation of DICER and DROSHA protein levels in 

human primary pulmonary artery smooth muscle cells (PASMCs) after exposure to 

hypoxia. In addition, they reported an increase in AGO2 levels in PASMCs after 

exposure to hypoxia due to the type 1 collagen prolyl-4-hydroxylase (C-P4H(1)) 

dependent hydroxylation and stabilisation of AGO2 (Wu et al., 2011). These 

observations by Wu et al. (2011) contradict the results in this thesis and Ho et al. 

(2012), where a decrease in AGO2 levels were observed in MCF7 cells and 

HUVECs after exposure to hypoxia. 

 

These observations suggest the operation of a broader influence of hypoxia on the 

expression of proteins that are essential in miRNA biogenesis. Exposure to stress 

conditions such as hypoxia can lead to down regulation of protein synthesis as a 

mechanism of energy conservation in the cell (Koritzinsky et al., 2005, Wouters et 

al., 2005). The global down regulation of protein synthesis in response to cellular 

stress, could be partly responsible for the down regulation of several proteins 

involved in the miRNA biogenesis pathway in hypoxia.  

 

Another possible explanation could be that these proteins regulate each other by 

forming complexes and the decrease or destabilisation of one protein might have an 

effect on the stability of another protein. Previously others have shown a powerful 

influence of the levels of DICER protein on the levels of TARBP2 and vice versa 

(Chendrimada et al., 2005, Melo et al., 2009) and the post transcriptional cross 

regulation between DROSHA and DGCR8 (Han et al., 2009). When DICER 

expression was suppressed using RNA interference, a significant decrease in 

TARBP2 levels was observed in keeping with previous reports (Melo et al., 2009). 
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Similarly, when TARBP2 levels were reduced by siRNA treatment there was a 

modest decrease in DICER protein levels. When DICER and TARBP2 levels were 

examined over a time course of hypoxic exposure, both proteins seemed to decrease 

co-ordinately. Similarly, Melo et al. (2009) observed that TARBP impairment is 

associated with a destabilization of DICER and the loss of TARBP2 leads to a defect 

in DICER activity. In contrast a study by Hasse et al. (2005) did not see 

destabilisation of TARBP2 when DICER was depleted or vice versa (Hasse et al. 

2005). 

 

As illustrated in chapter 5 both DROSHA and DGCR8 levels significantly decrease 

in hypoxia. Previously Han et al. (2009) showed that DROSHA and DGCR8 regulate 

each other post transcriptionally (Han et al., 2009). DROSHA down regulates 

DGCR8 mRNA stabilisation, therefore the inhibition of DROSHA by RNA 

interference resulted in an increase in DGCR8 protein levels. DGCR8 stabilised 

DROSHA protein levels via a protein-protein interaction, and inhibition of DGCR8 

by RNA interference decreased DROSHA protein levels (Han et al., 2009). It is 

possible that a similar mechanism operates between DROSHA and DGCR8 in 

hypoxia and the effect of hypoxia on DGCR8 might be affecting DROSHA protein 

stabilisation and vice versa. 

 

Chapter 5 also showed a significant down regulation of XPO5 in hypoxia. A similar 

observation was reported by Ho et al. (2012) in HUVECs after exposure to hypoxia. 

Previous work showed that XPO5 is involved in DICER regulation post 

transcriptionally by decreasing the DICER mRNA export from the nucleus 

(Bennasser et al., 2011). Otherwise XPO5 is not involved in mRNA transport and 

only known to transport tRNAs, Y-RNAs and pre-miRNAs (Bennasser et al., 2011). 
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It is possible that the decrease in XPO5 due to hypoxia reduced DICER mRNA 

transport from the nucleus therefore down regulating DICER protein levels in 

hypoxia.  

 

A further relationship linking DICER and DROSHA expression was observed.  

There was an increase in DROSHA protein levels after inhibiting DICER, and this 

has previously been observed in HeLa cells (Bennasser et al., 2011). A decrease in 

DICER protein levels was observed after DROSHA suppression by RNA 

interference. Further investigation is required to understand the mechanisms involved 

in this regulation, and miRNA mediated effects are highly plausible. Recent work 

has shown that AGO2 stability is dependent on the availability of mature miRNAs. 

DICER knockout influenced the mature miRNA production leading to decreased 

AGO2 stability (Smibert et al., 2013). 

 

As discussed above, RNA interference was used for inhibiting specific genes and all 

of the siRNAs used in this study have been previously validated by other groups. 

However, unintended gene modulation by off-target effects due to different 

mechanisms is a concern when using RNA interference for gene inhibition, and this 

can complicate the interpretation of phenotypic effects and also lead to unexpected 

toxicities (Jackson and Linsley, 2010). 

 

7.4 Effect of hypoxia on mature miRNA expression and function 

 

Despite a significant and consistent reduction in the levels of proteins with central 

roles in miRNA biogenesis machinery under hypoxia, a substantial effect on mature 

miRNA expression was not observed over the time course of these experiments. 
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DICER suppression by RNA interference was only associated with slight alterations 

in mature miRNA abundance. This was true both for miRNAs assessed by 

microarray studies and also when examining the levels of particular miRNAs and 

their precursors by real time RT PCR. In this study microarray data was normalised 

using the quantile normalization method, in which high intensity data was changed 

into the same distribution shape as the rest of the data. This artificial change might 

reduce the biological significance as well as technical differences, therefore making 

it difficult to detect subtle biological changes.  

 

In MCF7 cells only a modest decrease in mature and precursor levels of let-7a and 

miR-21 was seen after exposure to hypoxia, and an accumulation of pre-let-7a or 

pre-miR-21 in hypoxia was not observed. A significant reduction in mature miR-185 

was observed in hypoxia in MCF7 cells, but there was no accumulation of 

precursors. These miRNAs (let-7a, miR-21 and miR-185) were chosen as previous 

reports showed they were DICER dependant miRNAs and mature levels decreased 

with DICER inhibition (Suarez et al., 2007, Ho et al., 2012, Bu et al., 2009). The use 

of knockout murine models has provided compelling evidence for the essential role 

of DICER in mature miRNA production. However, it has proven more difficult to 

clearly see such critical influences in a variety of experiments that have utilised 

siRNA mediated DICER suppression (Suarez et al., 2007, Yang and Lai, 2011). In a 

previous study Yi et al. (2003) reported the importance of XPO5 binding for pre-

miRNA stability in the nucleus. They observed a decrease in pre-miRNA levels after 

depletion of XPO5 (Yi et al., 2003). The lack of pre-miRNA accumulation in 

hypoxia described in chapter 6 could be due to the reduced stability of pre-miRNAs 

in hypoxia, as a result of reduced XPO5 expression in hypoxia.    
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Others have previously explored the surprising stability of many miRNAs and this 

may largely explain the lack of changes in mature miRNA levels even after 

significant reduction in miRNA biogenesis proteins (Gantier et al., 2011). They 

measured decay rates of a few miRNAs (miR-155, miR-21, miR-125b, let-7i, miR-

146a, miR-19b, miR-107) in mouse embryonic fibroblasts after the deletion of 

DICER. Using a mathematical model they determined the average half-life of a 

miRNA to be 119 h (or close to five days) but the half-life varied for each miRNA 

from as low as 28 h (miR-155) to 211 h (miR-125b) (Gantier et al., 2011). As shown 

in chapter 6 the change in miRNA levels after exposure to hypoxia was examined 

after 48 h. It is possible that most miRNAs examined would have been stable at 48 h 

and the changes in mature miRNA levels due to disruption of processing would have 

been too small to be detected.   

 

The operation of DICER independent pathways in the generation of miRNAs has 

been well described for a small number of specific miRNAs (Langenberger et al., 

2012, Cifuentes et al., 2010, Cheloufi et al., 2010). This could be a possible 

explanation for the lack of influence of DICER down regulation in hypoxia on global 

miRNA abundance. However, considering the very small number of DICER 

dependent miRNAs described so far, it is an unlikely explanation. The best reported 

DICER independent miRNA miR-451 (Cifuentes et al., 2010) was not well 

expressed in MCF7 cells therefore any changes in miR-451 after DICER inhibition 

could not be observed in this study. Some of the miRNAs identified as DICER 

independent by Langenberger et al. (2012) such as; miR-4417, miR-663, miR-4516, 

miR-3960 and miR-3185 were also up regulated in MCF7 cells after DICER 

inhibition (see chapter 6).  
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There is also the possibility that the levels of proteins such as DICER are not rate 

limiting for the production of miRNAs under these conditions. These observations 

also imply that early and immediate responses to hypoxic stresses such as the down 

regulation of several key proteins in miRNA biogenesis are not likely to result in 

global alterations in mature miRNA levels. 

 

During the course of this work, Ho and colleagues also described a reduction in 

DICER levels after exposure to hypoxia, and a decrease in the levels of several 

mature miRNAs (miR-492, miR-340, miR-184, miR-185, miR-146b-3p, miR-490-3p 

and miR-625) and an accumulation of their pre-miRNAs in HUVEC cells (Ho et al., 

2012). It was not possible to replicate these findings using controlled levels of 

hypoxia. As discussed above this may suggest that in particular cells or conditions of 

hypoxic exposure, the hypoxic repression of DICER can have important influences 

on miRNA biogenesis. 

 

Even though hypoxia exerted only modest effects on the production of mature 

miRNAs, a significant influence of hypoxia was observed on the operation of an 

exogenously introduced precursor miRNA. The processing and function of miR-

200b was reduced in hypoxia when compared to normoxia. DROSHA, DICER and 

TARBP2 proteins are involved in the processing of an exogenously transfected 

precursor miRNA containing flanking nucleotides into a mature miRNA and the 

reduction of both these proteins in hypoxia would likely have impacted on the 

maturation of the pre-miR-200b.  

 

When DICER activity from hypoxic and normoxic cell lysates was examined, there 

were no significant changes in processing a pre-miR-145. The processing of the pre-
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miRNA-145 was only slightly reduced in hypoxia when compared to normoxia, even 

though DICER protein levels were significantly (10 fold) decreased in hypoxia. This 

reconfirmed the previous observation that changes in DICER protein availability did 

not significantly affect mature miRNA levels in cancer cells. 
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7.5 Significance 

 

Research findings from this study provide evidence for an important potential 

interface between oxygen availability and gene expression via alterations in the 

levels of proteins critical for miRNA generation. This study provides evidence for 

the existence of a co-ordinated mechanism of repression of miRNA biogenesis 

proteins in response to hypoxia. In addition, it demonstrates a potential mechanistic 

explanation for the reduced levels of miRNAs observed in some cancers when 

compared to normal tissue. This study identified two mechanisms that are involved 

in the hypoxic regulation of miRNA biogenesis proteins. The first was a PHD2 

dependent but HIF independent mechanism of DICER down regulation in hypoxia. 

The second mechanism was a specific miRNA (miR-103/107) mediated feedback 

loop in the regulation of DICER proteins under hypoxic conditions. These findings 

present examples of mechanisms for protein repression in hypoxia and also provide 

further support for the existence of feedback mechanisms in the regulation of the 

miRNA biogenesis pathway. Some of these miRNA biogenesis proteins are involved 

in other functions, in addition to miRNA biogenesis, and the hypoxic repression of 

these proteins may impair those functions (Wu et al., 2000, Meister, 2011). For 

example DICER processes longer Alu RNAs into shorter non-toxic sequences in 

retinal pigment epithelium (Meister, 2011). DROSHA has previously been shown to 

also function in ribosomal RNA processing in addition to miRNA processing (Wu et 

al., 2000). 
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7.6 Future directions 

 

Whilst this work has provided evidence for the mechanism and regulation of DICER 

and other miRNA biogenesis proteins by hypoxia, it has also highlighted the 

following questions:  

1. Under what physiological and pathological circumstances does the hypoxic 

reduction of miRNA biogenesis proteins operate? 

2. What mechanisms and relationships exist between miRNA biogenesis 

proteins and hypoxia in cancers? 

3. What is the effect of hypoxia on miRNA based therapies?  

 

Further investigation is needed to understand the functionally important effects of 

miRNA abundance in hypoxia. Relevant physiological and pathological 

circumstances under which hypoxic reduction of miRNA biogenesis proteins 

operates also need to be examined. This would include investigating the links 

between hypoxia, miRNA expression and miRNA biogenesis protein levels in solid 

tumours and in cells after prolonged exposure to hypoxia.  

 

Examining the relationship between DICER (or other miRNA biogenesis proteins), 

HIF-1 and CAIX protein levels in a cohort of solid tumours using standard 

immunohistochemical staining methods would clarify the relationship between 

hypoxic tumours and miRNA biogenesis protein levels in cancers.  

 

Results from this study did not show a significant effect of hypoxia on mature 

miRNA levels after 48 h, possibly due to the stability of existing miRNAs. In this 

study, cells were only exposed to 48 h of hypoxia (0.1% O2), because longer term 
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exposure of MCF7 cells or SKBR3 cells to 0.1% O2 detrimentally affected cell 

proliferation, thereby significantly changing the number of cells between treatments. 

Some cell lines (e.g. HCT116) have been reported to survive and grow in long term 

hypoxia (Yu and Hales, 2011). It would be interesting to investigate the effect of 

exposure to longer periods of hypoxia on miRNA biogenesis proteins and mature 

miRNA expression using different cell lines.   

 

In order to understand the relevance of the findings from this study in an in vivo 

model, miRNA biogenesis protein levels and mature miRNA production in hypoxia 

could be examined in xenograft and orthotopic mouse models. Ho et al. (2012) 

observed decreases in DICER protein levels in several organs after exposing mice to 

8% O2 for 24 h, and also observed a down regulation of several miRNAs in the 

mouse kidney in hypoxia. To understand the effect of hypoxia in an in vivo tumour 

model Yu et al. (2011) examined rats bearing transplanted tumours and observed that 

while lung cancer tumour growth significantly reduced in long term hypoxia, it had 

the opposite effect on colon cancer tumour growth which was significantly increased 

in long term hypoxia. Examining DICER expression and mature miRNA expression 

in these transplanted tumours under hypoxia would determine if miRNA biogenesis 

proteins decreased in hypoxia, and if the increase or decrease in tumour growth 

correlated with mature miRNA levels in hypoxia.     

 

Recent reports demonstrated the important potential of using miRNA based therapies 

for cancer (Kota et al., 2009, Esquela-Kerscher et al., 2008, Kumar et al., 2008). 

Kota et al. (2009) demonstrated that systemic administration of adeno-associated 

virus (AAV) mediated delivery of miRNAs suppressed tumour growth in murine 

liver tumours (Kota et al., 2009). It would be interesting to investigate whether the 
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functions of such miRNA based therapies are impaired due to the lack of miRNA 

biogenesis proteins in hypoxic tissues.   

 

This study reported a PHD2 mediated repression of DICER mRNA and protein 

levels. As mentioned earlier, a recent study reported a PHD2 dependent down 

regulation of proteins in acute hypoxia via the PHD2 mediated phosphorylation of 

EEF2 and the disruption of protein translation (Romero-Ruiz et al., 2012). Further 

investigation is needed to understand the detailed mechanisms involved in this PHD2 

mediated down regulation of DICER. To answer the question as to whether EEF2 

phophorylation is directly affecting DICER down regulation in hypoxia, DICER 

levels could be examined in cells after over expressing EEF2 in hypoxia. 

 

7.7 Conclusion 

 

Hypoxia exerts substantial effects on the expression of DICER and several other 

proteins required for the synthesis of mature miRNAs. This effect of hypoxia appears 

to operate via several mechanisms of regulation and this thesis has shown important 

influences of the HIF hydroxylase PHD2 and the hypoxically regulated miRNAs 

miR-103 and miR-107 in this regulation. Furthermore, co-ordinated regulation of 

several proteins involved in miRNA biogenesis is apparent under hypoxic conditions. 

The influences on mature miRNA production were more modest than might have 

been anticipated from the substantial hypoxic reductions in protein levels of DICER, 

DROSHA, TARBP2 and XPO5. The breadth of this effect suggests a further and 

important interface between oxygen availability and gene expression. 



 213 

References 

 

 

AGUDA, B. D., KIM, Y., PIPER-HUNTER, M. G., FRIEDMAN, A. & MARSH, C. 

B. (2008) MicroRNA regulation of a cancer network: consequences of the 

feedback loops involving miR-17-92, E2F, and Myc. Proc Natl Acad Sci U S 

A, 105, 19678-83. 

APPELHOFF, R. J., TIAN, Y. M., RAVAL, R. R., TURLEY, H., HARRIS, A. L., 

PUGH, C. W., RATCLIFFE, P. J. & GLEADLE, J. M. (2004) Differential 

function of the prolyl hydroxylases PHD1, PHD2, and PHD3 in the 

regulation of hypoxia-inducible factor. J Biol Chem, 279, 38458-65. 

BARTEL, D. P. (2009) MicroRNAs: target recognition and regulatory functions. 

Cell, 136, 215-33. 

BEASLEY, N. J., LEEK, R., ALAM, M., TURLEY, H., COX, G. J., GATTER, K., 

MILLARD, P., FUGGLE, S. & HARRIS, A. L. (2002) Hypoxia-inducible 

factors HIF-1alpha and HIF-2alpha in head and neck cancer: relationship to 

tumor biology and treatment outcome in surgically resected patients. Cancer 

Res, 62, 2493-7. 

BENNASSER, Y., CHABLE-BESSIA, C., TRIBOULET, R., GIBBINGS, D., 

GWIZDEK, C., DARGEMONT, C., KREMER, E. J., VOINNET, O. & 

BENKIRANE, M. (2011) Competition for XPO5 binding between Dicer 

mRNA, pre-miRNA and viral RNA regulates human Dicer levels. Nat Struct 

Mol Biol, 18, 323-7. 

BERNSTEIN, E., KIM, S. Y., CARMELL, M. A., MURCHISON, E. P., ALCORN, 

H., LI, M. Z., MILLS, A. A., ELLEDGE, S. J., ANDERSON, K. V. & 

HANNON, G. J. (2003) Dicer is essential for mouse development. Nat Genet, 

35, 215-7. 

BERTOUT, J. A., PATEL, S. A. & SIMON, M. C. (2008) The impact of O2 

availability on human cancer. Nat Rev Cancer, 8, 967-75. 

BORCHERT, G. M., LANIER, W. & DAVIDSON, B. L. (2006) RNA polymerase 

III transcribes human microRNAs. Nat Struct Mol Biol, 13, 1097-101. 

BRACKEN, C. P., FEDELE, A. O., LINKE, S., BALRAK, W., LISY, K., 

WHITELAW, M. L. & PEET, D. J. (2006) Cell-specific regulation of 

hypoxia-inducible factor (HIF)-1alpha and HIF-2alpha stabilization and 

transactivation in a graded oxygen environment. J Biol Chem, 281, 22575-85. 

BRENNECKE, J., HIPFNER, D. R., STARK, A., RUSSELL, R. B. & COHEN, S. 

M. (2003) bantam encodes a developmentally regulated microRNA that 

controls cell proliferation and regulates the proapoptotic gene hid in 

Drosophila. Cell, 113, 25-36. 

BRENNECKE, J., STARK, A., RUSSELL, R. B. & COHEN, S. M. (2005) 

Principles of microRNA-target recognition. PLoS Biol, 3, e85. 

BRISTOW, R. G. & HILL, R. P. (2008) Hypoxia and metabolism. Hypoxia, DNA 

repair and genetic instability. Nat Rev Cancer, 8, 180-92. 

BRIZEL, D. M., ROSNER, G. L., HARRELSON, J., PROSNITZ, L. R. & 

DEWHIRST, M. W. (1994) Pretreatment oxygenation profiles of human soft 

tissue sarcomas. Int J Radiat Oncol Biol Phys, 30, 635-42. 

BROWN, J. M. (1999) The hypoxic cell: a target for selective cancer therapy--

eighteenth Bruce F. Cain Memorial Award lecture. Cancer Res, 59, 5863-70. 

BROWN, J. M. & WILSON, W. R. (2004) Exploiting tumour hypoxia in cancer 

treatment. Nat Rev Cancer, 4, 437-47. 

BROWNE, G. J., FINN, S. G. & PROUD, C. G. (2004) Stimulation of the AMP-

activated protein kinase leads to activation of eukaryotic elongation factor 2 



 214 

kinase and to its phosphorylation at a novel site, serine 398. J Biol Chem, 

279, 12220-31. 

BRUICK, R. K. & MCKNIGHT, S. L. (2001) A conserved family of prolyl-4-

hydroxylases that modify HIF. Science, 294, 1337-40. 

BU, Y., LU, C., BIAN, C., WANG, J., LI, J., ZHANG, B., LI, Z., BREWER, G. & 

ZHAO, R. C. (2009) Knockdown of Dicer in MCF-7 human breast carcinoma 

cells results in G1 arrest and increased sensitivity to cisplatin. Oncol Rep, 21, 

13-7. 

BURDALL, S. E., HANBY, A. M., LANSDOWN, M. R. & SPEIRS, V. (2003) 

Breast cancer cell lines: friend or foe? Breast Cancer Res, 5, 89-95. 

CAI, X., HAGEDORN, C. H. & CULLEN, B. R. (2004) Human microRNAs are 

processed from capped, polyadenylated transcripts that can also function as 

mRNAs. RNA, 10, 1957-66. 

CALIN, G. A., DUMITRU, C. D., SHIMIZU, M., BICHI, R., ZUPO, S., NOCH, E., 

ALDLER, H., RATTAN, S., KEATING, M., RAI, K., RASSENTI, L., 

KIPPS, T., NEGRINI, M., BULLRICH, F. & CROCE, C. M. (2002) 

Frequent deletions and down-regulation of micro- RNA genes miR15 and 

miR16 at 13q14 in chronic lymphocytic leukemia. Proc Natl Acad Sci U S A, 

99, 15524-9. 

CALIN, G. A., SEVIGNANI, C., DUMITRU, C. D., HYSLOP, T., NOCH, E., 

YENDAMURI, S., SHIMIZU, M., RATTAN, S., BULLRICH, F., 

NEGRINI, M. & CROCE, C. M. (2004) Human microRNA genes are 

frequently located at fragile sites and genomic regions involved in cancers. 

Proc Natl Acad Sci U S A, 101, 2999-3004. 

CAMPS, C., BUFFA, F. M., COLELLA, S., MOORE, J., SOTIRIOU, C., 

SHELDON, H., HARRIS, A. L., GLEADLE, J. M. & RAGOUSSIS, J. 

(2008) hsa-miR-210 Is induced by hypoxia and is an independent prognostic 

factor in breast cancer. Clin Cancer Res, 14, 1340-8. 

CARROLL, V.A. & ASHCROFT, M. (2006) Role of Hypoxia inducible factor 

(HIF)-1alpha versus HIF-2alpha in the regulation of HIF target genes in 

response to hyoxia, insulin like growth factor-1, or loss of von Hippel-Lindau 

function: implicaions for targeting the HIF pathway. Cancer Res, 66, 6262-

70.  

CARUSO, P., MACLEAN, M. R., KHANIN, R., MCCLURE, J., SOON, E., 

SOUTHGATE, M., MACDONALD, R. A., GREIG, J. A., ROBERTSON, K. 

E., MASSON, R., DENBY, L., DEMPSIE, Y., LONG, L., MORRELL, N. 

W. & BAKER, A. H. (2010) Dynamic changes in lung microRNA profiles 

during the development of pulmonary hypertension due to chronic hypoxia 

and monocrotaline. Arterioscler Thromb Vasc Biol, 30, 716-23. 

CHAN, D. A., KAWAHARA, T. L., SUTPHIN, P. D., CHANG, H. Y., CHI, J. T. & 

GIACCIA, A. J. (2009) Tumor vasculature is regulated by PHD2-mediated 

angiogenesis and bone marrow-derived cell recruitment. Cancer Cell, 15, 

527-38. 

CHAN, J. A., KRICHEVSKY, A. M. & KOSIK, K. S. (2005) MicroRNA-21 is an 

antiapoptotic factor in human glioblastoma cells. Cancer Res, 65, 6029-33. 

CHAPLIN, D. J., DURAND, R. E. & OLIVE, P. L. (1986) Acute hypoxia in tumors: 

implications for modifiers of radiation effects. Int J Radiat Oncol Biol Phys, 

12, 1279-82. 

CHELOUFI, S., DOS SANTOS, C. O., CHONG, M. M. & HANNON, G. J. (2010) 

A dicer-independent miRNA biogenesis pathway that requires Ago catalysis. 

Nature, 465, 584-9. 



 215 

CHEN, C., PORE, N., BEHROOZ, A., ISMAIL-BEIGI, F. & MAITY, A. (2001) 

Regulation of glut1 mRNA by hypoxia-inducible factor-1. Interaction 

between H-ras and hypoxia. J Biol Chem, 276, 9519-25. 

CHEN, J., ZHANG, X., LENTZ, C., ABI-DAOUD, M., PARE, G. C., YANG, X., 

FEILOTTER, H. E. & TRON, V. A. (2011) miR-193b Regulates Mcl-1 in 

Melanoma. Am J Pathol, 179, 2162-8. 

CHEN, J. F., MURCHISON, E. P., TANG, R., CALLIS, T. E., TATSUGUCHI, M., 

DENG, Z., ROJAS, M., HAMMOND, S. M., SCHNEIDER, M. D., 

SELZMAN, C. H., MEISSNER, G., PATTERSON, C., HANNON, G. J. & 

WANG, D. Z. (2008) Targeted deletion of Dicer in the heart leads to dilated 

cardiomyopathy and heart failure. Proc Natl Acad Sci U S A, 105, 2111-6. 

CHEN, K. & RAJEWSKY, N. (2007) The evolution of gene regulation by 

transcription factors and microRNAs. Nat Rev Genet, 8, 93-103. 

CHENDRIMADA, T. P., GREGORY, R. I., KUMARASWAMY, E., NORMAN, J., 

COOCH, N., NISHIKURA, K. & SHIEKHATTAR, R. (2005) TRBP recruits 

the Dicer complex to Ago2 for microRNA processing and gene silencing. 

Nature, 436, 740-4. 

CHI, J. T., WANG, Z., NUYTEN, D. S., RODRIGUEZ, E. H., SCHANER, M. E., 

SALIM, A., WANG, Y., KRISTENSEN, G. B., HELLAND, A., 

BORRESEN-DALE, A. L., GIACCIA, A., LONGAKER, M. T., HASTIE, 

T., YANG, G. P., VAN DE VIJVER, M. J. & BROWN, P. O. (2006) Gene 

expression programs in response to hypoxia: cell type specificity and 

prognostic significance in human cancers. PLoS Med, 3, e47. 

CHIOSEA, S., JELEZCOVA, E., CHANDRAN, U., LUO, J., MANTHA, G., 

SOBOL, R. W. & DACIC, S. (2007) Overexpression of Dicer in precursor 

lesions of lung adenocarcinoma. Cancer Res, 67, 2345-50. 

CHOI, S. M., OH, H. & PARK, H. (2008) Microarray analyses of hypoxia-regulated 

genes in an aryl hydrocarbon receptor nuclear translocator (Arnt)-dependent 

manner. FEBS J, 275, 5618-34. 

CHRISTENSEN, H. S., DAHER, A., SOYE, K. J., FRANKEL, L. B., 

ALEXANDER, M. R., LAINE, S., BANNWARTH, S., ONG, C. L., 

CHUNG, S. W., CAMPBELL, S. M., PURCELL, D. F. & GATIGNOL, A. 

(2007) Small interfering RNAs against the TAR RNA binding protein, 

TRBP, a Dicer cofactor, inhibit human immunodeficiency virus type 1 long 

terminal repeat expression and viral production. J Virol, 81, 5121-31. 

CHU, Y., YUE, X., YOUNGER, S. T., JANOWSKI, B. A. & COREY, D. R. (2010) 

Involvement of argonaute proteins in gene silencing and activation by RNAs 

complementary to a non-coding transcript at the progesterone receptor 

promoter. Nucleic Acids Res, 38, 7736-48. 

CIFUENTES, D., XUE, H., TAYLOR, D. W., PATNODE, H., MISHIMA, Y., 

CHELOUFI, S., MA, E., MANE, S., HANNON, G. J., LAWSON, N. D., 

WOLFE, S. A. & GIRALDEZ, A. J. (2010) A novel miRNA processing 

pathway independent of Dicer requires Argonaute2 catalytic activity. Science, 

328, 1694-8. 

COCKMAN, M. E., MASSON, N., MOLE, D. R., JAAKKOLA, P., CHANG, G. 

W., CLIFFORD, S. C., MAHER, E. R., PUGH, C. W., RATCLIFFE, P. J. & 

MAXWELL, P. H. (2000) Hypoxia inducible factor-alpha binding and 

ubiquitylation by the von Hippel-Lindau tumor suppressor protein. J Biol 

Chem, 275, 25733-41. 

COQUELLE, A., TOLEDO, F., STERN, S., BIETH, A. & DEBATISSE, M. (1998) 

A new role for hypoxia in tumor progression: induction of fragile site 



 216 

triggering genomic rearrangements and formation of complex DMs and 

HSRs. Mol Cell, 2, 259-65. 

CROSBY, M. E., KULSHRESHTHA, R., IVAN, M. & GLAZER, P. M. (2009) 

MicroRNA regulation of DNA repair gene expression in hypoxic stress. 

Cancer Res, 69, 1221-9. 

CUMMINS, E. P., BERRA, E., COMERFORD, K. M., GINOUVES, A., 

FITZGERALD, K. T., SEEBALLUCK, F., GODSON, C., NIELSEN, J. E., 

MOYNAGH, P., POUYSSEGUR, J. & TAYLOR, C. T. (2006) Prolyl 

hydroxylase-1 negatively regulates IkappaB kinase-beta, giving insight into 

hypoxia-induced NFkappaB activity. Proc Natl Acad Sci U S A, 103, 18154-

9. 

CUMMINS, E. P. & TAYLOR, C. T. (2005) Hypoxia-responsive transcription 

factors. Pflugers Arch, 450, 363-71. 

DANG, C. V. & SEMENZA, G. L. (1999) Oncogenic alterations of metabolism. 

Trends Biochem Sci, 24, 68-72. 

DENG, S., CALIN, G. A., CROCE, C. M., COUKOS, G. & ZHANG, L. (2008) 

Mechanisms of microRNA deregulation in human cancer. Cell Cycle, 7, 

2643-6. 

DIEDERICHS, S. & HABER, D. A. (2007) Dual role for argonautes in microRNA 

processing and posttranscriptional regulation of microRNA expression. Cell, 

131, 1097-108. 

DJURANOVIC, S., NAHVI, A. & GREEN, R. (2011) A parsimonious model for 

gene regulation by miRNAs. Science, 331, 550-3. 

DJURANOVIC, S., NAHVI, A. & GREEN, R. (2012) miRNA-mediated gene 

silencing by translational repression followed by mRNA deadenylation and 

decay. Science, 336, 237-40. 

DONKER, R. B., MOUILLET, J. F., NELSON, D. M. & SADOVSKY, Y. (2007) 

The expression of Argonaute2 and related microRNA biogenesis proteins in 

normal and hypoxic trophoblasts. Mol Hum Reprod, 13, 273-9. 

DUFFY, J. P., EIBL, G., REBER, H. A. & HINES, O. J. (2003) Influence of hypoxia 

and neoangiogenesis on the growth of pancreatic cancer. Mol Cancer, 2, 12. 

DVINGE, H., GIT, A., GRAF, S., SALMON-DIVON, M., CURTIS, C., 

SOTTORIVA, A., ZHAO, Y., HIRST, M., ARMISEN, J., MISKA, E. A., 

CHIN, S. F., PROVENZANO, E., TURASHVILI, G., GREEN, A., ELLIS, 

I., APARICIO, S. & CALDAS, C. (2013) The shaping and functional 

consequences of the microRNA landscape in breast cancer. Nature, 497, 378-

82. 

ELVIDGE, G. P., GLENNY, L., APPELHOFF, R. J., RATCLIFFE, P. J., 

RAGOUSSIS, J. & GLEADLE, J. M. (2006) Concordant regulation of gene 

expression by hypoxia and 2-oxoglutarate-dependent dioxygenase inhibition: 

the role of HIF-1alpha, HIF-2alpha, and other pathways. J Biol Chem, 281, 

15215-26. 

EPSTEIN, A. C., GLEADLE, J. M., MCNEILL, L. A., HEWITSON, K. S., 

O'ROURKE, J., MOLE, D. R., MUKHERJI, M., METZEN, E., WILSON, 

M. I., DHANDA, A., TIAN, Y. M., MASSON, N., HAMILTON, D. L., 

JAAKKOLA, P., BARSTEAD, R., HODGKIN, J., MAXWELL, P. H., 

PUGH, C. W., SCHOFIELD, C. J. & RATCLIFFE, P. J. (2001) C. elegans 

EGL-9 and mammalian homologs define a family of dioxygenases that 

regulate HIF by prolyl hydroxylation. Cell, 107, 43-54. 

ESCHMANN, S. M., PAULSEN, F., REIMOLD, M., DITTMANN, H., WELZ, S., 

REISCHL, G., MACHULLA, H. J. & BARES, R. (2005) Prognostic impact 



 217 

of hypoxia imaging with 18F-misonidazole PET in non-small cell lung cancer 

and head and neck cancer before radiotherapy. J Nucl Med, 46, 253-60. 

ESQUELA-KERSCHER, A. & SLACK, F. J. (2006) Oncomirs - microRNAs with a 

role in cancer. Nat Rev Cancer, 6, 259-69. 

ESQUELA-KERSCHER, A., TRANG, P., WIGGINS, J. F., PATRAWALA, L., 

CHENG, A., FORD, L., WEIDHAAS, J. B., BROWN, D., BADER, A. G. & 

SLACK, F. J. (2008) The let-7 microRNA reduces tumor growth in mouse 

models of lung cancer. Cell Cycle, 7, 759-64. 

ESTEBAN, M. A., TRAN, M. G., HARTEN, S. K., HILL, P., CASTELLANOS, M. 

C., CHANDRA, A., RAVAL, R., O'BRIEN T, S. & MAXWELL, P. H. 

(2006) Regulation of E-cadherin expression by VHL and hypoxia-inducible 

factor. Cancer Res, 66, 3567-75. 

EULALIO, A., HUNTZINGER, E. & IZAURRALDE, E. (2008a) Getting to the root 

of miRNA-mediated gene silencing. Cell, 132, 9-14. 

EULALIO, A., HUNTZINGER, E. & IZAURRALDE, E. (2008b) GW182 

interaction with Argonaute is essential for miRNA-mediated translational 

repression and mRNA decay. Nat Struct Mol Biol, 15, 346-53. 

EULALIO, A., HUNTZINGER, E., NISHIHARA, T., REHWINKEL, J., FAUSER, 

M. & IZAURRALDE, E. (2009) Deadenylation is a widespread effect of 

miRNA regulation. RNA, 15, 21-32. 

FABIAN, M. R. & SONENBERG, N. (2012) The mechanics of miRNA-mediated 

gene silencing: a look under the hood of miRISC. Nat Struct Mol Biol, 19, 

586-93. 

FABIAN, M. R., SONENBERG, N. & FILIPOWICZ, W. (2010) Regulation of 

mRNA translation and stability by microRNAs. Annu Rev Biochem, 79, 351-

79. 

FAHLING, M., PERLEWITZ, A., DOLLER, A. & THIELE, B. J. (2004) Regulation 

of collagen prolyl 4-hydroxylase and matrix metalloproteinases in 

fibrosarcoma cells by hypoxia. Comp Biochem Physiol C Toxicol Pharmacol, 

139, 119-26. 

FALLER, M., MATSUNAGA, M., YIN, S., LOO, J. A. & GUO, F. (2007) Heme is 

involved in microRNA processing. Nat Struct Mol Biol, 14, 23-9. 

FEI, J., LI, Y., ZHU, X. & LUO, X. (2012) miR-181a post-transcriptionally 

downregulates oncogenic RalA and contributes to growth inhibition and 

apoptosis in chronic myelogenous leukemia (CML). PLoS One, 7, e32834. 

FELDSER, D., AGANI, F., IYER, N. V., PAK, B., FERREIRA, G. & SEMENZA, 

G. L. (1999) Reciprocal positive regulation of hypoxia-inducible factor 

1alpha and insulin-like growth factor 2. Cancer Res, 59, 3915-8. 

FILIPOWICZ, W., BHATTACHARYYA, S. N. & SONENBERG, N. (2008) 

Mechanisms of post-transcriptional regulation by microRNAs: are the 

answers in sight? Nat Rev Genet, 9, 102-14. 

FLETCHER, A. M., HEAFORD, A. C. & TRASK, D. K. (2008) Detection of 

metastatic head and neck squamous cell carcinoma using the relative 

expression of tissue-specific mir-205. Transl Oncol, 1, 202-8. 

FOEKENS, J. A., SIEUWERTS, A. M., SMID, M., LOOK, M. P., DE WEERD, V., 

BOERSMA, A. W., KLIJN, J. G., WIEMER, E. A. & MARTENS, J. W. 

(2008) Four miRNAs associated with aggressiveness of lymph node-negative, 

estrogen receptor-positive human breast cancer. Proc Natl Acad Sci U S A, 

105, 13021-6. 

FOLINI, M., GANDELLINI, P., LONGONI, N., PROFUMO, V., CALLARI, M., 

PENNATI, M., COLECCHIA, M., SUPINO, R., VENERONI, S., 



 218 

SALVIONI, R., VALDAGNI, R., DAIDONE, M. G. & ZAFFARONI, N. 

(2010) miR-21: an oncomir on strike in prostate cancer. Mol Cancer, 9, 12. 

FORMAN, J. J., LEGESSE-MILLER, A. & COLLER, H. A. (2008) A search for 

conserved sequences in coding regions reveals that the let-7 microRNA 

targets Dicer within its coding sequence. Proc Natl Acad Sci U S A, 105, 

14879-84. 

FORSYTHE, J. A., JIANG, B. H., IYER, N. V., AGANI, F., LEUNG, S. W., KOOS, 

R. D. & SEMENZA, G. L. (1996) Activation of vascular endothelial growth 

factor gene transcription by hypoxia-inducible factor 1. Mol Cell Biol, 16, 

4604-13. 

FRANKENBERG-SCHWAGER, M., FRANKENBERG, D. & HARBICH, R. 

(1991) Different oxygen enhancement ratios for induced and unrejoined DNA 

double-strand breaks in eukaryotic cells. Radiat Res, 128, 243-50. 

FRIEDMAN, R. C., FARH, K. K., BURGE, C. B. & BARTEL, D. P. (2009) Most 

mammalian mRNAs are conserved targets of microRNAs. Genome Res, 19, 

92-105. 

FUKUDA, T., YAMAGATA, K., FUJIYAMA, S., MATSUMOTO, T., KOSHIDA, 

I., YOSHIMURA, K., MIHARA, M., NAITOU, M., ENDOH, H., 

NAKAMURA, T., AKIMOTO, C., YAMAMOTO, Y., KATAGIRI, T., 

FOULDS, C., TAKEZAWA, S., KITAGAWA, H., TAKEYAMA, K., 

O'MALLEY, B. W. & KATO, S. (2007) DEAD-box RNA helicase subunits 

of the Drosha complex are required for processing of rRNA and a subset of 

microRNAs. Nat Cell Biol, 9, 604-11. 

FYLES, A., MILOSEVIC, M., HEDLEY, D., PINTILIE, M., LEVIN, W., 

MANCHUL, L. & HILL, R. P. (2002) Tumor hypoxia has independent 

predictor impact only in patients with node-negative cervix cancer. J Clin 

Oncol, 20, 680-7. 

GANTIER, M. P., MCCOY, C. E., RUSINOVA, I., SAULEP, D., WANG, D., XU, 

D., IRVING, A. T., BEHLKE, M. A., HERTZOG, P. J., MACKAY, F. & 

WILLIAMS, B. R. (2011) Analysis of microRNA turnover in mammalian 

cells following Dicer1 ablation. Nucleic Acids Res, 39, 5692-703. 

GAO, W., YU, Y., CAO, H., SHEN, H., LI, X., PAN, S. & SHU, Y. (2010) 

Deregulated expression of miR-21, miR-143 and miR-181a in non small cell 

lung cancer is related to clinicopathologic characteristics or patient prognosis. 

Biomed Pharmacother, 64, 399-408. 

GIANNAKAKIS, A., SANDALTZOPOULOS, R., GRESHOCK, J., LIANG, S., 

HUANG, J., HASEGAWA, K., LI, C., O'BRIEN-JENKINS, A., 

KATSAROS, D., WEBER, B. L., SIMON, C., COUKOS, G. & ZHANG, L. 

(2008) miR-210 links hypoxia with cell cycle regulation and is deleted in 

human epithelial ovarian cancer. Cancer Biol Ther, 7, 255-64. 

GIATROMANOLAKI, A., KOUKOURAKIS, M. I., SIVRIDIS, E., TURLEY, H., 

TALKS, K., PEZZELLA, F., GATTER, K. C. & HARRIS, A. L. (2001) 

Relation of hypoxia inducible factor 1 alpha and 2 alpha in operable non-

small cell lung cancer to angiogenic/molecular profile of tumours and 

survival. Br J Cancer, 85, 881-90. 

GLEADLE, J. M. (2009) Review article: How cells sense oxygen: lessons from and 

for the kidney. Nephrology (Carlton), 14, 86-93. 

GOEDEKE, L., VALES-LARA, F. M., FENSTERMAKER, M., CIRERA-

SALINAS, D., CHAMORRO-JORGANES, A., RAMIREZ, C. M., 

MATTISON, J. A., DE CABO, R., SUAREZ, Y. & FERNANDEZ-

HERNANDO, C. (2013) A regulatory role for microRNA 33* in controlling 

lipid metabolism gene expression. Mol Cell Biol, 33, 2339-52. 



 219 

GOLDBERG, M. A., GAUT, C. C. & BUNN, H. F. (1991) Erythropoietin mRNA 

levels are governed by both the rate of gene transcription and 

posttranscriptional events. Blood, 77, 271-7. 

GRAEBER, T. G., PETERSON, J. F., TSAI, M., MONICA, K., FORNACE, A. J., 

JR. & GIACCIA, A. J. (1994) Hypoxia induces accumulation of p53 protein, 

but activation of a G1-phase checkpoint by low-oxygen conditions is 

independent of p53 status. Mol Cell Biol, 14, 6264-77. 

GRAY, L. H., CONGER, A. D., EBERT, M., HORNSEY, S. & SCOTT, O. C. 

(1953) The concentration of oxygen dissolved in tissues at the time of 

irradiation as a factor in radiotherapy. Br J Radiol, 26, 638-48. 

GREGORY, P. A., BERT, A. G., PATERSON, E. L., BARRY, S. C., TSYKIN, A., 

FARSHID, G., VADAS, M. A., KHEW-GOODALL, Y. & GOODALL, G. J. 

(2008) The miR-200 family and miR-205 regulate epithelial to mesenchymal 

transition by targeting ZEB1 and SIP1. Nat Cell Biol, 10, 593-601. 

GREGORY, R. I., CHENDRIMADA, T. P., COOCH, N. & SHIEKHATTAR, R. 

(2005) Human RISC couples microRNA biogenesis and posttranscriptional 

gene silencing. Cell, 123, 631-40. 

GREITHER, T., GROCHOLA, L. F., UDELNOW, A., LAUTENSCHLAGER, C., 

WURL, P. & TAUBERT, H. (2010) Elevated expression of microRNAs 155, 

203, 210 and 222 in pancreatic tumors is associated with poorer survival. Int 

J Cancer, 126, 73-80. 

GRIMSHAW, M. J. (2007) Endothelins and hypoxia-inducible factor in cancer. 

Endocr Relat Cancer, 14, 233-44. 

GRISHOK, A., PASQUINELLI, A. E., CONTE, D., LI, N., PARRISH, S., HA, I., 

BAILLIE, D. L., FIRE, A., RUVKUN, G. & MELLO, C. C. (2001) Genes 

and mechanisms related to RNA interference regulate expression of the small 

temporal RNAs that control C. elegans developmental timing. Cell, 106, 23-

34. 

GRUBER, J. J., ZATECHKA, D. S., SABIN, L. R., YONG, J., LUM, J. J., KONG, 

M., ZONG, W. X., ZHANG, Z., LAU, C. K., RAWLINGS, J., CHERRY, S., 

IHLE, J. N., DREYFUSS, G. & THOMPSON, C. B. (2009) Ars2 links the 

nuclear cap-binding complex to RNA interference and cell proliferation. Cell, 

138, 328-39. 

GU, Y. Z., MORAN, S. M., HOGENESCH, J. B., WARTMAN, L. & BRADFIELD, 

C. A. (1998) Molecular characterization and chromosomal localization of a 

third alpha-class hypoxia inducible factor subunit, HIF3alpha. Gene Expr, 7, 

205-13. 

GUIL, S. & CACERES, J. F. (2007) The multifunctional RNA-binding protein 

hnRNP A1 is required for processing of miR-18a. Nat Struct Mol Biol, 14, 

591-6. 

GUSTAFSSON, M. V., ZHENG, X., PEREIRA, T., GRADIN, K., JIN, S., 

LUNDKVIST, J., RUAS, J. L., POELLINGER, L., LENDAHL, U. & 

BONDESSON, M. (2005) Hypoxia requires notch signaling to maintain the 

undifferentiated cell state. Dev Cell, 9, 617-28. 

HAASE, A. D., JASKIEWICZ, L., ZHANG, H., LAINE, S., SACK, R., 

GATIGNOL, A. & FILIPOWICZ, W. (2005) TRBP, a regulator of cellular 

PKR and HIV-1 virus expression, interacts with Dicer and functions in RNA 

silencing. EMBO Rep, 6, 961-7. 

HAMMOND, S. M., BERNSTEIN, E., BEACH, D. & HANNON, G. J. (2000) An 

RNA-directed nuclease mediates post-transcriptional gene silencing in 

Drosophila cells. Nature, 404, 293-6. 



 220 

HAN, J., LEE, Y., YEOM, K. H., KIM, Y. K., JIN, H. & KIM, V. N. (2004) The 

Drosha-DGCR8 complex in primary microRNA processing. Genes Dev, 18, 

3016-27. 

HAN, J., LEE, Y., YEOM, K. H., NAM, J. W., HEO, I., RHEE, J. K., SOHN, S. Y., 

CHO, Y., ZHANG, B. T. & KIM, V. N. (2006) Molecular basis for the 

recognition of primary microRNAs by the Drosha-DGCR8 complex. Cell, 

125, 887-901. 

HAN, J., PEDERSEN, J. S., KWON, S. C., BELAIR, C. D., KIM, Y. K., YEOM, K. 

H., YANG, W. Y., HAUSSLER, D., BLELLOCH, R. & KIM, V. N. (2009) 

Posttranscriptional crossregulation between Drosha and DGCR8. Cell, 136, 

75-84. 

HAN, Y., LIU, Y., GUI, Y. & CAI, Z. (2012) Inducing cell proliferation inhibition 

and apoptosis via silencing Dicer, Drosha, and Exportin 5 in urothelial 

carcinoma of the bladder. J Surg Oncol, 107, 201-5. 

HARRIS, A. L. (2002) Hypoxia--a key regulatory factor in tumour growth. Nat Rev 

Cancer, 2, 38-47. 

HO, J. J., METCALF, J. L., YAN, M. S., TURGEON, P. J., WANG, J. J., 

CHALSEV, M., PETRUZZIELLO-PELLEGRINI, T. N., TSUI, A. K., HE, J. 

Z., DHAMKO, H., MAN, H. S., ROBB, G. B., TEH, B. T., OHH, M. & 

MARSDEN, P. A. (2012) Functional importance of Dicer protein in the 

adaptive cellular response to hypoxia. J Biol Chem, 287, 29003-20. 

HOCHACHKA, P. W., BUCK, L. T., DOLL, C. J. & LAND, S. C. (1996) Unifying 

theory of hypoxia tolerance: molecular/metabolic defense and rescue 

mechanisms for surviving oxygen lack. Proc Natl Acad Sci U S A, 93, 9493-

8. 

HOCKEL, M. & VAUPEL, P. (2001a) Biological consequences of tumor hypoxia. 

Semin Oncol, 28, 36-41. 

HOCKEL, M. & VAUPEL, P. (2001b) Tumor hypoxia: definitions and current 

clinical, biologic, and molecular aspects. J Natl Cancer Inst, 93, 266-76. 

HOLMQUIST-MENGELBIER, L., FREDLUND, E., LOFSTEDT, T., NOGUERA, 

R., NAVARRO, S., NILSSON, H., PIETRAS, A., VALLON-

CHRISTERSSON, J., BORG, A., GRADIN, K., POELLINGER, L. & 

PAHLMAN, S. (2006) Recruitment of HIF-1alpha and HIF-2alpha to 

common target genes is differentially regulated in neuroblastoma: HIF-2alpha 

promotes an aggressive phenotype. Cancer Cell, 10, 413-23. 

HORMAN, S., BROWNE, G., KRAUSE, U., PATEL, J., VERTOMMEN, D., 

BERTRAND, L., LAVOINNE, A., HUE, L., PROUD, C. & RIDER, M. 

(2002) Activation of AMP-activated protein kinase leads to the 

phosphorylation of elongation factor 2 and an inhibition of protein synthesis. 

Curr Biol, 12, 1419-23. 

HU, C. J., IYER, S., SATAUR, A., COVELLO, K. L., CHODOSH, L. A. & 

SIMON, M. C. (2006) Differential regulation of the transcriptional activities 

of hypoxia-inducible factor 1 alpha (HIF-1alpha) and HIF-2alpha in stem 

cells. Mol Cell Biol, 26, 3514-26. 

HU, C. J., WANG, L. Y., CHODOSH, L. A., KEITH, B. & SIMON, M. C. (2003) 

Differential roles of hypoxia-inducible factor 1alpha (HIF-1alpha) and HIF-

2alpha in hypoxic gene regulation. Mol Cell Biol, 23, 9361-74. 

HUA, Z., LV, Q., YE, W., WONG, C. K., CAI, G., GU, D., JI, Y., ZHAO, C., 

WANG, J., YANG, B. B. & ZHANG, Y. (2006) MiRNA-directed regulation 

of VEGF and other angiogenic factors under hypoxia. PLoS One, 1, e116. 

HUANG, X., DING, L., BENNEWITH, K. L., TONG, R. T., WELFORD, S. M., 

ANG, K. K., STORY, M., LE, Q. T. & GIACCIA, A. J. (2009) Hypoxia-



 221 

inducible mir-210 regulates normoxic gene expression involved in tumor 

initiation. Mol Cell, 35, 856-67. 

HUANG, X., LE, Q. T. & GIACCIA, A. J. (2010) MiR-210--micromanager of the 

hypoxia pathway. Trends Mol Med, 16, 230-7. 

HUTVAGNER, G., MCLACHLAN, J., PASQUINELLI, A. E., BALINT, E., 

TUSCHL, T. & ZAMORE, P. D. (2001) A cellular function for the RNA-

interference enzyme Dicer in the maturation of the let-7 small temporal RNA. 

Science, 293, 834-8. 

IORIO, M. V., FERRACIN, M., LIU, C. G., VERONESE, A., SPIZZO, R., 

SABBIONI, S., MAGRI, E., PEDRIALI, M., FABBRI, M., CAMPIGLIO, 

M., MENARD, S., PALAZZO, J. P., ROSENBERG, A., MUSIANI, P., 

VOLINIA, S., NENCI, I., CALIN, G. A., QUERZOLI, P., NEGRINI, M. & 

CROCE, C. M. (2005) MicroRNA gene expression deregulation in human 

breast cancer. Cancer Res, 65, 7065-70. 

IVAN, M., KONDO, K., YANG, H., KIM, W., VALIANDO, J., OHH, M., SALIC, 

A., ASARA, J. M., LANE, W. S. & KAELIN, W. G., JR. (2001) HIFalpha 

targeted for VHL-mediated destruction by proline hydroxylation: 

implications for O2 sensing. Science, 292, 464-8. 

IWASAKI, S., KAWAMATA, T. & TOMARI, Y. (2009) Drosophila argonaute1 and 

argonaute2 employ distinct mechanisms for translational repression. Mol 

Cell, 34, 58-67. 

IWASAKI, S., KOBAYASHI, M., YODA, M., SAKAGUCHI, Y., KATSUMA, S., 

SUZUKI, T. & TOMARI, Y. (2010) Hsc70/Hsp90 chaperone machinery 

mediates ATP-dependent RISC loading of small RNA duplexes. Mol Cell, 

39, 292-9. 

IWASAKI, Y. W., KIGA, K., KAYO, H., FUKUDA-YUZAWA, Y., WEISE, J., 

INADA, T., TOMITA, M., ISHIHAMA, Y. & FUKAO, T. (2013) Global 

microRNA elevation by inducible Exportin 5 regulates cell cycle entry. RNA, 

19, 490-7. 

JAAKKOLA, P., MOLE, D. R., TIAN, Y. M., WILSON, M. I., GIELBERT, J., 

GASKELL, S. J., VON KRIEGSHEIM, A., HEBESTREIT, H. F., 

MUKHERJI, M., SCHOFIELD, C. J., MAXWELL, P. H., PUGH, C. W. & 

RATCLIFFE, P. J. (2001) Targeting of HIF-alpha to the von Hippel-Lindau 

ubiquitylation complex by O2-regulated prolyl hydroxylation. Science, 292, 

468-72. 

JACKSON, A. L. & LINSLEY, P. S. (2010) Recognizing and avoiding siRNA off-

target effects for target identification and therapeutic application. Nat Rev 

Drug Discov, 9, 57-67. 

JIANG, B. H., RUE, E., WANG, G. L., ROE, R. & SEMENZA, G. L. (1996) 

Dimerization, DNA binding, and transactivation properties of hypoxia-

inducible factor 1. J Biol Chem, 271, 17771-8. 

JOHNSON, S. M., GROSSHANS, H., SHINGARA, J., BYROM, M., JARVIS, R., 

CHENG, A., LABOURIER, E., REINERT, K. L., BROWN, D. & SLACK, 

F. J. (2005) RAS is regulated by the let-7 microRNA family. Cell, 120, 635-

47. 

KAELIN, W. G. (2007) Von Hippel-Lindau disease. Annu Rev Pathol, 2, 145-73. 

KAIDI, A., WILLIAMS, A. C. & PARASKEVA, C. (2007) Interaction between 

beta-catenin and HIF-1 promotes cellular adaptation to hypoxia. Nat Cell 

Biol, 9, 210-7. 

KALLINOWSKI, F., ZANDER, R., HOECKEL, M. & VAUPEL, P. (1990) Tumor 

tissue oxygenation as evaluated by computerized-pO2-histography. Int J 

Radiat Oncol Biol Phys, 19, 953-61. 



 222 

KARIN, M. & SHAULIAN, E. (2001) AP-1: linking hydrogen peroxide and 

oxidative stress to the control of cell proliferation and death. IUBMB Life, 52, 

17-24. 

KARUBE, Y., TANAKA, H., OSADA, H., TOMIDA, S., TATEMATSU, Y., 

YANAGISAWA, K., YATABE, Y., TAKAMIZAWA, J., MIYOSHI, S., 

MITSUDOMI, T. & TAKAHASHI, T. (2005) Reduced expression of Dicer 

associated with poor prognosis in lung cancer patients. Cancer Sci, 96, 111-5. 

KAWAMATA, T., SEITZ, H. & TOMARI, Y. (2009) Structural determinants of 

miRNAs for RISC loading and slicer-independent unwinding. Nat Struct Mol 

Biol, 16, 953-60. 

KAZENWADEL, J., MICHAEL, M. Z. & HARVEY, N. L. (2010) Prox1 expression 

is negatively regulated by miR-181 in endothelial cells. Blood, 116, 2395-

401. 

KE, G., LIANG, L., YANG, J. M., HUANG, X., HAN, D., HUANG, S., ZHAO, Y., 

ZHA, R., HE, X. & WU, X. (2012) MiR-181a confers resistance of cervical 

cancer to radiation therapy through targeting the pro-apoptotic PRKCD gene. 

Oncogene, 32, 3019-27. 

KHATUA, S., PETERSON, K. M., BROWN, K. M., LAWLOR, C., SANTI, M. R., 

LAFLEUR, B., DRESSMAN, D., STEPHAN, D. A. & MACDONALD, T. J. 

(2003) Overexpression of the EGFR/FKBP12/HIF-2alpha pathway identified 

in childhood astrocytomas by angiogenesis gene profiling. Cancer Res, 63, 

1865-70. 

KHVOROVA, A., REYNOLDS, A. & JAYASENA, S. D. (2003) Functional 

siRNAs and miRNAs exhibit strand bias. Cell, 115, 209-16. 

KIM, V. N. (2004) MicroRNA precursors in motion: exportin-5 mediates their 

nuclear export. Trends Cell Biol, 14, 156-9. 

KIM, W. Y. & KAELIN, W. G. (2004) Role of VHL gene mutation in human 

cancer. J Clin Oncol, 22, 4991-5004. 

KOLSTAD, P. (1968) Intercapillary distance, oxygen tension and local recurrence in 

cervix cancer. Scand J Clin Lab Invest Suppl, 106, 145-57. 

KONG, Y. W., CANNELL, I. G., DE MOOR, C. H., HILL, K., GARSIDE, P. G., 

HAMILTON, T. L., MEIJER, H. A., DOBBYN, H. C., STONELEY, M., 

SPRIGGS, K. A., WILLIS, A. E. & BUSHELL, M. (2008) The mechanism 

of micro-RNA-mediated translation repression is determined by the promoter 

of the target gene. Proc Natl Acad Sci U S A, 105, 8866-71. 

KORITZINSKY, M., SEIGNEURIC, R., MAGAGNIN, M. G., VAN DEN 

BEUCKEN, T., LAMBIN, P. & WOUTERS, B. G. (2005) The hypoxic 

proteome is influenced by gene-specific changes in mRNA translation. 

Radiother Oncol, 76, 177-86. 

KOSHIJI, M., KAGEYAMA, Y., PETE, E. A., HORIKAWA, I., BARRETT, J. C. & 

HUANG, L. E. (2004) HIF-1alpha induces cell cycle arrest by functionally 

counteracting Myc. EMBO J, 23, 1949-56. 

KOTA, J., CHIVUKULA, R. R., O'DONNELL, K. A., WENTZEL, E. A., 

MONTGOMERY, C. L., HWANG, H. W., CHANG, T. C., 

VIVEKANANDAN, P., TORBENSON, M., CLARK, K. R., MENDELL, J. 

R. & MENDELL, J. T. (2009) Therapeutic microRNA delivery suppresses 

tumorigenesis in a murine liver cancer model. Cell, 137, 1005-17. 

KOUKOURAKIS, M. I., GIATROMANOLAKI, A., SIVRIDIS, E., SIMOPOULOS, 

C., TURLEY, H., TALKS, K., GATTER, K. C. & HARRIS, A. L. (2002) 

Hypoxia-inducible factor (HIF1A and HIF2A), angiogenesis, and 

chemoradiotherapy outcome of squamous cell head-and-neck cancer. Int J 

Radiat Oncol Biol Phys, 53, 1192-202. 



 223 

KOUMENIS, C., NACZKI, C., KORITZINSKY, M., RASTANI, S., DIEHL, A., 

SONENBERG, N., KOROMILAS, A. & WOUTERS, B. G. (2002) 

Regulation of protein synthesis by hypoxia via activation of the endoplasmic 

reticulum kinase PERK and phosphorylation of the translation initiation 

factor eIF2alpha. Mol Cell Biol, 22, 7405-16. 

KROL, J., LOEDIGE, I. & FILIPOWICZ, W. (2010) The widespread regulation of 

microRNA biogenesis, function and decay. Nat Rev Genet, 11, 597-610. 

KULSHRESHTHA, R., FERRACIN, M., NEGRINI, M., CALIN, G. A., 

DAVULURI, R. V. & IVAN, M. (2007a) Regulation of microRNA 

expression: the hypoxic component. Cell Cycle, 6, 1426-31. 

KULSHRESHTHA, R., FERRACIN, M., WOJCIK, S. E., GARZON, R., ALDER, 

H., AGOSTO-PEREZ, F. J., DAVULURI, R., LIU, C. G., CROCE, C. M., 

NEGRINI, M., CALIN, G. A. & IVAN, M. (2007b) A microRNA signature 

of hypoxia. Mol Cell Biol, 27, 1859-67. 

KUMAR, M. S., ERKELAND, S. J., PESTER, R. E., CHEN, C. Y., EBERT, M. S., 

SHARP, P. A. & JACKS, T. (2008) Suppression of non-small cell lung tumor 

development by the let-7 microRNA family. Proc Natl Acad Sci U S A, 105, 

3903-8. 

KUMAR, M. S., LU, J., MERCER, K. L., GOLUB, T. R. & JACKS, T. (2007) 

Impaired microRNA processing enhances cellular transformation and 

tumorigenesis. Nat Genet, 39, 673-7. 

KUMAR, M. S., PESTER, R. E., CHEN, C. Y., LANE, K., CHIN, C., LU, J., 

KIRSCH, D. G., GOLUB, T. R. & JACKS, T. (2009) Dicer1 functions as a 

haploinsufficient tumor suppressor. Genes Dev, 23, 2700-4. 

LAI, S. L., CHEAH, S. C., WONG, P. F., NOOR, S. M. & MUSTAFA, M. R. 

(2012) In vitro and in vivo anti-angiogenic activities of Panduratin A. PLoS 

One, 7, e38103. 

LANDO, D., PEET, D. J., GORMAN, J. J., WHELAN, D. A., WHITELAW, M. L. 

& BRUICK, R. K. (2002a) FIH-1 is an asparaginyl hydroxylase enzyme that 

regulates the transcriptional activity of hypoxia-inducible factor. Genes Dev, 

16, 1466-71. 

LANDO, D., PEET, D. J., WHELAN, D. A., GORMAN, J. J. & WHITELAW, M. L. 

(2002b) Asparagine hydroxylation of the HIF transactivation domain a 

hypoxic switch. Science, 295, 858-61. 

LANE, D. P. & BENCHIMOL, S. (1990) p53: oncogene or anti-oncogene? Genes 

Dev, 4, 1-8. 

LANGENBERGER, D., CAKIR, M. V., HOFFMANN, S. & STADLER, P. F. 

(2012) Dicer-processed small RNAs: rules and exceptions. J Exp Zool B Mol 

Dev Evol, 320, 35-46. 

LEE, R. C., FEINBAUM, R. L. & AMBROS, V. (1993) The C. elegans 

heterochronic gene lin-4 encodes small RNAs with antisense 

complementarity to lin-14. Cell, 75, 843-54. 

LEE, Y., KIM, M., HAN, J., YEOM, K. H., LEE, S., BAEK, S. H. & KIM, V. N. 

(2004) MicroRNA genes are transcribed by RNA polymerase II. EMBO J, 

23, 4051-60. 

LEE, Y. S. & DUTTA, A. (2009) MicroRNAs in cancer. Annu Rev Pathol, 4, 199-

227. 

LEVY, A. P. (1998) Hypoxic regulation of VEGF mRNA stability by RNA-binding 

proteins. Trends Cardiovasc Med, 8, 246-50. 

LEVY, A. P., LEVY, N. S. & GOLDBERG, M. A. (1996) Post-transcriptional 

regulation of vascular endothelial growth factor by hypoxia. J Biol Chem, 

271, 2746-53. 



 224 

LEVY, N. S., CHUNG, S., FURNEAUX, H. & LEVY, A. P. (1998) Hypoxic 

stabilization of vascular endothelial growth factor mRNA by the RNA-

binding protein HuR. J Biol Chem, 273, 6417-23. 

LEWIS, B. P., BURGE, C. B. & BARTEL, D. P. (2005) Conserved seed pairing, 

often flanked by adenosines, indicates that thousands of human genes are 

microRNA targets. Cell, 120, 15-20. 

LI, H., KO, H. P. & WHITLOCK, J. P. (1996) Induction of phosphoglycerate kinase 

1 gene expression by hypoxia. Roles of Arnt and HIF1alpha. J Biol Chem, 

271, 21262-7. 

LI, X., LIU, X., XU, W., ZHOU, P., GAO, P., JIANG, S., LOBIE, P. E. & ZHU, T. 

(2013) c-MYC-regulated miR-23a/24-2/27a Cluster Promotes Mammary 

Carcinoma Cell Invasion and Hepatic Metastasis by Targeting Sprouty2. J 

Biol Chem, 288, 18121-33. 

LIM, L. P., LAU, N. C., WEINSTEIN, E. G., ABDELHAKIM, A., YEKTA, S., 

RHOADES, M. W., BURGE, C. B. & BARTEL, D. P. (2003) The 

microRNAs of Caenorhabditis elegans. Genes Dev, 17, 991-1008. 

LIU, J., CARMELL, M. A., RIVAS, F. V., MARSDEN, C. G., THOMSON, J. M., 

SONG, J. J., HAMMOND, S. M., JOSHUA-TOR, L. & HANNON, G. J. 

(2004) Argonaute2 is the catalytic engine of mammalian RNAi. Science, 305, 

1437-41. 

LIU, L., CASH, T. P., JONES, R. G., KEITH, B., THOMPSON, C. B. & SIMON, 

M. C. (2006) Hypoxia-induced energy stress regulates mRNA translation and 

cell growth. Mol Cell, 21, 521-31. 

LOUZADA, S., ADEGA, F. & CHAVES, R. (2012) Defining the sister rat 

mammary tumor cell lines HH-16 cl.2/1 and HH-16.cl.4 as an in vitro cell 

model for Erbb2. PLoS One, 7, e29923. 

LU, J., GETZ, G., MISKA, E. A., ALVAREZ-SAAVEDRA, E., LAMB, J., PECK, 

D., SWEET-CORDERO, A., EBERT, B. L., MAK, R. H., FERRANDO, A. 

A., DOWNING, J. R., JACKS, T., HORVITZ, H. R. & GOLUB, T. R. 

(2005) MicroRNA expression profiles classify human cancers. Nature, 435, 

834-8. 

MA, L., TERUYA-FELDSTEIN, J. & WEINBERG, R. A. (2007) Tumour invasion 

and metastasis initiated by microRNA-10b in breast cancer. Nature, 449, 682-

8. 

MACRAE, I. J., ZHOU, K. & DOUDNA, J. A. (2007) Structural determinants of 

RNA recognition and cleavage by Dicer. Nat Struct Mol Biol, 14, 934-40. 

MAHON, P. C., HIROTA, K. & SEMENZA, G. L. (2001) FIH-1: a novel protein 

that interacts with HIF-1alpha and VHL to mediate repression of HIF-1 

transcriptional activity. Genes Dev, 15, 2675-86. 

MAKINO, Y., CAO, R., SVENSSON, K., BERTILSSON, G., ASMAN, M., 

TANAKA, H., CAO, Y., BERKENSTAM, A. & POELLINGER, L. (2001) 

Inhibitory PAS domain protein is a negative regulator of hypoxia-inducible 

gene expression. Nature, 414, 550-4. 

MANALO, D. J., ROWAN, A., LAVOIE, T., NATARAJAN, L., KELLY, B. D., 

YE, S. Q., GARCIA, J. G. & SEMENZA, G. L. (2005) Transcriptional 

regulation of vascular endothelial cell responses to hypoxia by HIF-1. Blood, 

105, 659-69. 

MARTELLO, G., ROSATO, A., FERRARI, F., MANFRIN, A., CORDENONSI, 

M., DUPONT, S., ENZO, E., GUZZARDO, V., RONDINA, M., SPRUCE, 

T., PARENTI, A. R., DAIDONE, M. G., BICCIATO, S. & PICCOLO, S. 

(2010) A MicroRNA targeting dicer for metastasis control. Cell, 141, 1195-

207. 



 225 

MASSON, N., WILLAM, C., MAXWELL, P. H., PUGH, C. W. & RATCLIFFE, P. 

J. (2001) Independent function of two destruction domains in hypoxia-

inducible factor-alpha chains activated by prolyl hydroxylation. EMBO J, 20, 

5197-206. 

MAXWELL, P. H., WIESENER, M. S., CHANG, G. W., CLIFFORD, S. C., 

VAUX, E. C., COCKMAN, M. E., WYKOFF, C. C., PUGH, C. W., 

MAHER, E. R. & RATCLIFFE, P. J. (1999) The tumour suppressor protein 

VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. 

Nature, 399, 271-5. 

MEISTER, G. (2011) Vision: Dicer leaps into view. Nature, 471, 308-9. 

MEISTER, G., LANDTHALER, M., PATKANIOWSKA, A., DORSETT, Y., 

TENG, G. & TUSCHL, T. (2004) Human Argonaute2 mediates RNA 

cleavage targeted by miRNAs and siRNAs. Mol Cell, 15, 185-97. 

MELO, S., VILLANUEVA, A., MOUTINHO, C., DAVALOS, V., SPIZZO, R., 

IVAN, C., ROSSI, S., SETIEN, F., CASANOVAS, O., SIMO-RIUDALBAS, 

L., CARMONA, J., CARRERE, J., VIDAL, A., AYTES, A., PUERTAS, S., 

ROPERO, S., KALLURI, R., CROCE, C. M., CALIN, G. A. & ESTELLER, 

M. (2011) Small molecule enoxacin is a cancer-specific growth inhibitor that 

acts by enhancing TAR RNA-binding protein 2-mediated microRNA 

processing. Proc Natl Acad Sci U S A, 108, 4394-9. 

MELO, S. A., ROPERO, S., MOUTINHO, C., AALTONEN, L. A., YAMAMOTO, 

H., CALIN, G. A., ROSSI, S., FERNANDEZ, A. F., CARNEIRO, F., 

OLIVEIRA, C., FERREIRA, B., LIU, C. G., VILLANUEVA, A., 

CAPELLA, G., SCHWARTZ, S., JR., SHIEKHATTAR, R. & ESTELLER, 

M. (2009) A TARBP2 mutation in human cancer impairs microRNA 

processing and DICER1 function. Nat Genet, 41, 365-70. 

MERRITT, W. M., LIN, Y. G., HAN, L. Y., KAMAT, A. A., SPANNUTH, W. A., 

SCHMANDT, R., URBAUER, D., PENNACCHIO, L. A., CHENG, J. F., 

NICK, A. M., DEAVERS, M. T., MOURAD-ZEIDAN, A., WANG, H., 

MUELLER, P., LENBURG, M. E., GRAY, J. W., MOK, S., BIRRER, M. J., 

LOPEZ-BERESTEIN, G., COLEMAN, R. L., BAR-ELI, M. & SOOD, A. K. 

(2008) Dicer, Drosha, and outcomes in patients with ovarian cancer. N Engl J 

Med, 359, 2641-50. 

MICHAEL, M. Z., SM, O. C., VAN HOLST PELLEKAAN, N. G., YOUNG, G. P. 

& JAMES, R. J. (2003) Reduced accumulation of specific microRNAs in 

colorectal neoplasia. Mol Cancer Res, 1, 882-91. 

MIRBASE (2010) Homo sapiens miRNAs in the miRBase at Manchester University. 

MIZUKAMI, Y., JO, W. S., DUERR, E. M., GALA, M., LI, J., ZHANG, X., 

ZIMMER, M. A., ILIOPOULOS, O., ZUKERBERG, L. R., KOHGO, Y., 

LYNCH, M. P., RUEDA, B. R. & CHUNG, D. C. (2005) Induction of 

interleukin-8 preserves the angiogenic response in HIF-1alpha-deficient colon 

cancer cells. Nat Med, 11, 992-7. 

MIZUKAMI, Y., KOHGO, Y. & CHUNG, D. C. (2007) Hypoxia inducible factor-1 

independent pathways in tumor angiogenesis. Clin Cancer Res, 13, 5670-4. 

MIZUKAMI, Y., LI, J., ZHANG, X., ZIMMER, M. A., ILIOPOULOS, O. & 

CHUNG, D. C. (2004) Hypoxia-inducible factor-1-independent regulation of 

vascular endothelial growth factor by hypoxia in colon cancer. Cancer Res, 

64, 1765-72. 

MOLE, D. R., BLANCHER, C., COPLEY, R. R., POLLARD, P. J., GLEADLE, J. 

M., RAGOUSSIS, J. & RATCLIFFE, P. J. (2009) Genome-wide association 

of hypoxia-inducible factor (HIF)-1alpha and HIF-2alpha DNA binding with 



 226 

expression profiling of hypoxia-inducible transcripts. J Biol Chem, 284, 

16767-75. 

MONTGOMERY, H. & HORWITZ, O. (1950) Oxygen tension of tissues by the 

polarographic method. I. Introduction: oxygen tension and blood flow of the 

skin of human extremities. J Clin Invest, 29, 1120-30. 

MONTGOMERY, H., ZINSSER, H. F. & HOWWITZ, O. (1950) Oxygen tension of 

tissues by the polarographic method. II Detection of right to left shunts by 

changes in skin oxygen tension resulting from inhalation of oxygen. 

Circulation, 2, 845-9. 

MURPHY, B. J., ANDREWS, G. K., BITTEL, D., DISCHER, D. J., MCCUE, J., 

GREEN, C. J., YANOVSKY, M., GIACCIA, A., SUTHERLAND, R. M., 

LADEROUTE, K. R. & WEBSTER, K. A. (1999) Activation of 

metallothionein gene expression by hypoxia involves metal response 

elements and metal transcription factor-1. Cancer Res, 59, 1315-22. 

NEAL, C. S., MICHAEL, M. Z., RAWLINGS, L. H., VAN DER HOEK, M. B. & 

GLEADLE, J. M. (2010) The VHL-dependent regulation of microRNAs in 

renal cancer. BMC Med, 8, 64. 

NICOLOSO, M. S., SPIZZO, R., SHIMIZU, M., ROSSI, S. & CALIN, G. A. (2009) 

MicroRNAs--the micro steering wheel of tumour metastases. Nat Rev 

Cancer, 9, 293-302. 

NORDSMARK, M., BENTZEN, S. M., RUDAT, V., BRIZEL, D., LARTIGAU, E., 

STADLER, P., BECKER, A., ADAM, M., MOLLS, M., DUNST, J., 

TERRIS, D. J. & OVERGAARD, J. (2005) Prognostic value of tumor 

oxygenation in 397 head and neck tumors after primary radiation therapy. An 

international multi-center study. Radiother Oncol, 77, 18-24. 

O'CARROLL, D., MECKLENBRAUKER, I., DAS, P. P., SANTANA, A., 

KOENIG, U., ENRIGHT, A. J., MISKA, E. A. & TARAKHOVSKY, A. 

(2007) A Slicer-independent role for Argonaute 2 in hematopoiesis and the 

microRNA pathway. Genes Dev, 21, 1999-2004. 

O'DONNELL, K. A., WENTZEL, E. A., ZELLER, K. I., DANG, C. V. & 

MENDELL, J. T. (2005) c-Myc-regulated microRNAs modulate E2F1 

expression. Nature, 435, 839-43. 

O'ROURKE, J. R., GEORGES, S. A., SEAY, H. R., TAPSCOTT, S. J., 

MCMANUS, M. T., GOLDHAMER, D. J., SWANSON, M. S. & HARFE, 

B. D. (2007) Essential role for Dicer during skeletal muscle development. 

Dev Biol, 311, 359-68. 

OKAMURA, K., HAGEN, J. W., DUAN, H., TYLER, D. M. & LAI, E. C. (2007) 

The mirtron pathway generates microRNA-class regulatory RNAs in 

Drosophila. Cell, 130, 89-100. 

ORTIZ-BARAHONA, A., VILLAR, D., PESCADOR, N., AMIGO, J. & DEL 

PESO, L. (2010) Genome-wide identification of hypoxia-inducible factor 

binding sites and target genes by a probabilistic model integrating 

transcription-profiling data and in silico binding site prediction. Nucleic Acids 

Res, 38, 2332-45. 

PAL, R., MAMIDI, M. K., DAS, A. K. & BHONDE, R. (2012) Diverse effects of 

dimethyl sulfoxide (DMSO) on the differentiation potential of human 

embryonic stem cells. Arch Toxicol, 86, 651-61. 

PERRON, M. P., LANDRY, P., PLANTE, I. & PROVOST, P. (2011) Detection of 

human Dicer and Argonaute 2 catalytic activity. Methods Mol Biol, 725, 121-

41. 



 227 

PETTERSEN, E. O., JUUL, N. O. & RONNING, O. W. (1986) Regulation of 

protein metabolism of human cells during and after acute hypoxia. Cancer 

Res, 46, 4346-51. 

PICHIULE, P., CHAVEZ, J. C. & LAMANNA, J. C. (2004) Hypoxic regulation of 

angiopoietin-2 expression in endothelial cells. J Biol Chem, 279, 12171-80. 

PILLAI, R. S., BHATTACHARYYA, S. N., ARTUS, C. G., ZOLLER, T., 

COUGOT, N., BASYUK, E., BERTRAND, E. & FILIPOWICZ, W. (2005) 

Inhibition of translational initiation by Let-7 MicroRNA in human cells. 

Science, 309, 1573-6. 

PINELES, B. L., ROMERO, R., MONTENEGRO, D., TARCA, A. L., HAN, Y. M., 

KIM, Y. M., DRAGHICI, S., ESPINOZA, J., KUSANOVIC, J. P., MITTAL, 

P., HASSAN, S. S. & KIM, C. J. (2007) Distinct subsets of microRNAs are 

expressed differentially in the human placentas of patients with preeclampsia. 

Am J Obstet Gynecol, 196, 261 e1-6. 

QI, H. H., ONGUSAHA, P. P., MYLLYHARJU, J., CHENG, D., PAKKANEN, O., 

SHI, Y., LEE, S. W. & PENG, J. (2008) Prolyl 4-hydroxylation regulates 

Argonaute 2 stability. Nature, 455, 421-4. 

RACKER, E. (1974) History of the Pasteur effect and its pathobiology. Mol Cell 

Biochem, 5, 17-23. 

RAJENDRAN, J. G., MANKOFF, D. A., O'SULLIVAN, F., PETERSON, L. M., 

SCHWARTZ, D. L., CONRAD, E. U., SPENCE, A. M., MUZI, M., 

FARWELL, D. G. & KROHN, K. A. (2004) Hypoxia and glucose 

metabolism in malignant tumors: evaluation by [18F]fluoromisonidazole and 

[18F]fluorodeoxyglucose positron emission tomography imaging. Clin 

Cancer Res, 10, 2245-52. 

RAVAL, R. R., LAU, K. W., TRAN, M. G., SOWTER, H. M., MANDRIOTA, S. J., 

LI, J. L., PUGH, C. W., MAXWELL, P. H., HARRIS, A. L. & RATCLIFFE, 

P. J. (2005) Contrasting properties of hypoxia-inducible factor 1 (HIF-1) and 

HIF-2 in von Hippel-Lindau-associated renal cell carcinoma. Mol Cell Biol, 

25, 5675-86. 

RAVER-SHAPIRA, N., MARCIANO, E., MEIRI, E., SPECTOR, Y., 

ROSENFELD, N., MOSKOVITS, N., BENTWICH, Z. & OREN, M. (2007) 

Transcriptional activation of miR-34a contributes to p53-mediated apoptosis. 

Mol Cell, 26, 731-43. 

RAVI, A., GURTAN, A. M., KUMAR, M. S., BHUTKAR, A., CHIN, C., LU, V., 

LEES, J. A., JACKS, T. & SHARP, P. A. (2012) Proliferation and 

tumorigenesis of a murine sarcoma cell line in the absence of DICER1. 

Cancer Cell, 21, 848-55. 

REINHART, B. J., SLACK, F. J., BASSON, M., PASQUINELLI, A. E., 

BETTINGER, J. C., ROUGVIE, A. E., HORVITZ, H. R. & RUVKUN, G. 

(2000) The 21-nucleotide let-7 RNA regulates developmental timing in 

Caenorhabditis elegans. Nature, 403, 901-6. 

REY, S. & SEMENZA, G. L. (2010) Hypoxia-inducible factor-1-dependent 

mechanisms of vascularization and vascular remodelling. Cardiovasc Res, 86, 

236-42. 

REYNOLDS, T. Y., ROCKWELL, S. & GLAZER, P. M. (1996) Genetic instability 

induced by the tumor microenvironment. Cancer Res, 56, 5754-7. 

RICH, P. R. (2003) The molecular machinery of Keilin's respiratory chain. Biochem 

Soc Trans, 31, 1095-105. 

RODRIGUEZ, A., GRIFFITHS-JONES, S., ASHURST, J. L. & BRADLEY, A. 

(2004) Identification of mammalian microRNA host genes and transcription 

units. Genome Res, 14, 1902-10. 



 228 

ROMERO-RUIZ, A., BAUTISTA, L., NAVARRO, V., HERAS-GARVIN, A., 

MARCH-DIAZ, R., CASTELLANO, A., GOMEZ-DIAZ, R., CASTRO, M. 

J., BERRA, E., LOPEZ-BARNEO, J. & PASCUAL, A. (2012) Prolyl 

hydroxylase-dependent modulation of eukaryotic elongation factor 2 activity 

and protein translation under acute hypoxia. J Biol Chem, 287, 9651-8. 

ROSENFELD, N., AHARONOV, R., MEIRI, E., ROSENWALD, S., SPECTOR, 

Y., ZEPENIUK, M., BENJAMIN, H., SHABES, N., TABAK, S., LEVY, A., 

LEBANONY, D., GOREN, Y., SILBERSCHEIN, E., TARGAN, N., BEN-

ARI, A., GILAD, S., SION-VARDY, N., TOBAR, A., FEINMESSER, M., 

KHARENKO, O., NATIV, O., NASS, D., PERELMAN, M., 

YOSEPOVICH, A., SHALMON, B., POLAK-CHARCON, S., FRIDMAN, 

E., AVNIEL, A., BENTWICH, I., BENTWICH, Z., COHEN, D., CHAJUT, 

A. & BARSHACK, I. (2008) MicroRNAs accurately identify cancer tissue 

origin. Nat Biotechnol, 26, 462-9. 

ROUAULT, T. A. & TONG, W. H. (2008) Iron-sulfur cluster biogenesis and human 

disease. Trends Genet, 24, 398-407. 

RUDEL, S., FLATLEY, A., WEINMANN, L., KREMMER, E. & MEISTER, G. 

(2008) A multifunctional human Argonaute2-specific monoclonal antibody. 

RNA, 14, 1244-1253. 

RYAZANOV, A. G., SHESTAKOVA, E. A. & NATAPOV, P. G. (1988) 

Phosphorylation of elongation factor 2 by EF-2 kinase affects rate of 

translation. Nature, 334, 170-3. 

SABIN, L. R., ZHOU, R., GRUBER, J. J., LUKINOVA, N., BAMBINA, S., 

BERMAN, A., LAU, C. K., THOMPSON, C. B. & CHERRY, S. (2009) 

Ars2 regulates both miRNA- and siRNA- dependent silencing and suppresses 

RNA virus infection in Drosophila. Cell, 138, 340-51. 

SADEGH, M. K., EKMAN, M., RIPPE, C., UVELIUS, B., SWARD, K. & 

ALBINSSON, S. (2012) Deletion of Dicer in smooth muscle affects voiding 

pattern and reduces detrusor contractility and neuroeffector transmission. 

PLoS One, 7, e35882. 

SCHENDORN, E. T. & MIERINDORF, R. C. (1985) A novel transcription property 

of SP6 and T7 RNA polymerase: dependence on template structure. Nucleic 

Acids Res, 13, 6223-6236. 

SCHODEL, J., OIKONOMOPOULOS, S., RAGOUSSIS, J., PUGH, C. W., 

RATCLIFFE, P. J. & MOLE, D. R. (2011) High-resolution genome-wide 

mapping of HIF-binding sites by ChIP-seq. Blood, 117, e207-17. 

SCHOTTE, D., CHAU, J. C., SYLVESTER, G., LIU, G., CHEN, C., VAN DER 

VELDEN, V. H., BROEKHUIS, M. J., PETERS, T. C., PIETERS, R. & 

DEN BOER, M. L. (2009) Identification of new microRNA genes and 

aberrant microRNA profiles in childhood acute lymphoblastic leukemia. 

Leukemia, 23, 313-22. 

SCHWARZ, D. S., HUTVAGNER, G., DU, T., XU, Z., ARONIN, N. & ZAMORE, 

P. D. (2003) Asymmetry in the assembly of the RNAi enzyme complex. Cell, 

115, 199-208. 

SEIMIYA, H., TANJI, M., OH-HARA, T., TOMIDA, A., NAASANI, I. & 

TSURUO, T. (1999) Hypoxia up-regulates telomerase activity via mitogen-

activated protein kinase signaling in human solid tumor cells. Biochem 

Biophys Res Commun, 260, 365-70. 

SEMENZA, G. L. (1998) Hypoxia-inducible factor 1: master regulator of O2 

homeostasis. Curr Opin Genet Dev, 8, 588-94. 

SEMENZA, G. L. (2000) HIF-1 and human disease: one highly involved factor. 

Genes Dev, 14, 1983-91. 



 229 

SEMENZA, G. L. (2003) Targeting HIF-1 for cancer therapy. Nat Rev Cancer, 3, 

721-32. 

SEMENZA, G. L., NEJFELT, M. K., CHI, S. M. & ANTONARAKIS, S. E. (1991) 

Hypoxia-inducible nuclear factors bind to an enhancer element located 3' to 

the human erythropoietin gene. Proc Natl Acad Sci U S A, 88, 5680-4. 

SEMENZA, G. L. & WANG, G. L. (1992) A nuclear factor induced by hypoxia via 

de novo protein synthesis binds to the human erythropoietin gene enhancer at 

a site required for transcriptional activation. Mol Cell Biol, 12, 5447-54. 

SHAULIAN, E. & KARIN, M. (2001) AP-1 in cell proliferation and survival. 

Oncogene, 20, 2390-400. 

SHWEIKI, D., ITIN, A., SOFFER, D. & KESHET, E. (1992) Vascular endothelial 

growth factor induced by hypoxia may mediate hypoxia-initiated 

angiogenesis. Nature, 359, 843-5. 

SI, M. L., ZHU, S., WU, H., LU, Z., WU, F. & MO, Y. Y. (2007) miR-21-mediated 

tumor growth. Oncogene, 26, 2799-803. 

SIOLAS, D., LERNER, C., BURCHARD, J., GE, W., LINSLEY, P. S., 

PADDISON, P. J., HANNON, G. J. & CLEARY, M. A. (2005) Synthetic 

shRNAs as potent RNAi triggers. Nat Biotechnol, 23, 227-31. 

SLACK, F. J., BASSON, M., LIU, Z., AMBROS, V., HORVITZ, H. R. & 

RUVKUN, G. (2000) The lin-41 RBCC gene acts in the C. elegans 

heterochronic pathway between the let-7 regulatory RNA and the LIN-29 

transcription factor. Mol Cell, 5, 659-69. 

SMIBERT, P., YANG, J. S., AZZAM, G., LIU, J. L. & LAI, E. C. (2013) 

Homeostatic control of Argonaute stability by microRNA availability. Nat 

Struct Mol Biol, 20, 789-795. 

SOWTER, H. M., RAVAL, R. R., MOORE, J. W., RATCLIFFE, P. J. & HARRIS, 

A. L. (2003) Predominant role of hypoxia-inducible transcription factor (Hif)-

1alpha versus Hif-2alpha in regulation of the transcriptional response to 

hypoxia. Cancer Res, 63, 6130-4. 

STOLZE, I. P., TIAN, Y. M., APPELHOFF, R. J., TURLEY, H., WYKOFF, C. C., 

GLEADLE, J. M. & RATCLIFFE, P. J. (2004) Genetic analysis of the role of 

the asparaginyl hydroxylase factor inhibiting hypoxia-inducible factor (FIH) 

in regulating hypoxia-inducible factor (HIF) transcriptional target genes 

[corrected]. J Biol Chem, 279, 42719-25. 

SU, H., TROMBLY, M. I., CHEN, J. & WANG, X. (2009) Essential and 

overlapping functions for mammalian Argonautes in microRNA silencing. 

Genes Dev, 23, 304-17. 

SUAREZ, Y., FERNANDEZ-HERNANDO, C., POBER, J. S. & SESSA, W. C. 

(2007) Dicer dependent microRNAs regulate gene expression and functions 

in human endothelial cells. Circ Res, 100, 1164-73. 

SUGITO, N., ISHIGURO, H., KUWABARA, Y., KIMURA, M., MITSUI, A., 

KUREHARA, H., ANDO, T., MORI, R., TAKASHIMA, N., OGAWA, R. & 

FUJII, Y. (2006) RNASEN regulates cell proliferation and affects survival in 

esophageal cancer patients. Clin Cancer Res, 12, 7322-8. 

SUZUKI, H. I., YAMAGATA, K., SUGIMOTO, K., IWAMOTO, T., KATO, S. & 

MIYAZONO, K. (2009) Modulation of microRNA processing by p53. 

Nature, 460, 529-33. 

TALKS, K. L., TURLEY, H., GATTER, K. C., MAXWELL, P. H., PUGH, C. W., 

RATCLIFFE, P. J. & HARRIS, A. L. (2000) The expression and distribution 

of the hypoxia-inducible factors HIF-1alpha and HIF-2alpha in normal 

human tissues, cancers, and tumor-associated macrophages. Am J Pathol, 

157, 411-21. 



 230 

TAVAZOIE, S. F., ALARCON, C., OSKARSSON, T., PADUA, D., WANG, Q., 

BOS, P. D., GERALD, W. L. & MASSAGUE, J. (2008) Endogenous human 

microRNAs that suppress breast cancer metastasis. Nature, 451, 147-52. 

TAYLOR, C. T., FURUTA, G. T., SYNNESTVEDT, K. & COLGAN, S. P. (2000) 

Phosphorylation-dependent targeting of cAMP response element binding 

protein to the ubiquitin/proteasome pathway in hypoxia. Proc Natl Acad Sci 

U S A, 97, 12091-6. 

TAYLOR, S. C., BERKELMAN, T., YADAV, G. & HAMMOND, M. (2013) A 

defined methodology for reliable quantification of Western blot data. Mol 

Biotechnol, 55, 217-26. 

TERRIS, D. J., HO, E. Y., IBRAHIM, H. Z., DORIE, M. J., KOVACS, M. S., LE, 

Q. T., KOONG, A. C., PINTO, H. A. & BROWN, J. M. (2002) Estimating 

DNA repair by sequential evaluation of head and neck tumor radiation 

sensitivity using the comet assay. Arch Otolaryngol Head Neck Surg, 128, 

698-702. 

THOMLINSON, R. H. & GRAY, L. H. (1955) The histological structure of some 

human lung cancers and the possible implications for radiotherapy. Br J 

Cancer, 9, 539-49. 

THOMSON, D. W., BRACKEN, C. P. & GOODALL, G. J. (2011) Experimental 

strategies for microRNA target identification. Nucleic Acids Res, 39, 6845-

53. 

THOMSON, J. M., NEWMAN, M., PARKER, J. S., MORIN-KENSICKI, E. M., 

WRIGHT, T. & HAMMOND, S. M. (2006) Extensive post-transcriptional 

regulation of microRNAs and its implications for cancer. Genes Dev, 20, 

2202-7. 

TIAN, H., MCKNIGHT, S. L. & RUSSELL, D. W. (1997) Endothelial PAS domain 

protein 1 (EPAS1), a transcription factor selectively expressed in endothelial 

cells. Genes Dev, 11, 72-82. 

UNIACKE, J., HOLTERMAN, C. E., LACHANCE, G., FRANOVIC, A., JACOB, 

M. D., FABIAN, M. R., PAYETTE, J., HOLCIK, M., PAUSE, A. & LEE, S. 

(2012) An oxygen-regulated switch in the protein synthesis machinery. 

Nature, 486, 126-9. 

VALASTYAN, S., REINHARDT, F., BENAICH, N., CALOGRIAS, D., SZASZ, A. 

M., WANG, Z. C., BROCK, J. E., RICHARDSON, A. L. & WEINBERG, R. 

A. (2009) A pleiotropically acting microRNA, miR-31, inhibits breast cancer 

metastasis. Cell, 137, 1032-46. 

VAN STAVEREN, W. C., SOLIS, D. Y., HEBRANT, A., DETOURS, V., 

DUMONT, J. E. & MAENHAUT, C. (2009) Human cancer cell lines: 

Experimental models for cancer cells in situ? For cancer stem cells? Biochim 

Biophys Acta, 1795, 92-103. 

VAUPEL, P. & HARRISON, L. (2004) Tumor hypoxia: causative factors, 

compensatory mechanisms, and cellular response. Oncologist, 9 Suppl 5, 4-9. 

VAUPEL, P., KALLINOWSKI, F. & OKUNIEFF, P. (1989) Blood flow, oxygen 

and nutrient supply, and metabolic microenvironment of human tumors: a 

review. Cancer Res, 49, 6449-65. 

VAUPEL, P., MAYER, A. & HOCKEL, M. (2004) Tumor hypoxia and malignant 

progression. Methods Enzymol, 381, 335-54. 

VAUPEL, P., SCHLENGER, K., KNOOP, C. & HOCKEL, M. (1991) Oxygenation 

of human tumors: evaluation of tissue oxygen distribution in breast cancers 

by computerized O2 tension measurements. Cancer Res, 51, 3316-22. 

VOLINIA, S., CALIN, G. A., LIU, C. G., AMBS, S., CIMMINO, A., PETROCCA, 

F., VISONE, R., IORIO, M., ROLDO, C., FERRACIN, M., PRUEITT, R. L., 



 231 

YANAIHARA, N., LANZA, G., SCARPA, A., VECCHIONE, A., 

NEGRINI, M., HARRIS, C. C. & CROCE, C. M. (2006) A microRNA 

expression signature of human solid tumors defines cancer gene targets. Proc 

Natl Acad Sci U S A, 103, 2257-61. 

VOLM, M. & KOOMAGI, R. (2000) Hypoxia-inducible factor (HIF-1) and its 

relationship to apoptosis and proliferation in lung cancer. Anticancer Res, 20, 

1527-33. 

WAHID, F., SHEHZAD, A., KHAN, T. & KIM, Y. Y. (2010) MicroRNAs: 

synthesis, mechanism, function, and recent clinical trials. Biochim Biophys 

Acta, 1803, 1231-43. 

WANG, F., MA, Y. L., ZHANG, P., SHEN, T. Y., SHI, C. Z., YANG, Y. Z., 

MOYER, M. P., ZHANG, H. Z., CHEN, H. Q., LIANG, Y. & QIN, H. L. 

(2013) SP1 mediates the link between methylation of the tumour suppressor 

miR-149 and outcome in colorectal cancer. J Pathol, 229, 12-24. 

WANG, G. L., JIANG, B. H., RUE, E. A. & SEMENZA, G. L. (1995) Hypoxia-

inducible factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated by 

cellular O2 tension. Proc Natl Acad Sci U S A, 92, 5510-4. 

WANG, G. L. & SEMENZA, G. L. (1993) General involvement of hypoxia-

inducible factor 1 in transcriptional response to hypoxia. Proc Natl Acad Sci 

U S A, 90, 4304-8. 

WANG, G. L. & SEMENZA, G. L. (1995) Purification and characterization of 

hypoxia-inducible factor 1. J Biol Chem, 270, 1230-7. 

WANG, Y., MEDVID, R., MELTON, C., JAENISCH, R. & BLELLOCH, R. (2007) 

DGCR8 is essential for microRNA biogenesis and silencing of embryonic 

stem cell self-renewal. Nat Genet, 39, 380-5. 

WANG, Z., WEI, W. & SARKAR, F. H. (2012) miR-23a, a critical regulator of 

"migR"ation and metastasis in colorectal cancer. Cancer Discov, 2, 489-91. 

WARBURG, O. (1956) On the origin of cancer cells. Science, 123, 309-14. 

WIESENER, M. S., JURGENSEN, J. S., ROSENBERGER, C., SCHOLZE, C. K., 

HORSTRUP, J. H., WARNECKE, C., MANDRIOTA, S., BECHMANN, I., 

FREI, U. A., PUGH, C. W., RATCLIFFE, P. J., BACHMANN, S., 

MAXWELL, P. H. & ECKARDT, K. U. (2003) Widespread hypoxia-

inducible expression of HIF-2alpha in distinct cell populations of different 

organs. FASEB J, 17, 271-3. 

WIGHTMAN, B., HA, I. & RUVKUN, G. (1993) Posttranscriptional regulation of 

the heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in 

C. elegans. Cell, 75, 855-62. 

WINTER, J., JUNG, S., KELLER, S., GREGORY, R. I. & DIEDERICHS, S. (2009) 

Many roads to maturity: microRNA biogenesis pathways and their regulation. 

Nat Cell Biol, 11, 228-34. 

WONG, C. C., GILKES, D. M., ZHANG, H., CHEN, J., WEI, H., CHATURVEDI, 

P., FRALEY, S. I., WONG, C. M., KHOO, U. S., NG, I. O., WIRTZ, D. & 

SEMENZA, G. L. (2011) Hypoxia-inducible factor 1 is a master regulator of 

breast cancer metastatic niche formation. Proc Natl Acad Sci U S A, 108, 

16369-74. 

WOUTERS, B. G. & KORITZINSKY, M. (2008) Hypoxia signalling through 

mTOR and the unfolded protein response in cancer. Nat Rev Cancer, 8, 851-

64. 

WOUTERS, B. G., VAN DEN BEUCKEN, T., MAGAGNIN, M. G., 

KORITZINSKY, M., FELS, D. & KOUMENIS, C. (2005) Control of the 

hypoxic response through regulation of mRNA translation. Semin Cell Dev 

Biol, 16, 487-501. 



 232 

WU, C., SO, J., DAVIS-DUSENBERY, B. N., QI, H. H., BLOCH, D. B., SHI, Y., 

LAGNA, G. & HATA, A. (2011) Hypoxia potentiates microRNA-mediated 

gene silencing through posttranslational modification of Argonaute2. Mol 

Cell Biol, 31, 4760-74. 

WU, H., XU, H., MIRAGLIA, L. J. & CROOKE, S. T. (2000) Human RNase III is a 

160-kDa protein involved in preribosomal RNA processing. J Biol Chem, 

275, 36957-65. 

WU, L., FAN, J. & BELASCO, J. G. (2006) MicroRNAs direct rapid deadenylation 

of mRNA. Proc Natl Acad Sci U S A, 103, 4034-9. 

WU, Q., SONG, R., ORTOGERO, N., ZHENG, H., EVANOFF, R., SMALL, C. L., 

GRISWOLD, M. D., NAMEKAWA, S. H., ROYO, H., TURNER, J. M. & 

YAN, W. (2012) The RNase III enzyme DROSHA is essential for microRNA 

production and spermatogenesis. J Biol Chem, 287, 25173-90. 

WYKOFF, C. C., BEASLEY, N. J., WATSON, P. H., TURNER, K. J., 

PASTOREK, J., SIBTAIN, A., WILSON, G. D., TURLEY, H., TALKS, K. 

L., MAXWELL, P. H., PUGH, C. W., RATCLIFFE, P. J. & HARRIS, A. L. 

(2000) Hypoxia-inducible expression of tumor-associated carbonic 

anhydrases. Cancer Res, 60, 7075-83. 

XU, P., VERNOOY, S. Y., GUO, M. & HAY, B. A. (2003) The Drosophila 

microRNA Mir-14 suppresses cell death and is required for normal fat 

metabolism. Curr Biol, 13, 790-5. 

YAMAGATA, K., FUJIYAMA, S., ITO, S., UEDA, T., MURATA, T., NAITOU, 

M., TAKEYAMA, K., MINAMI, Y., O'MALLEY, B. W. & KATO, S. 

(2009) Maturation of microRNA is hormonally regulated by a nuclear 

receptor. Mol Cell, 36, 340-7. 

YAN, H. L., XUE, G., MEI, Q., WANG, Y. Z., DING, F. X., LIU, M. F., LU, M. H., 

TANG, Y., YU, H. Y. & SUN, S. H. (2009) Repression of the miR-17-92 

cluster by p53 has an important function in hypoxia-induced apoptosis. 

EMBO J, 28, 2719-32. 

YAN, L. X., HUANG, X. F., SHAO, Q., HUANG, M. Y., DENG, L., WU, Q. L., 

ZENG, Y. X. & SHAO, J. Y. (2008) MicroRNA miR-21 overexpression in 

human breast cancer is associated with advanced clinical stage, lymph node 

metastasis and patient poor prognosis. RNA, 14, 2348-60. 

YAN, S. F., LU, J., ZOU, Y. S., SOH-WON, J., COHEN, D. M., BUTTRICK, P. M., 

COOPER, D. R., STEINBERG, S. F., MACKMAN, N., PINSKY, D. J. & 

STERN, D. M. (1999) Hypoxia-associated induction of early growth 

response-1 gene expression. J Biol Chem, 274, 15030-40. 

YANAIHARA, N., CAPLEN, N., BOWMAN, E., SEIKE, M., KUMAMOTO, K., 

YI, M., STEPHENS, R. M., OKAMOTO, A., YOKOTA, J., TANAKA, T., 

CALIN, G. A., LIU, C. G., CROCE, C. M. & HARRIS, C. C. (2006) Unique 

microRNA molecular profiles in lung cancer diagnosis and prognosis. Cancer 

Cell, 9, 189-98. 

YANG, J. S. & LAI, E. C. (2011) Alternative miRNA biogenesis pathways and the 

interpretation of core miRNA pathway mutants. Mol Cell, 43, 892-903. 

YAO, B., LI, S., LIAN, S. L., FRITZLER, M. J. & CHAN, E. K. (2011) Mapping of 

Ago2-GW182 functional interactions. Methods Mol Biol, 725, 45-62. 

YI, R., PASOLLI, H. A., LANDTHALER, M., HAFNER, M., OJO, T., 

SHERIDAN, R., SANDER, C., O'CARROLL, D., STOFFEL, M., TUSCHL, 

T. & FUCHS, E. (2009) DGCR8-dependent microRNA biogenesis is 

essential for skin development. Proc Natl Acad Sci U S A, 106, 498-502. 



 233 

YI, R., QIN, Y., MACARA, I. G. & CULLEN, B. R. (2003) Exportin-5 mediates the 

nuclear export of pre-microRNAs and short hairpin RNAs. Genes Dev, 17, 

3011-6. 

YODA, M., KAWAMATA, T., PAROO, Z., YE, X., IWASAKI, S., LIU, Q. & 

TOMARI, Y. (2009) ATP-dependent human RISC assembly pathways. Nat 

Struct Mol Biol, 17, 17-23. 

YU, L. & HALES, C. A. (2011) Long-term exposure to hypoxia inhibits tumor 

progression of lung cancer in rats and mice. BMC Cancer, 11, 331. 

YUAN, J., NARAYANAN, L., ROCKWELL, S. & GLAZER, P. M. (2000) 

Diminished DNA repair and elevated mutagenesis in mammalian cells 

exposed to hypoxia and low pH. Cancer Res, 60, 4372-6. 

ZDANOWICZ, A., THERMANN, R., KOWALSKA, J., JEMIELITY, J., DUNCAN, 

K., PREISS, T., DARZYNKIEWICZ, E. & HENTZE, M. W. (2009) 

Drosophila miR2 primarily targets the m7GpppN cap structure for 

translational repression. Mol Cell, 35, 881-8. 

ZHANG, H., WONG, C. C., WEI, H., GILKES, D. M., KORANGATH, P., 

CHATURVEDI, P., SCHITO, L., CHEN, J., KRISHNAMACHARY, B., 

WINNARD, P. T., JR., RAMAN, V., ZHEN, L., MITZNER, W. A., 

SUKUMAR, S. & SEMENZA, G. L. (2011) HIF-1-dependent expression of 

angiopoietin-like 4 and L1CAM mediates vascular metastasis of hypoxic 

breast cancer cells to the lungs. Oncogene, 31, 1757-70. 

ZHANG, X., GASPARD, J. P. & CHUNG, D. C. (2001) Regulation of vascular 

endothelial growth factor by the Wnt and K-ras pathways in colonic 

neoplasia. Cancer Res, 61, 6050-4. 

ZHANG, X., NIE, Y., DU, Y., CAO, J., SHEN, B. & LI, Y. (2012) MicroRNA-181a 

promotes gastric cancer by negatively regulating tumor suppressor KLF6. 

Tumour Biol, 33, 1589-97. 

ZHANG, Z., SUN, H., DAI, H., WALSH, R. M., IMAKURA, M., SCHELTER, J., 

BURCHARD, J., DAI, X., CHANG, A. N., DIAZ, R. L., MARSZALEK, J. 

R., BARTZ, S. R., CARLETON, M., CLEARY, M. A., LINSLEY, P. S. & 

GRANDORI, C. (2009) MicroRNA miR-210 modulates cellular response to 

hypoxia through the MYC antagonist MNT. Cell Cycle, 8, 2756-68. 

ZHONG, H., DE MARZO, A. M., LAUGHNER, E., LIM, M., HILTON, D. A., 

ZAGZAG, D., BUECHLER, P., ISAACS, W. B., SEMENZA, G. L. & 

SIMONS, J. W. (1999) Overexpression of hypoxia-inducible factor 1alpha in 

common human cancers and their metastases. Cancer Res, 59, 5830-5. 

ZHOU, H., HUANG, X., CUI, H., LUO, X., TANG, Y., CHEN, S., WU, L. & 

SHEN, N. (2010) miR-155 and its star-form partner miR-155* cooperatively 

regulate type I interferon production by human plasmacytoid dendritic cells. 

Blood, 116, 5885-94. 

ZHU, H., DOUGHERTY, U., ROBINSON, V., MUSTAFI, R., PEKOW, J., 

KUPFER, S., LI, Y. C., HART, J., GOSS, K., FICHERA, A., JOSEPH, L. & 

BISSONNETTE, M. (2010) EGFR signals downregulate tumor suppressors 

miR-143 and miR-145 in Western diet-promoted murine colon cancer: role of 

G1 regulators. Mol Cancer Res, 9, 960-75. 

 

 

 


