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Abstract 

The evolutionarily conserved Insulin-Like Growth Factor 1 (IGF-1) signalling 

pathway is essential for growth and development and may facilitate cancer 

progression. While IGF-1 mediates mitochondria protection in some pathologies, 

whether it is essential for mitochondrial homeostasis in tumour cells remains mostly 

unknown. Mitochondria are key organelles for energy production, and, therefore, 

cancer cells rely on mitochondrial maintenance to support rapid cell proliferation. In 

this thesis, the effects of IGF-1 signalling on mitochondrial biogenesis, dynamics and 

turnover in cancer cells were investigated.  

IGF-1 signalling was shown to promote mitochondrial biogenesis by inducing 

Peroxisome Proliferator-Activated Receptor-γ (PPAR-γ) Coactivator-1 β (PGC-1β) 

and PGC-1-Related Coactivator (PRC) to promote mitochondrial biogenesis, while 

also inducing the mitophagy receptor B-cell Lymphoma 2 (BCL-2)/Adenovirus E1B 

19 kDa Protein-Interacting Protein 3 (BNIP3). IGF-1 also activated the transcriptional 

regulator Nuclear Factor, Erythroid 2 Like 2 (NFE2L2/Nrf2), likely through 

inactivation of Glycogen Synthase 3β (GSK-3β). Both Nrf2 and Hypoxia-Inducible 

Factor 1α (HIF-1α) were required for IGF-1-mediated induction of BNIP3.  

While BNIP3 apparently inhibited cellular macro-autophagy, it facilitated 

mitophagy in cancer cells in response to a range of stimuli. A mitophagy reporter 

(pcDNA3.1-VLCAD(1-40)-mCherry-EGFP) was generated and tested to allow direct 

visualisation and quantification of cellular mitophagy. Unexpectedly, this reporter 

indicated that IGF-1 suppresses overall mitophagy in serum-deprived cell cultures. 

However, IGF-1 also induced colocalisation of BNIP3 with EGFP-LC3 in these cells, 

demonstrating that IGF-1 signalling selectively activates BNIP3-mediated mitophagy. 

The importance of IGF-1 signalling in mitochondrial turnover was further 
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demonstrated in IGF-1 receptor null mouse embryonic fibroblasts (R- cells) and these 

cells re-constituted with the IGF-1 receptor (R+ cells). Compared to R+ cells, R- cells 

exhibited impaired mitophagic clearance and reduced cell survival in response to 

mitochondrial stress.  

Overall the findings of the thesis demonstrate that IGF-1 signalling enhances 

mitochondria health to support cellular robustness. This basal IGF-1 signal enhances 

mitophagy while also supressing macro autophagy, thus providing a critical 

mitochondrial protection signal.  In cancer, this could be exploited therapeutically by 

co-targeting the IGF-1R with other therapies to generate mitochondrial vulnerabilities 

that would limit cancer progression. 

  



3 
 

List of Abbreviations 

Abbreviation Full name 

ADP Adenosine Diphosphate 

AKT AKT Serine/Threonine Kinase 1 

AMBRA1 Activating Molecule in BECN1-Regulated Autophagy Protein 1 

AMPK AMP-Activated Protein Kinase 

ARALAR SCL25A12/Calcium-Binding Mitochondrial Carrier 

Protein Aralar1 

ATP Adenosine Triphosphate 

BAX BCL-2-Associated X Protein 

BCL-2 B-Cell Lymphoma 2 

BCL-xL B-Cell Lymphoma-Extra Large 

β-TrCP β-Transducin Repeat Containing E3 Ubiquitin Protein Ligase 

BH BCL-2 Homology 

BNIP3 BCL-2/Adenovirus E1B 19 kDa Protein-Interacting Protein 3 

BNIP3L BCL-2/Adenovirus E1B 19 kDa Protein-Interacting Protein 3-

Like 

BSA Bovine Serum Albumin 

caMK Ca2+/Calmodulin-dependent protein Kinase 

CCCP Carbonyl Cyanide 3-Chlorophenylhydrazone 

cDNA Complementary DNA 

C. elegans Caenorhabditis elegans 

CM Complete Medium 

CQ Chloroquine 

Cyt C Cytochrome C 

DDP1 DNA damage-binding protein 1 

DFP Deferiprone 

DMEM Dulbecco’s Modified Eagles Medium 

DMSO Dimethyl Sulfoxide 

DNA Deoxyribonucleic Acid 

DRP1 Dynamin-Related Protein 1 

E. coli Escherichia Coli 

EGF Epidermal Growth Factor 

EGFP Enhanced Green Fluorescent Protein 

EMT Epithelial-Mesenchymal Transition 

Erk Extracellular Signal-Regulated Kinases 

ETC Electron transport chain  

EV Empty Vector 

FCCP Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone 

FBS Fetal bovine serum 

FOX Forkhead Box  

FUNDC1 FUN14 Domain-Containing Protein 1 

GABARAP Gamma-Aminobutyric Acid (GABAA) Receptor-Associated 

Protein 

GATE-16 GABAA-Receptor-Associated Protein 2/Golgi-associated ATPase 

enhancer of 16 kDa 

GCLC Glutamate-Cysteine Ligase Catalytic Subunit 



4 
 

GDP Guanosine Diphosphate 

GH Growth Hormone 

GHR Growth Hormone Receptor 

Gp78 Glycoprotein 78 

GRB2 Growth Factor Receptor Bound Protein 2 

GSK-3 Glycogen Synthase Kinase 3 

GTP Guanosine Triphosphate 

HIF-1α Hypoxia-Inducible Factor 1 subunit α 

HO1 Heme oxygenase 1 

HRD1 HMG-CoA Reductase Degradation 1 Homolog 

IGF-1/2 Insulin-Like Growth Factor 1/2 

IGF-1/2R Insulin-Like Growth Factor 1/2 Receptor 

IGFBP Insulin-Like Growth Factor Binding Proteins 

IMM Inner Mitochondrial Membrane 

IR Insulin Receptor 

IRS Insulin Receptor Substrates 

JNK c-Jun N-terminal Kinases 

KEAP1 Kelch Like ECH Associated Protein 1 

LC3 Microtubule Associated Protein 1 Light Chain 3α 

LIR LC3-Interacting Region 

MAPK Mitogen-Activated Protein Kinase 

MFN1/2 Mitofusin 1/2 

mt Mitochondrial 

mRNA Messenger Ribonucleic Acid 

mTORC12 Mammalian Target of Rapamycin Complex 1/2 

NADP Nicotinamide Adenine Dinucleotide Phosphate 

NDP52 Nuclear Dot Protein 52/Calcium Binding and Coiled-Coil Domain 

2 

Nrf2/NFE2L2 Nuclear Factor Erythroid 2-Related Factor 2 

NRF1/NRF2 Nuclear Respiratory Factor 1/2 

OMM Outer Mitochondrial Membrane 

OPA1 Optic Atrophy Protein 1 

OXPHOS Oxidative phosphorylation 

Parkin/PRKN Parkin RBR E3 Ubiquitin Protein Ligase 

PBS Phosphate-buffered Saline 

PCR Polymerase Chain Reaction 

PDK1 Phosphoinositide-Dependent Kinase 1 

PFA Paraformaldehyde 

PKA Protein Kinase A 

PGC-1α Peroxisome Proliferator-Activated Receptor (PPAR)-γ 

Coactivator 1-α 

PGC-1β PPAR-γ Coactivator 1-β 

PHB1/PHB2 Prohibitin 1/2 

PI 3-K Phosphoinositide 3-Kinase 

PINK1 PTEN-Induced Kinase 1 

PNC1 Pyrimidine Nucleotide Carrier 1/SLC25A33 

POLRMT Polymerase (RNA) Mitochondrial (DNA Directed) 

PRC PGC-1-Related Coactivator 



5 
 

PTPC Permeability Transition Pore Complex 

p62/SQSTM1 Sequestosome 1 

p70 S6 kinase Ribosomal protein S6 kinase, 70kDa, polypeptide 1 

RACK1 Receptor for Activated C Kinase 1 

RHEB Ras Homolog Enriched in Brain 

ROS Reactive Oxygen Species 

RPMI Roswell Park Memorial Institute medium 

rRNA Ribosomal RNA 

RTK Receptor Tyrosine Kinase 

RT-qPCR Real-time Quantitative Polymerase Chain Reaction 

SDS-PAGE Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis 

SEM Standard error of the mean 

SHC Src Homology Collagen 

siRNA Small interfering RNA 

SOS Son of Sevenless 

Src SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase 

SS Serum-starvation 

TBS Tris-buffered Saline 

TFAM Transcription Factor A, Mitochondrial 

TFB2M Transcription Factor B2, Mitochondrial 

TFEB Transcription Factor EB 

TMRM Tetramethylrhodamine, methyl ester 

TNF Tumour Necrosis Factor 

TOM20 Translocase of Outer Mitochondrial Membrane 20 

tRNA Transfer RNA 

Ub Ubiquitin 

UCP Uncoupling Protein 

ULK1 Unc-51 Like Autophagy Activating Kinase 1 

VDAC Voltage Dependent Anion Channel  

VLCAD Very Long Chain Acyl-CoA Dehydrogenase 

WDR23 WD Repeat-Containing Protein 23 

WT Wildtype 
 

Units: 

Abbreviation Full name 

kb kilobases 

kDa kilodalton 

ml mililiter 

mM milimolar 

M molar 

mM milimolar 

nM nanomolar 

RPM Revolutions per minute 

μg microgram 

μl microliter 

μm micrometer 

μM micromolar 



6 
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1.1 Insulin/IGF-1 family 

1.1.1 The conserved Insulin/IGF system regulates development, metabolism 

and longevity 

The Insulin/Insulin-Like Growth Factor 1 (IGF-1) signalling pathway is highly 

conserved through evolution, emphasizing the importance of this endocrine system 

(van Heemst, 2010). IGF-1 is transcriptionally induced in response to Growth 

Hormone (GH) signalling from the pituitary gland and is mainly produced in the liver 

from where it is released into circulation to act on many tissues (Carter-Su et al., 1996, 

Sjögren et al., 1999). The IGF family consists of three ligands: Insulin, IGF-1 and 

IGF-2, four receptors: two Insulin Receptors (IR-A and IR-B), IGF-1 Receptor (IGF-

1R) and IGF-2R (mannose 6 phosphate receptor) and IGF-Binding Proteins (IGFBPs) 

that bind IGFs in circulation (Guevara-Aguirre et al., 2018).  

Insulin/IGFs are essential for normal embryonic and fetal development as evidenced 

in for example Drosophila (Fernandez et al., 1995), mice (Liu et al., 1993), and 

zebrafish (Schlueter et al., 2007). In humans, IGFs are also essential for proper fetal 

growth and development (Gluckman et al., 1983, Lassarre et al., 1991, Fowden, 2003).  

IGF-1 deficiency has been linked to growth retardation in patients with Laron 

syndrome for example, which is characterized by mutations in the GH receptor and 

GH insensitivity causing a dramatic reduction in circulating IGF-1 levels (Laron and 

Kauli, 2016). These patients also present with severe obesity, reduced muscle and bone 

mass (Laron et al., 2006), smaller hearts (Feinberg et al., 2000) and some patient 

groups have impaired brain development associated with reduced intellectual capacity, 

which is thought to be caused by different mutations in the GH receptor (Shevah et 

al., 2005). Since GH, Insulin and IGF-1 signalling coordinate metabolic homeostasis 
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in humans (Møller and Jørgensen, 2009), IGF-1 deficiency has also been linked to 

metabolic syndrome, which is characterised by the manifestation of several symptoms 

including central obesity, elevated blood pressure and/or elevated fasting blood 

glucose levels (Eckel et al., 2005). Similarly, diabetes commonly presents with elevated 

levels of GH (Molnar et al., 1972) and reduced levels of serum IGF-1 (Tan and Baxter, 

1986), emphasizing the importance of a balanced Insulin/IGF-1 system for 

maintenance of healthy metabolism. 

Besides its role in developmental and metabolic processes, the Insulin/IGF-1 

pathway is also implicated in ageing and longevity. The non-vertebrate roundworm 

Caenorhabditis elegans (C. elegans) is an important model organism in lifespan 

studies because it possesses the ability to exit its reproductive life cycle and enter a 

dauer larval state, in which it is highly stress resistant, thus extending its lifespan 

(Kimura et al., 1997). In response to food, C. elegans secrete Insulin/IGF-1-like 

peptides that bind to and activate the DAF-2 receptor, a receptor tyrosine kinase (RTK) 

the common orthologue of the mammalian IR/IGF-1R. DAF-2 signalling coordinates 

the growth, differentiation and metabolic changes that are required for survival in a 

changing environment (van Heemst, 2010). DAF-2 mutations cause either arrest of 

the larva in the dauer state or retention of some dauer features, thereby greatly 

increasing the lifespan of the worms (Kenyon et al., 1993, Halaschek-Wiener et al., 

2005).  

The fruit fly Drosophila melanogaster similarly has one common Insulin/IGF-

1 receptor tyrosine kinase that can bind multiple Insulin/IGF-1-like peptides inducing 

intracellular signalling cascades associated with regulation of lifespan (Tatar et al., 

2001, Giannakou and Partridge, 2007).  
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In mammals, Insulin and IGF signals are propagated through distinct RTKs, the IR 

and IGF-1R, that share significant homology, particularly in their kinase domains. 

However, the evidence for control of lifespan in mammals is not as compelling in 

mammals as in worms. In mice, heterozygous knockout of the IGF-1R caused 

increased lifespan, but the effect was sex-specific (Holzenberger et al., 2003). 

Mutations in IGF-1R and lower levels of IGFs have been associated with human 

longevity. However, complex fluctuations in GH and IGF-1 signalling are influenced 

by many genetic and environmental factors such as age, sex and weight (Veldhuis et 

al., 2011), so the effects of IGF-1 signalling on longevity in mammals is still a topic 

of much debate (Vitale et al., 2019). Additionally, IGF-1 signalling is implicated in 

neuronal function and, thus, healthy ageing. Downregulation of IGF-1 was shown to 

impair mitochondrial structure and function in astrocytes associated with diminished 

astrocyte function, which is essential to hippocampal-mediated spatial learning. 

Therefore, age-dependent downregulation of IGF-1 was proposed as a mechanism for 

the development of age-related cognitive disorders such as Alzheimer’s Disease (AD) 

(Logan et al., 2018). However, this is an area of some controversy, as blocking IGF-1 

signalling was shown to delay AD  progression by reducing the accumulation of 

amyloid-β, which is considered toxic and critical to the development of AD (Freude 

et al., 2009, Gontier et al., 2015). The complexity of IGF-1 effects on the aging brain 

is reviewed elsewhere (Gubbi et al., 2018).  

 

1.1.2 Mechanism of IGF-1 receptor activation 

Insulin, IGF-1 and IGF-2 can all bind competitively to all three receptors IR, IGF-1R 

and IGF-2R, although with different affinities with IGF-1 displaying highest affinity 

for IGF-1R and Insulin for IR-B (Denley et al., 2005). The IGF-1R, was originally 
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described in 1974 as having distinct properties from the IR (Megyesi et al., 1974, 

Megyesi et al., 1975). It is synthesized in the cells as a 180 kDa precursor protein that 

undergoes glycosylation and dimerization prior to proteolytic cleavage, which yields 

the mature tetrameric receptor linked together by disulphide bonds. As illustrated in 

Figure 1.1A, this mature receptor is comprised of two extracellular α subunits and two 

β subunits that extend from the extracellular space, across the cell membrane and into 

the intracellular space. The α chains interact with the ligand, whereas the tyrosine 

kinase domain is present within the intracellular section of the β chains. The amino 

acid precursor consists of 1367 residues with a signal peptide at residues -30-1, the α 

chain at residues 1-707, a proteolytic cleavage site at residues 708-711 and the β chain 

at residues 712-1337. The tyrosine kinase domain (residues 973-1229) is present on 

the intracellular section of the β chains flanked by a juxtamembrane region (930-972) 

and a C-terminal tail (1230-1337) (Adams et al., 2000).  

Activation of the IGF-1R leads to phosphorylation of several receptor 

substrates including Insulin Receptor Substrates (IRS) and Src Homology Collagen 

(SHC) initiating signalling cascades to induce cell growth and proliferation while 

preventing cell death, as illustrated in Figure 1.1B (Hakuno and Takahashi, 2018). 

Firstly, when bound by IGF-1, the receptor undergoes a conformational change that 

leads to activation of the tyrosine kinase domain. The exact structural changes that 

occur during the activation of the receptor are still a topic of research, but it was 

recently demonstrated that binding of one IGF-1 molecule was sufficient to induce 

receptor activation due to conformational changes (Pautsch et al., 2001, Li et al., 

2019). IGF-1R autophosphorylation is initiated on tyrosine residues 1131, 1135 and 

1136 within the kinase domain leading to full receptor activation (Kato et al., 1994). 

Subsequent autophosphorylation on other sites such as Y950 initiate recruitment of  
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dockings proteins like IRS or Shc to activate the two major IGF-1 pathways involving 

Phosphoinositide 3-Kinase (PI 3-K) or Mitogen-Activated Protein Kinase-1 (MAPK), 

as illustrated in Figure 1.1B (Myers and White, 1996). 

All the components and activity of the IR/IGF-1R-PI 3-K axis are highly 

conserved from worm to mammals to promote cell survival, growth and 

differentiation. The PI 3-K axis promotes cell survival and differentiation (Hakuno 

and Takahashi, 2018). One of the main proteins directly recruited by active PI 3-K is 

AKT, which is recruited to the plasma membrane alongside Phosphoinositide-

Dependent Kinase-1 (PDK-1) through their PH domains. PDK-1 phosphorylates AKT 

on T308, and this is followed by Mammalian Target of Rapamycin Complex 2 

(mTORC2)-mediated phosphorylation of S473 leading to maximal activation of AKT 

(Fruman et al., 2017). As reviewed in detail elsewhere, AKT exerts many cellular 

effects. These include induction of cell proliferation through activation of Mammalian 

Target of Rapamycin Complex 1 (mTORC1), alteration of cellular metabolism 

through inhibition of GSK-3 in addition to anti-apoptotic effects mediated for example 

by phosphorylating BH3 members of BCL-2 family and Forkhead box class O (FoxO) 

to suppress transcription of pro-apoptotic and cell cycle regulatory genes (Manning 

and Cantley, 2007). 

Another pathway induced by IGF-1R activation involves Growth Factor 

Receptor-Bound protein 2 (GRB2) that binds through its Src Homology 2 (SH2) 

domain to IRS or Shc on the activated IGF-1R. GRB2 interacts with Son of Sevenless 

(SOS), which is a guanine nucleotide exchange factor for Ras, causing activation of 

Ras. This can activate the Ras-MAPK/ERK cascade, which ultimately causes 

phosphorylation and activation of MAPK/ERK and of transcriptional activators 

(Hakuno and Takahashi, 2018). Ras-MAPK/ERK activation affects several 
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downstream signalling routes mediated through the Extracellular Signal-Related 

Kinases 1 and 2 (ERK1/2), Jun Amino-Terminal Kinases (JNK1/2/3), p38-MAPK and 

ERK5. Unlike the PI 3-K/AKT pathway, activation of the MAPK/ERK signalling by 

IGF-1 generally requires cell adhesion signals and therefore involves the assembly of 

signalling complexes containing the IGF-1R, integrins, adapters, particularly SHC or 

Receptor for Activated C Kinase 1 (RACK1) and adhesion kinases such as SRC Proto-

Oncogene Non-Receptor Tyrosine Kinase (Src), Focal Adhesion Kinase (FAK) and 

Fes-Related Tyrosine Kinase (FER) (Clemmons et al., 1999, Kiely et al., 2006, 

Andersson et al., 2009, Stanicka et al., 2018). These complexes may also contain Rho 

family proteins that control cell shape and polarity (Deevi et al., 2014). These 

pathways are associated with induction of cell cycle/cell proliferation, differentiation 

or migration in addition to increasing DNA synthesis and enhancing cell survival (Sun 

et al., 2015). 

 

  

 

 

A. 
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Figure 1.1 Structure of the IGF-1R and the IGF-1 signalling pathways.  

A. The IGF-1R consists of a dimer of two α- and β-chains that are bound together by 

disulphide bonds. The α-symbol binds IGF-1, while the β-chain crosses the plasma membrane 

with its juxta-membrane domain and protrudes into the cytosol with the kinase domain and C-

terminus. B. Binding of IGF-1 ligand to the IGF-1R induces two main signalling pathways. 

One operates through PI 3-K, which induces conversion of PIP2 to PIP3 facilitating activation 

of AKT that phosphorylates many substrates including the transcription factor FoxO3a, GSK-

3β, mTORC1 and Bad. The other pathway involves a phosphorylation cascade resulting in 

activation of all MAPK/ERK pathways leading to transcriptional activation enhancing cell 

proliferation and survival. 

 

B. 
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1.2 IGF-1 signalling in cancer 

1.2.1 Implications of IGF-1 in cancer and its therapeutic potential 

The genetic disorder Laron Syndrome is caused by mutations in the human GH gene 

and is associated with low levels of circulating IGF-1. Afflicted individuals present 

with features such as dwarfism and obesity, but interestingly have a reduced risk of 

cancer (Shevah and Laron, 2007, Laron and Kauli, 2016). Studies were conducted 

with a mouse model of Laron Syndrome that lacks the GH receptor/binding protein, 

which is also associated with reduced IGF-1 levels. The mice exhibited lower 

incidence and delayed manifestation of fatal tumours compared to wildtype (WT) 

mice (Ikeno et al., 2009). Similarly, a rat model lacking GH and exhibiting reduced 

levels of circulating IGF-1, had improved resistance to mammary tumour induction 

compared to WT rats (Swanson and Unterman, 2002). GH treatment increased the 

mammary tumour incidence in these rats to the levels of the WT, but when treatment 

was halted, the tumours regressed, suggesting that the GH/IGF-1 signalling axis is 

directly implicated in cancer development and progression (Shen et al., 2007).  

In humans, IGF-1 signalling particularly related to the levels of circulating 

IGF-1 has been implicated in many different types of cancer including prostate (Wolk 

et al., 1998), breast (Peyrat et al., 1993), bladder (Zhao et al., 2003), lung (Yu et al., 

1999) and colorectal cancer (Chi et al., 2013). Various studies in IGF-1/IGF-1R levels 

in human malignancies have yielded conflicting results regarding the clinical and 

prognostic value of this, as reviewed by Samani et al. (Samani et al., 2007). However, 

IGF signalling is also associated with development of resistance to chemo- and 

radiotherapy (Juan et al., 2011, Osuka et al., 2013, Cortés-Sempere et al., 2013, Long 

et al., 2019), so it is clear that IGF-1 pathways are of importance in cancer 
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deterioration. From a functional point of view, the implication of IGF signalling in 

cancer is due to its role in tumorigenic processes such as cell growth, proliferation and 

inhibition of apoptosis. IGFs are also implicated in the promotion of cancer metastasis 

by enhancing basement membrane breakdown and angiogenesis (Kasprzak et al., 

2017). Furthermore, IGF-1 signalling has a significant role in cellular maintenance of 

stemness features (Teng et al., 2018). It has been proposed that cancer cells acquire 

such stem cell characteristics to facilitate epithelial-mesenchymal transition (EMT). 

This process is enhanced by IGF-1 signalling and may contribute to the tumorigenic 

effects associated with the IGF-1 pathway (Farabaugh et al., 2015, Fajka-Boja et al., 

2018).  

Promising pre-clinical studies led to the development of anti-cancer treatments 

targeting the IGF-1 pathway, including anti-IGF-1R and anti-IGF-1 antibodies in 

addition to small molecule tyrosine kinase inhibitors. However, the drugs proved to 

be disappointing in clinical trials in unselected patient groups. Much of the current 

research into IGF-1 signalling aims to better understand the pathway and potential 

resistance mechanisms and to identify biomarkers that will allow patient stratification 

to hopefully increase treatment success (Bowers et al., 2015, Werner et al., 2019).  

 

1.2.2 Effects of IGF signalling on mitochondria in cancer cells 

Mitochondria health and function is at the centre of cancer development and 

progression, as many tumorigenic processes result in mitochondria dysfunction that in 

turn drive further disease progression (Vyas et al., 2016). One of the many 

mitochondria-associated key characteristics of cancer is metabolic reprogramming. 

This promotes cancer advancement by inducing a switch to the glycolytic phenotype 

that was first described by Warburg (Warburg et al., 1927), although this is now known 
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to be a very complex process (Vander Heiden et al., 2009). It involves uncoupling of 

oxidative phosphorylation (OXPHOS) for example by regulation of uncoupling 

protein 2 (UCP2) that can shuttle metabolites out of the mitochondria (Samudio et al., 

2008, Vozza et al., 2014, Yu et al., 2019). This reprogramming allows the cancer cells 

to exploit metabolites to drive different biosynthetic pathways (Vander Heiden et al., 

2009, Locasale et al., 2011, Jiang et al., 2011, Nilsson et al., 2014). Growth hormone 

signalling is associated with regulation of UCP2 and 3 (Pedersen et al., 1999, 

Futawaka et al., 2016), and circulating IGF-1 was shown to increase UCP1 in 

cardiomyocytes (Vinciguerra et al., 2009), suggesting that Insulin/IGF-1 may also 

affect energy metabolism through OXPHOS uncoupling.  

Furthermore, Insulin/IGF-2 signalling can mediate metabolic reprogramming 

in breast cancer cells (Vella et al., 2019). IGF-2 can induce activation and translocation 

of estrogen receptor (ER)-α and -β to the mitochondria and other subcellular 

compartments of breast cancer cells (Richardson et al., 2011). At the mitochondria, 

ERα/β has been linked to induction of mitochondrial DNA (mtDNA) transcription 

(Song et al., 2006) and regulation of apoptosis (Liang et al., 2015). Estradiol treatment 

was shown to induce mitochondrial biogenesis (Mattingly et al., 2008) and increase 

mitochondrial calcium uptake (Lobatón et al., 2005), so possibly, the Insulin/IGF 

system cross-talks with the ER system to enhance mitochondrial function in tumour 

cells. 

In the neuroblastoma cell line SH-SY5Y and other non-tumour-derived cells, 

IGF-1 stimulation induces mitochondrial translocation of AKT in a PI 3-K-dependent 

manner. This is associated with phosphorylation of adenosine triphosphate (ATP) 

synthase and phosphorylation of mitochondrial GSK-3β (Bijur and Jope, 2003). 

Phospho-mimetics of ATP Synthase predominantly exhibited reduced dimerization 
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and ATPase function, although little is known of the effects of such phosphorylations 

in vivo (Kane et al., 2010). GSK-3, on the other hand, can regulate glucose metabolism 

in different types of cancer (Pal et al., 2014, Momcilovic et al., 2018). It is also 

involved in regulation of apoptosis (Dickey et al., 2011, Nishimura et al., 2016), can 

affect mitochondrial permeability (Juhaszova et al., 2004, Tanno et al., 2014) and is 

implicated in regulation of mitochondrial motility (Ogawa et al., 2016). Thus, the 

inhibition of mitochondrial GSK-3β mediated by IGF-1, may have many effects on 

mitochondrial function in cancer as well as other pathologies. As reviewed by Rasola 

and Chiara (2013), the two homologues GSK-3 isoforms GSK-3α and GSK-3β, 

collectively referred to as GSK-3, can exert several mitochondrial effects in cancer 

cells. Active GSK-3 promotes degradation of the anti-apoptotic protein BCL-2 and 

induces translocation of the pro-apoptotic BCL-2-Associated X protein (BAX) to 

mitochondria, thus, facilitating apoptosis. Furthermore, GSK-3 downregulates binding 

of Hexokinase Type II to the outer mitochondrial membrane (OMM), where it is 

involved in glucose utilization for glycolysis, thereby preventing the metabolic shift 

often observed in cancer cells (Rasola and Chiara, 2013). Therefore, IGF-1-mediated 

inhibition of mitochondrial GSK-3 may impair apoptosis and enhance metabolic 

reprogramming. 

IGF-1 induces the mitochondrial pyrimidine carrier (PNC1)/SLC25A33 in 

cancer cells, and this signal induces cell growth (Floyd et al., 2007). PNC1 suppression 

leads to mitochondrial dysfunction indicated by reduced OXPHOS and increased 

reactive oxygen species (ROS) production. Suppression of PNC1 also causes ROS-

induced EMT (Favre et al., 2010). Overall, the findings suggest that IGF-1 signalling 

through regulation of PNC1 protects and maintains mitochondria function. In the 

cancer setting, this signal enhances mitochondria health and survival of the tumour 
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cells, but it prevents further tumorigenic transformation to an aggressive mesenchymal 

phenotype. Thus, most studies indicate a mitochondria-protective role for IGF-1 

signalling. However, some conflicting data has also been reported suggesting that 

heterozygous knockout of the IGF-1R in mice protects against oxidative stress 

(Holzenberger et al., 2003). These mice also displayed attenuated dextran sulphate 

sodium (DSS)-induced colitis, which was associated with enhanced mitochondrial 

resistance to oxidative damage in colorectal mucosal cells in response to 

azoxymethane (AOM)/DSS and increased OXPHOS (Wang et al., 2019). However, 

as these mice only exhibited partial reduction in IGF-1 signalling, the phenotypic 

improvements likely reflect the requirement for balanced IGF-1 signalling. Mice with 

homozygous knockout of the IGF-1R die immediately post birth and exhibit severe 

growth retardation (Sell et al., 1994). Furthermore, in patients with GH deficiency, 

GH therapy dosage can be based on serum IGF-1 levels (Cohen et al., 2007), although 

different studies have highlighted the difficulty in optimizing IGF-1 levels. High to 

normal levels of circulating IGF-1 improved waist-circumference as an indicator of 

obesity and general well-being, but with potentially dangerous adverse effects (van 

Bunderen et al., 2016), whereas low-normal IGF-1 levels improved cognitive function, 

but was associated with fatigue (van Bunderen et al., 2018). Thus, enhancing our 

understanding of IGF-1 effects on mitochondria, is of great importance, given the 

implication of mitochondria dysfunction in many disease pathologies. Mitochondrial 

effects of IGF-1 are summarized in Figure 1.2.  
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Figure 1.2 IGF-1 effects on mitochondrial function.  

IGF-1 induces PNC1 to enhance cellular growth and reduce ROS production. Insulin/IGF-1 

can induce UCPs to cause OXPHOS uncoupling, facilitating metabolic reprogramming. IGF-

1 can cause mitochondrial translocation of active AKT, which leads to phosphorylation of 

ATP synthase/electron transport chain components (ETC) V and inhibitory phosphorylation 

of GSK-3β, which could prevent induction of apoptosis and could enhance metabolic 

reprogramming due to altered glucose metabolism. 

 

1.3 Mitochondria structure, function and dynamics 

1.3.1 Mitochondrial structure and function 

Mitochondria originate from α-proteobacterium that were taken up by a predecessor 

of modern eukaryotic cells approximately 2 billion years ago according to the 

endosymbiont theory (Gray, 2017). Human mitochondria contain mtDNA that is about 

16 kilobases in size and is present in cells in multiple copies. mtDNA encodes 13 

proteins that are all essential components of the electron transport chain complexes I-

V. Mitochondrial DNA encodes 22 tRNAs and 2 mitochondrial rRNAs. Most 
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mitochondrial proteins are nuclear encoded, translated on ribosomes in the cytoplasm 

and subsequently imported through transporters in the mitochondrial membranes 

(Friedman and Nunnari, 2014).  

The structure of mitochondria as double membrane organelles was first 

described in the 1950’s (Palade, 1952, Sjostrand, 1953). They are composed of an 

outer mitochondrial membrane (OMM) that regulates the overall shape and size of the 

mitochondria. Encased by the OMM, is the inner mitochondrial membrane (IMM), 

which is pushed towards the OMM by the central mitochondrial matrix, forcing the 

IMM into tubular cristae-shaped structures (Frey et al., 2002). OXPHOS mainly 

occurs at the cristae (Gilkerson et al., 2003).  OXPHOS entails the transfer of electrons 

between the electron transport chain complexes (I-IV) that generates a proton gradient 

across the IMM, which is exploited by the ATP synthase/Complex V to generate ATP. 

Complexes I, III and IV pump protons across the IMM into the intermembrane space 

generating the required proton gradient (Saraste, 1999). Studies have shown that 

cristae shape is regulated based on the cellular energy requirements, illustrative of the 

dynamic and adaptable nature of mitochondria (Cogliati et al., 2016). 

 

1.3.2 Reactive Oxygen Species (ROS) 

ROS are produced as by-products of OXPHOS (Loschen et al., 1971, Balaban et al., 

2005) as well as by peroxisomes (Fransen et al., 2012), the endoplasmic reticulum 

(Delaunay-Moisan and Appenzeller-Herzog, 2015), NADPH oxidase (Lambeth, 

2004) or exposure to external stresses such as ultraviolet radiation (Phaniendra et al., 

2015). Mitochondria produce ROS predominantly through Complexes I and III of the 

electron transport chain (ETC) that are the main sources of mitochondrial superoxide 

(O2
-). ROS can be rapidly scavenged by superoxide dismutase (SOD) for example, 
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leading to the production of H2O2 that is subsequently converted to H2O and O2 

through enzymatic reactions (Mailloux, 2015). Figure 1.3 illustrates some of the 

detrimental mitochondrial effects of ROS and feedback mechanisms that enhance 

mitochondrial dysfunction under conditions of elevated ROS.  

Elevated levels of ROS are associated with many different diseases. As has 

been extensively reviewed elsewhere, ROS can enhance inflammation (Naik and 

Dixit, 2011, Mittal et al., 2014), alter cell signalling (Ray et al., 2012), induce 

mutations in mitochondrial DNA and promote genomic instability (Srinivas et al., 

2019). However, it is now well established that ROS play an important role in normal 

cell function, such as its involvement in appropriate regulation of some immune 

responses (West et al., 2011), and it has been proposed that it is exploited for 

intercellular communication (Cowan et al., 2003, Zhou et al., 2010). Thus, the 

emerging consensus is that redox homeostasis is essential for physiological health 

(Ursini et al., 2016). 
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Figure 1.3 The effects of elevated ROS on mitochondrial functions.  

ROS can cause mutations in mtDNA leading to impaired synthesis of ETC components, thus 

altering the quality of mitochondria-derived components of the ETC and the balance between 

these and imported components, ultimately leading to impaired OXPHOS. ROS can also cause 

lipid peroxidation leading to mutagenesis and mitochondrial permeabilization. Additionally, 

ROS can cause cytochrome C release and apoptosis through lipid peroxidation and direct 

effects on the permeability transition pore complex (PTPC). 

 

1.3.3 Mitochondrial biogenesis  

Mitochondrial biogenesis requires the coordinated transcription, translation and 

import of nuclear encoded mitochondrial proteins alongside translation of the proteins 

encoded in the mtDNA. This synchronization is mediated by mitochondrial 

transcription factors such as mitochondrial transcription factor A (TFAM) that are 

encoded in the nuclear genome (Hock and Kralli, 2009).  

Transcription of mtDNA is carried out by mitochondrial RNA polymerase 

(POLRMT). Mitochondrial Transcription Factor B2 (TFB2M) facilitates interaction 

between TFAM and POLRMT, and TFAM allows POLRMT to bind promoters within 

the mtDNA. Once transcribed, mitochondrial mRNA is translated by mt-tRNAs on 
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the mito-ribosome, a complex consisting of mitochondrial rRNA in addition to both 

nuclear- and mtDNA-encoded proteins. Unlike, mtDNA-encoded proteins, the 

nuclear-encoded mitochondrial proteins are translated on cytosolic ribosomes and 

must be imported into the mitochondria. The most common mitochondrial route 

involves amino-terminal targeting sequences that are cleaved following import. These 

targeting sequences enable recognition of the precursor proteins by translocases of the 

OMM (TOMs) and translocases of the IMM (TIMs) that form pore structures 

facilitating protein import (Model et al., 2008, Chacinska et al., 2009). Other 

mitochondrial protein precursors use alternative routes of import that are reviewed 

elsewhere (Chacinska et al., 2009, Wiedemann and Pfanner, 2017).  

Central to the regulation of mitochondrial biogenesis are Nuclear Respiratory 

Factors 1 and 2 (NRF1/NRF2) that control expression of nuclear encoded 

mitochondrial proteins such as TFAM, TFB2M and ETC components. NRF1/NRF2 

expression, in turn, is regulated by transcriptional activators that are induced under 

different cellular conditions as illustrated in Figure 1.4. These include peroxisome 

proliferator-activated receptor-γ (PPAR-γ) coactivator-1 α (PGC-1α) (Puigserver et 

al., 1998, Wu et al., 1999), PPAR-γ coactivator-1β (PGC-1β) (Shao et al., 2010, Gao 

et al., 2011), PGC-1-related coactivator (PRC) (Andersson and Scarpulla, 2001) and 

Nuclear Factor, Erythroid 2 Like 2 (NFE2L2/Nrf2) (Piantadosi et al., 2008). Firstly, it 

was shown that cold exposure induces PGC-1α in brown fat tissue and muscle leading 

to increased expression of several genes encoding mitochondrial proteins (Puigserver 

et al., 1998). Furthermore, in skeletal muscles, increased intracellular concentrations 

of Ca2+ during endurance exercise cause activation of Ca2+/calmodulin-dependent 

protein kinase (CaMK), which leads to PGC-1α activation (Wu et al., 2002). 

Additionally, exercise causes activation of p38 mitogen-activated protein kinase (p38 
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MAPK) in skeletal muscle, which increases PGC-1α expression and mitochondrial 

biogenesis to facilitate muscle adaptation to increased physiological demands 

(Akimoto et al., 2005). Similarly, the cellular energy sensor, AMP-activated protein 

kinase (AMPK), that is activated in response to ATP depletion during exercise for 

example, causes activation of PGC-1α (Jäger et al., 2007). On the other hand, GSK-

3β inactivation increases PGC-1α expression through activation of transcription factor 

EB (TFEB), suggesting that GSK-3β is a negative regulator of PGC-1α. Thus, 

physiological inactivation of GSK-3β was proposed to enhance mitochondrial 

biogenesis during myogenic differentiation (Theeuwes et al., 2018, Theeuwes et al., 

2020). Furthermore, in the context of myogenic differentiation, the homologous 

protein PGC-1β was also shown to induce mitochondrial biogenesis (Shao et al., 

2010). 17β-estradiol also stimulates hepatic mitochondrial biogenesis through PGC-

1β (Galmes-Pascual et al., 2017). PRC, on the other hand, is cell cycle regulated, as it 

is ubiquitously expressed and increased under conditions requiring cell proliferation 

(Andersson and Scarpulla, 2001). NFE2L2/Nrf2 is another transcriptional regulator 

implicated in mitochondrial biogenesis and health, and various stimuli/stresses can 

induce this pathway. For example, exercise-induced oxidative stress can stimulate 

mitochondrial biogenesis by upregulating Nrf2 activity (Merry and Ristow, 2016). 

Furthermore, recovery from sepsis or from lung injury in response to Staphylococcus 

aureus infection in mice depends on Nrf2-mediated activation of mitochondrial 

biogenesis (MacGarvey et al., 2012, Athale et al., 2012). 
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Figure 1.4 Regulators of mitochondrial biogenesis. 

Various stresses or stimuli including cold exposure, oxidative/inflammatory stress, induction 

of cell proliferation, myogenic differentiation and exercise can induce mitochondrial 

biogenesis through the transcriptional regulators, PGC-1α, PGC-β, PRC or Nrf2. They all 

converge on induction of NRF1 and NRF2 to mediate this signal. 

 

1.3.4 Mitochondrial dynamics  

Mitochondria are dynamic organelles that constantly adapt to the cellular environment 

by undergoing fusion and fission events. Mitochondrial fusion is mediated mainly by 

the guanosine triphosphate (GTP)ases optic atrophy gene 1 (OPA1), mitofusin 1 

(MFN1) and mitofusin 2 (MFN2). It occurs sequentially, as OPA1 mediates fusion of 

the IMM, while MFN1 and MFN2 mediate fusion of the OMM (Song et al., 2009). As 

reviewed by Sebastián and Zorzano (2018), it has been proposed that the mitofusins 

can dimerize between opposing mitochondrial membranes following GTP binding. 

Hydrolysis of GTP then causes conformational changes that bring the membranes into 
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close contact allowing fusion to occur (Qi et al., 2016, Cao et al., 2017, Sebastián and 

Zorzano, 2018). 

Mitochondrial fission on the other hand is mediated by the GTPase DRP1 

(Smirnova et al., 2001), which is predominantly cytoplasmic under normal cellular 

conditions. The protein forms oligomers that upon fission-inducing stimuli can 

assemble into larger structures at the OMM. Conformational changes in the protein 

following GTP hydrolysis cause constriction of the OMM leading to mitochondrial 

division. DRP1 function and localisation is predominantly regulated by post-

translational modification such as phosphorylations and sumoylations (Chang and 

Blackstone, 2010).  A recent study revealed that DRP1 is essential for mitochondrial 

fission, whereas dynamins that were previously proposed to be required for this 

process are dispensable (Fonseca et al., 2019).   

Different growth conditions for Saccharomyces cerevisiae were shown to 

affect mitochondria shape, size and interconnectivity (Visser et al., 1995). 

Mitochondria can fuse to protect and preserve the existing mitochondria pool in a cell 

in response to nutrient deprivation (Gomes et al., 2011). Furthermore, exchange of 

material between different mitochondria facilitates the segregation of mitochondria 

that are targeted for degradation due to damage (Twig et al., 2008).  

Mitochondria dynamics also affect mitochondrial metabolism. Particularly, MFN2 is 

central to the integration between mitochondria form and function, as MFN2 depletion 

or mutations in various models was associated with impaired OXPHOS, reduced 

mitochondrial membrane potential and metabolic reprogramming (Bach et al., 2003, 

Pich et al., 2005). Hence, it is not surprising that dysregulation of mitochondrial 

dynamics is associated with various pathologies (Chan, 2019).  
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1.3.5 Mitochondrial autophagy  

1.3.5.1 Autophagy 

Autophagy is a catabolic process through which cellular components/organelles are 

engulfed by autophagosomes and degraded, when the autophagosomes fuse with 

lysosomes. This process feeds anabolic processes upon recycling of the building 

blocks (Parzych and Klionsky, 2014). In yeast, the coordinated process of 

autophagosome biogenesis and cargo recruitment and uptake is carried out by a set of 

autophagy-related proteins (Atg). The yeast ubiquitin-like protein Atg8 is essential to 

this process (Shpilka et al., 2011). Mammalian homologues of Atg8 include 

microtubule-associated protein 1 light chain 3 (LC3), γ-aminobutyric-acid-type-A 

(GABAA)-receptor-associated protein (GABARAP) and GABAA-receptor-

associated protein 2/Golgi-associated ATPase enhancer of 16 kDa (GATE-16). These 

all become anchored to autophagosome membranes upon conversion from form I to 

form II through a process believed to involve phosphatidylethanolamine (PE)-

conjugation (Kabeya et al., 2004). So-called autophagy adaptors, such as 

sequestosome 1/p62, NDP52 and optineurin mediate the interaction between these 

autophagy proteins and the ubiquitinated proteins that target cytoplasmic cargo. To do 

so, the adaptor proteins contain both ubiquitin-binding domains and LC3-interacting 

regions (LIR) that can interact with a motif in LC3 and other Atg8-like proteins 

(Birgisdottir et al., 2013).  

The formation of autophagosomes is initiated in response to cellular 

nutrient/energy stress by the UNC-51 Like Autophagy Activating Kinase 1 (ULK1) 

protein complex, which is regulated by mTORC1 and AMPK (Lin and Hurley, 2016). 

mTORC1 associates with and phosphorylates ULK1 causing suppression of its 

activity. mTORC1 is inhibited upon nutrient deprivation, which triggers the release of 
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ULK1 and induction of autophagy. Conversely, mTORC1 is activated under nutrient 

rich conditions due to Insulin/IGF-1 signalling through PI 3-K/AKT leading to 

inhibition of autophagy (Jung et al., 2010). AMPK is activated in response to increases 

in the AMP/ADP ratio signalling an unbalanced cellular energy status. It can activate 

ULK1 by direct phosphorylation or, indirectly, through phosphorylation-dependent 

inhibition of mTORC1 (Hardie, 2011). 

 

1.3.5.2 Mitophagy 

Removal of damaged or aged mitochondria occurs through a selective form of 

autophagy referred to as mitophagy, which is mediated through various pathways. 

Mitophagy is typically preceded by mitochondrial fission to facilitate the engulfment 

of the targeted mitochondria by autophagosomes (Lee et al., 2011). 

The different pathways through which mitophagy can occur are illustrated in 

Figure 1.5. Thus far, the most widely described is ubiquitin-dependent and operates 

through PTEN-induced putative kinase 1 (PINK1) and Parkin. PINK1 is under normal 

conditions transported across the OMM to the IMM, where it is cleaved and degraded. 

However, when mitochondria become depolarized, PINK1 is retained at the OMM 

and becomes activated due to autophosphorylation, causing Parkin recruitment 

(Okatsu et al., 2012). Parkin functions as an E3 ligase  that poly-ubiquitinates proteins 

on the OMM (Shimura et al., 2000). These proteins then either undergo proteosomal 

degradation or interact with autophagy adaptors NDP52 and optineurin that can 

interact with LC3II on autophagosomes leading to engulfment and degradation of 

mitochondria. NDP52 and Optineurin also recruit ULK1, triggering autophagosome 

biosynthesis (Lazarou et al., 2015). It was shown that PINK1 also phosphorylates 

ubiquitin, contributing to the full activation of the E3 ligase activity of Parkin (Koyano 
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et al., 2014). Other E3 ligases such as Gp78 can also ubiquitinate OMM proteins 

facilitating Parkin- independent mitophagy (Fu et al., 2013a).  

Alternative routes of mitochondrial clearance involve mitophagy receptors that 

interact directly with Atg8-like proteins on the autophagosome surface through their 

LC3-interacting regions. These receptors include IMM protein Prohibitin 2 (PHB2) 

and OMM proteins, B-cell Lymphoma 2 (BCL-2)/Adenovirus E1B 19 kDa Protein-

Interacting Protein 3 (BNIP3), NIP3-like protein X (Nix/BNIP3L) and FUN14 

Domain Containing 1 (FUNDC1) (Palikaras et al., 2018). PHB2 was recently shown 

to function as a mitophagy receptor in PINK1-Parkin mitophagy following 

permeabilization of the OMM (Wei et al., 2017). FUNDC1 mediates mitophagy in 

response to hypoxia and is known to regulate mitochondrial morphology as well 

through interactions with OPA1 and DRP1 (Liu et al., 2012). Similarly, the 

homologues Nix and BNIP3 are known to induce mitophagy under hypoxic 

conditions, as Hypoxia Inducible Factor 1 Subunit α (HIF-1α) induces their expression 

(Sowter et al., 2001, Ney, 2015). Nix is also required for mitochondrial clearance 

associated with reticulocyte maturation (Schweers et al., 2007). 

Activating Molecule in BECN1-Regulated Autophagy protein 1 (AMBRA1) is 

another mitophagy mediator, which has been shown to localise partly to the 

mitochondria, where it can interact with LC3 and induce mitophagy (Strappazzon et 

al., 2015).  

Interestingly, BNIP3 was shown to enhance PINK1 stabilisation on the OMM 

and PINK1-Parkin mitophagy (Zhang et al., 2016). Similarly, BNIP3L is a substrate 

in Parkin-mediated mitophagy (Gao et al., 2015). This suggests cross talk and 

potentially redundancy in the different mitophagy pathways 
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Accurate and appropriate regulation of mitophagy is essential to many different cell 

functions such as cell differentiation (Lampert et al., 2019), neuronal health and 

function (Anichtchik et al., 2008, Moisoi et al., 2014) and maturation of immune cells 

(O’Sullivan et al., 2015). 

 

 

Figure 1.5 Mitophagy triggers and mediators. 

Mitochondrial stresses such as depolarization, OMM permeabilization or hypoxia induce 

mitophagy through a ubiquitin-dependent pathway involving PINK1 or through non-ubiquitin 

dependent pathways involving the mitophagy receptors, FUNDC1, BNIP3/BNIP3L, PHB2 or 

AMBRA1. 

 

1.4 BNIP3 functions in cell death and mitophagy 

1.4.1 BNIP3 structure and function 

BNIP3 was first identified due to its interaction with Adenovirus E1B 19 kDa protein 

and was shown to localise to mitochondria, when expressed alone. However, BNIP3 
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translocates to the nucleus upon co-expression with the E1B 19 kDa protein, which 

protects again apoptosis in response to the viral infection (Boyd et al., 1994).  

BNIP3 belongs to the BNIP3 subfamily of the BH3-only BCL-2 family of 

proteins, consisting of BNIP3 and BNIP3L. The two proteins share approximately 

55% sequence homology (Chinnadurai et al., 2008). As illustrated in Figure 1.6, 

BNIP3 contains an N-terminal proline (P), glutamic acid (E), serine (S), threonine (T) 

and aspartic acid (D) (PEST) domain that targets it for degradation, a BCL-2 

homology (BH3) domain, a conserved domain and a C-terminal transmembrane 

region that targets it to the OMM of mitochondria (Vasagiri and Kutala, 2014). 

Through its BH3 domain, it interacts with the anti-apoptotic proteins BCL-2, BCL-xL 

and EBV-BHRF1 that are functional homologues of Adenovirus E1B 19 kDa protein. 

Mutations in the BH3 domain was shown to partially impair the apoptotic functions 

of BNIP3 and prevent interaction with and subsequent suppression of the anti-

apoptotic protein BCL-xL (Yasuda et al., 1998). A later study revealed that cell death 

mediated by BNIP3 is independent of caspases and cytochrome C release (Vande 

Velde et al., 2000). In this study, BNIP3 was shown to induce early plasma membrane 

permeabilization but prevented the common apoptotic process of phosphatidylserine 

externalisation. Late DNA fragmentation was induced, but atypically this was 

independent of apoptosis inducing factor (AIF), which is well-described for its role in 

DNA fragmentation upon apoptotic stimuli (Susin et al., 1999). BNIP3 expression also 

led to accumulation of cytoplasmic vacuoles. Taken together, the data suggest that 

BNIP3 mediates a necrotic type of cell death. Furthermore, BNIP3 induced loss of 

mitochondria membrane potential due to opening of the permeability transition (PT) 

pore and increased production of ROS. Inhibition of the PT pore prevented BNIP3-

induced cell death, suggesting mitochondria dysfunction is essential to this cell death 
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pathway (Vande Velde et al., 2000). It has since been shown that BNIP3 can induce 

cell death through various mechanisms, such as tumour necrosis factor (TNF)-

mediated necrosis (Kim et al., 2011), a hypoxia-induced caspase-independent pathway 

(Ma et al., 2017) and a calpain-dependent cell death pathway activated in response to 

hypoxia-acidosis mimicking ischemia (Graham et al., 2015). It was also shown that 

BNIP3 mediated protective mitochondrial autophagy despite ultimately inducing cell 

death in response to hypoxia (Ma et al., 2017).  

In cardiomyocytes the transcription factor Forkhead box O3a (FOXO3a) upregulates 

BNIP3 causing increased mitochondrial Ca2+, decreased mitochondrial membrane 

potential and finally cell death, suggesting that FOXO3a specifically promotes the 

apoptotic/necrotic function of BNIP3 (Chaanine et al., 2016). IGF-1 signalling can 

phosphorylate FOXO3a via PI 3-K/AKT causing its translocation to the cytoplasm 

and inhibition of its activity (Yan et al., 2016), suggesting IGF-1 may suppress this 

cell death-promoting function of BNIP3. 

As mentioned above, BNIP3 is induced in response to hypoxia by HIF-1α (Guo 

et al., 2001). BNIP3 can bind and inhibits RHEB causing inhibition of mTORC1 

activity during hypoxia, and this is associated with reduced cell growth (Li et al., 

2007). 

Perinecrotic regions of tumours are hypoxic and exhibit elevated levels of BNIP3, 

which may mediate cell death in such areas (Sowter et al., 2001). However, some 

tumours display impaired BNIP3-induced cell death despite increased BNIP3 

expression. It has been proposed that this may be due to retainment of BNIP3 in the 

nucleus of such tumour cells  (Burton et al., 2006). Another study proposed that growth 

factor signalling might impact on BNIP3 function in tumours. They showed that 

Epidermal Growth Factor (EGF) and IGF can prevent hypoxia-mediated cell death 
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through a mechanism dependent on the presence of an intact BH3 domain in BNIP3. 

Of note, the group did not specify which IGF ligand was applied, and the concentration 

used in cell cultures was 1μg/ml, thus, exceeding physiological levels (Kothari et al., 

2003). However, IGF signalling may be able to alter the expression or function of 

BNIP3 to mediate protection against cell death. 

 

 

Figure 1.6 The protein domains of BNIP3.  

BNIP3 contains an N-terminal PEST domain, which targets BNIP3 for proteosomal 

degradation, a LIR which interacts with LC3II during mitochondrial clearance, a B-cell 

Lymphoma 2 (BCL-2) Homology (BH3) domain that is implicated in regulation of apoptosis, 

a conserved domain (CD) and a C-terminal mitochondrial targeting sequence (MTS). 

 

1.4.2 BNIP3 in mitophagy  

BNIP3 also contains a LIR motif in the N-terminus, which is exposed to the cytoplasm, 

when the C-terminal transmembrane domain is inserted into the OMM. This motif is 

essential to interaction with LC3, and inactivation of the motif, partially prevented the 

reduction in mitochondrial mass observed in response to overexpression of WT 

BNIP3, suggesting that mitochondrial BNIP3 can trigger mitophagy likely through 

interaction with LC3-like proteins on the autophagosome surface (Hanna et al., 2012). 

BNIP3 can selectively mediate mitophagy and prevent cell death by impairing 

OXPHOS without causing permeabilization of the OMM (Rikka et al., 2011). This 
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suggests a cytoprotective role for BNIP3, when it induces mitophagy, and a cell death 

promoting role for BNIP3 under other conditions.  

Mitophagy mediated by BNIP3 is preceded by recruitment of the 

mitochondrial fission mediator DRP1 likely to separate the damaged/aged parts of the 

mitochondrial network that are targeted for degradation (Lee et al., 2011). 

Furthermore, BNIP3 can interact with OPA1 to inhibit mitochondrial fusion (Landes 

et al., 2010). 

Modulation of serines flanking the LIR domain to generate a phosphomimetic mutant 

and a non-phosphorylatable mutant revealed a phosphorylation-dependent regulation 

of BNIP3 activity. The phosphomimetic displayed enhanced interaction with LC3 and 

GATE-16 and increased mitochondrial degradation, whereas the non-

phosphorylatable mutant abolished interaction with LC3/GATE-16. This was 

associated with anti-apoptotic effects through reduced cellular capacity for 

cytochrome C release (Zhu et al., 2013). Phosphorylations near the C-terminal 

transmembrane region were also shown to affect the function of BNIP3, as BNIP3-

dependent cell death was downregulated, but mitophagy induction was unaffected 

(Liu and Frazier, 2015). Similarly, phosphorylation of Nix enhances its mitophagy 

function (Rogov et al., 2017). Others have demonstrated cellular regulation of BNIP3 

function by alternative splicing (Gang et al., 2015).  

Consistently, these studies suggest a cytoprotective role of BNIP3-mediated 

mitophagy. In support of this, it was shown that BNIP3 knockout mice exposed to 

renal ischemia-reperfusion, had impaired mitophagy, which was associated with 

accumulation of dysfunctional mitochondria, increased ROS and led to increased cell 

death in the kidneys (Tang et al., 2019). In addition, the HIF-1α/BNIP3 axis was 
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shown to induce mitophagy to mediate protection in response to myocardial damage 

caused by ischemia/reperfusion (Zhang et al., 2019).  

In C. elegans, the NFE2L2/Nrf2 homologue SKN-1 regulates both 

mitochondrial biogenesis and mitophagy. In response to mitophagy impairment, 

which causes ROS accumulation, the redox status sensor SKN-1 was activated and 

induced mitophagy through DCT-1, which is a homologue of BNIP3/BNIP3L 

(Palikaras et al., 2015b).  Thus, Nrf2 regulates BNIP3 activity in C. elegans through a 

pathway coupling mitochondrial biogenesis and turnover. The different functions of 

BNIP3 are illustrated in Figure 1.7. 

 

Figure 1.7 Summary of BNIP3 functions.  

BNIP3 can inhibit autophagy and cellular growth through inhibition of RHEB. Alternatively, 

BNIP3 can cause cell death through induction of mitochondrial dysfunction. Finally, BNIP3 

can mediate mitophagy by direct interaction with LC3-like proteins on autophagosomes. 

Δψm: mitochondrial membrane potential. 
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1.5 Nrf2 function and activity in cancer 

1.5.1 Nrf2 function 

Nrf2 is a cytoprotective transcription factor that acts as the major mediator of cellular 

stress responses upon antioxidant stress or toxic insults (Baird and Dinkova-Kostova, 

2011). It belongs to a family of basic leucine zipper, cap'n'collar (CNC) transcription 

factors that in vertebrate consist of NFE2 (Andrews et al., 1993) and the NFE2-related 

factors Nrf1 (Chan et al., 1993), Nrf2 (Moi et al., 1994) and Nrf3 (Kobayashi et al., 

1999). Nrf2 is by far the most studied of the proteins, but, generally, they have 

important roles in development and are particularly associated with the maintenance 

of homeostasis during cellular stress responses (Sykiotis and Bohmann, 2010). Nrf2 

has been implicated in stem cell differentiation, as it is involved in the metabolic 

changes required for reprogramming of stem cells (Hawkins et al., 2016). It was shown 

to regulate the function and longevity of hematopoietic stem cells (Tsai et al., 2013).  

Additionally, Nrf2 regulates cellular detoxification in response to various 

xenobiotics (Köhle and Bock, 2007, McMahon et al., 2001). In cancer cells, these 

protective functions can be exploited to allow cells to survive in the stressful tumour 

environment, where nutrients and oxygen levels are low, so, unsurprisingly, Nrf2 is 

also associated with the development of chemoresistance in bladder cancer (Hayden 

et al., 2014, Ciamporcero et al., 2018), acute myeloid leukemia (Karathedath et al., 

2017), non-small cell lung cancer (Ji et al., 2019) and other cancers (Bai et al., 2016). 

Furthermore, studies have implicated  Nrf2 in metabolic reprogramming, specifically 

it causes metabolic reprogramming in a HIF-1α-dependent way in breast cancer cells, 

supporting a role in cancer cell adaptation and progression (Zhang et al., 2018, Wang 

et al., 2018).  
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Nrf2 is also strongly associated with mitochondrial health and function, as it 

has been shown to regulate mitochondrial biogenesis, ATP production and structural 

integrity for example (Dinkova-Kostova and Abramov, 2015). Furthermore, Nrf2 

mediates a homeostatic signalling pathway that impacts both mitochondrial biogenesis 

and mitophagy, resulting in increased healthy lifespan (Palikaras et al., 2015b). The 

balance between mitochondrial biogenesis and mitophagy requires strict regulation in 

healthy cells during aging and in response to stress as well as in cancer cells with their 

increased dependence on energy production and ROS clearance (Pickles et al., 2018, 

Wallace, 2012). Therefore, the coordinated regulation of mitochondrial biogenesis and 

mitochondrial turnover through Nrf2 could enhance tumorigenesis in cancer cells.  

Interestingly, an immunohistochemical study of gastric neoplasias ranging 

from benign to malignant revealed a positive correlation between Nrf2 and IGF-1 with 

elevated expression of both in premalignant and malignant tumours, potentially 

linking the two hormetic pathways in cancer (Wang et al., 2011).   

 

1.5.2 Nrf2 activity determined by protein stability  

The stability and activity of Nrf2 is mainly regulated at a protein level, as it is bound 

to inhibitory protein complexes that through interaction with E3 ligases cause rapid 

ubiquitination and degradation of the protein. Four such complexes have been 

identified involving Kelch ECH associating protein 1 (KEAP1) interacting with Cullin 

3, GSK-3β interacting with SCF/β-TrCP, HMG-CoA reductase degradation 1 

homolog (Hrd1) or WDR23 in association with DDB1 and Cullin4 associated factor 

11 (DCAF11 or WDR23) (Rojo de la Vega et al., 2018, Park et al., 2019). The protein 

domain structure of Nrf2 and its interaction with degradative complexes are illustrated 

in Figure 1.8A-B.  
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KEAP1 binds as a homodimer to the Neh2 domain of Nrf2 at two distinct sites, 

the DLG and the ETGE motifs. KEAP1, furthermore, binds Cullin 3, which interacts 

with Ring-box1 protein, and the three proteins form an E3 ubiquitin ligase complex 

that ubiquitinates Nrf2. Upon exposure to particularly electrophiles, Keap1 undergoes 

cysteine modifications that cause the dissociation from Cullin 3, leading to 

stabilization of Nrf2 (Suzuki and Yamamoto, 2015, Furukawa and Xiong, 2005).   

Additionally, Nrf2 induction leads to increased levels of its target genes, including p21 

and p62, that can bind Nrf2 causing displacement of KEAP1, thus further enhancing 

Nrf2 stabilization (Taguchi et al., 2011, Ichimura et al., 2013, Komatsu et al., 2010). 

Active GSK-3β on the other hand can phosphorylate serines within the Neh6 

domain of Nrf2, which also contains a region resembling the SCF/β-TrCP destruction 

motif that is targeted for ubiquitination. These phosphorylations mediated by GSK-3β 

enhance degradation of Nrf2 and are necessary for the recruitment of SCF/β-TrCP. It 

was shown that inhibition of the PI 3-K/AKT pathway increases GSK-3β activity and 

reduces Nrf2 activation (Rada et al., 2011, Chowdhry et al., 2013). As IGF-1 signalling 

inhibits GSK-3β by phosphorylating the protein on S9, IGF-1 may potentially cause 

activation of Nrf2 (Sutherland et al., 1993). 

The E3 ubiquitin ligase Hrd1 was shown to regulate Nrf2 degradation in liver cirrhosis 

(Wu et al., 2014). Finally, WDR23 regulates Nrf2 activity specifically affecting Nrf2 

target genes involved in the cytoprotective Nrf2 response. WDR23 is part of an E3 

ligase complex with CUL4A-DDB1 that can mediate Nrf2 degradation (Lo et al., 

2017). It appears that all these different routes for Nrf2 regulation are complementary 

and upregulate various Nrf2 response pathways depending on the cellular status.  
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Figure 1.8 The domain structure of Nrf2 and its various routes for degradation.  

A. Nrf2 is composed of 7 Neh domains in the illustrated order that can interact with different 

negative regulators of Nrf2. B. KEAP1 or WDR23 can interact with the Neh2 domain of Nrf2 

to recruite the E3 ligases CUL3 or CUL4, respectively. Hrd1 binds the Neh4 and Neh5 

domains of Nrf2. β-TrCP interacts with the Neh6 domain of Nrf2, and this interaction is 

enhanced by GSK-3β-mediated phosphorylations. β-TrCP recruits CUL1 to mediate 

degradation of Nrf2. The recruitment of E3 ligases cause ubiquitination (Ub) and proteosomal 

degradation of Nrf2. 

 

  

A. 

B. 



40 
 

1.6 Thesis Aims 

IGF-1 signalling contributes to cancer development and progression. However, 

clinical trials with anti-IGF-1 treatments in cancer patients have yielded disappointing 

results. This has highlighted the need to improve means of stratifying patients and to 

enhance our understanding of the pathway to target it more efficiently. One approach 

to improve treatment efficacy while reducing the occurrence of chemoresistance, is to 

target multiple components of the pathway.  

Mitochondrial dysfunction is a key characteristic of cancer cells and can affect 

metabolism, mitochondrial biogenesis, mitochondrial dynamics or mitophagy. IGF-1 

signalling impacts on several aspects of mitochondrial function. We previously 

characterized the mitochondrial UTP carrier PNC1, which is induced by IGF-1 and 

implicated in promotion of cell growth. This established a mitochondria protective 

role for IGF-1 in cancer cells (Floyd et al., 2007, Favre et al., 2010). Thus, inhibition 

of IGF-1 signalling may render cancer cells vulnerable to targeting of essential 

mitochondrial proteins representing potential drug targets.  

The first aim of this project was to complete a study focusing on the effects of 

IGF-1 on mitochondrial biogenesis and mitophagy in cancer cells, particularly through 

the mitophagy receptors BNIP3 and PHB2.  

The second aim was to delineate the pathway through which IGF-1 regulates BNIP3 

and expand our knowledge on the importance of this signalling pathway in 

mitochondrial dynamics and turnover.  

The third aim was to develop a tool with which to directly measure mitophagy within 

our cell models and to use this tool to directly assess the effects of IGF-1 on 

mitophagy.  
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2 Chapter 2. Materials and Methods    
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2.1 Antibodies   

Rabbit anti-phospho-IGF-1R (Y1135/1136 #3024), rabbit anti-IGF-1R (#3027), rabbit 

anti-phospho-AKT (S473, #4060), rabbit anti-AKT (#2920), rabbit anti-NFE2L2/Nrf2 

(#12721), rabbit anti-caspase 3 (#9662), rabbit anti-cleaved caspase 3 

(#9661), rabbit anti-phospho-GSK-3β (S9, #9336), rabbit anti-phospo-p70 S6 kinase 

(T371, #9208) and rabbit anti-p70 S6 kinase (#9202) were all obtained from Cell 

Signalling Technology (Danvers, MA). Rabbit anti-PHB1 (#PA5-19556) and rabbit 

anti-PHB2 (#PA5-14133) was from Thermo Fisher Scientific (Waltham, MA).  Rabbit 

anti-TOM20 (#sc-11415), mouse anti-TOM20 (#sc-17764), anti-α-tubulin (#sc-

23948), and mouse anti-p62 (#sc-28359) were from Santa Cruz Biotechnology 

(Dallas, TX).  Mouse anti-BNIP3 (#ab10433) and mouse Total Human OXPHOS WB 

antibody cocktail (#ab110411) were from Abcam (Cambridge, UK).  Mouse anti-β-

actin (#A5441) and rabbit anti-LC3 (#L8918) were from Sigma-Aldrich (St. Louis, 

MO).  Mouse anti-GSK-3 (#610202) was from BD Biosciences (Franklin Lakes, NJ) 

and Rabbit anti-HIF-1α (#A300-286A) from Bethyl Laboratories Inc (Montgomery, 

TX). Rabbit anti-PINK1 (#BC-100-494) was purchased from Novus Biologicals 

(Littleton, CO).  

Of note, BNIP3 is known to undergo post translational modification including 

phosphorylations that can affect the migratory pattern, so by western blotting it 

presents with a series of bands around 30-35kDa apart from the two dominant bands 

representing the monomer at ~20-25kDa and the dimer ~55-60kDa, although the 

profile varies slightly depending on the cell line (Mellor et al., 2010, Graham et al., 

2007). For quantification of protein from human cancer cell lysates, densitometry was 

performed measuring the bottom monomer band only, which was consistently 

detected with different antibody batches, and was specifically altered by the indicated 
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culture conditions. For MEFs, all bands in the 25-30kDa range were included for 

densitometry, due to the different antibody detection profile observed in these cells. 

 

2.2 Cell lines and cell culture   

MCF-7, DU145 and U2OS cell lines were all obtained from ATCC (Old Town 

Manassas, VA). MCF-7 breast cancer cells, U2OS osteosarcoma cells and R- and R+ 

cells (mouse embryonic fibroblast cell lines (MEFs) derived from IGF-1R knock-out 

mice (Sell et al., 1994) were cultured in DMEM (#D6429, Sigma) supplemented with 

10% heat-inactivated fetal bovine serum (FBS), 10mM L-Glutamine and 

5mg/ml penicillin/ streptomycin. DU145 prostate carcinoma cells were cultured in 

RPMI (#R8758, Sigma) with the same supplements. Cells were cultured in incubators 

at 37°C and 5% CO2. Prior to experiments that included IGF-1 stimulation or chemical 

inhibitors, cells were seeded and cultured for 16h, allowing them to reach a confluence 

of approximately 70%.  

When seeding for experiments, cell counting was performed using a 

haemocytometer. A small volume of the cell suspension was diluted 1:1 with Trypan 

Blue Solution (0.4%, #T8154, Sigma-Aldrich) that allows distinction between cells 

that are alive (unstained) or dead (blue).  

For serum-deprivation of cells, they were washed twice with PBS and then 

cultured in serum-free medium for 4h prior to addition of IGF-1 (Peprotech #100-

11) at 10ng/ml for the indicated periods of time unless otherwise stated.   

The MCF-7R cell line was generated in our laboratory by Dr. Amy Lyons as 

described in O’Flanagan et al. 2016. MCF-7 cells were maintained in increasing 

concentrations of the IGF-1R receptor tyrosine kinase inhibitor BMS-754807 (#A-
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1013, Active Biochem, Hong Kong), producing a cell line with acquired resistance to 

the inhibitor (O'Flanagan et al., 2016). Generally, these cells were cultured in DMEM 

culture medium as described above for MCF-7 cells with the addition of 500nM BMS-

754807 until 24h prior to seeding, when the BMS-754807 was removed to prevent 

cross-actions with other chemicals added during the experiments. 

For inhibition of GSK-3, two compounds were used: The GSK-3α/β inhibitor 

SB415286 (#S3567, Sigma) at 30μM and the GSK-3β inhibitor LiCl at 10mM. They 

were added to complete medium cultures for the time indicated in figure legends. As 

the two GSK-3 isoforms (α/β) have overlapping functions with little knowledge of 

their distinct roles (Doble et al., 2007, Itoh et al., 2012), a specific isoform was only 

stated in this thesis, when analysing the phosphorylation site at Ser9, which is known 

to specifically occur on GSK-3β (Cross et al., 1995).  

The PI 3-K inhibitor LY294002 (#440204, Merck) was added to complete 

medium cultures at 20μM 30 min prior to addition of IGF-1. For induction of 

mitochondrial stress, the iron chelator deferiprone (DFP, #379409, Sigma) was used 

at 1mM and both of the mitochondrial uncouplers Carbonyl Cyanide 3-

Chlorophenylhydrazone (CCCP, #C2759, Sigma) or Carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP, #C2920, Sigma) were used at 10μM 

concentration. They were added to complete medium cultures for the time indicated 

in figure legends. 50μM of the lysosomal inhibitor chloroquine (#14774, Sigma) was 

added for the last 4h of cell culture in the indicated experiments. LY294002, 

SB415286, CCCP and FCCP were all dissolved in DMSO, and therefore DMSO alone 

was added as a vehicle control to reach equivalent concentrations to that in control 

samples (usually 1/1000). 
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2.3 Polymerase Chain Reaction (PCR) and agarose gel 

electrophoresis 

20μl PCR reactions included: 20ng of DNA template, 1μl each of the forward and 

reverse primer (10μM working stock), 10μl GoTaq G2 Green All-in-One PCR Master 

Mix (#M7823, Promega (Maddison, WI, USA)) and nuclease-free water. The 

following PCR cycle setup was used on a PTC-200 Peltier Thermal Cycler (MJ 

Research, Waltham, MA, USA):  

• 95°C for 2min 

Followed by 35 cycles of: 

• 94°C for 30s 

• X °C for 30s (temperature should be 5°C below lowest primer Tm)  

• 72°C for X s (elongation time depends on PCR amplicon size (1min/kb)) 

The PCR products were separated on 1.0-1.5% agarose gels (DNA grade agarose 

(#A9539, Sigma) in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA (pH 

8.0)) depending on the size of the amplicon with 5μl SafeView Nucleic Acid Stain 

(#NBS-SV5,NBS Biological, Huntington, UK) per 50ml TAE. DNA Gel Loading Dye 

(6x) (#R0611, Thermo Fisher Scientific) was added to the samples, and 

electrophoresis was performed for 10-45min depending on fragment size at 70-90V. 

The following molecular ladders were used: GeneRuler 100 bp DNA Ladder 

(#SM0241) and GeneRuler 1 kb DNA Ladder (#SM0311) from Thermo Fisher 

Scientific. The DNA products were visualised by UV using a Gel Doc EZ Imager with 

Image Lab software purchased from Bio-Rad. 
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2.4 Restriction enzyme digestion and ligation of DNA 

For restriction enzyme digestions, the enzymes, digestion buffers, T4 DNA Ligase 

Reaction Buffer and T4 DNA Ligase (#M0202) were all purchased from New England 

Biolabs (Ipswich, MA, USA). For agarose gel DNA extraction, the KeyPrep Gel Clean 

Up Kit was used (#AM-113163, Anachem).  

Restriction enzyme digestions were prepared as follows per 25μl reaction: 1ug 

DNA, 2.5μl restriction buffer, 1μl of each restriction enzyme and nuclease-free water. 

Incubation was typically performed for 1h at 37°C unless otherwise specified for the 

specific restriction enzyme in use. Agarose gel electrophoresis was performed as 

described above to confirm successful digestion.  

DNA ligations were set up as follows per 20μl reaction: 2μl T4 DNA Ligase 

Reaction Buffer (10x), 50ng vector DNA, 1μl T4 DNA Ligase, nuclease-free water 

and varying amounts of insert DNA depending on the sizes of the vector and the insert. 

The amount of insert to use was calculated using the NEBioCalculator 

(https://nebiocalculator.neb.com/#!/ligation) typically applying 3:1 and 5:1 

insert:vector ratios. Generally, ligations were done at 16°C overnight, and the T4 DNA 

Ligase was subsequently inactivated by heating the ligation mix to 65°C for 10min.  

 

2.5 Bacterial transformation 

Lysogeny broth (LB) (#L3022, Sigma-Aldrich) was prepared in dH2O and autoclaved. 

For agar plates, bacteriological agar (#A5306, Sigma-Aldrich) was added to this 

solution prior to autoclaving. The appropriate antibiotics were added depending on the 

antibiotic resistance cassette present within the plasmids in use. Ampicillin (#A9518, 

Sigma-Aldrich) was used at 100μg/ml. Kanamycin (#K1377, Sigma-Aldrich) was 

used at 30μg/ml. 

https://nebiocalculator.neb.com/#!/ligation
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Competent DH5α Escherichia Coli (E. Coli) were used for transformation of 

plasmids. The competent E. Coli (stored at -80°C) were allowed to thaw for ~5min on 

ice. Generally, 1-2μl of DNA (~10ng) was added to 50μl aliquots of the bacteria and 

left on ice for 30min. The bacteria were then heat-shocked for 1.5min at 42°C and 

subsequently kept on ice for 2min prior to addition of 950μl of LB medium with no 

antibiotic. The bacteria were left to grow for 1h at 37°C in a shaking incubator at 

150rpm. For supercoiled plasmids, 100μl of this culture was spread onto agar plates 

with the appropriate selection antibiotic. For non-supercoiled plasmids, the 1ml 

culture was centrifuged at 3000rpm for 3min, resuspended in 50-100μl LB medium 

and spread on agar plates with the appropriate selection antibiotic. 

The agar plates were kept in an incubator at 37°C overnight (~16h). The following 

day, colonies were picked using sterile pipette tips and used for inoculation of 2-5ml 

LB medium cultures with the appropriate selection antibiotic. These were cultured 

overnight in a shaking incubator (150rpm) at 37°C overnight (~16h) and plasmid DNA 

extraction was performed using The Plasmid DNA Extraction Kit (#112113, 

Anachem) to allow analysis of the plasmids. Sequencing of plasmids was performed 

using Supreme Sanger Sequencing offered by Eurofins Scientific (Luxembourg). 

 

2.6 Plasmid transfection   

Plasmid DNA was amplified for transfections using The NucleoBond™ Xtra Midi 

Plus EF Kit to extract DNA (#12718422, Thermo Fisher Scientific). For this, a 2-5ml 

culture was inoculated as described above and cultured for ~8h in a shaking incubator 

(150rpm) at 37°C. From this starter culture, ~100μl was added to 100ml sterile LB 

medium in a 1L Erlenmeyer flask containing the appropriate selection antibiotic and 
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grown overnight (~16h) in a shaking incubator (150rpm) at 37°C. The plasmid DNA 

was extracted per manufacturer’s instructions.  

DNA transfections were performed using Lipofectamine (#18324-012) for 

MCF-7 cells or using Lipofectamine 2000 (#11668-019) for DU145, U2OS, R- and 

R+ cells. Both transfection reagents were purchased from Thermo Fisher Scientific 

and used following the manufacturer’s instructions. Generally, for MCF-7 and DU145 

cell lines, 2.5x10^5 cells were seeded per well in a 6-well plate the day before 

transfection. 1μg/well of DNA was used for transfections with Lipofectamine, 

whereas 2μg/well was used for transfections with Lipofectamine 2000. The DNA 

solution and transfection reagent were prepared separately in OptiMEM medium 

(Thermo Fisher Scientific, #51985026) and left to incubate for 5min at room 

temperature, before being gently mixed. The mixed transfection reagent and DNA was 

left to incubate for 20min at room temperature and then added to the cells. For 

Lipofectamine, the transfection mix (150μl per well) was added diluted in OptiMEM 

medium (600μl per well) to the cells and an equal volume of complete medium with 

20% FBS was added 4-5h post transfection (750μl per well, with final concentration of 

10% FBS in the medium). For Lipofectamine 2000, complete medium (1.8ml per well) 

was added to the cells with the transfection mix (200μl per well). When using either 

reagent, the transfection mixture was removed 24h post transfection, and the cells were 

detached and reseeded for experiments. 

MCF-7 cells with stable expression of pcDNA3.1-VLCAD(1-40)-mCherry-

EGFP, pcDNA3.1-BNIP3 WT or LIR-mutant plasmids were generated by transfection 

with the plasmids followed by selection with G418/neomycin. A dose-response drug 

curve for G418 in MCF-7 cells established the concentration at which 70-80% of all 

cells died after 4-5 days (1mg/ml). This concentration of G418 was subsequently used 
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to select cells containing the plasmids, and 0.8mg/ml was then used to maintain 

plasmid expression in culture following the initial selection phase. 

The pcDNA3-HA2-KEAP1 plasmid was a kind gift from Yue Xiong (Addgene 

plasmid # 21556; http://n2t.net/addgene:21556; RRID:Addgene_21556) (Furukawa 

and Xiong, 2005). pEGFP-LC3 was a kind gift from Tamotsu Yoshimori (Addgene 

plasmid # 21073; http://n2t.net/addgene:21073; RRID:Addgene_21073) (Kabeya et 

al., 2000). pTRE-Tight-MitoTimer was a kind gift from Roberta Gottlieb (Addgene 

plasmid #50547; http://n2t.net/addgene:50547; RRID:Addgene_50547) (Hernandez 

et al., 2013).  

pcDNA3.1-VLCAD(1-40)-mCherry-EGFP and pcDNA3.1-BNIP3 WT and 

LIR-mutant were all synthesised by GenScript Biotech Corporation (Piscataway, NJ). 

The pmCherry EV and WT BNIP3 constructs were generated as described below. 

 

2.7 siRNA transfection   

siRNAs targeting BNIP3 (L-004636-00-0005), NFE2L2/Nrf2 (L-003755-00-0005), 

and PHB2 (L-018703-00-0005) were purchased from Dharmacon (Lafayette, CO). As 

a negative control, Silencer Negative Control 1 (#AM4611) was obtained 

from Thermo Fisher Scientific (Waltham, MA). siRNA transfections were performed 

using Lipofectamine RNAiMAX (#13778075) from Thermo Fisher Scientific per 

manufacturer’s instructions using all siRNAs at a concentration of 20nM.  Cells were 

detached and resuspended in penicillin/streptomycin-free medium. For MCF-7 and 

DU145 cells, 6.5x105 cells were seeded per well of a 6-well plate. For R- and R+ cells, 

2.5x105 cells were seeded per well of a 6-well plate. siRNA oligonucleotides were 

diluted in OptiMEM medium (#51985026) from Thermo Fisher Scientific. 

RNAiMAX transfection reagent was added to the siRNA/OptiMEM solutions and left 

http://n2t.net/addgene:21556
http://n2t.net/addgene:21073
http://n2t.net/addgene:50547
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to incubate for 5min at room temperature. This solution was then added to the wells 

of a 6-well plate, and the cells were added on top of this. Cells were allowed to adhere 

overnight in the incubator. 24h post transfection, the siRNA solution was removed, 

and the transfected cells were reseeded for experiments. 

  

2.8 Generation of expression vectors encoding a mitophagy 

reporter and different forms of BNIP3  

To detect and quantify mitophagy in intact cells, we aimed to generate a mitochondria-

targeted mCherry-EGFP construct informed by the vector used by Allen and 

colleagues (Allen et al., 2013). To generate the construct (illustrated in the figure 

below), we first used the mitochondrial targeting sequence (MTS) from pcDNA3-

MTS-WT-c-Src-FLAG, which was a gift from Yoshimi Homma (Addgene plasmid # 

44652; http://n2t.net/addgene:44652; RRID:Addgene_44652) (Ogura et al., 2012) to 

insert this into the pmCherry-EGFP vector, which was a gift from Thomas Leonard & 

Ivan Yudushkin (Addgene plasmid # 86639; http://n2t.net/addgene:86639; 

RRID:Addgene_86639) (Ebner et al., 2017). This MTS originates from the IMM 

protein very-long-chain acyl-CoA dehydrogenase (VLCAD). We attempted to excise 

the MTS from pcDNA3-MTS-WT-c-Src-FLAG, but it required extensive restriction 

enzyme incubation (>7h) to efficiently digest it, and subsequent ligations of the 

extracted sequence into the similarly digested pmCherry-EGFP vector did not yield 

the correct construct (vector design 1 in Figure 2.1).  

Next, we attempted to excise the sequence following the MTS in the pcDNA3-

MTS-WT-c-Src-FLAG vector and excise the mCherry-EGFP sequence from of the 

pmCherry-EGFP vector to insert it into the pcDNA3-MTS backbone (vector design 2 

in Figure 2.1). Again, this approach did not generate the correct construct.  

http://n2t.net/addgene:44652
http://n2t.net/addgene:86639
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Then, we proceeded to design PCR primers flanking the MTS with appropriate 

restriction sites included to allow restriction enzyme digestion and ligation of the MTS 

into the pmCherry-EGFP vector. However, ligation of the digested PCR product into 

the digested pmCherry-EGFP vector did not yield the correct construct (vector design 

3 in Figure 2.1).  

Finally, primers were designed to amplify the mCherry-EGFP sequence with 

restriction sites included to allow restriction enzyme digestion and ligation of this 

fragment alongside the PCR-amplified MTS sequence into an empty pcDNA3 

backbone (vector design 4 in Figure 2.1). Still, the correct vector was not obtained. 

We suspected that technical challenges related to a high GC-content (approximately 

78%) in the MTS sequence and high number of repeats in the mCherry and EGFP 

sequences were causing problems with the PCRs, so after attempting these various 

strategies without success, we decided to have the vector encoding the reporter 

sequence synthesised by GenScript Biotech Corporation. Thus, we designed a 

pcDNA3.1-VLCAD(1-40)-mCherry-EGFP construct encoding the mitochondrial 

targeting sequence (aa 1-40) of the IMM protein VLCAD, followed by mCherry and 

EGFP, which was successfully synthesized by GenScript Biotech Corporation and 

delivered to us. 

Plasmids encoding either WT BNIP3 or a LIR-inactive mutant of BNIP3 were 

designed based on those described by Zhu and colleagues where the LIR domain 

residues W21 and L23 (mouse BNIP3) were mutated to alanines to effectively abolish 

BNIP3-LC3 interaction (Zhu et al., 2013). These residues correspond to W83 and L86 

in the human WT BNIP3 sequence, and, thus, the human BNIP3 LIR-mutant was 

designed to encode the W83A/L86A mutations. These custom pcDNA3.1-BNIP3 WT 

and LIR-mutant vectors were then obtained from GenScript Biotech Corporation. To 



52 
 

generate an empty vector (EV) control plasmid, the BNIP3 insert was excised and the 

vector was subsequently re-ligated and sequenced to confirm the correct sequence with 

the BNIP3 insert successfully removed.  

To generate a vector encoding an mCherry-tagged version of BNIP3 for use in 

immunofluorescence, WT BNIP3 was excised from the pcDNA3.1 vector using 

restriction sites that had been added at either end of the BNIP3 insert during vector 

design. WT BNIP3 was then ligated into a pmCherry-EGFP backbone, where the 

EGFP sequence had been excised to generate a pmCherry-BNIP3 WT plasmid. 

Similarly, EGFP was excised from pmCherry-EGFP allowing self-ligation to generate 

a pmCherry EV. 

 

Figure 2.1 Cloning strategies. 

A schematic of the cloning strategies attempted in the aim to generate a vector encoding the 

mitochondrial targeting sequence of VLCAD(1-40) followed by the tandem probe mCherry-

EGFP. Details of strategies 1-4 are described in the text. DNA fragments with a line running 

through them represent PCR-generated fragments. 
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2.9 Mitophagy detection and quantification in MCF-7-

VLCAD(1-40)-mCherry-EGFP cells 

Cells stably expressing the fluorescent reporter were seeded onto sterile glass 

coverslips, cultured according to experimental conditions, fixed with 4% 

paraformaldehyde in PBS, quenched with 50mM NaCl for 15min and washed with 

PBS. The glass coverslips were mounted onto glass slides with vinol mounting 

medium (Celvol #205s: 15% w/v vinol in PBS, 33% v/v glycerol and 0.1% sodium 

azide). Using a Nikon Eclipse E600 microscope equipped with a Spot digital camera 

and SPOT software, version 4.6 (Diagnostic Instruments, Sterling Heights, MI), a 

minimum of 15 images were acquired per condition using a 100x objective. Since each 

image contains approximately 3-10 cells, an average of approximately 90 cells were 

analysed per condition. The images were processed and analysed using Adobe Photoshop 

(CS6). The number of cells considered mitophagy-positive, i.e. positive for red puncta, 

were quantified as a percentage of the total number of cells counted per experimental 

condition. Each experiment was carried out three times to ensure reproducibility.  

 

2.10  Immunofluorescence   

MCF-7 and DU145 cells (200,000 /well)  or  MEFs (150,000/well) were seeded 

on sterile glass coverslips in 6-well plates and cultured according to experimental 

conditions prior to fixation for 30min (MCF-7) or 1h (DU145, U2OS and MEFs) with 

4% paraformaldehyde in PBS, followed by quenching with 50mM NaCl for 15min 

and washing with PBS. Cells were then permeabilised with 0.1% Triton-X in PBS for 

5min, followed by a wash with PBS. 5% donkey serum was included in all buffers to 

block non-specific interactions with secondary antibodies. The fixed cells were 

incubated with primary antibodies overnight at 4⁰C. The anti-TOM20 antibody was 
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used at 1:500 dilution (Santa Cruz, #sc-11415 or #sc-17764) and the anti-BNIP3 

antibody (Abcam, #ab10433) was used at 1:200 dilution in PBS with 5% donkey 

serum. Secondary antibodies (Alexa 488-conjugated, #711-545-152 from Jackson 

ImmunoResearch (West Grove, PA)) were applied at 1:200 dilution in PBS with 5% 

donkey serum for 1h at room temperature. Hoechst dye was included for nuclear 

staining (blue). The glass coverslips were washed 2x 10minutes with PBS prior to 

mounting onto glass slides with vinol mounting medium (Celvol #205s: 15% w/v vinol 

in PBS, 33% v/v glycerol and 0.1% sodium azide). Images were obtained using a 

Nikon Eclipse E600 microscope equipped with a Spot digital camera and SPOT 

software, version 4.6 (Diagnostic Instruments, Sterling Heights, MI) or with a Leica 

DM LB2 microscope with a Nikon Digital Sight DS-U2 camera using NIS-Elements 

software version 3.0 (Nikon, Japan). Further analysis by confocal microscopy was 

performed using an OLYMPUS FV1000 Confocal Laser Scanning Biological 

Microscope with Olympus Fluoview software FV10-ASW 4.0 (Olympus Corporation, 

Japan), as indicated in figure legends. For images acquired on the Nikon microscope, 

contrast and brightness was adjusted in Adobe Photoshop (CS6). For confocal 

microscopy, maximum intensity projections and z-stacks were processed and analyzed 

in ImageJ, where brightness and contrast were adjusted. 

  

2.11  Hypoxia cultures for induction of mitophagy 

Hypoxia was established in cells using a hypoxia chamber (Stemcell Technologies, 

Vancouver, Canada). The chamber was flushed with nitrogen for 15–20 min until the 

oxygen concentration within the chamber reached <1%. The oxygen concentration 

was measured using an Optical Fluorescence O2 analyzer (Luxcel Biosciences, Cork, 
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Ireland). Cell lysis to extract proteins or fixation for immunofluorescence was carried 

out immediately after opening of the hypoxia chamber to minimise reoxygenation. 

 

2.12  Cell lysis, SDS-PAGE and western blotting   

For extraction of total cell protein, cells were washed with PBS and lysed with RIPA 

lysis buffer (50mM Tris, 150mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate and 

1% Nonidet P-40 (pH 7.4)) with protease and phosphatase inhibitors (Pierce Halt 

Protease Inhibitor Cocktail (#78439, Thermo Scientific, used at 1/100 dilution), NaVO4 

(Sigma-Aldrich #S6508, 200mM stock used 1/100 dilution), sodium pyrophosphate 

(Sigma-Aldrich #221368, 250mM stock used 1/100 dilution), β-glycerophosphate 

(Merck, #35675, 1M stock used at 1/1000 dilution)) for 20min on ice. The protein 

concentrations were measured using the Bio-Rad Protein Assay Dye Reagent (#500-

0006, Fannin, Dublin, Ireland). Samples were prepared in loading dye (2% SDS, 8% 

glycerol, 60mM Tris-HCl (pH 6.8), 1.2% β-mercaptoethanol and 0.2-0.4% 

bromophenol blue powder). 

SDS-PAGE was performed on 10% or15% polyacrylamide gels depending on 

the sizes of the proteins analyzed. Generally, protein samples were loaded in the range 

of 20-80μg per lane depending on the cell line and the protocols optimized for 

antibodies used for detection. For western blotting, proteins were transferred to 

nitrocellulose membrane using a Bio-Rad Mini Trans-Blot electrophoretic transfer 

cell. Membranes were blocked with 5% non-fat dried milk or BSA in TBS with 0.05% 

Tween20 (TBS-T) for 1h at room temperature to reduce non-specific antibody 

binding. Next, blots were incubated with primary antibodies prepared in 5% non-fat 

dried milk or BSA in TBS-T overnight at 4⁰C, washed twice with TBS-T and 

subsequently incubated with IRdye700- or IRdye800-conjugated secondary antibodies 
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(LI-COR Biosciences) in 5% non-fat dried milk in TBS-T for 1h at room temperature. 

Blots were scanned with an Odyssey IR scanner system (LI-COR Biosciences, 

Cambridge, UK). Approximate protein molecular masses are indicated on all blots in 

kilodaltons.    

 

2.13  Subcellular fractionation of cell lysates  

2.13.1 Nuclear and cytosolic fractions 

Cellular fractionation was performed  to obtain cytosolic and nuclear fractions 

following the protocol published by Lau and colleagues (Lau et al., 2007). Lysis buffer 

A (10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.9, 

10mM KCl, 1.5mM MgCl2, 0.34 M Sucrose, 10% glycerol, 1 mM dithiotheitol (DTT), 

0.1% Triton X-100) with protease and phosphatase inhibitors (as listed under Cell 

lysis, SDS-PAGE and western blotting) was added to adherent cells that were then 

scraped and transferred to cold Eppendorf tubes, and kept on ice for 7min. The lysates 

were then centrifuged at 4000rpm for 5min at 4°C. The supernatant represents the 

cytosolic fraction, while the pellet contains the nuclear fraction. The pellet was washed 

3x with lysis buffer A without Triton-X100 to minimise contamination from the 

cytosolic fraction. Between each wash, the pellet was spun down at 4000 rpm for 5min 

at 4°C and the supernatant subsequently discarded. To extract nuclear proteins from 

the pellet, lysis buffer B (0.2mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-

tetraacetic acid (EGTA) pH 8, 3mM ethylenediaminetetraacetic acid  (EDTA) pH 8, 

1 mM DTT) with protease and phosphatase inhibitors (as listed under Cell lysis, SDS-

PAGE and western blotting) was added. Rigorous vortexing was carried out every 5-

10min for 1h prior to centrifugation at 4000rpm for 5min at 4°C. The supernatant 

represented the extracted nuclear proteins. The protein concentration in the cytosolic 
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fraction was assessed using the Bio-Rad Protein Assay Dye Reagent, and equal 

amounts of protein were loaded for the different samples (for a given sample, the same 

volume of the cytosolic and the nuclear fraction was loaded) onto 10% polyacrylamide 

gels for SDS-PAGE. 

2.13.2 Mitochondrial and cytosolic fractions 

Cells were seeded into 15cm plates and allowed to reach approx. 80% confluency at 

the time of lysis. The lysis buffer (20 mM mannitol, 70 mM HEPES, 1 mM EGTA, 

0.05% bovine serum albumin (BSA), 0.1 mM PMSF, 1 mM DTT) was added to the 

cells (typically 80μl per plate), and the cells were scraped and transferred into cold 

Eppendorf tubes. The lysates were homogenised using a pellet pestle (35 strokes per 

lysate). The homogenized lysates were centrifuged at 3000rpm for 15min at 4°C. 

Supernatants were transferred to fresh cold Eppendorf tubes and centrifuged at 

9700rpm for 15min at 4°C, yielding the mitochondrial fraction in the pellet. The 

supernatants from this centrifugation step were transferred to fresh Eppendorf tubes 

and centrifuged at 14.000rpm for 12min at 4°C to obtain pure cytosolic fractions. The 

mitochondrial pellets were washed at least 6 times with ice-cold PBS and centrifuged 

after each step at 9700rpm for 5min. After each wash, the supernatant was discarded. 

After the final wash, the mitochondria fraction was resuspended in ice-cold sterile 

dH2O. Samples were prepared in loading dye (2% SDS, 8% glycerol, 60mM Tris-HCl 

(pH 6.8), 1.2% β-mercaptoethanol and 0.2-0.4% bromophenol blue powder), and 

SDS-PAGE was performed on polyacrylamide gels as described above. 

 

2.14  Flow cytometry 

Mitochondrial function was assessed by flow cytometry. MitoTracker Green (MTG, 

Thermo Scientific #M7514) was used to assess mitochondrial mass, MitoSOX 
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(Thermo Scientific #M36008) was used to quantify mitochondrial ROS levels, and 

Tetramethylrhodamine, methyl ester (TMRM, Thermo Scientific #T668) dye was 

used to measure mitochondrial membrane potential, as it accumulates in 

polarized/active mitochondria. For MTG and MitoSOX assays, 300,000 MCF-7 cells 

per well in 6-well plates were seeded in triplicate wells per condition. The following 

day, the cells were incubated with MTG (100nM) for 20min or MitoSOX (5μM) for 

30min. For TMRM assays, R- and R+ cells were seeded at 175,000 cells per well in 

6-well plates in triplicate wells per condition. Cells were washed in PBS. As a positive 

control for the function of TMRM, the mitochondrial uncoupler FCCP (20μM) was 

added to a set of control samples for 10 min prior to addition of TMRM (500nM) 

prepared in complete medium to all wells for 20 min. For all dyes, the cells were 

incubated in the dark at 37⁰ C for the indicated times, then washed with PBS, and 

detached using accutase (Sigma #A6964). Harvested cells were centrifuged at 

1000rpm for 5 min, resuspended in PBS and were immediately analyzed using a 

FACSCalibur (BD Bioscences) and the Cellquest Pro software (BD Biosciences). 

Fluorescence intensity was measured in the FL2 channel for 10,000 events per sample. 

For each sample, the geometric mean was determined, and the average calculated from 

triplicate wells for each experimental condition. 

 

2.15  Quantitative real time PCR   

Cells for RNA extraction were washed with PBS prior to lysis and RNA purification 

using a PureLink RNA Mini Kit (Thermo Fisher Scientific, #12183025).  RNA 

concentration and purity were assessed using a NanoDrop Lite spectrophotometer 

(Thermo Fisher Scientific) and a QuantiTect Reverse Transcription Kit (Qiagen, 

#205313) was used for cDNA synthesis with 500ng-1μg of RNA. Two negative 
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controls were included for each cDNA synthesis reaction, either containing no RNA 

or no reverse transcriptase to confirm no reagent contamination and appropriate 

elimination of genomic DNA.  

A FastStart Essential DNA Green Master Kit (Roche Diagnostics, 

#6402712001) was used for RT-qPCR amplification using a LightCycler 96 

Instrument (Roche Diagnostics). For technical duplicates the following volumes were 

generally used per RT-qPCR reaction: 7.5μl SYBR green (4x dilution), 3μl forward 

and reverse primer (10μM), 13.5μl nuclease-free water, 3μl cDNA (diluted 1/3 with 

nuclease-free water).  Relative quantification was performed, and as housekeeping 

genes, Ubiquitin C (UBC) was used to normalize gene expression levels for cancer 

cell lines and β-actin was used for MEFs.  For RT-qPCR data analysis, Ct values <30 

were considered positive. Delta Ct values were calculated by normalisation to the 

housekeeping gene. Delta delta Ct values were calculated as the difference in delta Ct 

between the sample of interest and the control sample. Finally, relative fold-change 

was calculated using the 2^-ΔΔCT method (Livak and Schmittgen, 2001). For all RT-

qPCR analyses, three independent experiments were performed for subsequent 

statistical analysis of reproducibility. For presentation, gene expression levels are 

presented as relative fold-change with the control sample set to a value of 1. All the 

primers used for RT-qPCR are listed in Table 2.1.   
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Table 2.1 RT-qPCR primer sequences and their source of origin.  

Gene:   Primer sequence: Source: 

BNIP3 F: 5’-CGTTCCAGCCTCGGTTTCTA-3’ Recognizes: NM_004052.3 yielding a product of 133nt. 

  R: 5’-ATCTTGTGGTGTCTGCGAGC-3’ 

Drp1 F: 5'-TGAAGGATGTCATGTCGGACC-3' WAN, Y. Y.et al. 2014. Involvement of Drp1 in hypoxia-induced migration of human glioblastoma U251 cells. Oncol Rep, 32, 619-26. 

  R: 5'-GTTGAGGACGTTGACTTGGCT-3' 

GCLC F: 5'-GGCACAAGGACGTTCTCAAGT-3' JIANG, M., et al. 2015. BMP-driven NRF2 activation in esophageal basal cell differentiation and eosinophilic esophagitis. The Journal 
of Clinical Investigation, 125, 1557-1568. 

  R: 5'-CAGACAGGACCAACCGGAC-3' 

HO1 F: 5'-CTCAAACCTCCAAAAGCC-3' ZHONG, Z. & TANG, Y. 2016. Upregulation of Periostin Prevents High Glucose-Induced Mitochondrial Apoptosis in Human Umbilical 
Vein Endothelial Cells via Activation of Nrf2/HO-1 Signaling. Cellular Physiology and Biochemistry, 39, 71-80. 

  R: 5'-TCAAAAACCACCCCAACCC-3' 

KEAP1 F: 5'-TTCAAGGCCATGTTCACCAA-3' DEVLING, T. W. P. et al. 2005. Utility of siRNA against Keap1 as a strategy to stimulate a  
cancer chemopreventive phenotype. Proceedings of the National Academy of Sciences of  
the United States of America, 102, 7280-7285A.   

R: 5'-TGGATACCCTCAATGGACACC-3' 

MFN1 F: 5’-TGTTTTGGTCGCAAACTCTG-3’ RUSSELL, A. P. et al. 2013. Regulation of miRNAs in human skeletal muscle following  
acute endurance exercise and short-term endurance training. The Journal of physiology, 591, 4637-4653. 

  R: 5’-CTGTCTGCGTACGTCTTCCA-3’ 

MFN2 F: 5'-ATGCATCCCCACTTAAGCAC-3' RUSSELL, A. P. et al. 2013. Regulation of miRNAs in human skeletal muscle following  
acute endurance exercise and short-term endurance training. The Journal of physiology, 591, 4637-4653. 

  R: 5'-CCAGAGGGCAGAACTTTGTC-3' 

NRF1 F: 5'-CGCTCTGAGAACTTCATGGAGGAACAC-3' BORI, Z. et al. 2012. The effects of aging, physical training, and a single bout of exercise  
on mitochondrial protein expression in human skeletal muscle. Experimental gerontology, 47, 417-424. 

  R: 5'-GCCACATGGACCTGCTGCACTT-3' 

UBC F: 5'-TCGAGAATGTCAAGGCAAAGATC-3' OHL, F. et al. 2005. Gene expression studies in prostate cancer tissue: which reference  
gene should be selected for normalization? Journal of molecular medicine (Berlin, Germany),  
83, 1014-1024.   

R: 5'-GAGTGGACTCTTTCTGGATGTTGTA-3' 

Ms/hu 
Nrf2 

F:  5'-CTACTCCCAGGTTGCCCACA-3' SARR, D. et al. 2017. Oxidative Stress: A Potential Therapeutic Target in Placental Malaria. ImmunoHorizons, 1, 29-41. 

  R: 5'-CGACTCATGGTCATCTACAAATGG-3' 

Ms actin F: 5'-ATATCGCTGCGCTGGTCGTC-3' Recognizes: NM_007393.5 yielding a product of 149nt. 

  R: 5'-ATAGGAGTCCTTCTGACCCATT-3' 

Ms 
BNIP3 

F: 5'-GCTCCCAGACACCACAAGAT-3' CHAVEZ-VALDEZ, R. et al. 2012. Necrostatin-1 attenuates mitochondrial dysfunction in neurons and astrocytes following neonatal 
hypoxia-ischemia. Neuroscience, 219, 192-203. 

  R: 5'-TGAGAGTAGCTGTGCGCTTC-3' 
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3 Chapter 3. IGF-1 Enhances 

Mitochondrial Turnover and BNIP3 

Function in Cancer Cells 
 

Contributions: 

Parts of Chapter 3 were published in a manuscript (Lyons et al., 2017). To give a 

comprehensive account of the work undertaken and the scientific context from which 

this project arose, the following work from colleagues was included: 

• RT-qPCR was performed by Dr Amy Lyons to assess gene expression levels 

of mitochondrial markers and the two transcriptional co-activators PGC-1β 

and PRC in MCF-7 cells in response to IGF-1 (Fig. 3.1). 

• Dr Amy Lyons generated MCF-7 cells with an acquired resistance to the 

IGF-1R inhibitor BMS754807, in which she measured levels of BNIP3 under 

normoxic and hypoxic conditions. The mitochondrial mass and levels of 

mitochondrial reactive oxygen species in these cells were assessed (Fig. 

3.3.A-B), and Dr Michael Coleman performed immunofluorescence staining 

of these cells to assess their capacity to induce mitophagic clearance in 

response to hypoxia (Fig. 3.3.C-D). 

• The remaining work presented in the chapter was performed by the thesis 

author. 
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3.1 Abstract 

The Insulin-Like Growth Factor 1 (IGF-1) signalling pathway is implicated in the 

development and progression of many types of cancer. Importantly, this pathway is 

also associated with mitochondrial protection. Here, we explored how IGF-1 

signalling enhances the biogenesis and turnover of mitochondria in cancer cells. The 

study revealed that IGF-1 induces mitochondrial biogenesis through the 

transcriptional regulators, Peroxisome Proliferator-Activated Receptor-γ (PPAR-γ) 

coactivator-1 β (PGC-1β) and PGC-1-Related Coactivator (PRC), and suppression of 

both proteins altered mitochondrial dynamics causing mitochondrial elongation. 

Interestingly, MCF-7 cells with acquired resistance to an IGF-1R tyrosine kinase 

inhibitor (MCF-7R cells) exhibited impaired induction of the mitophagy receptor 

(BCL-2)/Adenovirus E1B 19 kDa Protein-Interacting Protein 3 (BNIP3) and impaired 

mitophagy under hypoxic conditions. Furthermore, IGF-1 induced BNIP3 under 

normoxic conditions in cancer cells, and suppression of BNIP3 caused accumulation 

of the mitochondrial marker Prohibitin 1 (PHB1), indicating reduced mitophagy. 

However, ectopic expression of BNIP3 did not promote survival in response to cellular 

stress in IGF-1R KO MEFs (R-) cells. Surprisingly, ectopic expression of wildtype 

(WT) BNIP3 in cancer cells downregulated macro-autophagy, suggesting that BNIP3 

may differentially regulate autophagy and mitophagy. Suppression of the mitophagy 

receptor Prohibitin 2 (PHB2) reduced protein levels of IGF-1 pathway components, 

but whether it has a role in mitochondrial turnover through this pathway could not be 

established. Overall, this study demonstrates an essential function for IGF-1 signalling 

in mitochondrial homeostasis.  
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3.2 Introduction 

IGF-1 signalling is implicated in cancer development, as it is associated with cell 

growth, proliferation and suppression of cell death (Hakuno and Takahashi, 2018). In 

recent years, IGF-1 signalling has also been linked to mitochondrial function. We 

previously characterized an IGF-1-inducible mitochondrial pyrimidine nucleotide 

carrier (PNC1)/SLC25A33 that is essential for mitochondrial maintenance (Floyd et 

al., 2007), and whose suppression promotes mitochondrial dysfunction (Favre et al., 

2010). These studies suggest a mitochondria protective role for IGF-1. Others have 

also proposed a mitochondria-protective role for IGF-1, since partial IGF-1 deficiency 

causes hepatic mitochondrial dysfunction in a mouse model, and IGF-1 therapy in low 

doses restores mitochondrial function in these animals (Olleros Santos-Ruiz et al., 

2017).  

Mitochondrial dysfunction is also common in cancer and is associated with 

cancer progression. Dysfunction in most areas of mitochondrial function including 

metabolism, mitochondria-mediated cell death, biogenesis and degradation have been 

observed in cancer (Vyas et al., 2016). To maintain a healthy mitochondria population, 

a balance between mitochondrial biogenesis and mitophagy is required to ensure that 

new mitochondria are produced, while aged/damaged ones are removed (Palikaras et 

al., 2015a). It has been proposed that in cancer cells, mitochondrial biogenesis and 

mitophagy are uncoupled, because mitophagy is often dysregulated (Drake et al., 

2017). While mitochondrial dysfunction promotes disease progression, tumour cells 

that are highly proliferative also depend on mitochondrial maintenance (Wallace, 

2012). Therefore, in cancer, a balance must exist that allows the oncogenic effects of 

mitochondrial stress and the associated mitochondrial dysfunction, while maintaining 
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sufficient mitochondrial function to enable tumour cell survival and growth. However, 

it is still unknown how this balance is achieved.  

Here, we asked, if IGF-1 plays a role in promoting mitochondrial biogenesis 

and/or clearance. Various regulators of mitophagy have been identified. PTEN-

Induced Kinase 1 (PINK1) mediates mitophagy in response to mitochondrial 

depolarization (Matsuda et al., 2010, Kawajiri et al., 2010a, Lazarou et al., 2015), 

whereas FUN14 Domain Containing 1 (FUNDC1), BNIP3 and (BCL-2)/Adenovirus 

E1B 19 kDa Protein-Interacting Protein 3-Like (BNIP3L) mediate mitophagy in 

response to hypoxia, for example (Bellot et al., 2009, Rikka et al., 2011, Liu et al., 

2012, Zhang et al., 2019). The complexity of mitophagy regulation has become 

apparent in recent years, and novel mitophagy mediators such as the inner 

mitochondrial membrane (IMM) protein PHB2 have been identified. PHB2 is required 

for Parkin-mediated mitophagy and facilitates the elimination of paternal 

mitochondria in C. elegans, revealing an important role in development (Wei et al., 

2017). PHB2 also promotes PINK1/Parkin mitophagy by stabilizing PINK1 at the 

outer mitochondrial membrane (OMM) through a mechanism that depends on the 

IMM protease presenilins-associated rhomboid-like protein (PARL) and one of its 

substrates phosphoglycerate mutase family 5 (PGAM5), which is a mitochondrial 

phosphatase (Yan et al., 2020).  

PHB2 is required for cholestasis-induced hepatic mitophagy, implicating this 

receptor in different mitophagic pathways (Xiao et al., 2018). Since mitochondrial 

function is essential to cell survival, it is not surprising that there is crosstalk between 

different mitophagy pathways to ensure efficient mitochondrial clearance. BNIP3 

enhances PINK1-mediated mitophagy by promoting the accumulation of full-length 

PINK1 at the OMM causing recruitment of Parkin (Zhang et al., 2016), and BNIP3L 
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can act as a Parkin substrate to facilitate mitophagy (Gao et al., 2015). In 

cardiomyocytes, BNIP3 can also promote recruitment of Parkin to mitochondria and 

induce mitophagy through a mechanism dependent on the mitochondrial fission 

mediator Dynamin-Related Protein 1 (DRP1) (Lee et al., 2011). Interestingly, PHB2 

and the homologous protein PHB1 also are implicated in insulin/IGF-1 signalling  

(Ande and Mishra, 2009, Fu et al., 2013b, Ising et al., 2015), potentially suggesting 

mitochondrial retrograde communication between these signalling pathways. 

However, limited research has been carried out on the connections between IGF-1 

signalling and prohibitins. Thus, we aimed to explore, whether IGF-1 influences 

prohibitin functions, and whether the mitophagy receptor PHB2 affects IGF-1 

regulation of mitochondrial turnover. 

In this study, we delineated an IGF-1 signalling pathway that couples the 

regulation of biogenesis and degradation of mitochondria in cancer cells. IGF-1 

induces mitochondrial biogenesis through the transcriptional co-activators PGC-1β 

and PRC, while inducing the mitophagy receptor BNIP3. Impaired IGF-1 signalling 

was associated with reduced BNIP3-mediated mitophagy under hypoxic conditions, 

suggesting that IGF-1 can regulate mitochondrial degradation through BNIP3 to 

sustain cell viability. Knockdown of BNIP3 under non-hypoxic conditions caused 

increased mitochondrial mass, suggesting that BNIP3 increased the levels of 

mitophagy. However, highlighting the complexity of the cellular autophagic 

mechanisms, overexpression of WT BNIP3 reduced autophagosome turnover, 

suggesting its expression inhibits general autophagy. Therefore, the function of IGF-

1-induced BNIP3 accumulation in cells under non-hypoxic conditions is complex and 

may not be limited to promotion of mitophagy.  
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It was also determined that IGF-1 induces both cytosolic and mitochondrial 

accumulation of PHB2 protein in cancer cells, and that PHB2 suppression reduced 

basal levels of Nuclear Factor Erythroid-2 Related Factor (Nrf2/NFE2L2) and BNIP3 

but did not impede their induction in response to IGF-1. Thus, our findings also 

support a role for PHB2 in the IGF-1 signalling pathway, but whether it contributes to 

mitophagy was not established. 

 

3.3 Results 

3.3.1 IGF-1 induces mitochondrial biogenesis through PGC-1β and PRC in 

cancer cells 

To assess how IGF-1 contributes to cellular mitochondrial turnover and function, the 

effects of IGF-1 signalling on mitochondrial biogenesis were assessed. MCF-7 cells 

were serum-starved for 4h prior to addition of IGF-1 at either 10ng/ml or 100ng/ml. 

Both concentrations of IGF-1 increased the mRNA expression levels of various 

mitochondrial markers including ARALAR, PNC1, TFAM and MFN1 (Fig. 3.1.A). 

IGF-1 also induced expression of the transcriptional co-activators PGC-1β and PRC 

that are known to regulate mitochondrial biogenesis (Shao et al., 2010, Gao et al., 

2011, Andersson and Scarpulla, 2001). This induction was dependent on PI 3-K, as 

the PI 3-K inhibitor, LY294002 prevented the induction of each of the two 

transcriptional regulators (Fig. 3.1.B).   

Thus, IGF-1 induces mitochondrial biogenesis in cancer cells through PGC-1β 

and PRC. Moreover, PGC-1β and PRC have redundant roles in mitochondrial 

biogenesis, because suppression of both proteins is required to impair IGF-1-mediated 

induction of the mitochondrial marker ARALAR (Fig. 3.1.C).  
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Figure 3.1 IGF-1 induces mitochondrial biogenesis through PGC-1β and PRC.  

A. RT-qPCR analysis showing gene expression levels of mitochondrial markers ARALAR, 

PNC1, TFAM and MFN1 in MCF-7 cells that were serum-starved for 4h prior to addition of 

IGF-1 for 20h. B. RT-qPCR analysis showing gene expression levels of PGC-1β and PRC in 

MCF-7 cells that were serum-starved for 4h prior to addition of IGF-1 for 20h in the presence 

or absence of the PI 3-K inibitor LY294002 (20μM), which was added 30min before addition 

of IGF-1. C. RT-qPCR analysis showing gene expression levels of ARALAR. MCF-7 cells 

were transfected with a control siRNA, siPGC-1β, siPRC or both siPGC-1β and siPRC for 

48h prior to RNA extraction. Gene expression levels were normalised to the housekeeping 

gene UBC and are presented as fold change relative to control conditions set to a value of 1. 

Results are presented as mean ± SEM from three independent experiments. For statistical 

analysis, the Student’s t-test was performed (*: p<0.05, **: p<0.01, ***: p<0.001).  

 

 

A. 

B. 

C. 
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3.3.2 PGC-1β and PRC are essential to the maintenance of mitochondrial 

morphology 

Based on the observation that IGF-1 induces mitochondrial biogenesis through PGC-

1β and PRC (Fig. 3.1), the impact of these proteins on mitochondrial dynamics was 

tested. Suppression of PGC-1β/PRC with siRNA appeared to reduce mitochondrial 

mass, as indicated by the mitochondrial marker VDAC1 (Fig.3.2.A). A slight 

reduction in ETC complex III was observed in response to the knockdown, which may 

indicate a change in OXPHOS capacity, although there was no clear change in the 

other components. Furthermore, PGC-1β/PRC suppression caused a slight reduction 

in mitochondrial membrane potential, as measured by flow cytometric analysis of 

TMRE staining (Fig. 3.2.B), although this did not reach statistical significance.  

Strikingly, suppression of PGC-1β/PRC led to altered mitochondrial 

morphology in MCF-7 cells, as illustrated by immunofluorescent staining with the 

mitochondrial marker TOM20 (Fig. 3.2.C). The mitochondria in cells transfected with 

a control siRNA were rounded and small, whereas suppression of PGC-1β/PRC 

caused mitochondrial elongation. To ensure the efficiency of the siRNA knockdown, 

PGC-1β/PRC expression levels were assessed by RT-qPCR (Fig. 3.2.D). The 

expression of both genes was reduced to approximately 30% of the expression levels 

in the controls.  
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Figure 3.2 Suppression of PGC-1β and PRC reduces mitochondrial mass and causes 

mitochondrial elongation with no associated changes in OXPHOS components or 

mitochondrial membrane potential.  

A. Western blot showing levels of VDAC1 and components of OXPHOS complexes I-V in 

MCF-7 cells transfected with a control siRNA or siPGC-1β/siPRC for 48h. For VDAC1, 

protein levels were normalised to β-actin and the relative fold change to the control is shown. 

B. Mitochondrial membrane potential was assessed by flow cytometry analysis of MCF-7 

cells transfected with a control siRNA or siPGC-1β/siPRC for 48h followed by staining with 

TMRE. Representative histograms are shown alongside the quantification of the relative fold 

change in geometric means with the control set to a value of 1. C. Immunofluorescence 

staining of MCF-7 cells transfected with a control siRNA or siPGC-1β/siPRC for 72h. The 

cells were stained with TOM20 and images obtained on a Nikon Eclipse E600 microscope 

using a 100x objective. D. RT-qPCR analysis of MCF-7 cells transfected with a control siRNA 

or siPGC-1β/siPRC for 48h. Levels of PGC-1β/PRC were normalised to housekeeping gene 

UBC. Results are presented as mean ± SEM from three independent experiments. For 

statistical analysis, the Student’s t-test was performed (*: p<0.05, **: p<0.01, ***: p<0.001). 

All experiments were repeated three times. 

A. B. 

C. D. 
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3.3.3 MCF-7 cells with impaired IGF-1 signalling exhibit accumulation of 

dysfunctional mitochondria associated with reduced capacity to induce 

BNIP3 and mitophagy under hypoxic conditions 

To further study the effects of IGF-1 signalling in the regulation of mitochondrial 

turnover and function, a variant cell line with acquired resistance to an IGF-1R 

inhibitor (BMS-754807) was generated from MCF-7 cells, named MCF-7R cells. 

MCF-7R cells have impaired IGF-1 signalling due to sustained downregulation in the 

protein levels of the IGF-1R, even upon removal of BMS-754807 from the culture 

medium (Lyons et al., 2017). Compared to parental MCF-7 cells, MCF-7R cells 

exhibited increased mitochondrial mass (Fig.3.3.A) and reactive oxygen species 

(ROS) (Fig. 3.2.B), indicative of mitochondrial dysfunction. However, the increase in 

mitochondrial mass was not associated with increased expression of PGC-1β or PRC, 

suggesting mitochondrial biogenesis was not upregulated (Fig.3.3.B). This raised the 

question of, whether mitophagy was impaired in these cells leading to an accumulation 

of aged/damaged mitochondria. Investigations into this revealed that MCF-7R cells 

had impaired capacity to induce the mitophagy receptor BNIP3 in response to hypoxia 

compared to parental MCF-7 cells (Fig.3.3.C). As can be seen in Figure 3.3.C, the 

anti-BNIP3 antibody detects the monomer at ~20-25 kDa and the dimer at ~55-60 

kDa. Furthermore, other bands at around 30-35 kDa represent various forms of BNIP3 

modified post-translationally by phosphorylations for example, as has been 

documented before (Graham et al., 2007, Mellor et al., 2010). Importantly, the 

observed deficiency in BNIP3 induction under hypoxic conditions in the MCF-7R 

cells was associated with reduced levels of BNIP3-mediated mitophagy, as 

demonstrated by immunofluorescence colocalisation of the mitochondrial marker 

Translocase of Outer Mitochondrial Membrane 20 (TOM20) and BNIP3 (Fig. 3.3.D).  
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Figure 3.3 MCF-7R cells have increased mitochondrial mass, mitochondrial dysfunction 

and impaired BNIP3-mediated mitophagy in response to hypoxia.  

A. Mitochondrial mass was assessed in MCF-7 and MCF-7R cells by flow cytometry analysis 

following staining with MitoTracker Green. The fold change in the geometric means is shown 

relative to the control sample set to a value of 1. B. Mitochondrial ROS levels were assessed 

in MCF-7 and MCF-7R cells by flow cytometry analysis following staining with MitoSOX. 

The fold change in the geometric means is shown relative to the control sample set to a value 

of 1. C. Western blot showing levels of BNIP3 in MCF-7 and MCF-7R cells under normal 

culture conditions (Norm), in response to 20h hypoxia (Hyp, 1% O2) or 20h hypoxia followed 

by 5h of reoxygenation (reoxy). β-actin is the protein loading control. D. Representative 

images of immunofluorescence staining of MCF-7 and MCF-7R cells showing colocalisation 

between TOM20 and BNIP3 under normal culture conditions or in response to 20h hypoxia 

(1% O2). Colocalisation is highlighted in white. Results are presented as mean ± SEM from 

three independent experiments. For statistical analysis, the Student’s t-test was performed (*: 

p<0.05, **: p<0.01, ***: p<0.001). All experiments were repeated three times. 

 

 

 

 

C. D. 

A. B. 
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3.3.4 IGF-1 induces BNIP3 and Nrf2 expression under normoxic conditions in 

cancer cells, and impaired IGF-1 signalling causes dysregulation of Nrf2 

expression 

To test whether IGF-1 also affects BNIP3 protein abundance in cancer cells under 

non-hypoxic culture conditions, MCF-7 and DU145 cells were serum-deprived for 4h 

prior to the addition of IGF-1 for 2, 4, 8 or 24h. Indeed, IGF-1 did induce BNIP3 in a 

time-dependent manner in both cell lines (Fig. 3.4.A-B). Predominantly, bands 

corresponding to the monomer (25-35 kDa) were induced, whereas the dimer was less 

prominent. IGF-1 also caused an accumulation of sequestosome 1/p62 protein over 

time, demonstrating IGF-1-mediated inhibition of general autophagy (Fig. 3.4.A). 

Since BNIP3 is a dual function protein known to promote either cell death or 

mitophagy (Zhang and Ney, 2009), and IGF-1 is known to have anti-apoptotic effects 

(Parrizas et al., 1997, Kang et al., 2003, Jin et al., 2014), we hypothesized that IGF-1 

induces BNIP3-dependent mitophagy.  

In C. elegans, the Nrf2 homologue SKN1 has been coupled to the induction of 

both mitochondrial biogenesis and to the regulation of mitophagy and the BNIP3 

homologue DCT-1 (Palikaras et al., 2015b). Thus, the effects of IGF-1 on Nrf2 

expression in parental MCF-7 cells and MCF-7R cells were investigated. In parental 

MCF-7 cells, IGF-1 induced Nrf2 expression significantly, suggesting its expression 

is under IGF-1 regulation. MCF-7R cells exhibited higher levels of Nrf2 than parental 

MCF-7 cells, but this was unaffected by IGF-1 stimulation (Fig. 3.4.C). Due to the 

role of Nrf2 in antioxidant stress, it was not surprising to observe elevated levels of 

Nrf2 in MCF-7R cells that also have increased ROS (Fig. 3.3.B). This suggests that 

Nrf2 is IGF-1-inducible, and that this pathway is dysregulated in MCF-7R cells due 

to IGF-1R signalling being compromised. 
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Figure 3.4 IGF-1 induces BNIP3 in a time-dependent manner in MCF-7 and DU145 cells 

and induces Nrf2 in parental MCF-7 cells, but not MCF-7R cells. 

A. Western blot of MCF-7 and (B) DU145 cells showing levels of IGF-1R phosphorylation, 

BNIP3 and p62. Cells were serum-starved for 4h prior to addition of IGF-1 (10ng/ml) for the 

indicated times. β-actin and α-tubulin are the protein loading controls. C. Gene expression 

levels of Nrf2 in MCF-7 and MCF-7R cells measured by qRT-PCR. Cells were serum-starved 

for 4h prior to addition of IGF-1 (10ng/ml) for 20h. Gene expression levels were normalised 

to the housekeeping gene UBC and are presented as fold change relative to control conditions 

set to a value of 1. Results are presented as mean ± SEM from three independent experiments. 

For statistical analysis, the Student’s t-test was performed (*: p<0.05, **: p<0.01, ***: 

p<0.001). All experiments were repeated three times. 

A. B. 

C. 



74 
 

3.3.5 Suppression of BNIP3 may upregulate mitophagy, while downregulating 

macro-autophagy 

To test whether the observed IGF-1-mediated induction of BNIP3 is associated with 

mitophagy activation in cancer cells, siRNA was used to suppress BNIP3 in MCF-7 

cells. Transient suppression of BNIP3 increased protein levels of the mitochondrial 

marker PHB1 and reduced levels of the macro-autophagy mediator p62 (Fig. 3.5.A). 

For both proteins, the difference was statistically significant at 48h post transfection 

but not at 72h even though the trends remained consistent (Fig. 3.5.B). The increase 

in PHB1 suggests that suppression of BNIP3 reduces mitophagy and, thus, causes a 

slight increase in mitochondrial mass. On the other hand, the reduction in p62 could 

signify enhanced general autophagy, which leads to p62 degradation (Bjørkøy et al., 

2005).  

 

Figure 3.5 Suppression of BNIP3 may affect mitophagy and/or general autophagy in 

cancer cells  

A. Western blot showing levels of BNIP3, p62 and PHB1 in MCF-7 cells transfected with a 

negative control siRNA or siBNIP3 for 48 or 72h. B. Protein levels were normalized to β-

actin and are shown as relative fold change compared to the negative control at 48h post 

transfection. Results are presented as mean ± SEM from three independent experiments. For 

statistical analysis, the Student’s t-test was performed (*: p<0.05, **: p<0.01, ***: p<0.001). 

A representative blot is shown. 

A. B. 
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3.3.6 DFP induces BNIP3 and CCCP induces PINK1 to activate mitophagy 

A limitation to the experimental conditions, thus far, is that cells were cultured in 

complete medium, where general autophagy would be low.  Cells cultured in 

conditions, where mitophagy is induced, might provide a better insight into the 

importance of BNIP3 and the IGF-1 signalling pathway in mitophagy. Therefore, 

several different chemicals known to induce mitophagy were tested for their effects 

on BNIP3 expression. These included CoCl2 that mimics hypoxia to induce Hypoxia-

Inducible Factor 1α (HIF-1α) and BNIP3 (Wu et al., 2015, Chen et al., 2017b), 

deferiprone (DFP) that causes iron chelation (Allen et al., 2013) and Carbonyl cyanide 

3-chlorophenylhydrazone (CCCP), which causes mitochondrial uncoupling and 

mitophagy through the PINK1-Parkin pathway (Matsuda et al., 2010, Kawajiri et al., 

2010a).  

Initial testing in MCF-7 cells to determine the appropriate dosage and time 

points for these chemicals, revealed that at 24h, CoCl2 induced BNIP3, when applied 

at 50μM, while DFP potently induced BNIP3 at all three concentrations tested. On the 

other hand, CCCP, when used at 20 and 50μM, induced PINK1 as expected, with no 

obvious induction of BNIP3 (Fig. 3.6A). DFP and CCCP are well-established 

chemical inducers of mitophagy, so to confirm this in the cell cultures, autophagic flux 

was measured in response to treatment with each compound. If mitophagy was 

induced, autophagosome turnover should theoretically increase (Chen et al., 2017a). 

Autophagic flux was assessed by addition of chloroquine (CQ) for the last 4h of the 

mitophagy stimuli. CQ prevents fusion of autophagosomes with lysosomes causing 

accumulation of Microtubule-associated Protein 1 Light Chain 3 α (LC3) in its 

processed form, LC3II, which coats the surface of autophagosomes (Mauthe et al., 

2018). As CQ was only added for the last 4h of the incubation, the difference in LC3II 
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protein levels between a CQ-treated and the equivalent non-CQ-treated sample 

illustrates the LC3II turnover within that window of time. As can be seen in Fig. 3.6B, 

both DFP and CCCP increase autophagosome turnover, although DFP appeared to be 

more potent than CCCP under the conditions applied. Thus, DFP was chosen as a 

suitable inducer of BNIP3 and mitophagy for subsequent experiments. 
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Figure 3.6 DFP induces BNIP3 and increases autophagic flux in MCF-7 cells, while 

CCCP induces PINK1 and increases autophagic flux to a lesser degree. 

A. Western blot showing levels of BNIP3 and PINK1 in MCF-7 cells in response to CoCl2, 

DFP or CCCP for 24h at the indicated concentrations. β-actin is the protein loading control. 

B. Western blot showing levels of PINK1, BNIP3 and LC3 in MCF-7 cells in response to 24h 

DFP (1mM) or CCCP (10μM). CQ (50μM) was added for the last 4h. LC3II levels were 

normalised to β-actin, and autophagic flux was calculated as the difference in LC3II levels 

between a sample treated with CQ and the same sample non-CQ-treated. The experiments 

were performed once.  

A. 

B. 
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3.3.7 BNIP3 knockdown reduces cell survival in response to nutrient or 

mitochondrial stress in R- cells, while R+ cells have lower sensitivity to 

BNIP3 knockdown 

To further investigate the importance of BNIP3 and IGF-1 signalling in induction of 

mitophagy or response to cellular stress, the effects of serum deprivation or 

mitochondrial stress caused by addition of DFP in complete medium were assessed in 

IGF-1R KO MEFs  (R- cells), and R- cells that stably overexpress the IGF-1R (R+ 

cells). Levels of apoptosis were assessed by caspase 3 and Poly(ADP-Ribose) 

Polymerase (PARP) cleavage. In R- cells, both serum starvation and DFP induced 

apoptosis (Fig. 3.7 and Riis et al., 2020). Interestingly, suppression of BNIP3 further 

impaired cell survival upon exposure to either treatment, suggesting that in these cells, 

BNIP3 is important for cell survival under conditions of autophagy/mitophagy 

induction. R+ cells, on the other hand, showed no induction of apoptosis in response 

to these stresses, and this was unaffected by BNIP3 suppression. These results suggest 

that impaired IGF-1 signalling causes R- cells to be more sensitive to these stresses 

than R+ cells, that are apparently protected due to the overexpression of the IGF-1R 

and less sensitive to suppression of BNIP3. 
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Figure 3.7 Suppression of BNIP3 impairs cell survival upon exposure to serum-

deprivation or DFP in R- cells, but not R+ cells.  

Western blot showing levels of BNIP3 and cleavage of PARP and caspase 3 in R- and R+ 

cells. The cells were transfected with a control siRNA or siBNIP3 for 48h prior to addition of 

serum-free medium or DFP (1mM) for 24h. β-actin is the protein loading control. The 

experiment was repeated twice, and a representative blot is shown. 

 

3.3.8 Ectopic expression of WT BNIP3 reduces macro-autophagy in cancer 

cells, but does not improve survival of R- cells exposed to nutrient or 

mitochondrial stress 

Another approach to deciphering the importance of BNIP3 induction in response to 

IGF-1 signalling, was to compare the effects of ectopically expressing wildtype (WT) 

BNIP3 and a BNIP3 mutant, which has two mutations in the LIR domain 

(W83A/L86A). This LIR mutant BNIP3 is incapable of mediating its mitophagy 

function, as reported by Zhu and colleagues (Zhu et al., 2013). MCF-7 cells transiently 
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transfected with vectors encoding these BNIP3 constructs were assessed by 

immunofluorescence with an anti-BNIP3 antibody to assess expression and 

mitochondrial localisation of BNIP3. Figure 3.8.A shows that endogenous BNIP3 in 

cells transfected with the empty vector control (EV) was barely detectable, WT or 

LIR-mutant BNIP3 were clearly overexpressed, and the BNIP3 staining pattern was 

consistent with mitochondrial morphology, suggesting predominantly mitochondrial 

localisation. Autophagic flux was measured in these cells in complete medium (Fig. 

3.8.B). WT but not LIR-mutant BNIP3 expression caused a reduction in 

autophagosome turnover compared to the EV control. As indicated by p-p70 S6 kinase 

(T371) and p62 levels, there was no dramatic change in autophagy levels, and PHB1 

levels were similarly not affected, indicating no clear activation of mitophagy (Fig. 

3.8.B).  

To test whether the lack of mitophagy could be due to the lack of mitophagy-

promoting stimuli, the same experiment was performed in complete medium or DFP-

containing medium. Again, overexpression of WT BNIP3 but not the LIR-mutant 

BNIP3 reduced autophagosome turnover in complete medium conditions, and a 

similar trend was observed in response to DFP (Fig. 3.8.C). This suggests that WT 

BNIP3 either inhibits the induction of autophagy or enhances the clearance of 

autophagosomes, and this function requires a functional LIR domain.  

Interestingly, the WT and LIR-mutant BNIP3 exhibited slightly different 

protein bands in western blots. WT BNIP3 presented dominant bands at 30-35kDa, 

while the LIR-mutant had an additional strong band at approximately 40kDa, 

suggesting the LIR-mutant undergoes posttranslational modifications that retard its 

mobility in SDS PAGE compared with the WT protein.  Alternatively, the LIR mutant 
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may be associated in stable protein complexes resulting in an apparently increased 

molecular weight. 

Since it was observed that suppression of BNIP3 in R- cells impaired their 

tolerance to nutrient deprivation or mitochondria stress (DFP), R- and R+ cells were 

transfected with either WT or LIR-mutant BNIP3, to assess if they could enhance cell 

survival in response to mitochondrial stress. However, ectopic expression of BNIP3 

was not sufficient to promote cell survival under such conditions as demonstrated by 

similar levels of cell death between cell lines (Fig 3.8.D). 
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Figure 3.8 Ectopic expression of WT BNIP3 reduces autophagic flux in cancer cells but 

does not affect cell survival in R- or R+ cells exposed to mitochondrial stress.  

A. Immunofluorescent staining of MCF-7 cells transfected with pcDNA3.1 EV, WT or LIR-

mutant BNIP3. The cells were stained with an anti-TOM20 antibody and Hoechst. Images 

were acquired on a Leica DM LB2 microscope using a 100x objective. 
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3.8.B. Western blot showing protein levels of BNIP3, LC3, p62 and p-p70 S6 kinase (T371) 

in MCF-7 cells. The cells were transiently transfected with pcDNA3.1 EV, WT or LIR-mutant 

BNIP3. 72h post transfection, CQ (50μM) was added to the cells for the last 6h prior to lysis. 

LC3II levels were quantified and normalised to β-actin. The difference in LC3II levels 

between a CQ-treated and the corresponding untreated sample was calculated as a measure of 

autophagic flux, and the relative fold change compared to the EV control is shown in the bar 

chart. 
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3.8.C. Western blot showing protein levels of BNIP3, p62 and LC3 in MCF-7 cells. The cells 

were transiently transfected with pcDNA3.1 EV, WT or LIR-mutant BNIP3. 72h post 

transfection, the cells were maintained in complete medium or exposed to DFP (1mM) for 

24h. CQ (50μM) was added for the last 4h. LC3II levels were quantified and normalised to β-

actin. Autophagic flux was calculated as for (B), and the relative fold change compared to the 

EV complete medium control is shown in the bar chart. Results are presented as mean ± SEM 

from three independent experiments. For statistical analysis, the Student’s t-test was 

performed (*: p<0.05, **: p<0.01, ***: p<0.001). A representative blot is shown. 

 

C. 



85 
 

  

3.8.D. Western blot showing levels of BNIP3, caspase 3, PHB1 and PARP and caspase 3 

cleavage in R- and R+ cells. The cells were transfected with pcDNA3.1 EV, BNIP3 WT or 

BNIP3 LIR-mutant for 48h prior to addition of DFP (1mM) for 24h. β-actin is the protein 

loading control. The experiment was repeated twice, and a representative blot is shown. 

 

3.3.9 Impaired IGF-1 signalling reduces basal levels of PHB1/PHB2, and IGF-

1 induces accumulation of both mitochondrial and cytosolic PHB2 in 

cancer cells  

The potential for crosstalk between BNIP3 and other mitophagy pathways was next 

considered. PHB2 was recently shown to function as a mitophagy receptor in Parkin-

mediated mitophagy. PHB2 is present at the IMM and, thus, requires permeabilization 

D. 
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of the OMM to interact with LC3-like proteins (Wei et al., 2017). Crosstalk between 

PINK1 and BNIP3-mediated mitophagy has also been documented (Zhang et al., 

2016). Therefore, we asked if PHB2 might facilitate BNIP3-mediated mitophagy. 

PHB2 locates to the IMM in a multimeric complex consisting of several PHB1/PHB2 

heterodimers (Nijtmans et al., 2000, Tatsuta et al., 2005). Due to the firmly established 

functional interaction between the prohibitin proteins, both were examined in this 

study. To test whether IGF-1 signalling affects PHB1 or PHB2 levels, MCF-7 and 

MCF-7R cells were serum-starved for 4h prior to addition of IGF-1 for 20h. Consistent 

with previous findings, BNIP3 was not induced in response to IGF-1 in MCF-7R cells 

(Lyons et al., 2017), and the cells exhibited reduced levels of the IGF-1R. Parental 

MCF-7 cells exhibited higher levels of PHB1 and PHB2 in serum-free cultures 

compared to MCF-7R cells, but neither protein was clearly affected by the addition of 

IGF-1 (Fig. 3.9.A). Surprisingly, IGF-1 increased levels of both proteins in the MCF-

7R cells despite the impairment in IGF-1 signalling in these cells. Of note, upon 

seeding for the experiment, the MCF-7R cells were maintained in complete medium 

not containing the IGF-1R inhibitor, BMS-754807. Although, MCF-7R cells were 

shown to stably maintain reduced levels of the IGF-1R after the removal of the 

inhibitor from cultures (Lyons et al., 2017), the cells are IGF-1-responsive, as 

indicated by induction of AKT phosphorylation (Fig. 3.9.A). Thus, perhaps IGF-1 

stimulation can restore the prohibitin levels to that observed in the parental cells. 

However, as the MCF-7R cells clearly exhibited lower basal levels of PHB1/PHB2 

than parental cells, this implicates IGF-1 in the regulation of PHB1 and PHB2 protein 

levels/stability. 

To further test the effects of IGF-1 on mitochondrial PHB1/PHB2, cellular 

fractionations were performed with MCF-7 and DU145 cells to isolate mitochondria-



87 
 

enriched fractions under complete medium, serum-starved and IGF-1-stimulated cell 

culture conditions. Interestingly, PHB2 was found in both the mitochondrial and the 

cytosolic fractions, whereas PHB1 only appeared in mitochondrial fractions. Unlike 

observations in whole cell lysates from parental MCF-7 cells in Figure 3.9.A, the 

fractions showed that IGF-1 induced a slight increase in PHB2 protein in both 

mitochondrial and cytosolic fractions in MCF-7 and DU145 cells. No clear induction 

or reduction of PHB1 protein was observed in response to IGF-1 (Fig. 3.9.B). The 

mobility of cytosolic PHB2 protein was retarded in SDS PAGE compared to the 

mitochondrial PHB2 protein in both cell lines, suggesting a difference in post-

translational modifications, for example. Of note, IGF-1 induced the appearance of a 

second and slightly higher molecular weight PHB1 protein band in the mitochondrial 

fraction in DU145 cells, indicating differential post-translational modification. 

However, these effects were not observed in MCF-7 cells. 
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Figure 3.9 MCF-7R cells have lower basal levels of PHB1 and PHB2 than MCF-7 cells, 

and PHB2 is IGF-1 responsive in cancer cells.  

A. Western blot showing levels of PHB1, PHB2 and BNIP3 levels in MCF-7 and MCF-7R 

cells. MCF-7R cells were maintained in 500nM BMS-754807 until seeding for experiments. 

The cells were serum-starved for 4h prior to addition of IGF-1 (10ng/ml) for 20h. Protein 

levels of PHB1/PHB2 were quantified and normalised to the α-tubulin. The relative fold 

change is shown for each sample compared to the control sample. The experiment was 

performed once. 

 

A. 
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3.9.B. Western blot showing subcellular fractions of MCF-7 and DU145 cells. The cells were 

kept in complete medium or serum-starved for 4h followed by stimulation with IGF-1 

(10ng/ml) for 4h, before mitochondria-enriched fractions were separated from cytosolic 

fractions. The fractions were probed for PHB1, PHB2 and the cytosolic marker α-tubulin. The 

bands were quantified, and relative fold changes compared to the controls are shown 

underneath the blots. The experiment was performed once. 

 

3.3.10 Suppression of PHB2 reduces protein levels of BNIP3 or Nrf2, impairs 

IGF-1-mediated inhibition of macro-autophagy and causes mitochondrial 

fragmentation  

To further investigate how IGF-1 controls PHB1/PHB2 and the potential role of PHB2 

in BNIP3-mediated mitophagy, we used siRNA to reduce PHB2 levels in MCF-7 and 

DU145 cells. PHB2 suppression reduced protein levels of both PHB1 and PHB2 in 

both cell lines (Fig. 3.10.A), as has previously been described (Artal-Sanz et al., 2003, 

Merkwirth et al., 2008, Ising et al., 2015). Furthermore, knockdown of PHB2 reduced 

levels of both p62 and BNIP3 at 72h in the MCF-7 cells, and while siPHB2-DU145 

cells had reduced p62 and Nrf2 protein, there was no apparent reduction in BNIP3 

levels. Due to difficulties, detecting endogenous Nrf2 protein levels in MCF-7 cells, 

Nrf2 levels could not be assessed in these cells. These observations with Nrf2, BNIP3 

and p62 suggest that PHB2 may affect both general autophagy and mitophagy.  

Suppression of either PHB1 or PHB2 has previously been linked to 

mitochondrial fragmentation, as the proteins are associated with maintenance of 

mitochondrial integrity (Artal-Sanz et al., 2003, Merkwirth et al., 2008, Ising et al., 

B. 
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2015). To test this in cancer cells, MCF-7 and DU145 cells transfected with control 

siRNA or siPHB2 were stained with an anti-TOM20 antibody (Fig. 3.10.B). Indeed, 

we did observe mitochondrial fragmentation in both cell lines, even in MCF-7 cells 

that generally exhibit quite small and rounded mitochondria under control culture 

conditions. Due to such a dramatic effect on mitochondrial dynamics, we next asked, 

if PHB2 affects IGF-1-mediated induction of BNIP3 and potentially mitophagy in 

MCF-7 and DU145 cells. To test this, cells were transfected with a control siRNA or 

siPHB2, and 24h later were serum-starved for 4h followed by IGF-1 stimulation for 

20h (Fig. 3.10.C). In MCF-7 cells, suppression of PHB2 reduced basal BNIP3 levels, 

but did not impair the IGF-1-mediated induction of BNIP3. PHB2 suppression did, 

however, prevent p62 accumulation in response to IGF-1 in MCF-7 cells, suggesting 

impaired IGF-1-mediated inhibition of autophagy. In DU145 cells, suppression of 

PHB2 reduced basal levels of Nrf2, but the induction in response to IGF-1 was not 

affected. These cells showed no effect on BNIP3 or p62 levels. Thus, although PHB2 

is clearly responsive to IGF-1, it is not immediately clear, why these differences exist 

between cell lines.  
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Figure 3.10 Suppression of PHB2 reduces levels of BNIP3 or Nrf2 in cancer cells, impairs 

IGF-1-mediated inhibition of macro-autophagy and causes mitochondrial 

fragmentation.  

A. Western blot showing levels of p62, BNIP3, Nrf2, PHB1 and PHB2 in MCF-7 and DU145 

cells that were transfected with control siRNA or siPHB2 for 24, 48 or 72h as indicated. 

Protein levels were quantified and normalised to α-tubulin. For each time point, the relative 

fold change is shown underneath the blots, comparing protein levels in siPHB2-treated cells 

to the controls. 
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3.10.B. Immunofluorescence images of MCF-7 and DU145 cells stained with anti-TOM20 

antibody and Hoechst. Cells were transfected with a control siRNA or siPHB2 for 96h. Images 

were acquired on a Nikon Eclipse E600 microscope using a 100x objective. C. Western blot 

showing levels of PHB1, PHB2, p62 and BNIP3 in addition to IGF-1R phosphorylation in 

MCF-7 and DU145 cells. Cells were transfected with a control siRNA or siPHB2. 48h post 

transfection, cells were serum-starved for 4h prior to addition of IGF-1 (10ng/ml) for 20h. 

Protein levels of BNIP3 and Nrf2 were quantified and normalised to α-tubulin. The relative 

fold change for each sample compared to the control sample are shown underneath the blots. 

All experiments were repeated twice, and representative blots are shown. 

B. 

C. 

C. 
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3.4 Discussion 

Mitochondrial homeostasis depends on a tightly regulated balance of mitochondrial 

dynamics, which involves the processes of mitochondrial biogenesis, fission and 

fusion events in addition to mitochondrial degradation. IGF-1 has been implicated in 

the regulation of mitochondrial function, but its role in mitochondrial turnover has not 

yet been established. Here, we found that IGF-1 stimulates mitochondrial biogenesis 

through PGC-1β and PRC, while inducing the mitophagy receptor BNIP3. We 

demonstrated that PGC-1β/PRC are essential for the maintenance of mitochondrial 

morphology, as suppression of both transcriptional coactivators, caused mitochondrial 

elongation compared to rounded mitochondria observed in MCF-7 cells under normal 

culture conditions. This could reflect a protective mechanism for maintaining the 

existing pool of mitochondria by inhibiting mitophagy, as mitochondrial fission often 

facilitates mitochondrial degradation (Gomes and Scorrano, 2008, Frank et al., 2012, 

Zuo et al., 2014). 

The mitophagy receptor BNIP3 is best described for its role in hypoxia, a 

condition that arises in tumours. Thus, the IGF-1-BNIP3 axis is particularly relevant 

in cancer. The MCF-7R cells with impaired IGF-1 signalling were unable to mount an 

effective BNIP3-mediated mitophagy response, suggesting a mitochondrial 

vulnerability in cancer cells with acquired resistance to IGF-1R inhibitors, which 

could potentially be exploited therapeutically. Interestingly, IGF-1 induced BNIP3 

protein expression under normoxic conditions in cancer cells as well as during 

hypoxia. Given the anti-apoptotic effects of IGF-1 (Parrizas et al., 1997, Fernández et 

al., 2004), the IGF-1-mediated induction of BNIP3 is likely not associated with the 

cell death-inducing capacity of BNIP3 but rather with its ability to induce mitophagy. 

It has been proposed that the two different BNIP3 functions are regulated by the 
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phosphorylation status of BNIP3 (Zhu et al., 2013, Liu and Frazier, 2015). We 

hypothesize that IGF-1 activates both mitochondrial biogenesis and mitophagy to 

support mitochondria health in cancer cells. This could facilitate ROS clearance and 

sustain ATP production to meet the elevated energy demands of proliferating tumour 

cells, whereas induction of mitochondrial biogenesis alone could cause the 

accumulation of aged and dysfunctional mitochondria, ultimately leading to cell death. 

Surprisingly, ectopic expression of WT BNIP3 was associated with reduced 

autophagic flux in response to mitophagy induction by DFP. If the measured 

autophagosome turnover under these conditions reflects mitophagy levels, this 

suggests that BNIP3 reduces mitophagy. However, if general autophagy is inhibited 

by WT BNIP3 this could account for the reduction in autophagic flux, thereby masking 

an upregulation in mitophagy.  

This conclusion is, however, not supported by previous reports that BNIP3 can 

directly bind to and inhibit Rheb, an activator of the negative autophagy regulator 

mTOR, thus potentially causing upregulation of autophagy (Li et al., 2007). 

Furthermore, one study found that BNIP3 was essential for epidermal keratinocyte 

differentiation and caused activation of autophagy. However, this was associated with 

removal of mitochondria, suggesting they were in fact detecting mitophagy rather than 

general autophagy (Moriyama et al., 2014). On the other hand, BNIP3 deficiency was 

shown to cause increased non-selective autophagy in cortical neurons exposed to 

oxygen-glucose deprivation followed by reperfusion, suggesting that BNIP3 normally 

restricts macro-autophagy (Shi et al., 2014). In support of an autophagy-inhibitory role 

for BNIP3, we found that suppression of BNIP3 in MCF-7 cells caused reduced p62 

accumulation, potentially signifying enhanced general autophagy. Importantly, 

overexpression of WT BNIP3 caused a reduction in autophagic flux in complete 
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medium conditions with no associated reduction in the mitochondrial marker PHB1, 

suggesting mitophagy levels were unchanged, but macro-autophagy was impaired. 

This effect was only observed in response to overexpression of wildtype BNIP3 and 

not LIR-mutant BNIP3, suggesting that the interaction of BNIP3 with LC3-like 

proteins affects total autophagosome turnover.  

Despite the apparent lack of mitophagy activation in response to 

overexpression of WT BNIP3, suppression of BNIP3 increased levels of the 

mitochondrial maker PHB1, suggesting reduced mitophagic activity. Furthermore, the 

MCF-7R cells displayed significantly reduced capacity for BNIP3-dependent 

mitophagy under hypoxic conditions, implicating the IGF-1-BNIP3 axis in 

mitochondrial clearance. Possibly, WT BNIP3 does not enhance mitophagy in 

complete medium cultures lacking mitophagy stimuli, but loss of BNIP3 reduces 

endogenous basal levels of mitophagy. 

We also sought to establish, whether PHB2 and PHB1 contribute to the IGF-

1-BNIP3 axis. Since PHB2 is at the IMM, it may help ensure efficient mitochondrial 

clearance following mitophagy induction through other pathways. Due to variability 

across experiments, it was unclear, how IGF-1 affects PHB1/PHB2 protein levels, 

although MCF-7R cells exhibited reduced basal levels of both PHB2 and PHB1. In 

parental MCF-7 cells, 20h IGF-1 stimulation had no effect on PHB1/PHB2 protein 

levels, although 4h IGF-1 stimulation in MCF-7 and DU145 cells appeared to cause a 

slight increase in both cytosolic and mitochondrial PHB2 levels. This discrepancy 

could be due to the difference in the timepoints examined. Furthermore, although AKT 

has been shown to cause mitochondrial translocation of PHB1 (Jiang et al., 2015), this 

may not affect overall protein levels.  
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Suppression of PHB2 caused dramatic mitochondrial fragmentation in both 

MCF-7 and DU145 cells. In MCF-7 cells, suppression of PHB2 reduced BNIP3 and 

p62 levels. These cells also exhibited reduced autophagic inhibition in response to 

IGF-1, as indicated by reduced accumulation of p62. However, in DU145 cells, BNIP3 

levels were unaffected, while Nrf2 levels were reduced. DU145 cells did not appear 

to be IGF-1 responsive in terms of p62 accumulation. Of note, DU145 cells have 

impaired macro-autophagy, because they lack a key protein Autophagy Related 5 

(ATG5) (Ouyang et al., 2013), so it is possible that any changes in autophagy might 

be masked or skewered in these cells. Thus, BNIP3 or Nrf2 protein levels were 

reduced by suppression of PHB2 but remained IGF-1-responsive. Since, we found 

here that Nrf2 was induced by IGF-1, and it has been implicated in the regulation of 

BNIP3-dependent mitophagy in C. elegans (Palikaras et al., 2015b), IGF-1 may 

function through an Nrf2-BNIP3 axis, and the data suggest retrograde signalling from 

mitochondria to this IGF-1 signalling pathway.  

The impairment in mitophagy and reduced tolerance to hypoxia in the MCF-

7R cells emphasize the importance of the IGF-1 pathway in maintaining mitochondria 

health. While it is clear that the IGF-1 signal is mitochondria-protective in cancer cells, 

further work is required to elucidate the physiological relevance of BNIP3 induction 

in response to IGF-1 under non-hypoxic conditions, and the effects of the IGF-1 

pathway on mitochondrial turnover. A summary is presented in Figure 3.11 of the key 

IGF-1 effects on mitochondrial biogenesis, turnover and homeostasis established 

through previous work by our group and the results presented in this chapter. 
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Figure 3.11. Schematic summary of mitochondrial IGF-1 effects. 

IGF-1 induces mitochondrial biogenesis through PGC-1β and PRC and promotes cellular 

growth and redox homeostasis through PNC1. IGF-1 also induces Nrf2 which may affect 

mitochondrial biogenesis, turnover and health, BNIP3 which may induce mitophagy while 

inhibiting macro-autophagy and PHB2 which is essential to the maintenance of 

mitochondrial morphology. 
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4 Chapter 4. IGF-1 Signalling Regulates 

Mitochondrial Dynamics and Turnover 

Through a Conserved GSK-3β-Nrf2-

BNIP3 Pathway 
   

  

Chapter 4 was published as part of a manuscript: Riis S., Murray J. B., and O'Connor 

R., IGF-1 Signalling Regulates Mitochondria Dynamics and Turnover through a 

Conserved GSK-3β-Nrf2-BNIP3 Pathway. Cells, 2020. 9(1). 

All experiments in this chapter were performed by the thesis author. 
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4.2 Abstract  

The Insulin-Like Growth Factor I (IGF-1) signalling pathway is essential for cell 

growth and facilitates tumourogenic processes. We recently reported that IGF-1 

induces a transcriptional programme for mitochondrial biogenesis, while also inducing 

expression of the mitophagy receptor BCL-2/Adenovirus E1B 19 kDa Protein-

Interacting Protein 3 (BNIP3), suggesting that IGF-1 has a key mitochondria-

protective role in cancer cells. Here we investigated this further and delineated the 

signaling pathway for BNIP3 induction.  It was established that IGF-1 induced BNIP3 

expression through a known AKT-mediated inhibitory phosphorylation on Glycogen 

Synthase Kinase 3β (GSK-3β) leading to activation of Nuclear Factor Erythroid-2 

Related Factor (Nrf2/NFE2L2) and acting through the downstream transcriptional 

regulator Hypoxia-Inducible Factor 1α (HIF-1α).  Suppression of IGF-1 signaling, 

Nrf2, or BNIP3 caused the accumulation of elongated mitochondria and altered 

mitochondrial dynamics. IGF-1R null mouse embryonic fibroblasts (MEFs) were 

impaired in BNIP3 expression and in the capacity to mount a cell survival response in 

response to serum deprivation or mitochondrial stress. IGF-1 signalling enhanced 

cellular capacity to induce autophagosomal turnover in response to activation of either 

general autophagy or mitophagy. Overall, the data show that IGF-1 mediates a 

mitochondria-protective signal that is coordinated through the cytoprotective 

transcription factor Nrf2. This pathway couples mitochondrial biogenesis with BNIP3 

induction, and increases cellular capacity for autophagosome turnover, whilst 

enhancing survival under conditions of metabolic or mitochondrial stress.   
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4.3 Introduction  

The IGF-1 signalling pathway is essential for cell growth and survival (Hakuno and 

Takahashi, 2018) and has the potential to enhance tumour growth and cancer 

progression (Denduluri et al., 2015, Guevara-Aguirre et al., 2018). Anticancer 

therapies targeting the IGF-1R have overall proved disappointing in clinical trials (Qu 

et al., 2017, Osher and Macaulay, 2019). However, the compelling evidence for IGF 

actions in cancer and its central function in human biology and ageing, makes it 

important to better understand the mechanisms and regulation of this signalling 

pathway, so that it may be successfully modulated or targeted for therapeutic benefit.  

Mitochondrial dysfunction is a common feature of cancer cells that may arise 

due to altered fusion/fission dynamics, oxidative stress, metabolic reprogramming and 

other mitochondrial changes (reviewed in (Vyas et al., 2016)). Emerging evidence 

suggests that dysregulation of mitophagy is common in cancer, and that the 

accumulation of dysfunctional mitochondria drives cancer progression (Drake et al., 

2017). The balance between mitochondrial biogenesis and mitophagy requires strict 

regulation to maintain a sustainable mitochondria population in healthy cells (Pickles 

et al., 2018). However, it has been proposed that mitophagy and mitochondrial 

biogenesis are uncoupled in cancer due to an observed upregulation of mitochondrial 

biogenesis associated with downregulation of mitophagy (Drake et al., 2017).   

We and others have shown that IGF-1 signalling modifies mitochondrial 

function and fitness including mitochondrial DNA/RNA maintenance, biogenesis, 

oxidative phosphorylation and suppression of ROS production (Sádaba et al., 2016, 

Favre et al., 2010, Ribeiro et al., 2014). IGF-1 induces expression of the highly 

conserved mitochondrial carrier for pyrimidine nucleotides PNC1/SLC25A33, which 

is a homologue of the essential yeast carrier RIM2 and is essential for mitochondria 
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DNA and RNA maintenance. Interestingly, suppression of PNC1/SLC25A33 

expression in cancer cell lines causes a profound mitochondrial dysfunction, an 

increase in ROS and induction of epithelial mesenchymal transition (EMT) (Favre et 

al., 2010). This observation suggested an important function for IGF-1 signaling in the 

maintenance of healthy mitochondria and suppression of ROS-induced epithelial-to-

mesenchymal transition (EMT) in cancer cells. We subsequently reported that IGF-1 

promotes mitochondrial biogenesis through upregulation of the transcriptional co-

activators PGC-1β and PRC, whilst inducing expression of the mitophagy receptor 

BNIP3. (Lyons et al., 2017) 

BNIP3 was originally described as a BH3-only member of the BCL-2 family 

that can that can interact with and inhibit pro-survival BCL-2 proteins to induce 

apoptosis. It is closely related to BCL-2/Adenovirus E1B 19 kDa Protein-Interacting 

Protein 3-Like (BNIP3L/Nix) with both proteins containing LC3-interacting regions 

(LIR)  that can interact with LC3II on autophagosomes to enable mitophagy (Choe et 

al., 2015).  Although they exhibit distinct tissue-specific expression, BNIP3 and 

BNIP3L are both induced by hypoxia to promote mitophagy that is independent of 

PINK1/Parkin. Interestingly, BNIP3 expression has been reported to increase in the 

early stages of breast cancer but becomes suppressed as tumours become hypoxic. 

BNIP3 inactivation or suppression has been associated with pancreatic cancer, glioma, 

breast and prostate cancer, with murine cancer models suggesting a tumour suppressor 

function (Chourasia et al., 2015, Niu et al., 2019, Du et al., 2017). However, it is still 

not clear how BNIP3 expression, its induction by IGF-1, or the role of mitophagy in 

cancer cell metabolism is regulated or integrated with mitochondrial biogenesis and 

mitochondrial function.  
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We hypothesized that IGF-1 signaling promotes both mitochondrial biogenesis 

and mitophagy as an underlying mito-protective feature of all cells (normal or 

transformed). This highly conserved homeostatic signalling pathway is present in C. 

elegans, where the BNIP3/NIX orthologue DCT-1 couples the regulation of 

mitochondrial biogenesis with mitophagy to support a healthy lifespan The C. elegans 

pathway is controlled by SKN-1, which is the orthologue of the transcriptional 

regulator NFE2L2/Nrf2  (Palikaras et al., 2015b, Palikaras et al., 2015c).  

Here we delineated the signaling pathway for IGF-1-mediated BNIP3 

induction in cancer cell lines and MEFs.  We found that IGF-1- induced BNIP3 

expression requires Nrf2 acting through HIF-1α, and this pathway is essential for 

mitochondrial morphology and dynamics. Moreover, IGF-1 signalling is essential for 

cell tolerance to nutrient deprivation and mitochondrial stress. We conclude that IGF-

1 signals couple induction of mitochondrial biogenesis with basal levels of 

mitochondrial turnover through Nrf2 and BNIP3, thus maintaining mitochondrial 

homeostasis and facilitating cancer progression.   

  

4.4 Results   

4.4.1 R- cells have lower levels of Nrf2 and BNIP3, altered expression of 

OXPHOS components and lower mitochondrial membrane potential than 

R+ cells 

IGF-1 induces expression of the transcription coactivators PGC-1β and PRC that 

mediate a mitochondrial biogenesis programme and also induces expression of the 

mitophagy receptor BNIP3 at the mRNA and protein level (Lyons et al., 2017).  Since 

mitochondrial biogenesis and mitophagy may be coupled, and since Nrf2 promotes 

transcription of the BNIP3/NIX orthologue DCT-1 in C. elegans (Palikaras et al., 
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2015c), we hypothesized that Nrf2 activity may be important for IGF-1-mediated 

induction of BNIP3 in mammalian cells.    

To test this, Nrf2 and BNIP3 levels were first compared in IGF-1R knockout 

MEFs (R- cells) and R- cells stably reconstituted with the IGF-1R (R+ cells). As can 

be seen in Figure 4.1.A-B, R- cells express statistically significantly lower levels of 

both Nrf2 and BNIP3 protein and mRNA than R+ cells, suggesting a requirement for 

IGF-1 signalling in the expression of these proteins.  Expression levels of the 

mitochondrial marker PHB1 were similar in the two cell lines, indicating that the 

difference observed in BNIP3 expression was not due to a significant difference in 

mitochondrial mass (Fig. 4.1.B).  Interestingly, expression levels of electron transport 

chain components were different in R- and R+ cells, with R+ cells exhibiting lower 

levels of Complex III, but higher levels of Complex V/ATP synthase, suggesting 

altered capacity for oxidative phosphorylation in R+ cells. This was associated with a 

slightly higher mitochondria membrane potential in R+ cells compared to R- cells as 

measured by flow cytometric analysis of the cells stained with the dye TMRM (Fig. 

4.1.C). These data suggest that IGF-1 is important in the regulation of mitochondria 

function and potentially turnover.  
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Figure 4.1 IGF-1R KO MEFs exhibit lower levels of Nrf2 and BNIP3 in addition to a 

slightly reduced mitochondrial membrane potential, compared to these cells 

overexpressing the IGF-1R. 

A. Western blot showing levels of Nrf2, BNIP3, PHB1 and OXPHOS components in R- and 

R+ cells in complete medium. Protein levels were normalised to β-actin and presented as fold 

change relative to the control sample set to a value of 1. B. Gene expression levels of Nrf2 

and BNIP3 in R- and R+ cells in complete medium measured by RQ -PCR. Gene expression 

levels were normalised to the housekeeping gene β-actin and presented as fold change relative 

to the control set at a value of 1. C. Mitochondrial membrane potential measured by flow 

cytometry in R- and R+ cells using TMRM dye. The average geometric means are shown as 

fold change compared to R- set to a value of 1 for the first biological repeat. FCCP positive 

controls were included. A representative graph illustrating the fluorescence intensity of R+ 

cells (red) and R- cells (black) is also shown. Results are presented as mean ± SEM from three 

independent experiments. For statistical analysis, the Student’s t-test was performed (*: 

p<0.05, **: p<0.01, ***: p<0.001). 

A. 

B. C. 
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4.4.2 IGF-1 induces Nrf2 and BNIP3 in multiple cancer cell lines and causes 

nuclear translocation of Nrf2 

IGF-1-mediated induction of BNIP3 expression was observed in all cancer cell lines 

tested, including MCF-7 cells (Lyons et al., 2017). Here, it was observed that IGF-1 

stimulation increased the amount of Nrf2 present in the nuclear fraction of MCF-7 

cells, suggesting that IGF-1 causes activation of Nrf2 to induce its activity as a 

transcription factor (Fig. 4.2.A).  IGF-1 also induced Nrf2 and BNIP3 in DU145 cells, 

where serum-starvation reduced levels of both Nrf2 and BNIP3, and subsequent IGF-

1 stimulation induced expression of both proteins (Fig. 4.2.B).  The human 

osteosarcoma cell line U2OS also exhibited a slight but statistically significant 

increase in BNIP3 expression in response to IGF-1 (Fig. 4.2.C).  
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Figure 4.2 IGF-1 induces nuclear translocation of Nrf2 in MCF-7 cells and causes BNIP3 

induction in both DU145 and U2OS cells.  

A. Western blot showing Nrf2 levels in nuclear (N) and cytosolic (C) fractions of MCF-7 cells 

maintained in control medium or serum-starved for 4h followed by 4h IGF-1 stimulation 

(10ng/ml). B. Western blot showing Nrf2 and BNIP3 levels in DU145 cells. The cells were 

kept in complete medium or serum-starved for 4h prior to addition of IGF-1 (10ng/ml) for 

20h. C. Gene expression levels of BNIP3 in U2OS cells measured by RQ -PCR. The cells 

were serum-starved for 4h prior to stimulation with IGF-1 (10ng/ml) for 20h. In all panels the 

data is derived from three independent experiments. Protein levels were normalised to β-actin 

and presented as fold change relative to the control sample set to a value of 1. For RQ -PCR, 

gene expression levels were normalised to the housekeeping gene UBC and presented as fold 

change relative to control conditions set at a value of 1. Results are presented as mean ± SEM 

from three independent experiments. For statistical analysis, a one-way ANOVA (B) and The 

Student’s t-test (C) were performed (*: p<0.05, **: p<0.01, ***: p<0.001). 

 

4.4.3 Nrf2 is required for IGF-1-mediated induction of the mitophagy receptor 

BNIP3 

To test whether Nrf2 is required for IGF-1-mediated induction of BNIP3, Nrf2 was 

suppressed with siRNA in MCF-7 and DU145 cells. This caused significantly 

impaired BNIP3 induction by IGF-1, implicating Nrf2 in the IGF-1-BNIP3 axis 

(Fig. 4.3.A). A similar result was observed with BNIP3 transcription, because 

although IGF-1 induced expression of both Nrf2 and BNIP3 mRNA in MCF-7 cells 

transfected with a control siRNA, Nrf2 suppression resulted in loss of IGF-1-mediated 

A. B. 

C. 
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BNIP3 induction (Fig. 4.3.B). These results demonstrate that Nrf2 is required for 

induction of BNIP3 in response to IGF-1.   

 

 

Figure 4.3 IGF-1-mediated induction of BNIP3 is dependent on Nrf2. 

A. Western blot showing levels of Nrf2 and BNIP3 in MCF-7 and DU145 cells that were 

transfected with a control siRNA or siNrf2. At 48h post transfection cells were serum-starved 

for 4h prior to addition of IGF-1 (10ng/ml) for 20h. Protein levels were normalised to β-actin 

and presented as fold change relative to the control sample set to a value of 1. B. Gene 

expression levels of Nrf2 and BNIP3 in MCF-7 cells transfected with a control siRNA or 

siNrf2 measured by RQ-PCR. 48h post transfection, the cells were serum-starved for 4h prior 

to addition of IGF-1 at 10ng/ml for 20h prior to RNA extraction. Gene expression levels were 

normalised to the housekeeping gene UBC and presented as fold-change relative to control 

conditions set at a value of 1. Results are presented as mean ± SEM from three independent 

experiments. For statistical analysis, two-way ANOVAs were performed (*: p<0.05, **: 

p<0.01, ***: p<0.001). 

A. 

B. 
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4.4.4 IGF-1 induces BNIP3 through an inhibitory phosphorylation of GSK-3β 

Next it was investigated how the IGF-1 signaling pathway intersects with induction of 

Nrf2 expression and activity.  Nrf2 protein stability, and thereby its activity, is tightly 

regulated in cells through inhibitory cytoplasmic protein complexes that may include 

KEAP1 or GSK-3β (Kansanen et al., 2013, Chowdhry et al., 2013, Tebay et al., 2015), 

resulting in degradation of Nrf2.  IGF-1-stimulated activation of AKT via PI 3-K can 

mediate an inhibitory phosphorylation on serine 9 in GSK-3β (Sutherland et al., 1993), 

so we next tested, whether IGF-1 activates Nrf2 by inhibiting GSK-3β-mediated Nrf2 

degradation. As expected, IGF-1 enhanced S9 phosphorylation on GSK-3β in MCF-7 

cells in a PI 3-K-dependent manner, because PI 3-K inhibition with LY294002 

impaired this IGF-1-mediated phosphorylation (Fig. 4.4.A). Moreover, 

pharmacological inhibition of GSK-3α/β with SB415286 in control medium resulted 

in higher BNIP3 protein levels in DU145 and MCF-7 cells (Fig. 4.4.B), although the 

induction appeared to be transient in MCF-7 cells.  

Importantly, SB415286 did not alter the activity of mTORC1 as indicated by 

maintenance of p-p70 S6 kinase (T371) levels, nor did it cause a significant reduction 

in p62/sequestosome (Fig. 4.4.B) 1 levels, suggesting that general autophagy is 

unaffected. Similarly, DU145 and MCF-7 cells (Fig. 4.4.C) exposed to LiCl, a known 

inhibitor of GSK-3β and inducer of Nrf2 (Stambolic et al., 1996, Salazar et al., 2006), 

exhibited increased BNIP3 expression without associated induction of general 

autophagy. Thus, these data show that inhibition of GSK-3β may selectively activate 

BNIP3 and potentially induce BNIP3-mediated mitophagy.   
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Figure 4.4 IGF-1 phosphorylates GSK-3β on S9, and inhibition of GSK-3β causes 

induction of BNIP3 with no associated induction of general autophagy. 

A. Western blot of MCF-7 cells showing levels of AKT phosphorylated on S473 and GSK-3β 

phosphorylated on S9. Cells were serum-starved for 4h prior to stimulation with IGF-1 

(10ng/ml) for 4h in the absence or presence of the PI 3-K inhibitor LY294002, which was 

added 30 min prior to stimulation. The experiment was repeated three times, and a 

representative blot is shown. 

 

 

 

 

 

 

 

A. 
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4.4.B. Western blot showing levels of Nrf2, BNIP3, p62 and p-p70 S6 kinase (T371) in DU145 

and MCF-7 cells. Cells were cultured in complete medium in the presence or absence of 30μM 

SB415286 for 2, 4 or 6h. 

 

 

B. DU145: 

MCF-7: 
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4.4.C. Western blots showing levels of BNIP3, pGSK-3β (S9), p62 and p-p70 S6K in DU145 

and MCF-7 cells. Cells were cultured in complete medium in the absence or presence of 

10mM LiCl for 2, 4 or 6h. Protein levels were normalised to β-actin and presented as fold 

change relative to the control sample set to a value of 1. Results are presented as mean ± SEM 

from three independent experiments. For statistical analysis, one-way ANOVAs were 

performed (*: p<0.05, **: p<0.01, ***: p<0.001). 

C. 
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4.4.5 Ectopic expression of KEAP1 does not affect the induction of BNIP3 in 

response to IGF-1 and KEAP1 is not differentially expressed in R- and R+ 

cells 

It was also tested, whether activity of the negative Nrf2 regulator KEAP1 was 

implicated in IGF-1-mediated BNIP3 induction.  Ectopic expression of KEAP1 in 

either DU145 or MCF-7 cells (Fig. 4.5.A) did not significantly alter the induction of 

BNIP3, indicating that IGF-1 effects on Nrf2 activity are independent of KEAP1. It is 

possible that the IGF-1-induced accumulation of sequestosome 1/p62 that occurs due 

to autophagy inhibition (Korolchuk et al., 2009) and is evident in Figure 4.5.A, could 

impair KEAP1 inhibition of Nrf2, because p62 competes with KEAP1 for binding to 

Nrf2 (Komatsu et al., 2010). Such effects would indirectly enhance Nrf2 stabilization. 

Furthermore, there was no significant difference in expression levels of KEAP1 

between R- and R+ cells (Fig. 4.5.B), and levels of the known Nrf2 target genes 

Glutamate-Cysteine Ligase Catalytic Subunit (GCLC), Heme Oxygenase 1 (HO1) and 

Nuclear Respiratory Factor 1 (NRF1) were not significantly affected by KEAP1 

overexpression in complete medium in DU145 or MCF-7 cells, except for a slight 

reduction observed in GCLC levels in the MCF-7 cells (Fig. 4.5.C). 

Overall, these data indicate that IGF-1 signaling induces Nrf2 expression and 

protein stabilization through PI 3-K/AKT-mediated phosphorylation of GSK-3β on 

S9, which prevents GSK-3β-mediated Nrf2 degradation, while KEAP1 appears to 

have no significant impact on the IGF-1-induced effects on Nrf2 activity.  
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Figure 4.5 Ectopic KEAP1 does not affect IGF-1-mediated BNIP3 induction and does 

not significantly affect Nrf2 activity in complete media conditions. 

A. Western blot of DU145 and MCF-7 cells transiently transfected with pcDNA3 EV or 

pcDNA3-HA2-KEAP1. The cells were serum-starved for 4h prior to stimulation with IGF-1 

(10ng/ml) for 20h. Protein levels were normalised to β-actin and presented as fold change 

relative to the control sample set to a value of 1. 

 

A. 
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4.5.B.  KEAP1 expression levels in R- and R+ cells in control media measured by RT-qPCR. 

C. mRNA expression levels of KEAP1 and Nrf2 target genes, GCLC, HO1 and NRF1 in 

DU145 and MCF-7 cells transfected with pcDNA3.1 empty vector or pcDNA3.1-HA2-

KEAP1 for 48h and cultured in complete medium. mRNA expression levels were measured 

by RT-qPCR. Gene expression levels were normalised to the housekeeping gene UBC (human 

cell lines) or β-actin (MEFs) and presented as fold change relative to control conditions set at 

a value of 1. Results are presented as mean ± SEM from three independent experiments. For 

statistical analysis, two-way ANOVAs (A) and the Student’s t-test (B-C) were performed (*: 

p<0.05, **: p<0.01, ***: p<0.001).  

 

4.4.6 IGF-1 induces HIF-1α under normoxic conditions in cancer cells through 

an axis dependent on Nrf2 

To further investigate how Nrf2 mediates induction of BNIP3 in response to IGF-1, we 

asked whether other downstream transcription factors are involved in the Nrf2-

dependent induction of BNIP3. It has been shown that HIF-1α induces BNIP3, and 

HIF-1α binding sites in the BNIP3 promoter have been identified (Bellot et al., 2009, 

B. 

C. 
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Peng et al., 2019). Furthermore, inhibition of HIF-1α impairs IGF-1-mediated BNIP3 

induction, implicating HIF-1α in this pathway (Lyons et al., 2017). Silencing of Nrf2 

has been linked to impaired HIF-1α activity in breast cancer (Lee et al., 2019), so Nrf2 

may regulate HIF-1α expression and/or function. Therefore, HIF-1α levels were 

investigated under conditions of Nrf2 suppression in MCF-7 and DU145 cells.  

Interestingly, IGF-1 induced HIF-1α in MCF-7 cells transfected with a control 

siRNA under conditions of normal oxygen levels, suggesting a role for HIF-1α in this 

pathway that is not dependent on hypoxia. This induction was significantly impaired, 

when Nrf2 was suppressed (Fig. 4.6).  A similar effect of Nrf2 suppression was 

observed in DU145 cells. Although HIF-1α induction in response to IGF-1 was 

approximately three-fold, this did not reach statistical significance.  Thus, IGF-1 

induces both HIF-1α and BNIP3 in a Nrf2-dependent manner, suggesting Nrf2 induces 

BNIP3 through HIF-1α. 
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Figure 4.6 IGF-1 induces HIF-1α in a Nrf2-dependent way.  

Western blot showing levels of HIF-1α and IGF-1R in MCF-7 and DU145 cells transfected 

with a control siRNA or siNrf2.  At 48h post transfection, cells were serum-starved for 4h 

prior to stimulation with IGF-1 (10ng/ml) for 20h. Protein levels were normalised to β-actin 

and presented as fold change relative to the control sample set to a value of 1. Results are 

presented as mean ± SEM from three independent experiments. For statistical analysis, two-

way ANOVAs were performed (*: p<0.05, **: p<0.01, ***: p<0.001).  

 

4.4.7 The IGF-1-Nrf2-BNIP3 pathway regulates mitochondrial dynamics  

The next objective was to study the effects of Nrf2 activity on mitochondrial dynamics 

and mitophagy/autophagy. It was observed that Nrf2 suppression in MCF-7 cells had 

a strong effect on mitochondrial morphology, as shown by immunofluorescence 

staining with the mitochondrial marker Translocase of Outer Mitochondrial 

Membrane 20 (TOM20). Cells in which Nrf2 was suppressed exhibited more fused 

and elongated mitochondria than control cells (Fig. 4.7.A).  The efficiency of the Nrf2 
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suppression was assessed by RT-qPCR, alongside expression levels of the 

mitochondrial fission mediator Dynamin-Related Protein 1 (DRP1), which was 

significantly reduced (Fig. 4.7.B), suggesting the mitochondrial elongation observed 

may be due to reduced mitochondrial fission. Similarly, suppression of BNIP3 resulted 

in mitochondrial elongation (Fig. 4.7.C). Since accumulation of elongated 

mitochondria could be due to reduced mitochondrial fission or enhanced 

mitochondrial fusion, we proceeded to analyse expression levels of several known 

regulators of mitochondrial dynamics. It was observed that BNIP3 suppression also 

resulted in lower levels of DRP1 with no change in Mitofusin 1 or Mitofusin 2 

(MFN1/MFN2) levels (Fig. 4.7.D).  

DRP1 is known to be recruited by BNIP3 to facilitate mitophagy (Lee et al., 

2011, Burman et al., 2017). The results presented here indicate that impaired IGF-1 

signalling leads to reduced mitochondrial fission and potentially impaired 

mitochondrial turnover as a result of mitochondrial elongation. Thus, the IGF-1-Nrf2-

BNIP3 signalling pathway is required for regulation of mitochondrial morphology and 

dynamics, potentially affecting cell capacity to induce mitochondrial 

clearance. Interestingly, R- cells also exhibited more elongated mitochondria than R+ 

cells, indicating a requirement for IGF-1 signals in mitochondrial dynamics 

(Fig. 4.7.E).    
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Figure 4.7 Suppression of Nrf2, BNIP3 or the IGF-1R pathway causes mitochondrial 

elongation  and is associated with downregulation of DRP1 expression levels. 

A. Immunofluorescence showing TOM20 in MCF-7 cells transfected with a control siRNA or 

siNrf2 and cultured in complete medium for 72h. Images were acquired on a Nikon Eclipse 

E600 microscope using a 100x objective. B. Gene expression levels of Nrf2 in response to 

transfection with a control siRNA or siNrf2 in MCF-7 cells measured by RT-qPCR. C. 

Immunofluorescence showing TOM20 in MCF-7 cells transfected with a control siRNA or 

siBNIP3 and cultured in complete medium for 72h. Images were acquired on a Nikon Eclipse 

E600 microscope using a 100x objective. D. Gene expression levels of BNIP3 and the 

mitochondria dynamics regulatory genes DRP1, MFN1 and MFN2 measured by RT-qPCR in 

MCF-7 cells transfected with a control siRNA or siBNIP3 for 72h. Gene expression levels 

were normalised to the housekeeping gene UBC and presented as fold change relative to 

control conditions set at a value of 1. Results are presented as mean ± SEM from three 

independent experiments. For statistical analysis, the Student’s t-test was performed (*: 

p<0.05, **: p<0.01, ***: p<0.001).  

A. B. 

C. D. 
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4.7.E. Immunofluorescence showing TOM20 in R- and R+ cells cultured in complete medium. 

Images were acquired on an OLYMPUS FV1000 Confocal Laser Scanning Biological 

Microscope with a 100x objective. All experiments were repeated three times, and 

representative images are shown. 

 

4.4.8 Lack of IGF-1R signalling renders MEFs more sensitive to nutrient or 

mitochondrial stress 

Next, we sought to investigate the physiological relevance of IGF-1 signalling in 

mitophagy induction during cellular stress responses. To test this, R- and R+ cells were 

exposed to serum-starvation to induce metabolic stress, or to either the iron chelator 

deferiprone (DFP) or the mitochondrial uncoupler carbonyl cyanide m-chlorophenyl 

hydrazine (CCCP) to induce mitochondrial stress. Interestingly, DFP induced BNIP3 

expression in both cell lines, suggesting that DFP induces mitophagy via BNIP3. 

However, DFP-induced BNIP3 expression was clearly more evident in R+ cells, than 

in R- cells. Furthermore, R- cells exhibited a significantly lower tolerance to serum-

starvation and DFP, than R+ cells, and accumulated higher levels of cleaved caspase 

3 indicative of apoptosis (Fig. 4.8). These results show that loss of IGF-1R signalling 

results in impaired cellular stress responses leading to cell death.   

E. 
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Figure 4.8 IGF-1R KO MEFS display impaired survival under conditions of nutrient or 

mitochondrial stress compared to these cells reconstituted with IGF-1R. 

Western blot showing BNIP3 and cleaved caspase 3 levels in complete medium, serum-

starvation or the addition of DFP (1mM) or CCCP (10μM) to complete medium for 24h. Three 

independent experiments were carried out, and a representative blot is shown. 

 

4.4.9 IGF-1 regulates cellular capacity for autophagosomal turnover in 

response to metabolic and mitochondrial stress 

To get a more complete picture of the effects of IGF-1 signalling on cellular autophagy 

including mitophagy, the levels of autophagosomal turnover were assessed, by 

measuring autophagic flux in R- and R+ cells exposed to stress. Autophagic flux was 

quantified as described in Chapter 3 (section 3.3.6). As can be seen in Figure 4.9.A, 

R- cells display higher levels of autophagosomal turnover than R+ cells in control 

cultures. However, when the cells were exposed to serum-starvation or DFP, R+ cells 

exhibited a higher capacity to induce autophagosome turnover, suggesting that IGF-1 

signalling promotes cellular capacity for both general autophagy and mitophagy in 

response to stress (Fig. 4.9.B).    
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Taken together, these data indicate that IGF-1 signalling supports cell survival 

in response to autophagic and mitophagic stresses, and that this is mediated by 

increasing the capacity of the cell to induce autophagosome turnover. IGF-1-mediated 

induction of BNIP3 in a Nrf2-dependent manner may, therefore, be a component of 

an overall cell survival and stress protective response.   

 

Figure 4.9 R- cells exhibit higher levels of autophagic flux under complete medium 

conditions but impaired induction of autophagosome turnover in response to nutrient 

deprivation or mitochondrial stress compared to R+ cells. 

A. Western blots showing LC3 levels in R- and R+ cells. Cells were cultured in complete 

medium in the absence or presence of chloroquine (CQ, 50μM) added 4h before harvesting. 

Autophagic flux was calculated as ΔLC3II for each condition in the presence and absence of 

CQ and presented as fold change relative to the R- sample. 

 

 

 

 

 

A. 
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4.9.B. Western blot showing LC3 levels in R- and R+ cells cultured in complete medium with 

or without DFP (1mM) or in response to serum-starvation for 24h. CQ (50μM) was added to 

the indicated cultures for the last 4h before harvesting. Protein levels were normalised to β-

actin and presented as fold change relative to the control sample set to a value of 1. Results 

are presented as mean ± SEM from three independent experiments. For statistical analysis, the 

Student’s t-test (A) or a two-way ANOVA (B) was performed (*: p<0.05, **: p<0.01, ***: 

p<0.001).  

 

4.5 Discussion  

IGF-1 signalling is essential for growth, promotes tumourigenesis, cancer cell survival 

and proliferation, and it also has a highly conserved and potent effect on mitochondrial 

function and homeostasis (Denduluri et al., 2015, Sádaba et al., 2016, Hakuno and 

Takahashi, 2018). Loss of IGF-1 signals leads to impaired mitochondrial capacity for 

ATP production and antioxidant capacity. However, these effects can be reversed with 

IGF-1 therapy, suggesting that IGF-1 signalling is mitochondria protective (Sádaba et 

al., 2016).   

B. 
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In this study, it was established that IGF-1 mediates a conserved signal through 

Nrf2 for induction of BNIP3 expression in cancer cells and MEFs.  Nrf2 has a well 

described cytoprotective function in antioxidant stress response and detoxification. In 

cancer cells, this may be exploited to allow cells to better survive in stressful 

environments and facilitate the development of chemoresistance (Wang et al., 2008, 

Rojo de la Vega et al., 2018). We observed that IGF-1-mediated induction of BNIP3 

(Lyons et al., 2017) can occur through HIF-1α which is induced by Nrf2 (Zhang et al., 

2018, Lee et al., 2019), suggesting that BNIP3 may be a secondary, rather than a direct, 

Nrf2 target gene.   

Mitophagy is important for the overall maintenance of cellular health, and 

mitophagy dysregulation is common in many diseases (Um and Yun, 2017). 

Mitophagy is also a key event in cell differentiation, which requires careful regulation 

of mitochondrial mass and distribution to ensure that the mitochondrial function of the 

cell matches the specific cellular requirements concerning energy production and 

reactive oxygen species clearance, for example (Esteban-Martinez and Boya, 2017, Fu 

et al., 2019). BNIP3 was found to enhance mitochondrial function under hypoxic 

conditions in stem cells and to facilitate differentiation of epidermal keratinocytes 

(Lee et al., 2017, Moriyama et al., 2017). However, this central role of mitophagy in 

the differentiation of various cell types enables mitophagic  processes to induce de-

differentiation of otherwise fully differentiated cells in cancer progression, allowing 

cancer cells to acquire stemness features (Reya et al., 2001).  Interestingly, the IGF-1 

signalling pathway has been proposed to maintain both stem-like qualities and to 

enhance cell survival during cell differentiation (Huat et al., 2014, Teng et al., 2018).  

Our finding suggest that IGF-1 signals are essential for maintenance of 

mitochondrial homeostasis.  Suppression of either Nrf2 or BNIP3 in MCF-7 cells 
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caused a dramatically altered mitochondrial appearance with more fused and 

elongated mitochondria, a morphological difference that was also evident in R- cells 

compared to R+ cells. Suppression of BNIP3 was also associated with reduced 

expression of the mitochondrial fission mediator DRP1, which is known to be 

recruited by BNIP3 to facilitate mitophagy (Lee et al., 2011). Thus, IGF-induced 

BNIP3 can regulate mitochondrial dynamics. Interestingly, the punctate mitochondria 

and higher levels of DRP1 observed in control MCF-7 cells compared to cells with 

suppressed Nrf2 or BNIP3 have also been described as characteristics of stem cells 

(Fu et al., 2019).  

BNIP3 is a protein of at least dual function with the ability to promote cell 

death under certain conditions and to induce mitophagy particularly under hypoxic 

conditions (Zhang and Ney, 2009). It has also been implicated in regulating cell 

proliferation (Singh et al., 2018).  Since, IGF-1 induces BNIP3 in serum-deprived 

cells, but is also known to protect against apoptosis, it is likely that BNIP3 facilitates 

mitophagy under these conditions.  This conclusion is supported by our observations 

regarding autophagic flux in R- and R+ cells.  Higher basal levels of autophagic flux 

were present in R- cells compared to R+ cells, as could be expected due to activation 

of mTORC1 by IGF-1 leading to inhibition of general autophagy (Jung et al., 2010). 

However, R+ cells induced autophagosomal turnover in response to either metabolic 

or mitochondrial stress significantly more potently than R- cells, suggesting that IGF-

1 signalling increases the capacity of cells to induce both autophagy and mitophagy in 

response to cellular stresses. A striking difference between R- and R+ cells was also 

observed in terms of tolerance to either serum-starvation or DFP. R+ cells clearly 

displayed lower levels of apoptosis under these conditions than R- cells, suggesting 

that the IGF-1 pathway enhances cellular survival under such stresses. The elevated 



125 
 

levels of BNIP3 in R+ cells would be expected to mediate efficient mitophagic 

clearance in response to DFP.  

BNIP3 has previously been shown to enhance cell survival under conditions 

of nutrient deprivation (Macher-Goeppinger et al., 2017), which may contribute to the 

increased survival of R+ cells in serum-deprived culture conditions observed here.  It 

is also interesting that neither R- nor R+ cells exhibited cell death in response to 

CCCP, which is known to upregulate mitophagy through the PINK1-Parkin-mediated 

pathway (Matsuda et al., 2010, Kondapalli et al., 2012), despite  an observed CCCP-

mediated induction of PINK1 (Fig. 3.6.A). This suggests that R- cells that lack IGF-1 

signaling may be uniquely impaired in BNIP3-mediated mitophagy. Therefore, 

although alternative functions of BNIP3 cannot yet be excluded, we propose that 

BNIP3 expression levels are central to the dramatic differences observed in autophagic 

flux and stress tolerance between R- and R+ cells in response to either serum-

starvation or DFP.  

In conclusion, this study demonstrates that IGF-1 signalling has an essential 

function in mitochondrial dynamics and turnover through the activity of Nrf2 and 

BNIP3. This mitochondria-protective role may be a key vulnerability of this essential 

growth pathway and offer potential for novel therapeutic intervention in cancer.    
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5 Chapter 5. IGF-1 Signalling Induces 

BNIP3-Specific Mitophagy but 

Reduces Total Cellular Mitophagy  
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5.1 Abstract 

While we established that IGF-1 induces both mitochondrial biogenesis and the 

mitophagy receptor BNIP3 in a coordinated manner to maintain mitochondrial health 

and function (Lyons et al., 2017), it remains to be established whether IGF-1 directly 

triggers mitophagy in cancer cells. Here, we developed a fluorescent probe with which 

to study mitophagy in live cells. This VLCAD(1-40)-mCherry-EGFP probe enables 

both visualisation and quantification of mitophagy in response to various stimuli. In 

MCF-7 cells expressing this probe, 20-30% of cells exhibited active mitophagy in 

complete medium conditions, while in serum-starvation, hypoxia or the presence of 

the mitochondrial stressors DFP and CCCP the percentage of mitophagy-positive cells 

increased. In serum-starved cells, the addition of IGF-1 reduced overall levels of 

mitophagy. However, by analysing the colocalisation of BNIP3 and LC3, which 

indicates BNIP3-specific mitophagy, it was observed that IGF-1 increased BNIP3 and 

LC3 interaction, suggesting that even when cells are deprived of serum, IGF-1 can 

induce a basal level of mitophagy through BNIP3. IGF-1R null mouse embryonic 

fibroblasts (MEFs) named R- cells exhibited a similar capacity for mitophagy to IGF-

1R-expressing (R+) cells. However, in response to mitochondrial stress, mitophagic 

vesicles were observed to accumulate over time in R- cells and this was associated 

with cell death.  In contrast, R+ cells apparently eliminated mitochondria efficiently 

and exhibited less cell death than R- cells. Thus, we propose that IGF-1 maintains a 

low level of mitophagy to prevent accumulation of damaged mitochondria, while 

enabling cells to control total autophagy levels to enhance cell survival. 
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5.2 Introduction 

Detection and quantification of mitophagy in cells is greatly limited by the available 

tools and technologies. For in vitro studies, these include transmission electron 

microscopy (TEM) that allows visualisation of mitochondria contained within 

autophagosomes, western blotting analysis of mitochondrial markers and 

mitophagy/autophagy mediators, flow cytometric analysis of mitochondrial mass 

using mitochondrial dyes or microscopy analysis of fluorescent probes such as mt-

Keima, as reviewed by Chen and colleagues (Chen et al., 2017a). TEM is still 

considered the superior technique, but is not widely available or easily quantifiable, 

unlike techniques such as flow cytometry and western blotting. However, these 

measurements are indirect and cannot assess mitophagy in live cells, so the scope of 

their interpretation is limited. Autophagosome turnover can be assessed by measuring 

LC3II levels, but this does not distinguish between general autophagy and mitophagy 

(Mauthe et al., 2018, Mizushima and Yoshimori, 2007).  

Fluorescent probes have emerged as promising mitophagy detection tools 

because they enable specific visualisation of ongoing mitophagy using standard 

microscopy. Visualising the colocalisation of GFP-LC3 and mitochondrial markers is 

a measure of the recruitment of autophagosomes to mitochondria. GFP fluorescence, 

however becomes quenched within lysosomes due to  low pH (Shinoda et al., 2018), 

and therefore, it does not allow detection of late-stage mitophagy. Mt-Keima is a probe 

that targets the Keima protein to the mitochondrial matrix (Katayama et al., 2011). 

Keima is resistant to proteases but is pH-sensitive and it undergoes a shift in excitation 

wavelength within lysosomes (Kogure et al., 2006, Katayama et al., 2011). This can 

be exploited to measure the fluorescence intensity at each wavelength to calculate a 

ratio between the two, which reflects mitophagy levels (Sun et al., 2017). Another 
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mitophagy probe was developed by Allen and colleagues. This is a tandem mCherry-

GFP probe that includes a mitochondrial targeting sequence (MTS) from the outer 

mitochondrial membrane (OMM) protein Fis1. In this case, GFP quenching within 

lysosomes can be exploited because healthy mitochondria emit both red and green 

fluorescence to yield a yellow staining pattern. On the other hand, degrading 

mitochondria within lysosomes can only emit red fluorescence from the pH-

insensitive mCherry tag, when the green signal becomes quenched. Thus, in cells 

expressing this reporter, red puncta represent mitochondria undergoing degradation 

(Allen et al., 2013).  

The results presented in this thesis show that IGF-1 clearly induces 

accumulation of the BNIP3 mitophagy receptor in cells and suggest that this enhances 

cellular capacity for mitophagy. However, to better establish the contribution of IGF1-

induced BNIP3 in mitophagy it was necessary to assess mitophagy with a reporter in 

living cells. Therefore, we sought to develop a mitophagy reporter by using the probe 

described by Allen and colleagues as a guide (Allen et al., 2013). Rather than using 

the OMM-targeting sequence they described, we opted to use the mitochondrial 

targeting sequence from the inner mitochondrial membrane (IMM) protein, very-long-

chain acyl-CoA dehydrogenase (VLCAD). This, we hypothesized, would ensure 

sensitive detection of fully engulfed mitochondria better than an OMM targeting 

sequence that may be less specific. The new probe VLCAD(1-40)-mCherry-EGFP 

was then used to assess mitophagy levels in cancer cells and how this was affected by 

IGF-1 signalling, in addition to the effects of IGF-1R deficiency on mitophagy 

induction and clearance in MEFs.  

In cancer cells, serum starvation induced mitochondrial as well as autophagic 

clearance, while IGF-1 inhibited both. However, IGF-1 also induced colocalisation of 
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EGFP-LC3 with BNIP3, suggesting that IGF-1 induces a specific mitophagic response 

mediated by BNIP3. Supporting a mitophagic role for BNIP3 in cancer cells, ectopic 

expression of wildtype (WT) BNIP3 but not a mitophagy-incompetent BNIP3 mutant 

enhanced mitophagy in response to mitochondrial uncoupling. Furthermore, R- cells 

exhibited impaired capacity to recover from mitophagic stress responses compared to 

R+ cells leading to cell death.  

The findings demonstrate the importance of mito- and cyto-protective IGF-1 

signalling in transformed cells, and also identifies a previously undescribed 

vulnerability in cells with impaired IGF-1 signalling. 

 

5.3 Results 

5.3.1 Design of VLCAD(1-40)-mCherry-EGFP reporter and validation of 

mitochondrial targeting sequence 

The mitochondria-targeted tandem mCherry-GFP probe used by Allen and colleagues 

(Allen et al., 2013) was used as a model to design a new probe. It is likely that 

depending on the orientation of the probe once inserted into the OMM, some 

unspecific detection of mitophagy would occur, if the mCherry-GFP tandem tag is 

exposed to the cytosolic side of the mitochondria. To avoid such issues, an IMM 

targeting sequence was employed here. The IMM mitochondrial targeting sequence 

(MTS) from very-long-chain acyl-CoA dehydrogenase (VLCAD) (aa 1-40) has 

previously been used to target proteins to the mitochondria, as described for the 

pcDNA3-MTS-CA-c-Src-FLAG construct (Ogura et al., 2012).  The sequence and 

functional concept of the probe is illustrated in Figure 5.1.A.  

To test whether efficient mitochondrial targeting could be observed using this 

MTS, the pcDNA3-MTS-CA-c-Src-FLAG plasmid was transfected into MCF-7 cells, 
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which were counterstained with an antibody to detect the mitochondrial marker 

TOM20. As can be seen in Figure 5.1.B, fluorescence images of these cells 

demonstrated a high level of specific mitochondrial targeting of the Src-FLAG protein. 

This confirmed that the VLCAD sequence was appropriate for inclusion in a 

mitochondria-targeting probe. 

 

      

 

Figure 5.1 The VLCAD(1-40) mitochondrial targeting sequence efficiently targets 

proteins to the mitochondria.  

A. Schematic illustration of the sequence and function of the VLCAD(1-40)-mCherry-EGFP 

probe. B. MCF-7 cells transiently transfected with pcDNA3-MTS-CA-c-Src-FLAG were 

fixed at 24h post transfection. The cells were stained with anti-TOM20 antibody and images 

were obtained using a Nikon Eclipse E600 microscope with a 100x objective. The experiments 

were performed once, and a representative image is shown.  

MTS-Src-FLAG
20µm

TOM20 Merge

B. 

A. 
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5.3.2 Validation of mitochondrial localisation of VLCAD(1-40)-mCherry-

EGFP probe 

The MTS from VLCAD was then used to design the tandem probe encoding mCherry 

and EGFP. This pcDNA3.1-VLCAD(1-40)-mCherry-EGFP vector was synthesized 

by GenScript (see Chapter 2. Methods and Materials). To test the reporter, it was first 

transfected into U2OS cells and its localisation to mitochondria was assessed by 

counterstaining for TOM20. Images were acquired with a confocal microscope. Figure 

5.2.A shows that both the EGFP and the mCherry tag localise predominantly to 

mitochondria that are labelled with TOM20.  

Next, MCF-7 cells were stably transfected with the plasmid encoding the 

reporter, to generate the MCF-7-VLCAD(1-40)-mCherry-EGFP cell line, which was 

selected and maintained in medium containing neomycin/G418 (see section 3.6 in 

Materials and Methods). Localisation of the reporter to the mitochondria was again 

confirmed by counterstaining for TOM20 followed by confocal microscopy (Fig. 

5.2.B). 
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Figure 5.2 The VLCAD(1-40)-mCherry-EGFP probe localises to mitochondria in U2OS 

and MCF-7 cells. 

A. U2OS cells were transiently transfected with the pcDNA3.1-VLCAD(1-40)-mCherry-

EGFP construct. At 48h post transfection, the cells were fixed and stained with a TOM20 

antibody. Images were obtained using an OLYMPUS FV1000 Confocal Laser Scanning 

Biological Microscope with a 100x objective. 
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5.2.B. MCF-7 cells were transfected with the pcDNA3.1-VLCAD(1-40)-mCherry-EGFP 

plasmid, and a stable cell line was generated. Cells were maintained in normal growth medium 

with G418. Cells were fixed, stained with a TOM20 antibody, and imaged using an 

OLYMPUS FV1000 Confocal Laser Scanning Biological Microscope with a 100x objective. 

The experiments were performed once, and representative images are shown. 

 

5.3.3 The VLCAD(1-40)-mCherry-EGFP reporter enables visualisation of 

mitophagy induction in response to serum-starvation, DFP or CCCP 

To assess the capacity of the probe to detect mitophagy in the MCF-7-VLCAD(1-40)-

mCherry-EGFP stable cell line, mitophagy was induced in several different ways 

including 24h serum deprivation or the addition of DFP or CCCP to cells in complete 

medium. The cells were fixed, and the fluorescence images captured were then 

assessed for presence of red-only puncta representing engulfed mitochondria 

undergoing lysosomal degradation. Representative images shown in Figure 5.3 

demonstrate the relative low number of red puncta in complete medium conditions, 

and the appearance of red puncta in response to all mitophagy-inducing conditions. 
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Figure 5.3 Serum deprivation, DFP or CCCP induce mitophagy in MCF-7 cells, which 

can be visualised with the VLCAD(1-40)-mCherry-EGFP probe. 

MCF-7-VLCAD(1-40)-mCherry-EGFP cells were maintained in complete medium, exposed 

to DFP (1mM) or CCCP (10μM) for 24h or kept in serum-free medium for 24h. The cells 

were fixed, and images obtained using a Nikon Eclipse E600 microscope with a 100x 

objective. The experiment was performed once, and 20 fields of view were imaged per 

conditions. Representative images are shown. 
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5.3.4 The VLCAD(1-40)-mCherry-EGFP reporter detects mitophagy induction 

in response to hypoxia 

The MCF-7-VLCAD(1-40)-mCherry-EGFP cells were next exposed to hypoxia, 

which is known to induce mitophagy (Zhang et al., 2008, Liu et al., 2012). Cells in 

normal culture conditions were compared to cells exposed to hypoxia (<1% O2) for 6h 

prior to fixation. Figure 5.4.A shows the appearance of red puncta under hypoxic 

conditions compared to non-hypoxic conditions. In this case, some cells presented 

with larger and more prominent red puncta than was observed in Figure 5.3.A. This 

indicates that hypoxia is a more potent inducer of mitochondrial clearance than the 

other mitophagy stimuli tested, or perhaps that mitochondrial clearance under hypoxic 

conditions involves degradation of larger mitochondria. As a control to ensure that the 

hypoxia was induced in these cells, western blotting was carried out with cell lysates 

to measure induction of HIF-1α and BNIP3 in response to 6h hypoxia compared to 

control conditions (Fig. 5.3.B). This confirmed that the cells were hypoxic and that 6h 

hypoxia was sufficient time to induce BNIP3 and mitophagy. 
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Figure 5.4 Hypoxia induces HIF-1α, BNIP3 and mitophagy in MCF-7-VLCAD(1-40)-

mCherry-EGFP cells.  

A. MCF-7-VLCAD(1-40)-mCherry-EGFP cells were kept under normal culture conditions or 

exposed to hypoxia (<1% O2) for 6h. The cells were fixed and imaged using a Nikon Eclipse 

E600 microscope with a 100x objective.  B. Western blot from cell lysates derived from the 

same cultures show levels of HIF-1α and BNIP3 in MCF-7-VLCAD(1-40)-mCherry-EGFP 

cells under normal culture conditions or exposed to hypoxia (<1% O2) for 6h. β-actin is the 

protein loading control. The experiment was performed once, and 15 fields of view were 

imaged per conditions. Representative images are shown. 
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5.3.5 Mitophagy detection using the VLCAD(1-40)-mCherry-EGFP reporter 

depends on a low lysosomal pH 

The next step was to test whether the red puncta truly represented mitochondria 

undergoing degradation and that their appearance was  due to quenching of EGFP 

within lysosomes. For this, we used bafilomycin A1, which inhibits the lysosomal 

proton pump (Crider et al., 1994). Bafilomycin raises the pH within lysosomes, which 

should reduce the number of red puncta that appear in response to mitophagy stimuli. 

MCF-7-VLCAD(1-40)-mCherry-EGFP cells were cultured in complete medium or in 

complete medium with DFP for 24h in the absence or presence of bafilomycin A1 for 

the last 4h prior to fixing. Representative images are shown in Figure 5.5.A, and it is 

clear that there were fewer red puncta in the cells incubated with DFP that were also 

exposed to bafilomycin A1 compared to cells exposed to DFP alone. By quantifying 

the number of cells considered mitophagy-positive, i.e. positive for red puncta, as a 

percentage of the total number of cells counted, it was determined that approximately 

20% of the cells were undergoing mitophagy under normal culture conditions (Fig. 

5.5B). Addition of DFP increased the percentage of mitophagy-positive cells to 

approximately 70%, thus, clearly inducing mitochondrial clearance. The addition of 

bafilomycin A1 significantly reduced the number of mitophagy-positive cells both in 

complete medium conditions and in response to DFP. Therefore, it was concluded that 

the appearance of red puncta is indicative of active mitophagy, and that the function 

of the probe depends on the quenching of EGFP, which occurs due to the acidic pH of 

lysosomes. 
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Figure 5.5 The accumulation of red puncta in response to mitophagy induction is 

dependent on low lysosomal pH.  

A. MCF-7-VLCAD(1-40)-mCherry-EGFP cells were kept in complete medium or exposed to 

DFP (1mM) for 24h followed by addition of bafilomycin A1 (100nM) for the last 4h. The 

cells were fixed, and images obtained using a Nikon Eclipse E600 microscope with a 100x 

objective. B. The percentage of mitophagy-positive cells per condition in (A) was quantified, 

and results are presented as mean ± SEM from three independent experiments. For each 

experiment, 15 fields of view were imaged per conditions. For statistical analysis, the 

Student’s t-test was performed (*: p<0.05, **: p<0.01, ***: p<0.001). 

A. 

B. 
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5.3.6 Inhibition of GSK-3β induces mitophagy 

Having demonstrated the function and sensitivity of the mitophagy probe, the next 

objective was to use the MCF-7-VLCAD(1-40)-mCherry-EGFP cell line to assess the 

effects of IGF-1 signalling and BNIP3 on mitophagy induction. First, we wanted to 

measure the effects of GSK-3β inhibition on mitophagy, because IGF-1 induces 

BNIP3 through inhibition of GSK-3β activity. GSK-3β inhibition with LiCl or 

SB415286 also resulted in induction of BNIP3 (Fig. 4.4.B-C and Riis et al., 2020) thus 

indicating that GSK-3β inhibition could be used to mimic IGF-1 signalling in complete 

medium conditions rather than using serum-deprived cells. MCF-7-VLCAD(1-40)-

mCherry-EGFP cell cultures incubated with LiCl or SB415286 for 2 or 6h were 

assessed for the number of cells undergoing mitophagy. In complete medium, 

approximately 20% of the cells showed signs of active mitophagy and both GSK-3β 

inhibitors increased the percentage of cells undergoing mitophagy to approximately 

50% (Fig. 5.6A-B). This reached statistical significance for SB415286 at both 

timepoints, but only at 2h for LiCl. Mitophagy was induced to a similar extent by both 

compounds, and levels of mitophagy in cells exposed to the inhibitors  for 2 or 6h were 

similar, suggesting that the induction of mitophagy had already occurred at 2h and was 

sustained at this level up to 6h. 
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Figure 5.6 GSK-3β inhibition induces mitophagy in MCF-7 cells.  

A. MCF-7-VLCAD(1-40)-mCherry-EGFP cells cultured in complete medium were incubated 

with SB415286 (30μM) or LiCl (10mM) for 2 or 6h. The cells were then fixed and images 

were obtained using a Nikon Eclipse E600 microscope with a 100x objective. Representative 

images are shown.  
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5.6.B. The percentage of mitophagy-positive cells per condition in (A) was quantified, and 

results are presented as mean ± SEM from three independent experiments. For each 

experiment, 15 fields of view were imaged per conditions. For statistical analysis, the 

Student’s t-test was performed (*: p<0.05, **: p<0.01, ***: p<0.001). 

 

5.3.7 IGF-1 stimulation reduces total mitophagy in serum-free cultures   

In all cell assays used to assess direct effects of IGF-1 on mitophagy, it is 

necessary to deprive the cells of serum prior to addition of IGF-1. This is to avoid 

confounding signals from other factors such as insulin, epidermal growth factor, 

testosterone and growth hormone that are present in foetal bovine serum (Honn et al., 

1975, Barnes and Sato, 1980). Here, MCF-7-VLCAD(1-40)-mCherry-EGFP cells 

were maintained in complete medium or serum-starved for 4h before addition of IGF-

1 for 1, 2, 4 or 24h. To assess the extent to which serum-deprivation induced 

mitophagy, an additional control culture was included, where the cells were 

maintained in serum-free medium for 24h.  The results are shown in Figure 5.7.A and 

B and indicate that in complete medium, active mitophagy was detected in 

approximately 30% of cells (Fig. 5.7.B). After 4h of serum-deprivation, approximately 

65% of the cells exhibited mitophagy. At 24h serum deprivation, the percentage of 

mitophagy-positive cells approached 100%. Interestingly, the addition of IGF-1 

B. 
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appeared to reduce mitophagy, as the percentage of mitophagy-positive cells declined 

over time upon exposure to IGF-1, reaching statistical significance at 4h. After 24h of 

IGF-1 stimulation, this was further reduced to approximately 15% of the cells, which 

was a lower percentage of mitophagy-positive cells than that observed in complete 

medium. Thus, it appears that IGF-1 stimulation of serum-starved cells reduces the 

levels of total mitophagy, while at the same time inducing BNIP3, (shown in Fig. 

3.4.A-B and Lyons et al., 2017). Since 24h of IGF-1 stimulation clearly suppressed 

the potent induction of mitophagy observed after 24h of serum-starvation, this raises 

the question, of what the function of BNIP3 is, when it is induced in response to IGF-

1 in serum-free conditions. It is possible that IGF-1- mediated suppression of general 

autophagy (via mTORC1) also suppresses total cellular mitophagy, while maintaining 

a basal level of BNIP3-specific mitophagy that cannot be detected in serum-starved 

cells using this mitophagy probe. This hypothesis is supported by our finding that 

inhibition of GSK-3β (which may mimic IGF-1 stimulation in complete medium) 

induced expression of both BNIP3 and mitophagy.  Alternatively, IGF-1-induced 

BNIP3 may have other unknown functions in these cells.   
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Figure 5.7 IGF-1 protects against mitophagy in MCF-7 cells.  

A. MCF-7-VLCAD(1-40)-mCherry-EGFP were kept in complete medium, serum deprived 

for 4 or 24h or serum deprived for 4h followed by IGF-1 stimulation (10ng/ml) for 1, 2, 4, or 

24h. The cells were fixed and imaged using a Nikon Eclipse E600 microscope with a 100x 

objective. B. The percentage of mitophagy-positive cells per condition in (A) was quantified, 

and results are presented as mean ± SEM from three independent experiments. For each 

experiment, 15 fields of view were imaged per conditions. For statistical analysis, the 

Student’s t-test was performed (*: p<0.05, **: p<0.01, ***: p<0.001). 
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5.3.8 Ectopic expression of WT BNIP3 enhances CCCP- but not DFP-induced 

mitophagy  

To further investigate BNIP3 function in mitophagy and IGF-1 signalling we sought 

to ectopically express wildtype (WT) or LC3-interacting region (LIR)-mutant BNIP3 

(see section 2.8 in Materials and Methods), the latter being mitophagy-incompetent, 

in the MCF-7-VLCAD-mCherry-EGFP cell line. These cells were subsequently 

maintained in complete medium or exposed to CCCP or DFP for 24h to induce 

mitophagy, and the number of cells undergoing mitochondrial clearance was 

quantified (Fig. 5.8.A-B). CCCP and DFP induced mitophagy to a similar extent in 

cells expressing either an empty vector (EV) control, WT or LIR-mutant BNIP3, 

where approximately, 50% or 70%, respectively, of the cells exhibited active 

mitophagy. When comparing effects of the three different plasmids on mitophagy 

levels, it was clear that in cells expressing WT BNIP3 in CCCP-induced cultures there 

was a significantly higher number of mitophagy-positive cells present than in the 

empty vector control (Fig. 5.7.B, p=0.032). Under these conditions, there was also a 

trend towards higher mitophagy levels in cells expressing WT BNIP3 than in cells 

expressing the LIR-mutant (p=0.062), suggesting that this effect may depend on a 

functional LIR domain (Fig. 5.8.B). There was, however, no statistically significant 

difference in mitophagy levels between cells transfected with either of the three 

plasmids following incubation with DFP. 

BNIP3 protein overexpression in these cells was confirmed by western blotting 

(Fig. 5.8.C). Ectopic expression of BNIP3 did not cause any apparent change in levels 

of general autophagy, since p70 S6 kinase phosphorylation (T371) and p62 levels were 

similar in all cell cultures (Fig. 5.8.C). Furthermore, there was no alteration in the 

levels of the mitochondrial marker PHB1, suggesting no induction of mitochondrial 

degradation in response to the overexpression of BNIP3 in complete medium cultures. 
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This was consistent with the quantification of mitophagy levels in control conditions 

in Figure 5.8.B. Overall, the results show that WT but not LIR-mutant BNIP3 

increased mitophagy levels in response to mitochondrial uncoupling, supporting a 

mitophagic role for BNIP3 in cancer cells.  

 

 

Figure 5.8 Ectopic expression of WT BNIP3 enhances mitophagy induced by CCCP but 

not DFP.  

A. MCF-7-VLCAD(1-40)-mCherry-EGFP cells were transiently transfected with pcDNA3.1 

EV, WT or LIR-mutant BNIP3. 48h post transfection, the cells were kept in complete medium 

or treated with CCCP (10μM) or DFP (1mM) for 24h. The cells were fixed and imaged using 

a Nikon Eclipse E600 microscope with a 100x objective. 

A. 
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5.8.B. The percentage of mitophagy-positive cells per condition in (A) was quantified, and 

results are presented as mean ± SEM from three independent experiments. For each 

experiment, 15 fields of view were imaged per conditions. For statistical analysis, the 

Student’s t-test was performed (*: p<0.05, **: p<0.01, ***: p<0.001). C. Western blot 

showing levels of BNIP3, p-p70 S6K (T371) and p62 in the transfected MCF-7-VLCAD(1-

40)-mCherry-EGFP cells in A-B. Cells were lysed 48h post transfection. β-actin is the protein 

loading control. Three independent experiments were carried out, and a representative blot is 

shown. 

B. 
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5.3.9 IGF-1 induces colocalisation of endogenous BNIP3 with EGFP-LC3 

To further investigate the paradox that IGF-1 stimulation suppressed total mitophagy 

while at the same time inducing accumulation of BNIP3, we sought to more 

specifically detect BNIP3-mediated mitophagy in cells by assessing colocalisation of 

BNIP3 with LC3 on autophagosomes. To do so, pEGFP-LC3 was transfected into 

MCF-7 cells that were subsequently counterstained for endogenous BNIP3. Co-

localisation of EGFP-LC3 and BNIP3 was assessed in cells cultured in complete 

medium, serum-starved for 4h or 24h, or serum-starved for 4h followed by 20h IGF-

1 stimulation (Fig. 5.9). In complete medium cultures, relatively low levels of EGFP-

LC3/autophagosome formation were observed, as would be expected under non-

stressed conditions (Fig. 5.9). In response to serum-deprivation, LC3-coated 

autophagosomes appeared after 4h, indicating autophagy, and these accumulated 

further after 24h. However, no clear colocalisation of EGFP-LC3 with BNIP3 was 

observed at either time point (Fig. 5.9).  The addition of IGF-1 to cultures for 20h 

reduced the number of autophagosomes indicating suppression of autophagy, as 

expected. Furthermore, a more orange fluorescence staining was apparent in IGF-1-

stimulated cells compared to serum-starved cells, suggesting that there was more 

colocalisation of LC3 with BNIP3 in response to IGF-1 stimulation in these cells.  
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Figure 5.9 IGF-1 stimulation reduces autophagosome accumulation in response to 

serum-starvation and increases colocalisation between LC3 and endogenous BNIP3.  

Immunofluorescence staining of MCF-7 cells. The cells were transfected with pEGFP-LC3 

for 48h. Next, they were maintained in complete medium, were serum-starved for 4h or 24h, 

or were serum-starved for 4h followed by 20h IGF-1 (10ng/ml) stimulation. The cells were 

fixed and stained with anti-BNIP3 antibody (red) and Hoechst (blue) for nuclear staining. 

Images were acquired on a Leica DM LB2 microscope using a 100x objective. The experiment 

was performed three times, and 8 fields of view were imaged per condition per experiment. 

Representative images are shown. 
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5.3.10 IGF-1 induces colocalisation of mCherry-BNIP3 with EGFP-LC3 

BNIP3 and LC3 colocalization was further investigated by generating and transfecting 

a plasmid encoding mCherry-BNIP3 WT (see section 2.8 in Methods and Materials).  

It was anticipated that a clearer indication of colocalisation with pEGFP-LC3 could be 

observed by ectopically expressing mCherry-tagged BNIP3 than by staining for 

endogenous BNIP3.  

First, MCF-7 cells were transiently transfected with either pmCherry EV or 

pmCherry-BNIP3 to ensure that the BNIP3 fusion protein was appropriately expressed 

and located in cells.  Immunofluorescence showed that the mCherry-BNIP3 signal had 

a mitochondrial profile, indicating that BNIP3 was appropriately expressed and the 

cellular location was not altered by fusion with the mCherry tag (Fig. 5.10.A). Next, 

MCF-7 cells were transiently co-transfected with pmCherry-BNIP3 and pEGFP-LC3. 

The cells were maintained in complete medium, were serum-deprived for 4h or 24h, 

or were serum-deprived for 4h prior to addition of IGF-1 for 20h. Fluorescence images 

showed that in complete medium cultures, the cells exhibited a low level of EGFP-

LC3-indicated autophagy (green puncta) and this was largely unaffected by BNIP3 

overexpression (Fig. 5.10.B). In agreement with observations in Figure 5.9, serum-

deprivation induced the formation of LC3-coated autophagosomes after either 4h or 

24h (Fig. 5.10.C-D). This effect of serum starvation also appeared to be mostly 

unaffected by the ectopic expression of BNIP3, but some colocalisation of mCherry-

BNIP3 with EGFP-LC3 was apparent after 24h serum-starvation. As was observed 

with endogenous BNIP3 (Fig. 5.9), IGF-1 stimulation increased the colocalisation of 

mCherry-BNIP3 with EGFP-LC3 as illustrated by increased orange staining (Fig. 

5.10.E) compared to serum-starved conditions. This result suggests that IGF-1 

increases BNIP3 interaction with LC3 and, thus, mitophagy. 
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Figure 5.10 Serum deprivation induces autophagosome formation in MCF-7 cells in 

either the presence or absence of ectopically expressed WT BNIP3, and IGF-1 increases 

colocalisation between LC3 and BNIP3. 

A. Immunofluorescence imaging of MCF-7 cells transfected with pmCherry EV or pmCherry-

BNIP3 WT. At 48h post transfection, the cells were fixed, and images were acquired using a 

Nikon Eclipse E600 microscope with a 40x objective. 
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5.10.B-E. MCF-7 cells were transiently co-transfected with pEGFP-LC3 and pmCherry EV 

or BNIP3 WT. The cells were maintained in complete medium or serum deprived for (C) 4h 

or (D) 24h or (E) serum deprived for 4h followed by IGF-1 stimulation (10ng/ml) for 20h. 

The cells were fixed and imaged using a Nikon Eclipse E600 microscope with a 100x 

objective. The experiment was performed once, and 8 fields of view were imaged per 

conditions. Representative images are shown. 
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5.3.11 R- cells have reduced capacity to eliminate mitophagic vesicles compared 

to R+ cells leading to cell death  

As an alternative approach to investigate how IGF-1 signalling affects cellular 

mitophagy capacity, we asked whether intrinsic differences in mitophagy induction 

and mitochondrial clearance could be observed in IGF-1R-expressing R+ cells 

compared to IGF-1R knockout R- cells.  

R- and R+ cells were transiently transfected with the mitophagy probe 

(pcDNA3.1-VLCAD(1-40)-mCherry-EGFP) and were maintained in complete 
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medium in the absence or presence of DFP for 24h or 48h.  In complete medium, both 

cell lines exhibited quite high levels of mitophagy as indicated by red puncta (Fig. 

5.11.A.), when compared to MCF-7 cells (Figs 5.1-5.10). Most cells analysed 

exhibited some level of mitophagy under all conditions, as can be seen in the images 

in Figure 5.11, suggesting that MEFs generally exhibit higher levels of basal 

mitophagy than cancer cells. DFP addition for 24h further increased the number of red 

puncta per cell, indicating induction of mitophagy in both cell lines. In R- cells the 

appearance of clear large vacuoles indicated cellular stress that may typically precede 

cell death (Shubin et al., 2016) (Fig. 5.11.A.). At 48h DFP exposure, R- cells exhibited 

high levels of cell stress with cells apparently dying and accumulating mitophagic 

vesicles (5.11.B.). R+ cells on the other hand, appeared to recover from the DFP-

induced stress. Mitophagy was potently induced at 24h, but at 48h the cells had fewer 

mitophagic vesicles, indicating efficient clearance, and also exhibited a morphological 

appearance that resembled cells cultured in complete medium.  

 This supports our previous observation that R- cells but not R+ cells show 

substantial levels of cell death upon exposure to DFP for 24h (Fig. 4.8 and Riis et al., 

2020). Overall, these results also support the conclusion that IGF-1 signalling is 

essential for the efficient clearance of mitophagic vesicles and cell survival under 

conditions of cellular and mitochondrial stress. 
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Figure 5.11 R- cells exhibit an impaired response to DFP-induced mitophagic stress 

compared to R+ cells. 

A. R- and R+ cells were transiently transfected with the pcDNA3.1-VLCAD(1-40)-mCherry-

EGFP probe. 48h post transfection the cells were kept in complete medium or treated with 

DFP (1mM) for 24h or (B.) 48h. The cells were fixed, and images obtained using a Nikon 

Eclipse E600 microscope with a 100x objective. 
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5.4     Discussion 

Directly visualising and quantifying mitophagy remains a challenge, despite recent 

advances including the development of probes such as mt-Keima, which has been used 

in several studies (Cornelissen et al., 2018, Devi et al., 2019, Sun et al., 2017). In our 

work thus far, exploring the functional relevance of BNIP3 induction in response to 

IGF-1, a limitation has been the lack of tools with which to assess mitophagy. Here, 

we developed and validated a probe named VLCAD(1-40)-mCherry-EGFP that 

enabled us to directly measure the levels of mitophagy in cells. To ensure accurate and 

sensitive mitophagy detection, extensive validation was performed. We confirmed a) 

mitochondrial localisation of the probe, b) sensitive detection of mitophagy in 

response to mitophagic stimuli and c) that the function of the probe was dependent on 

the low pH of lysosomes, ensuring that it specifically detects mitochondria undergoing 

degradation. 

Interestingly, analysis of MCF-7 cells expressing the probe revealed that 

approximately 20-30% of cells exhibited mitophagy in complete medium, thus 

enabling quantification of mitophagy-positive cells to indicate mitophagy levels. In 

MEFs, on the other hand, the percentage of cells undergoing mitophagy approached 

100% in complete medium, and a qualitative analysis was required instead. 

Intriguingly, the probe clearly indicated induction of mitophagy in response to all 

mitophagy-inducing conditions tested, including serum deprivation, hypoxia and 

mitochondrial stress induced by either iron chelation (DFP) or mitochondrial 

uncoupling (CCCP). Thus, this novel mitophagy probe is functional and has the 

potential to contribute to a rapidly evolving area of research. It enables sensitive and 

specific detection of mitophagy, and because it produced very clear fluorescence 
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signals in fixed cells, it has the potential to be widely used in different experimental 

settings. 

With this new probe, we wished to assess the cellular effects of IGF-1 

signalling on mitophagy, having already established a pathway linking IGF-1 to Nrf2 

activation and an associated induction of the mitophagy receptor BNIP3 (Lyons et al., 

2017, Riis et al., 2020). A confounding issue in these studies is the necessity to serum 

starve cells in order to detect IGF-1 signalling response. Serum deprivation causes 

activation of general autophagy including mitophagy (Yang and Klionsky, 2010), and 

addition of IGF-1 inhibits general autophagy (Jung et al., 2010). Thus, the question 

we wished to address was, whether IGF-1 can induce mitophagy through BNIP3, 

while inhibiting general autophagy through regulation of mTORC1.  

By mimicking the IGF-1-mediated inhibition of GSK-3β with associated 

induction of BNIP3 through addition of either LiCl or SB415286 to complete medium 

(Riis et al., 2020), we could demonstrate that this was also associated with induction 

of mitophagy. However, direct IGF-1 stimulation of serum-starved cells, which is also 

associated with induction of BNIP3 (Lyons et al., 2017), reduced total levels of 

mitophagy rather than increasing mitophagy. Interestingly, ectopic expression of WT 

BNIP3 enhanced mitophagy induction in MCF-7 cells only in response to CCCP. We 

would not necessarily expect increased BNIP3-mediated mitophagy in response to 

CCCP, because it is known to rely on the PINK1/Parkin pathway (Narendra et al., 

2008, Kondapalli et al., 2012, Kawajiri et al., 2010a). However, BNIP3 can facilitate 

PINK1-mediated mitophagy (Zhang et al., 2016), so, possibly, WT BNIP3 supports 

PINK1 in mediating a more efficient mitophagy response. On the other hand, since 

DFP induces BNIP3 (Riis et al., 2020), we predicted that overexpression of WT 

BNIP3 would enhance DFP-mediated mitophagy, but this was not the case. Previous 
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work revealed that MCF-7 cells potently induced BNIP3 in response to DFP, and this 

stimulus led to similar endogenous expression levels to those observed in cells 

overexpressing BNIP3 (Fig. 3.8.C). Thus, it is possible that MCF-7 cells reached 

maximal mitophagy capacity without ectopic BNIP3 expression, and no further 

increase could be observed, when BNIP3 was overexpressed. This might also explain, 

why WT BNIP3 enhanced CCCP-mediated mitophagy. CCCP induced mitophagy in 

a lower number of cells in the cultures than DFP, and therefore, there was possibly a 

greater capacity for enhancement by BNIP3 overexpression in CCCP-containing 

cultures.  

The conclusion that IGF-1 induces the mitophagic function of BNIP3 is 

supported by previous results showing that IGF-1 specifically increases levels of 

BNIP3 at the mitochondria (Lyons et al., 2017). It is also supported by the observations 

here of enhanced colocalisation of endogenous BNIP3 and mCherry-BNIP3 with 

EGFP-LC3 in response to IGF-1 stimulation compared to little colocalisation observed 

in serum-starved cells.   

R- and R+ cells were further used to explore the role of IGF-1 in mitophagic 

processes. Both cell lines exhibited high levels of mitophagy in complete medium 

conditions, suggesting that the overall capacity of the cells to induce mitophagy is 

unaffected by IGF-1 signalling. However, upon nutrient or mitochondrial stress 

mediated by serum deprivation or DFP, respectively, the mitophagy response in the 

R- cells was clearly associated with cellular stress, demonstrated by an accumulation 

of clear vacuoles indicative of cell death, R- cells were apparently unable to clear the 

mitophagic vesicles at 48h post addition of DFP. R+ cells, on the other hand, 

eliminated DFP-induced mitophagic vesicles and maintained cell survival.  
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In conclusion, the VLCAD(1-40)-mCherry-EGFP probe provided novel 

insights into how IGF-1 signalling affects mitophagy in transformed cells. IGF-1 

downregulates total macro-autophagy and mitophagy as a cyto-protective signal in 

response to nutrient deprivation. However, the data presented here provide evidence 

to indicate that IGF-1 induces basal levels of mitophagy through the mitophagy 

receptor BNIP3. Furthermore, the IGF-1 pathway is essential for cellular tolerance to 

mitochondrial stress and is required for the efficient clearance of mitophagic vesicles.  
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6 General Discussion 
 

Although IGF-1 has been extensively studied in cancer, relatively little is known of its 

mitochondrial effects. Mitochondria are essential organelles for the maintenance of 

cell proliferation and survival and are, therefore, of particular importance in tumour 

cells (Vyas et al., 2016). The results of this thesis expand our knowledge of IGF-1 

effects on mitochondrial dynamics and turnover in cancer cells.  

The results presented here and in Lyons et al. 2017 show that IGF-1 induces 

mitochondrial biogenesis through transcriptional regulators PGC-1β and PRC, while 

inducing the mitophagy receptor BNIP3 in all cancer cell lines tested. Furthermore, 

re-expressing the IGF-1R in mouse embryonic fibroblasts (MEFs) lacking the IGF-

1R, caused an increase in BNIP3 mRNA and protein levels. This suggests that this is 

a conserved signal and implicates IGF-1 signalling in the regulation of mitophagy. 

The major transcription factor, Nrf2, was previously identified as a BNIP3-regulator 

in C. elegans, and here we established that Nrf2 is required for IGF-1-mediated 

induction of BNIP3 in cancer cells as well. It does so through a pathway dependent on 

HIF-1α, a known transcriptional inducer of BNIP3 under hypoxic conditions. 

Interestingly, we found that Nrf2 can induce HIF-1α and BNIP3 under normoxic 

conditions in cancer cells, suggesting that this pathway can operate in a hypoxia-

independent manner. However, since tumours often exist in a hypoxic environment, it 

is likely that this pathway is of greater importance in the physiological tumour setting. 

In support of this, MCF-7 cancer cells with impaired IGF-1 signalling exhibited 

reduced capacity to induce BNIP3 and a mitophagic response under hypoxic 

conditions. 
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Here, we established a link between IGF-1 signalling and the regulation of 

Nrf2 function. Like IGF-1, Nrf2 can induce mitochondrial biogenesis and affect other 

aspects of mitochondria function (Dinkova-Kostova and Abramov, 2015), so we 

propose that IGF-1 enhances mitochondria health and mediates coordination of the 

generation and turnover of mitochondria through Nrf2. This would be advantageous 

to tumour cells, because the maintenance of a healthy mitochondria population enables 

cancer cells to survive in a stressful tumour environment, where nutrients and oxygen 

levels are low. Furthermore, Nrf2 regulates cellular detoxification in response to 

various xenobiotics including chemotherapeutics (McMahon et al., 2001, Köhle and 

Bock, 2007), and is therefore also associated with the development of chemoresistance 

(Karathedath et al., 2017, Ciamporcero et al., 2018, Khamari et al., 2018, Ji et al., 

2019). Similarly, IGF-1 signalling is implicated in chemoresistance in several different 

types of cancer (Liu et al., 2002, Juan et al., 2011, Tian et al., 2013, Long et al., 2019). 

Thus, some of these effects observed in cancer models may be due to overlap between 

these two potent cytoprotective pathways. 

Studies aimed at determining the precise function of BNIP3 that is induced in 

cells in response to IGF-1 proved to be challenging. IGF-1 promotes potent anti-

apoptotic signals (Dunn et al., 1997, Kang et al., 2003, Maldonado et al., 2005, 

Baregamian et al., 2006), and it is, therefore, highly unlikely that the increase in BNIP3 

expression caused by IGF-1 promotes cell death. BNIP3 also functions as a mitophagy 

receptor that has been implicated predominantly in hypoxia-induced mitochondrial 

clearance (Bellot et al., 2009, Rikka et al., 2011, Hanna et al., 2012, Ishihara et al., 

2013). Thus, we hypothesized that IGF-1 induces a specific form of mitophagy 

through BNIP3 that it coordinates with induction of mitochondrial biogenesis to 

ensure the maintenance of mitochondrial homeostasis or health. 
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However, this hypothesis was not supported by observations with the 

VLCAD(1-40)-mCherry-EGFP mitophagy reporter, which we developed for 

mitophagy detection and quantification. This clearly indicated that IGF-1 stimulation 

in serum-starved cultures in fact suppressed total mitophagy levels. Ectopic expression 

of WT BNIP3 in MCF-7 cells also reduced autophagic flux in response to DFP-

induced mitophagy, suggesting that BNIP3 reduces autophagosome turnover and 

potentially mitophagy under these conditions. However, WT BNIP3 did not affect the 

degree of mitophagy induced by DFP (measured with the VLCAD(1-40)-mCherry-

EGFP reporter), indicating that the observed reduction in autophagic flux must be due 

to downregulation of general autophagy, not mitochondrial clearance. WT BNIP3 also 

reduced overall autophagic flux in complete medium cultures lacking mitophagy 

stimuli, and suppression of BNIP3 with siRNA reduced protein levels of the 

autophagy marker p62. These results implicate BNIP3 in the regulation of general 

autophagy. One explanation for these observations is that IGF-1 reduces total levels 

of mitophagy by inhibiting macro-autophagy (as would be expected from mTORC1 

activation), and this masks a low level of mitophagy that is mediated by BNIP3 in 

serum-starved cultures. 

A mitophagy-activating role for BNIP3 in cancer cells is further supported by 

the observation that suppression of BNIP3 caused accumulation of the mitochondrial 

marker PHB1 in MCF-7 cells. Furthermore, with the VLCAD(1-40)-mCherry-EGFP 

mitophagy reporter it was demonstrated that in complete medium cultures, inhibition 

of GSK-3β, which was associated with induction of BNIP3, increased mitophagy. 

Colocalisation studies with endogenous BNIP3 or ectopically expressed mCherry-

BNIP3 and EGFP-LC3, which coats autophagosomes, also indicated that IGF-1 

induces BNIP3-mediated mitophagy in cancer cells.  
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Interestingly, ectopic expression of WT BNIP3 enhanced CCCP-induced 

mitophagy as measured using the VLCAD(1-40)-mCherry-EGFP reporter. This was 

not observed with LIR-mutant BNIP3, indicating this effect required the LIR domain 

in BNIP3 to recruit autophagosomes to mitochondria. It was somewhat surprising that 

BNIP3 enhanced CCCP-induced mitophagy because this is associated with 

PINK1/Parkin mitophagy (Kawajiri et al., 2010b, Matsuda et al., 2010). However, 

BNIP3 can enhance PINK1-mediated mitophagy (Zhang et al., 2016), suggesting 

cross-talk between the two pathways. Potential overlap in the BNIP3 and PHB2 

pathways for mitophagy was also suggested by the observation that suppression of 

PHB2 affected the Nrf2-BNIP3 axis in MCF-7 cells by reducing basal levels of both 

proteins. The existence of such a multitude of mitophagy pathways and the potential 

for crosstalk between them highlights the importance of mitochondrial maintenance.  

Overall, the results suggest that IGF-1 induces low levels of mitophagy 

through BNIP3 in a highly controlled and specific manner, while downregulating 

macro-autophagy. The pathway through which IGF-1 regulates BNIP3 was 

established in this thesis and Riis et al. 2020 and is illustrated in Figure 6.1. However, 

it remains to be firmly demonstrated that IGF-1 promotes only the mitophagy function 

of BNIP3. Interestingly, a truncated version of BNIP3 exists, which lacks the cell 

death promoting domains and thus predominantly mediates mitophagy. This truncated 

version was found to be highly expressed in MCF-7 cells and other cancer cell lines, 

which further supports the involvement of IGF-1-induced BNIP3 in mitophagy 

promotion in these cells (Gang et al., 2015). Furthermore, as BNIP3 function has been 

shown to depend on its phosphorylation status (Zhu et al., 2013, Liu and Frazier, 

2015), it is possible that IGF-1 signalling could promote phosphorylation of BNIP3 to 

enhance its mitophagy activity rather than inducing cell death. Besides its implications 



166 
 

in mitophagy and cell death, it was shown that BNIP3 can regulate the actin 

cytoskeleton to promote cell migration in tumour cells (Maes et al., 2014), similar to 

its role in promoting hypoxia-induced keratinocyte migration during wound healing 

(Zhang et al., 2017). If IGF-1-induced BNIP3 supports cell migration, this could 

contribute to the pro-tumourogenic aspects of IGF-1 signalling. Due to these 

complexities, further studies are required to fully elucidate the role of the IGF-1-Nrf2-

BNIP3 pathway. 

In these mitophagy studies, we employed various tools including 

colocalisation studies, western blotting, and the newly developed VLCAD(1-40)-

mCherry-EGFP reporter, emphasizing the complexity of mitophagic mechanisms and 

the importance of expanding the existing repertoire of mitophagy-detection tools to 

enable us to interpret data in an informed and comprehensive way. When designing 

the reporter, we opted to use an IMM targeting sequence rather than an OMM targeting 

sequence. This was to ensure the sensitive detection of fully engulfed mitochondria 

and to prevent potentially detecting other mitochondria-associated organelles such as  

the endoplasmic reticulum (Copeland and Dalton, 1959, Csordas et al., 2006). A 

limitation to use of the reporter is that it requires thorough analysis of each field of 

view, which is time-consuming.  Attempts at automating the detection and 

quantification of cells with red-only puncta were unsuccessful but such software 

would likely improve both the speed and objectivity of the analyses. Of note, the 

commercially available MitoTimer plasmid (Hernandez et al., 2013) was also tested 

but to no success. This is an inducible mitochondria-targeted fluorescent reporter. It 

fluoresces green initially, but this changes to red over time due to oxidation at the 

mitochondria. Thus, green mitochondria are newly synthesised, whereas red 

mitochondria represent aged ones. Therefore, the ratio of green to red fluorescence 
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should theoretically be informative of the speed at which mitochondria are turned over 

in the cells. Unfortunately, this reporter did not work in our setup and led us to further 

pursue the other approach, in which the function of the reporter was pH-dependent 

rather than time-dependent. 

Due to time restrictions, the colocalisation experiments with ectopic mCherry-

BNIP3 and EGFP-LC3 could unfortunately not be repeated thoroughly. However, the 

results were consistent with the observations from the colocalisation experiment of 

endogenous BNIP3 and EGFP-LC3 and, in conjunction with the other results 

presented in this thesis, they support our hypothesis. 

 

 
Figure 6.1 IGF-1 induces a mitophagy pathway through Nrf2 and BNIP3.  

Schematic illustrating IGF-1-mediated inhibition of GSK-3β, which reduces interaction 

between β-TrCP and Nrf2, leading to Nrf2 activation. Nrf2 induces HIF-1α, and the induction 

of BNIP3 expression depends on both Nrf2 and HIF-1α. This pathway is associated with 

maintenance of mitochondrial morphology, autophagosome turnover in response to stress and 

efficient elimination of mitophagic vesicles. 
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The R- and R+ MEFs were used as an alternative model system to study how 

the presence or absence of IGF-1R signalling in a non-tumour model impacts on 

mitochondrial turnover. R- cells clearly exhibited reduced tolerance to both nutrient 

and mitochondrial stress compared to R+ cells, as indicated by induction of apoptosis. 

Of note, overexpression of BNIP3 in R- cells did not affect cell survival under these 

conditions, suggesting that increasing levels of this one component of the IGF-1 

pathway is not sufficient to improve cellular capacity for stress responses.  

Interestingly, both R- and R+ cell lines exhibited a high capacity for mitophagy 

induction. However, R- cells appeared unable to efficiently eliminate mitophagic 

vesicles and also accumulated vacuoles that indicated profound cell stress in response 

to mitophagy induction. R+ cells, on the other hand, recovered from these stresses 

over time. In general, IGF-1R signalling in R+ cells was associated with improved 

survival and enhanced induction of autophagosome turnover under conditions of 

cellular stress, as well as reduced sensitivity to BNIP3 suppression. Mitochondrial 

dynamics were also affected by IGF-1R signalling, as R- cells exhibited elongated 

mitochondria compared to small and rounded mitochondria in R+ cells. Similarly, 

suppression of components of the IGF-1R-Nrf2-BNIP3 pathway resulted in 

mitochondrial elongation in cancer cells. The IGF-1-mediated effects on 

mitochondrial biogenesis, dynamics and degradation are summarized in Figure 6.2. 

We propose that IGF-1R signalling renders cells more stress-responsive by 

maintaining high levels of mitochondrial biogenesis and mitochondrial fission leading 

to a mitochondrial population that can be rapidly turned over when required. This 

could enhance mitochondrial function under non-stressed conditions and provide a 

strong overall survival signal in the challenging tumour environment. 
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Figure 6.2 IGF-1 induces mitochondrial biogenesis, fission and mitophagy.  

Schematic of the IGF-1 effects on mitochondrial dynamics and health. IGF-1 induces 

mitochondrial biogenesis through transcriptional co-activators PGC-1β and PRC, 

mitochondrial fission at least in part through regulation of DRP1, and mitophagy through 

BNIP3. This is associated with induction of Nrf2, which also mediates oxidative stress 

responses. 

 

Overall, the results presented in this thesis reveal novel IGF-1 effects 

associated with the maintenance of mitochondrial health. IGF-1 couples the induction 

of mitochondrial biogenesis with the tightly controlled induction of BNIP3-specific 

mitophagy, likely to prevent accumulation of aged and dysfunctional mitochondria. 

This mitophagy pathway is mediated through Nrf2, placing this cytoprotective 

transcription factor under the regulation of IGF-1. Lack of IGF-1R signalling reduces 
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the capacity of cancer cells to mount a hypoxic mitophagy response and impairs 

mitophagic clearance and cell survival during stress responses in MEFs. This exposes 

a previously unknown vulnerability in these cells and suggest that combining IGF-1R 

inhibition with induction of mitochondrial stress may offer a promising therapeutic 

strategy for patients with IGF-1-responsive cancers. Combination therapies have been 

proposed to enhance the efficacy of IGF-1R inhibitors and reduce the likelihood of 

chemoresistance (Zhang et al., 2015, Ramcharan et al., 2015, O'Flanagan et al., 2016). 

While combination strategies involving IGF-1R inhibitors have shown some promise 

in clinical trials, there is still limited data showing a potent anti-cancer effect of such 

treatments (Quek et al., 2011, Schwartz et al., 2013, Wilky et al., 2015, Vlahovic et 

al., 2018). This emphasises that further work is required to determine which aspects 

of cellular function to co-target and how best to stratify patients for IGF-1R inhibitors.  

Mitochondrial research has received a lot of attention in recent years, as 

mitochondrial dysfunction is implicated in numerous diseases including 

neurodegenerative disorders and diabetes, affecting many people worldwide 

(Annesley and Fisher, 2019). Dysregulation of the IGF-1 pathway has also been linked 

to these conditions (Torres Aleman, 2012, Nambam and Schatz, 2018), so perhaps we 

should ask, if IGF-1-effects on mitochondria may be of great importance to cellular 

health?  

Here, we describe one mitophagy receptor, BNIP3, and the pathway through 

which it is regulated by IGF-1. However, it is likely that IGF-1 impacts on other 

mitophagy pathways as well. Nrf2 can regulate PINK1 expression, suggesting that 

IGF-1 may indirectly affect PINK1 activity through Nrf2 (Murata et al., 2015, Xiao et 

al., 2017). Interestingly, studies have indicated that PINK1 enhances IGF-1R and AKT 

activation to mediate neuronal protection, indicating retrograde communication from 
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the mitochondria to this signalling pathway (Akundi et al., 2012, Contreras-Zárate et 

al., 2015, Furlong et al., 2019). Besides mitophagy, there are several other aspects of 

mitochondrial function that IGF-1 appears able to regulate such as OXPHOS capacity 

(Aghanoori et al., 2019) and the mitochondrial apoptosis programme (Kang et al., 

2003, Pang et al., 2007). Hopefully, future research will add to this thesis work and 

enlighten us regarding this complex signalling pathway and how to effectively 

modulate it to improve the management and outcome of the many diseases it affects. 
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