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Abstract 

Plasma membrane-derived extracellular vesicles (EV) are released for most cells types and are 

important mediators of intercellular communication. In the context of cancer, EVs mediate the 

intercellular transfer of deleterious traits including multidrug resistance (MDR), enhanced 

metastatic capacity, evasion of immune surveillance, and altered tissue biomechanics. The 

biogenesis of plasma membrane EVs is characterised by an increase in intracellular calcium 

followed by successive membrane and cytoskeletal changes. However, the precise biogenic 

mediators and differences between malignant and non-malignant plasma membrane-derived 

EV biogenesis remain undefined. Uncovering discrete pathways of biogenesis in malignant 

and non-malignant cells holds potential in the search for new strategies to circumvent the 

acquisition and transfer of plasma membrane EV-meditated deleterious traits in cancer. 

In this thesis, the molecular pathways that regulate plasma membrane EV biogenesis in 

malignant and non-malignant cells are investigated. 

This study evidences that discrete EV biogenic pathways exist in malignant and non-malignant 

cells. At rest, biogenesis of cancer EVs is regulated by a calcium-calpain dependent pathway 

whereas non-malignant biogenesis is driven by alternative pathways. Comparing the surface 

topography of malignant and non-malignant cells using atomic force microscopy demonstrates 

malignant cells have intrinsically higher vesiculation at rest and this is shown to be driven by 

high basal calcium mobilisation. Interrogating the calcium signalling pathways that regulate 

biogenesis with pharmacological modulators of calcium revealed increases in free cytosolic 

Ca2+ via endoplasmic reticulum (ER) Ca2+ store depletion with thapsigargin increases EV 

biogenesis in both malignant and non-malignant cells. Evidencing a role for the ER in plasma 

membrane EV biogenesis for the first time. Furthermore, the store-operated calcium entry 
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(SOCE) plays an essential role in the maintenance of plasma membrane EV biogenesis after 

store depletion.  

The calcium-calpain pathway is also a known regulator of αII-spectrin structural dynamics and 

this work evidences that it plays a role in increased vesiculation in malignant cells. High 

resolution confocal microscopy in combination with a custom designed, automated image 

analysis plugin, provided an unbiased platform to show that the subcellular localisation of 

spectrin is distinctly different in malignant and non-malignant cells at rest. Non-malignant cells 

display prominent αII-spectrin borders and are low vesiculators. It is the redistribution of αII-

spectrin from the membrane to the cytoplasm that drives plasma membrane-derived EV 

biogenesis in malignant cells. 

These findings provide new insight into the biogenic pathways regulating EV biogenesis in 

both malignant and non-malignant cells and identifies strategies for the selective modulation 

of plasma membrane EV biogenesis in malignancy. 
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Aims and Objectives 

 

Plasma membrane extracellular vesicles (EVs) play a vital role in the progression of cancer via 

non-genetic dissemination and acquisition of MDR and other deleterious cancer traits. Despite 

this, the signalling pathways that regulate their biogenesis remain to be fully elucidated. 

Furthermore, differences between non-malignant and malignant vesiculation are unknown. 

This thesis aims to elucidate the biogenic pathways of EVs secreted by malignant and non-

malignant cells. The three specific objectives of this thesis include: 

1. To establish the role of calpain in vesiculation in resting and calcium activated 

malignant and non-malignant cells. 

2. To determine the role of endoplasmic reticulum (ER) calcium stores and the 

involvement of store-operated calcium entry in plasma membrane EV biogenesis  

3. To establish the subcellular distribution of spectrin in low-vesiculating non-malignant 

cells and high-vesiculating malignant cells. 
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4.1. Abstract 

Spectrin is a ubiquitous cytoskeletal protein that provides structural stability and supports 

membrane integrity. In erythrocytes, spectrin proteolysis leads to the biogenesis of plasma 

membrane extracellular vesicles (EVs) however, it’s role in non-erythroid or cancer-derived 

plasma membrane EVs biogenesis is unknown. Malignant cells generate significantly more 

EVs compared to non-malignant cells which is driven by a calcium – calpain mediated pathway 

at rest. Given calcium and calpain are known regulators of spectrin structural dynamics, we 

propose that spectrin remodelling would serve a role in malignant cell vesiculation. This study 

aims to examine the role of αII-spectrin in malignant and non-malignant plasma membrane 

vesiculation. We have designed and written a custom automated cell segmentation plugin for 

the open source image processing software, Fiji to be combined with high resolution confocal 

microscopy that allows for an unbiased assessment of subcellular distribution of αII-spectrin. 

We show that in low vesiculating non-malignant MBE-F breast cells, prominent spectrin 

borders localise to the cell periphery at rest. In comparison, these peripheral spectrin borders 

are diminished in high vesiculating malignant MCF-7 breast cells at rest. The subcellular 

distribution of spectrin towards the membrane periphery correlated with increased 

biomechanical stiffness as measured by Atomic Force Microscopy. We also show that 

peripheral spectrin borders can be restored in malignant MCF-7 cells when treated with known 

vesiculation modulators including the calcium chelator, BAPTA-AM or with the calpain 

inhibitor II (ALLM). These results demonstrate the subcellular localisation of spectrin is 

distinctly different in malignant and non-malignant cells at rest and shows that the 

redistribution of αII-spectrin from the membrane to the cytoplasm drives plasma membrane-

derived EV biogenesis in malignant cells.  These results again support delineated vesiculation 

pathways in malignant and non-malignant cells at rest and support strategies for selective 

modulation of biogenesis.  
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4.2. Introduction 

Microvesicles (MV) are extracellular vesicles measuring approximately 0.1 – 1 µm in diameter 

that are shed from the plasma membrane of cells following the loss phospholipid asymmetry 

and cytoskeletal reorganisation (Bebawy et al., 2009a). MVs are characteristic of their cell of 

origin and contain markers such as functional proteins, bioactive molecules and genetic 

material. They are released by both erythroid and non-erythroid cell types and have emerged 

as important intercellular signalling mediators (Abels and Breakefield, 2016, Al-Nedawi et al., 

2009, de Souza et al., 2016, Lener et al., 2015, Malik, 2015). MVs have been implicated across 

diverse physiological processes such as vascular haemostasis, coagulation, and inflammation 

(Gong et al., 2012) as well as being recognised as key mediators in the progression of different 

cancers. Bebawy et al.  were the first to show that EVs, specifically MVs were capable of 

intercellular conferral of multidrug resistance (MDR) in cancer cells through the transfer of 

functional proteins and nucleic acids (Bebawy et al., 2009b, Lu et al., 2013, Lu et al., 2016). 

MDR is a unique type of resistance which presents a major obstacle to successful cancer 

treatment and occurs when tumours become cross-resistant to a wide range of structurally and 

mechanistically different chemotherapeutic agents (Biedler and Riehm, 1970). It is attributed 

to the over expression of energy-dependent drug efflux pumps, the ATP-binding cassette 

(ABC) transporters P-glycoprotein (P-gp) and Multidrug Resistance-Associated Protein 1 

(MRP1) (Juliano and Ling, 1976, Cole et al., 1992) amongst others. MVs have been implicated 

in the dissemination of other deleterious cancer traits including; drug sequestration (Gong et 

al., 2013), angiogenesis, increased metastatic capacity (Gong et al., 2014a, Pokharel et al., 

2016b), evasion of immune surveillance (Jaiswal et al., 2017), and altered tissue biomechanics 

(Pokharel et al., 2016a).  

While knowledge on exosome biogenesis is comprehensive and well defined (Raposo and 

Stoorvogel, 2013, Colombo et al., 2014), the precise biogenic pathway and mediators involved 
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in MV production are yet to be elucidated. MVs are released simultaneously, in response to 

various external stimuli, following cellular activation, as well as during programmed cells 

death. In the case of cellular activation, mobilisation of intracellular calcium drives plasma 

membrane and cytosolic alterations. Calcium modulates the activity of several lipid 

translocases in the plasma membrane resulting in the externalisation of anionic phospholipids 

and collapse of membrane asymmetry (Martin et al., 1995). Calcium also activates proteolytic 

enzymes – such as calpain – responsible for cytoskeletal remodelling (Perrin et al., 2006, Storr 

et al., 2011). These concerted events compromise membrane anchorage to the cytoskeleton and 

allow regions of membrane to bud away from the cell, ultimately to be released as MVs.  

The lipid membrane is tethered to the underlying cytoskeletal meshwork via various 

transmembrane proteins and negatively charged components of the lipid membrane 

(Bogusławska et al., 2014). The membrane-cytoskeleton interface is a dynamic environment 

that provides both structural stability as well as the ability to undergo changes in response to 

internal and external signals. One of the major contributors to the glove-like adhesion of the 

plasma membrane to the cytoskeleton is spectrin. Spectrin is a ubiquitous protein that is part 

of the F-actin cross-linking superfamily and is made up of dimerised α- and β-spectrin subunits 

(Zhang et al., 2013a, Liem, 2016a). The elongated spectrin dimers form repeating hexamer 

units with junctional protein complexes consisting of actin, protein 4.1, and ankyrin – giving 

the spectrin meshwork beneath the membrane a distinct honeycomb appearance (Lux, 2016). 

The major sites of plasma membrane attachment to the network of spectrin filaments is to the 

junctional complexes, however, the phospholipid phosphatidylserine (PS) also binds at site on 

α- and β-spectrin (An et al., 2004b). PS binding sites on β-spectrin are localised close to 

junctional complexes and this has been reported to have a two-fold consequence for membrane-

cytoskeletal adhesion: 1) There is a sizable ‘adhesion patch’ formed by lipid-cytoskeletal 

interactions around spectrin junctions that stabilise membrane adhesion (An et al., 2004a), and 
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2) PS binding to spectrin may modulate the protein-protein interactions in erythroid and non-

erythroid membrane (Boguslawska et al., 2014). It is the combined phospholipid-membrane-

protein-spectrin interactions that provides cells with mechanical strength, stability, and 

elasticity. In the context of MV biogenesis, localised remodelling of spectrin results in loss of 

membrane attachment to the underlying cytoskeleton and an increase in localised pressure 

causes the membrane to bleb and form plasma membrane EVs. 

Spectrin has long been associated with membrane integrity and the production of plasma 

membrane vesicles in erythrocytes. First reports demonstrated spectrin oxidation to be 

associated with the release of membrane vesicles in stored red blood cells (Wagner et al., 1987). 

However, the role it plays in non-erythroid biogenesis remains unexplored. Spectrin’s ability 

to adhere to both membrane-proteins and the lipid membrane itself provides the basis for 

hypothesising spectrin structure is central to MV biogenesis. 

MVs are released from all cell types, however, there are distinct differences in malignant and 

non-malignant vesiculation (Roseblade et al., 2013). For example, malignant cells shed 

significantly more MVs at rest compared to non-malignant cells and this is attributed to 

different biogenic pathways (Pap, 2011).  At rest, malignant cell MV biogenesis occurs via a 

calcium-calpain-dependent pathway, while non-malignant MVs are produced via alternative 

pathways (Taylor et al., 2017). The inhibition of calpain significantly reduced vesiculation in 

malignant cells in vitro, returning it to levels similar to non-malignant cells (Taylor et al., 

2017). Calpain is a cysteine protease, which upon activation by intracellular calcium, cleaves 

numerous substrates including: cytoskeletal proteins (e.g. actin, ankyrin, protein 4.1, and 

spectrin) (Weber et al., 2009, Boivin et al., 1990), membrane-associated proteins (e.g. ion 

channels, pumps and receptors), enzymes involved in signal transduction, transcription factors 

and others (Wang and Yuen, 1999). Spectrin as a substrate of calpain is of particular interest 

in the study of malignant MV biogenesis as remodelling of this cytoskeletal component could 
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result in loss of plasma membrane anchorage and promotion of MV release. Specifically, 

calpain cleaves apart the α- and β-spectrin subunits (Harris et al., 1988, Harris et al., 1989, 

Harris and Morrow, 1990). The individual subunits then interact with calmodulin, which 

promote further cleavage of α- and β-spectrin by calpain (Harris et al., 1988, Harris et al., 1989, 

Harris and Morrow, 1990).  

This study, aims to determine the role of spectrin in plasma membrane MV biogenesis in 

malignant cells, and to examine the presence of any differences in spectrin subcellular 

distribution in malignant and non-malignant cells. We propose that spectrin remodelling and 

alterations in its subcellular localisation play a pivotal role in MV biogenesis in malignant cells. 

Our results demonstrate that the redistribution of αII-spectrin from the membrane to the 

cytoplasm drives plasma membrane-derived EV biogenesis in malignant cells.  These results 

again support delineated vesiculation pathways in malignant and non-malignant cells at rest 

and support strategies for selective modulation of biogenesis.  
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4.3. Materials and methods 

4.3.1. Chemicals 

Foetal bovine serum (FBS) (Sigma-Aldrich, NSW, Australia), Roswell Park Memorial Institute 

medium (RPMI-1640) (Sigma-Aldrich, USA), , Mammary Epithelial Cell Growth Medium-1 

(MEG-1) (Zen-Bio, USA), 4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, 

USA), CF™ 594 hydrazide (Sigma-Aldrich), Anti-Alpha Fodrin antibody [3D7] (ab131575) 

(Abcam, Australia), Bovine serum albumin (BSA) (Sigma-Aldrich, NSW, Australia), Triton 

X-100 (Thermo Fisher Scientific, USA), Glycerol (Thermo Fisher Scientific, USA), Phosphate 

buffer saline (PBS) (Sigma-Aldrich, USA), Glycine (Thermo Fisher Scientific), 

Paraformaldehyde (Sigma-Aldrich, NSW, Australia), 1,2-Bis(2-aminophenoxy)ethane-

N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM; Thermo Fisher 

Scientific, USA).   

4.3.2. Cell culture 

Cell lines used in this study were the human breast adenocarcinoma cell line MCF-7, and 

human mammary basal epithelial cell line, MBE-F. MCF-7 cells were grown in RPMI-1640 

media (Sigma-Aldrich, NSW, Australia), and MBE-F cells were grown in MEG-1 media (Zen-

Bio, North Carolina, USA). Culture media was supplemented with 10% heat inactivated FBS 

(Invitrogen, Life Technologies, VIC, Australia) and maintained at 37°C and 5% CO2. Cells 

were routinely tested for mycoplasma infection. 

4.3.3. Confocal microscopy 

MBE-F and MCF-7 cells were seeded at a density of 5 x 106 cells/mL on glass cover slips in 

sterile 6-well plates (Corning) and allowed to adhere overnight. Following culture for a further 

24 hours in the presence and absence of MV biogenesis modulators, cells were fixed in 4% 

PFA for 30 minutes and washed 3 times with PBS. Cells were permeabilised with 0.1% Triton 
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X-100 for 1 minute then washed 3 times with PBS. Excess aldehyde was quenched with 100 

mM glycine and washed 3 times with PBS. 2% BSA in 0.1% Triton X-100 was added to cells 

and incubated for 1 hour to prevent non-specific binding. Primary antibody (Anti-Alpha Fodrin 

antibody [3D7] (ab131575)) was added to cells for spectrin staining and incubated for 1 hour. 

Cells were washed 3 times with PBS. Secondary antibody (CF™ 594 hydrazide) was added to 

cells and incubated for 1 hour under foil to preserve fluorophores. Cell nuclei were stained with 

DAPI (1 µg/mL) for 15 minutes then washed 3 times with PBS. Coverslips were mounted in 

90% glycerol and sealed with nail polish. Images of 3 different fields of view were acquired 

using the 60x oil lens and 1.4 NA with using the Nikon A1 laser scanning confocal microscope 

(Nikon). Images were analysed using the NIS Elements software package and a custom 

designed Fiji (Image J) plugin. Experiments were performed in triplicate. 

4.3.4. Cell segmentation and spectrin localisation analysis  

High resolution confocal images were imported into Fiji (Image J) image processing suite for 

analysis of αII-spectrin subcellular distribution. Confocal images were passed through an 

automated cell segmentation processor which was a custom designed Fiji plugin. Cells were 

segmented using marker controlled watershed (Legland et al., 2016) which uses a gradient 

image, a set of marker points, and an optional mask. This process allowed for analysis of 

individual cells. 

Briefly, for the nuclear segmentation (Fig. 1 a), marker points were created by first blurring the 

DAPI channel at small and large scales by applying a morphological opening and a Gaussian 

blur filter. The gradient image was created by taking the internal gradient of the large scale 

blurred image. The marker points were created by thresholding the large scale burred image, 

filling holes, performing a Euclidian distance transform, then locating maxima.  The mask 

image was created from the small scale blurred image by Otsu thresholding and filling holes. 
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The gradient, marker and mask images were used as input to the marker based watershed 

algorithm to generate labelled segmentation of the nuclei.  

 

Figure 4. 1. Schematic of the mathematical processing used to segment individual cell nuclei 

(a) individual cell walls (b). 

  

To define the membrane boarders of individual cells, a dilation function was applied to each 

seed point (Fig. 1 b). Expansion rate of the dilation front was restricted by the background 

mask limits, high intensity signal in the αII-spectrin channel, and contact with dilation front 

from other seed points.  

Finally, the nuclear and cellular segmentations were used to create cell membrane and 

cytoplasm regions of interest (RoIs). For each label in the segmented images the label image 

was dilated by 3 pixels and eroded by 3 pixels. The cell membrane RoI was created by 

subtracting the eroded label from the dilated label. The cytoplasm RoI was determined by 

subtracting the nuclear label image from the eroded label image. Segmented edges were banded 

(1 µm = 4.76 px) to define the area of the cell membrane. The average fluorescence of the cell 
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membrane area was divided by the average fluorescence of the cytoplasmic area to determine 

if the distribution of αII-spectrin is in the periphery or in the cytoplasm. An αII-spectrin 

membrane:cytoplasm (M:C) distribution ratio of close to 1 indicates there is no distinct 

propensity of spectrin to localise in the periphery. 

4.3.5. Atomic force microscopy 

Atomic force microscopy (AFM) was used for cell surface topography studies and the 

biomechanical measurements of malignant and non-malignant cells. Sharpened silicon 

cantilevers (L: 225 µm, W: 28 µm, T: 3 µm, BudgetSensors) with a tip radius of 10 nm and a 

nominal spring constant of 3 N/m were mounted on the JPK Nanowizard SENSE AFM (JPK 

instruments, Germany). The exact spring constant was determined immediately prior to 

measurements via the thermal noise method (Hutter and Bechhoefer, 1993) included in the 

SFM software. The AFM was set up on an inverted optical microscope (Nikon Eclipse Ti-U, 

Japan  for precise positioning of the cantilever over the centre of cells that ensured consistent 

force measurements. For surface topography studies, Cells were fixed in 4% paraformaldehyde 

(PFA) for 30 minutes, washed once with phosphate-buffered saline (PBS) and twice with 

distilled water. Cells were air-dried for ~1 hour to allow the membrane-bound vesicles to 

transform to vesicle-derived pits as previously described (Zhang et al., 2014, Zhang et al., 2015, 

Taylor et al., 2017). Scans were performed in air at a rate of 1 Hz. Three areas were selected at 

random for scanning for each treatment condition and all experiments were performed in 

triplicate. For biomechanical measurements of cells, Force-displacement curves were recorded 

with a tip approach speed of 1.0 µm/s. All measurements were performed in cell culture media 

at 37˚C using force spectrometry mode. Force-displacement curves for each measurement were 

analysed using JPK SPM software (Version 6.6.142, JPK Instruments) and the Young’s 

Modulus computed. 
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4.3.6. Statistics 

Data were analysed using one-way analysis of variance (ANOVA) followed by a Tukey’s 

multiple comparisons test or an unpaired t test using GraphPad Prism version 8.2.1 for windows 

(GraphPad Software, La Jolla, CA, USA). Data is presented as the mean or mean ± SD of at 

least 3 individual experiments with predictive results value of (****) P < 0.0001, (***) P < 

0.0005, (**) P < 0.01, and (*) P < 0.05 being considered statistically significant. 
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4.4. Results 

4.4.1. The subcellular localisation of spectrin differs in malignant and non-malignant cells 

at rest. 

In determining the role of spectrin in MV biogenesis, we first examined its subcellular 

localisation in cells of differing vesiculation at rest. We have previously shown that non-

malignant cells and malignant cells have differing basal rates of vesiculation with the former, 

being low vesiculators whilst malignant cells display high levels of vesiculation at rest 

(Roseblade et al., 2015, Taylor et al., 2017). We used high-resolution confocal microscopy to 

visualise both MCF-7 and MBE-F cells at rest following labelling with monoclonal mouse anti 

αII-Fodrin (spectrin; Abcam). We observed a clear localisation of αII-spectrin predominantly 

in the periphery of non-malignant MBE-F cells at rest (Fig. 2 a, top panels). While there was 

also diffuse cytoplasmic distribution of spectrin, the formation of defined spectrin borders at 

the edge of cells was evident in these non-malignant cells at rest. The αII-spectrin borders were 

very prominent in z-planes approaching the apical side of cells. In comparison, high 

vesiculating MCF-7 cells display primarily diffuse cytoplasmic distribution of αII-spectrin 

with minimal peripheral fluorescence (Fig. 2 a, lower panels). Basal to apical polarity of 

spectrin distribution was not observed in the malignant cells. 

Non-malignant MBE-F and malignant MCF-7 cells were imaged with AFM was to assess 

degree of vesiculation in the resting state. Resting MBE-F cells display a smooth cellular 

surface with minimal vesicle-derived pits observed (Fig. 2 b, upper panel). Conversely, AFM 

shows that resting MCF-7 cells are high vesiculators at rest with many vesicle-derived pits 

present on the cellular surface (Fig. 2 b, lower panel). These results are consistent with previous 

work (Taylor et al., 2017) and evidence a role for peripheral spectrin in inhibiting the formation 

of plasma membrane vesicles. 



60 
 

 

Figure 4. 2. Spectrin is differentially localised non-malignant cells and malignant cells. 

a) High resolution confocal microscopy of basal, middle, and apical z-planes shows αII-

spectrin (red) is predominantly localised at the edge and towards the apical surface of non-

malignant MBE-F cells. In contrast, spectrin is distributed throughout the cytoplasm in basal, 

middle, and apical z-planes in MCF-7 cells. Scale bar is representative of 20 µm. 60x 

magnification. b) Atomic force microscopy topographical images of low vesiculating MBE-F 

(upper panel) and high vesiculating MCF-7 (lower panel) cells at rest. Arrow heads indicate 

vesicle-derived pits. Scan areas 30 µm2. Secondary antibody (CF 954) and DAPI only 

unstained negative control of MBE-F (c) and MCF-7 (d) cells. 60x magnification. Images 

representative of typical cells from three individual experiments.  

 



61 
 

We designed and wrote the script for an automated cell segmentation plugin to be run in the 

Fiji image processing software to allow for an unbiased measure of αII-spectrin distribution in 

individual cells (Fig. 3 a). Fig. 3 a. shows a schematic of automated image processing and 

segmentation workflow and include: 1) analysis of individual z-planes of up to 150 cells per 

field of view, 2) marker controlled segmentation of individual nuclei, 3) background 

thresholding to isolate cell clusters,  and 4) automated marker controlled segmentation of 

individual cells. Following segmentation of individual cells, the ratio of membrane and 

cytoplasmic αII-spectrin was calculated as the αII-spectrin Membrane:Cytoplasm (M:C) 

distribution ratio (Fig. 3. b). We compared the M:C distribution ratio in MBE-F and MCF-7 

cells at rest. At rest, non-malignant MBE-F cells display spectrin M:C ratio of 1.74 (± 0.065) 

indicative of a localised distribution of spectrin in the membrane with respect to the cytoplasm. 

In comparison, MCF-7 cells display significantly lower M:C ratio of spectrin with a 

distribution ration of 1.16 (± 0.036, p < 0.0001) evidencing a greater cytoplasmic localisation 

compared to non-malignant cells.  

Spectrin plays a role in numerous cell functions including maintenance of cellular morphology 

and migration as well as the regulation of transmembrane proteins, cell adhesion, cell spreading 

and cell cycle (Machnicka et al., 2012, Zhang et al., 2013b, Gascard and Mohandas, 2000). 

These functions are dependent subcellular localisation as it allows spectrin to associate with 

the other proteins involved in each process. Given the function of spectrin can be regulated by 

its subcellular localisation, we also examined the distribution of αII-spectrin across different z-

planes of from the basal to apical surface (Fig. 3. c). Non-malignant cells have increasing 

spectrin borders as the z-planes move towards the apical surface of the cell. This polarity is not 

observed in malignant MCF-7 cells (Fig. 3. c). These results show that spectrin in distributed 

to the apical surface in resting non-malignant cells whilst in malignant cells, spectrin is 

primarily distributed within the cytoplasmic region. 
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Figure 4. 3. Quantitative analysis of spectrin distribution in malignant and non-malignant 

cells.  

a) Schematic of automated image processing in Fiji. 1) Each z-plane is analysed individually. 

2) Nuclei (blue) are passed through an automated segmentation process and labelled as seed 

points for each cell. 3) A background threshold is applied to isolate groups of cells. 4) An 

automated seed point dilation function is used to find the edges of individual cells. b) Ratio of 

membrane associated and cytoplasmic spectrin fluorescence in resting MBE-F and MCF-7 

cells. Data represents mean fluorescence of four individual experiments. ****p < 0.0001 

(unpaired t test). c) Membrane:cytoplasm ratio of spectrin fluorescence in each confocal z-

plane from basal to apical side MBE-F (▲) and MCF-7 (■) cells in.** p < 0.01 (unpaired t 

test). 
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4.4.2. Increasing intracellular calcium by A23187 results in loss of peripheral spectrin 

localisation in non-malignant MBE-F cells 

MV biogenesis can be activated in non-malignant cells by increasing intracellular calcium 

through the use of the calcium ionophore A23187 (Taylor et al., 2017, Pasquet et al., 1996). 

Increasing intracellular Ca2+ results in the activation of calpain which cleaves cytoskeletal 

proteins including spectrin (Pasquet et al., 1996, Morel et al., 2011). In erythrocytes, 

remodelling of spectrin compromises membrane-cytoskeleton anchorage and allows for the 

formation of MVs (Leal et al., 2018). However, the distribution of non-erythroid spectrin has 

not been examined in the context of MV biogenesis. To determine the effect of increasing 

intracellular calcium on spectrin distribution, MBE-F cells were treated with the calcium 

ionophore, A23187 (1 µM) for 24 h. High resolution confocal microscopy was used to visualise 

αII-spectrin in MBE-F cells in response to activation with A23187. The images reveal a 

primarily diffuse fluorescence staining in the cytoplasm (Fig. 4. A, lower panels) with 

peripheral spectrin localisation being substantially reduced relative to untreated cells.  AFM 

images show that calcium activation of MBE-F cells with A23187 increases the biogenesis of 

plasma membrane vesicles (Fig. 4 b, lower panel). This demonstrates that an increase in 

intracellular calcium results in the disruption of membrane-associated spectrin borders and the 

production of MVs.  

Quantitative analysis of spectrin distribution following automated segmentation also support 

these observations. As shown in Fig. 4. c, MBE-F cells treated with A23187 displayed a 

significant reduction from 1.75 to 1.385 (p < 0.014) in the M:C ratio indicating that spectrin 

borders were diminished following an increase in intracellular calcium. Furthermore, this was 

observed in each z-plane from the basal to apical regions, suggesting that the remodelling of 

spectrin occurs throughout the cell with loss of spectrin polarity (Fig. 4 d). 



64 
 

 

Figure 4. 4. Spectrin membrane localisation diminishes following treatment with calcium 

ionophore, A23187 in MBE-F cells.  

MBE-F cells were treated with A23187 (1 µM) for 24 hours and αII-spectrin was visualised 

using high resolution confocal microscopy. a) Confocal images in the basal, middle, and apical 

z-planes show peripheral αII-spectrin (red) borders present in untreated cells (upper panels). 

Contrary to this, αII-spectrin is not peripherally localised on the cell surface following 

treatment with 1µM A23187 (lower panels), rather are localised diffusely throughout the cell 

cytoplasm. Images are representative of a typical cluster of cells from a single experiment. 

Scale bar is representative of 20 µm. 60x magnification. b) AFM topographical image of MBE-
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F cell at rest (upper panel) and following treatment with A23187 (lower panel) showing MV-

derived pits on the surface (arrow heads). Scan area 30 µm2. Image representative of typical 

cell. c) Ratio of membranous and cytoplasmic spectrin fluorescence in resting MBE-F cells 

and cells activated with A21387. Data represents mean fluorescence ratio of three individual 

experiments. *p < 0.0144. d) Quantitative analysis of confocal z-planes from basal to apical 

(1-5) following automated segmentation of MBE-F cells ± A23187. αII-spectrin localises in the 

membrane periphery in apical z-planes in resting MBE-F cells (●) consistent with  a high 

membrane:cytoplasm ratio. MBE-F cells treated with A23187 (■) display diminished 

peripheral spectrin boarders consistent with a smaller ratio. 

 

4.4.3. Inhibition of plasma membrane MV biogenic machinery restores peripheral αII-

spectrin borders in MCF-7 cells. 

MCF-7 cells are high vesiculators at rest due to high basal calcium levels and a high basal level 

of calcium-calpain dependent biogenesis (Goll et al., 2003, Pottle et al., 2013, Roseblade et al., 

2015, Taylor et al., 2017). Inhibition of this pathway through the use of calpain inhibitor II 

(ALLM) and intracellular chelation of calcium with BAPTA-AM has been shown to 

significantly reduce the production of plasma membrane EVs (Roseblade et al., 2015, Taylor 

et al., 2017). To examine the effect of inhibiting the calcium-calpain pathway on the subcellular 

distribution αII-spectrin, MCF-7 cells were treated with the calpain inhibitor II, ALLM (10 

µM) and the intracellular calcium chelator BAPTA-AM (50 µM) up to 48 hours.  

Figure 5 (a) shows resting MCF-7 cells display diffuse cytoplasmic spectrin and diminished 

peripheral borders. These cells also display a high degree of vesiculation evidenced by 

numerous vesicle-derived pits in AFM images (Fig. 5 a). We also show that inhibition of 

calpain resulted in a time-dependent restoration of peripheral spectrin borders in MCF-7 cells. 
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Cells treated with ALLM for 48 hours displayed prominent peripheral borders (Fig. 5. b, middle 

panel) and significantly higher M:C distribution ratio in each z-plane compared to control (Fig. 

5. c). This suggests that calpain activation is responsible for the lack of peripheral spectrin near 

the apical membrane of MCF-7 cells. We also show that treatment with ALLM resulted in the 

inhibition of MV biogenesis (Fig. 5 b, left panel) suggesting MV biogenesis and spectrin 

remodelling is regulated by a calpain-dependent pathway. This effect was time dependent as 

only modest increase in peripheral spectrin borders was observed compared to untreated 

controls in MCF-7 cells treated with ALLM for 24 hours (Fig. 5 b and c) suggesting the 

restoration of spectrin borders is time-dependent. 

We also examined the effect of chelating intracellular calcium with BAPTA-AM on the 

distribution of αII-spectrin in MCF-7 cells. Similarly to treatment with ALLM, cells treated 

with BAPTA-AM displayed a time-dependent restoration of peripheral spectrin borders (Fig. 

5. b, left and middle panels). AFM images show that chelation of intracellular calcium with 

BAPTA-AM resulted in a concomitant inhibition of MV biogenesis (Fig. 5 b, right panel). As 

shown in Fig 5, treatment of high vesiculating MCF-7 cells with BAPTA-AM for 48 hours, 

resulted in a significant increase in M:C spectrin distribution ratio in all z-planes from 

basolateral to apical (Fig. 5 d). However, the increase was more pronounced in z-planes closer 

to the apical surface (Fig. 5 d). These results suggest the restoration of spectrin borders and 

inhibition of MV biogenesis can be induced by a reduction in free intracellular calcium. 
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Figure 4. 5. Inhibition of the calcium-calpain pathway results in time-dependent restoration 

of spectrin boarders in MCF-7 cells.  

MCF-7 cells were treated with the calpain inhibitor II (ALLM) or intracellular calcium 

chelator BAPTA-AM for up to 48 hours. Cells were then fixed and αII-spectrin (red) 

localisation was visualised with confocal microscopy. a) Confocal (upper panel) and AFM 

(lower panel) images of MCF-7 cells at rest. The images show diminished peripheral spectrin 

borders correlated with an increase in MV-derived pits. b) MCF-7 cells treated with the 

calpain inhibitor ALLM (upper panels) and BAPTA-AM (lower panels) for 24 (left panel) and 

48 hours (middle panel). Spectrin borders in the periphery of cells are being restored in a time-

dependent manner. Time dependent spectrin border restoration correlated with a decrease in 

MV-derived pits as illustrated in AFM images (right panel). Confocal images are 
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representative of a typical cluster of cells from a single experiment. Scale bar is representative 

of 20 µm. 60x magnification. AFM images representative of a typical cells. Scan area 30 µm2. 

c) Quantification of peripheral vs cytosolic spectrin fluorescence from basal to apical (1-5) 

side of MCF-7 cells at rest (●), and treated with ALLM (10 µM) for 24 (■) and 48 (▲) hours. 

d) z-plane analysis of MCF-7 cells at rest (●), and treated with BAPTA-AM (50 µM) for 24 (■) 

and 48 (▲) hours. Peripheral spectrin borders are more prominent towards the apical side of 

the cells treated with both ALLM (c) and BAPTA-AM (d). e) Comparison of 

membrane:cytoplasm distribution ratio of spectrin in apical z-planes of MCF-7 cells following 

treatment with A23187 (1 µM), ALLM (10 µM), and BAPTA-AM (50 µM). Treatment with 

ALLM and BAPTA-AM resulted in the restoration of spectrin borders in a time-dependent 

manner. Data represents mean fluorescence ratio of three individual experiments. *p < 0.05, 

**p < 0.01, ***p < 0.001 (one way ANOVA). 

 

MCF-7 cells were also treated with calcium ionophore, A23187 (1 µM) for 24 hours. However, 

mobilisation of intracellular calcium with A23187 had no effect on the distribution of αII-

spectrin (Fig 5 d). This is likely due to MCF-7 cells having high basal calcium activation and 

therefore higher activation of calpain at rest. 

Fig. 5 e shows that inhibition of the calcium-calpain MV biogenic pathway results in the time-

dependent restoration of αII-spectrin borders in the apical surface of MCF-7 cells. MCF-7 cells 

displayed a significant increase of 0.39 (p = 0.0036) and 0.766 (p = 0.0089) in M:C distribution 

ratio of spectrin fluorescence following treatment with ALLM and BAPTA-AM respectively 

compared to untreated controls (Fig 5. e). These results illustrate that spectrin is distributed to 

the periphery to form borders when biogenic machinery is inhibited. Whereas treatment with 

A23187 did not change the distribution of spectrin. Collectively, these results suggest that the 
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subcellular localisation of spectrin is regulated by a calpain-calcium dependent pathway – the 

same pathway that regulates malignant MV biogenesis. 

4.4.4. Peripheral αII-spectrin borders correlate with increased membrane stiffness. 

As spectrin plays an integral role in the maintenance of cell shape and stability, we next 

examined the differences in mechanical properties of non-malignant and malignant cells. To 

determine if biomechanical properties are affected by subcellular distribution of αII-spectrin, 

Atomic force spectroscopy was performed on MBE-F and MCF-7 cells and the Young’s 

Modulus was calculated for resting cells, as well as cells treated with A23187 (1 µM), ALLM 

(10 µM), and BAPTA-AM (50 µM). MBE-F cells with prominent spectrin borders exhibit an 

elastic modulus of 40 kPa ± SD (Fig. 6. a). In high vesiculating MCF-7 cells lacking spectrin 

borders, the Young’s Modulus is significantly lower, 28 kPa ± SD. This demonstrates that 

peripheral spectrin borders correlate with increased biomechanical stiffness in non-malignant 

cells.  

 

Figure 4. 6. Mechanical stiffness of cells correlate with peripheral spectrin distribution.  

Non-malignant MBE-F cells and malignant MCF-7 cells were treated with calcium ionophore 

A23187 (1 µM), ALLM (10 µM), and BAPTA-AM (50 µM) for 24 or 48 hours. Atomic Force 

spectroscopy was performed and the elastic modulus was determine. a) Non-malignant MBE-

F cells that have prominent spectrin borders display higher elastic modulus at rest compared 
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to malignant MCF-7 cells. b) Treatment with A23187 results in loss of spectrin borders and a 

significant decrease in membrane stiffness in MBE-F cells. Pre-treatment with either ALLM or 

BAPTA-AM prevented A23187-induced reduction in membrane stiffness. c) At rest, high 

vesiculating MCF-7 cells have lower stiffness. Treatment with MV biogenesis inhibitors ALLM 

or BAPTA-AM increases stiffness in a time-dependent manner. Data represents mean ± SD 

from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 (one way ANOVA). 

 

MBE-F and MCF-7 cellular elasticity was also examined in the presence of molecules that 

activate and inhibit plasma membrane EV biogenesis. We observed no change in the Young’s 

Modulus in MBE-F cells treated with inhibitors of the calcium-calpain dependent EV biogenic 

pathway, ALLM or BAPTA-AM. Conversely, treatment with calcium ionophore resulted in a 

significant reduction in young’s modulus to approximately half of untreated cells (Fig. 6. b). 

Pre-treatment of MBE-F cells with either ALLM or BAPTA-AM for 15 mins prevented the 

A23187-mediated reduction in Young’s modulus. These results suggest that increases in 

intracellular calcium reduces membrane stiffness via activation of a calcium-calpain dependent 

pathway.  

As shown in Fig 6. c, MCF-7 cells treated with A23187 displayed no change in Young’s 

modulus compared to untreated control. In cells treated with the calpain inhibitor, we observed 

a modest and significant increase in Young’s Modulus after 24 and 48 hours respectively. 

Similarly, BAPTA-AM treated MCF-7 cells displayed a time-dependent increase in Young’s 

modulus (Fig. 6. c). These results suggest malignant cell biomechanical stiffness can be 

increased by inhibition of the established pathway of calcium-calpain-dependent plasma 

membrane biogenesis. 
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4.5. Discussion 

Localised loss of membrane-cytoskeletal anchorage is a key step in the biogenesis of plasma 

membrane EVs. In erythroid cells, peripheral spectrin is vital for membrane integrity and 

calpain-mediated remodelling of spectrin promotes the generation of plasma membrane 

microvesicles (An et al., 2004a, Gascard and Mohandas, 2000, Machnicka et al., 2012, Wagner 

et al., 1987). However, the subcellular distribution of spectrin and its role in plasma membrane 

EV biogenesis in non-erythroid cells remains to be defined. Plasma membrane EVs are formed 

by discrete biogenic pathways in malignant and non-malignant cells. We have previously 

shown that malignant cells are high vesiculators rest and biogenesis is driven by a calcium-

calpain dependent pathway (Taylor et al., 2017). In this study, we sought to define the role of 

spectrin in the biogenesis of EVs in malignant MCF-7 and non-malignant MBE-F cells. We 

demonstrate αII-spectrin is differentially distributed in these cell types – prominent peripheral 

spectrin borders are only observed in low vesiculating non-malignant cells whereas they are 

absent in high vesiculating MCF-7 cells. Furthermore, we show for the first time that inhibition 

of the plasma membrane MV biogenic pathway restores spectrin borders in a time-dependent 

manner in MCF-7 cells. 

At rest, prominent peripheral spectrin borders are evident is non-malignant cells and not in 

malignant cells. High resolution confocal images show low vesiculating MBE-F cells with 

strong αII-spectrin fluorescence in borders localised in the periphery with some diffuse 

cytoplasmic staining (Fig. 2). It was also observed that peripheral spectrin borders are more 

prominent towards the apical surface of MBE-F cells (Fig 2). These observations are perhaps 

not surprising considering spectrin is a multifunctional protein that is important not only for 

providing strength and stability to the plasma membrane (Marchesi and Steers, 1968, 

Machnicka et al., 2014) and organisation of cytoskeleton (Machnicka et al., 2012), but they are 

also vital for cell polarity (Black et al., 1988), regulation of ion channels (Lubbers et al., 2019), 
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and assembly of excitable axon domains (Liu and Rasband, 2019). It is well established that 

the spectrin meshwork under the plasma membrane of erythrocytes hinders the release of 

plasma membrane EVs (An et al., 2004b). As red blood cells age, they begin to release more 

plasma membrane EVs as a result of calcium-mediated proteolysis of membrane-associated 

spectrin (Leal et al., 2018). However, it is important to note that erythroid spectrin isotypes are 

considerably different to the non-erythroid isotypes present in these cells (Leto et al., 1988, 

Moon and McMahon, 1990).  

In contrast, high vesiculating MCF-7, do not exhibit spectrin borders in the periphery at rest 

(Fig. 2). These cells only exhibit diffuse spectrin labelling throughout the cytoplasm and there 

no is observable change between the basal and apical regions (Fig. 2). This is consistent with 

early reports that high grade tumours show cytoplasmic accumulation of spectrin (Sormunen 

et al., 1999). Further studies have implicated loss of membrane-associated spectrin and cellular 

polarity with increase proliferative and invasive capacity in malignancy (Tuominen et al., 

1996). However, localisation and function of αII-spectrin in malignancy varies among different 

cancers. Another explanation for this, is the high basal level of intracellular calcium in 

malignant cells, which is significantly higher than in non-malignant cells (Goll et al., 2003, 

Pottle et al., 2013). We have previously demonstrated high basal calcium in malignant MCF-7 

cells facilitates the biogenesis of plasma membrane EVs via activation of calpain. Calpain is a 

cysteine protease that is activated by an increase in intracellular calcium (Roseblade et al., 

2013). Upon activation, calpain cleaves cytoskeletal spectrin proteins resulting in the local 

detachment of the cell membrane from the underlying cytoskeleton (Weber et al., 2009, Boivin 

et al., 1990, Roseblade et al., 2013).  

To further interrogate the role of spectrin in plasma membrane MVs biogenesis, non-malignant 

MBE-F cells were treated with a well-established plasma membrane vesicle biogenesis 

activator, calcium ionophore, A23187 (Basse et al., 1994, Pasquet et al., 1996). High resolution 
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confocal microscopy shows MBE-F cells lose peripheral spectrin borders following cellular 

activation with A23187. Quantitative analysis of the spectrin M:C distribution ratio confirms 

visual observations with a significant decrease in membrane fluorescence compared to 

untreated controls. The loss of spectrin borders in the apical surface of the cells also shows a 

loss of polarity in A23187 treated cells. These results suggest degradation of αII-spectrin at the 

plasma membrane is mediated by a calcium-calpain dependent pathway. It is known that 

A23187-mediated increases in intracellular calcium results in the activation of calpain and the 

proteolysis of αII-spectrin into two proteolytic fragments calcium in many cell types (Gov et 

al., 2009, Wang et al., 1996, Saido et al., 1992). The pathway for spectrin remodelling holds 

remarkable similarity to the plasma membrane MB biogenic pathway. These results 

demonstrate that activation of MV biogenesis via increasing intracellular calcium results in the 

loss of peripheral spectrin borders in low-vesiculating MBE-F cells. 

Our lab was the first to show that EVs, specifically MVs released from malignant cells are 

involved in the non-genetic transfer of multidrug resistance in cancer (Bebawy et al., 2009b). 

MVs are now implicated in conferral of many other deleterious cancer traits such as increased 

metastatic capacity, active and passive drug sequestration, evasion of immune surveillance, and 

altered tissue biomechanics (Gong et al., 2014b, Gong et al., 2013, Jaiswal et al., 2017, 

Pokharel et al., 2016a). Understanding the specific biogenic pathways involved in malignant 

vesiculation holds potential for development of novel therapeutic strategies to circumvent EV-

mediated cancer progression, however, precise pathways remain to be fully elucidated.  

At rest malignant cells shed large quantities of plasma membrane vesicles and we have 

previously shown inhibition of calcium signalling or calpain activity effectively blocks 

production of membrane EVs (Roseblade et al., 2015, Taylor et al., 2017). Considering that 

spectrin also is cleaved by calpain, it raises the question of whether inhibiting calpain in MCF-

7 cells will prevent spectrin proteolysis and restore distribution at the plasma membrane. In 
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this study, we demonstrate for the first time that inhibition of these biogenic pathways restores 

peripheral spectrin borders in MCF-7 cells in a time dependent manner. Treatment of malignant 

MCF-7 cells with calpain inhibitor II (ALLM) for 24 hours resulted in an increase in M:C 

distribution of spectrin – indicating localisation of spectrin had shifted towards the membrane. 

This peripheral distribution was also polarised with spectrin borders more prominent towards 

the apical surface of MCF-7 cells. Increasing the treatment time of MCF-7 cells with ALLM 

to 48 hours resulted in further restoration of peripheral spectrin borders. This was quantified as 

αII-spectrin M:C distribution ratio of 2.109 (Fig. 5 d) – similar to levels observed in non-

malignant cells. Clearly demonstrating for the first time that peripheral spectrin can be 

recovered in malignant cells by inhibition of calpain. This suggests the loss of peripheral 

spectrin borders correlates with increased MV biogenesis in malignant cells.  

Furthermore, we show that chelation of intracellular calcium with BAPTA-AM restored 

peripheral spectrin in a time-dependent manner. Calcium is a highly diversified signalling 

molecule involved in numerous physiological and pathophysiological cellular processes 

(Berridge, 2012). In the context of plasma membrane EV biogenesis, mobilisation of calcium 

from intracellular stores is essential. Considering calpain is a calcium-dependent protease and 

its inhibition restored spectrin borders, it was expected that chelation of intracellular calcium 

would be similarly efficient in spectrin border restoration compared to ALLM. Interestingly, 

treatment of MCF-7 cells with BAPTA-AM for 24 hours showed minimal change is spectrin 

distribution compared to resting MCF-7 cells (Fig. 5) despite increases in intracellular calcium 

being upstream of calpain in the proposed pathway. Although, spectrin peripheral borders 

being more prominent in MCF-7 cells treated with BAPTA-AM for 48 hours compared to 

ALLM for 48 hour (fig. 5), the delayed effect is unexpected. We cannot rule out the possibility 

of alternative pathways involved in preventing the formation of peripheral spectrin borders in 

MCF-7 cells. However, given calcium chelation ultimately results in restoration of the borders, 
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these alternative pathways appear to be secondary in nature. While the aim of this work was to 

determine the subcellular localisation of spectrin in malignant and non-malignant cells, gene 

expression of spectrin is another important variable that needs to be addressed in future work. 

It has been reported that altered spectrin may be involved in the development and progression 

of some cancers (Ackermann and Brieger, 2019).The mechanical elasticity of cells is primarily 

dependent on spectrin complexes that provide stability to otherwise mechanically fragile cells 

(Baines, 2010). In fig. 7, we illustrate the stark differences observed in spectrin localisation 

between low vesiculating MBE-F and high vesiculating MCF-7 cells are reflected in their 

mechanical properties. Non-malignant cells have significantly higher Young’s modulus 

compared to malignant cells. Similar to the loss of peripheral spectrin fluorescence, treatment 

of non-malignant cells with vesicle production activator, A23187 resulted in the reduction of 

cellular stiffness. Treatment of MCF-7 cells with inhibitors of calcium-calpain plasma 

membrane biogenic pathway displayed a time-dependent increase in young’s modulus (fig. 7). 

These result highlights the importance of subcellular distribution on the function of αII-

spectrin. Spectrin makes up approximately 2-3% of the total protein in non-erythroid cells 

(Goodman et al., 2015) and is implicated in a diverse range of functions (Ackermann and 

Brieger, 2019, Wu et al., 2017, Liem, 2016a, Goodman et al., 2015). For example, membranous 

spectrin is pivotal for maintaining the overall elasticity of osteocytes as well as cell cortex 

stiffness. Disruption of the spectrin network resulted in obvious softening of osteocytes and 

resulted in significant influx of calcium (Wu et al., 2017).  Increases in intracellular Ca2+ also 

result in ‘contractions’ within the actin network and production of EVs in osteocytes (Morrell 

et al., 2018). Clearly, the integrity of the plasma membrane and biogenesis of EVs depends on 

a structural network formed with spectrin and a number of other structural proteins including 

actin, protein 4.1, and ankyrin. The regulation of these other cytoskeletal components remains 
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critical in understanding spectrin’s role in plasma membrane EV biogenesis in malignant and 

non-malignant cells.  

In the context of malignancy, increases in cytoplasmic spectrin is implicated in the proliferative 

and invasive capacity of cells and suggested as a marker of neoplasia (Sormunen et al., 1999, 

Ho, 1992). The lack of a physical αII-spectrin barrier at the plasma membrane and concurrent 

lack of mechanical stiffness appears to provide malignant cells with the ideal platform to shed 

plasma membrane EVs. 

4.6. Conclusions 

The role of spectrin in RBC vesiculation is well characterised where its remodelling allow the 

shedding of plasma membrane EVs. However, its role in non-erythroid plasma membrane EV 

biogenesis remains to be fully elucidated. In this work, we have demonstrated for the first time 

that the subcellular distribution of αII-spectrin is different in malignant and non-malignant 

cells. We show the presence of spectrin borders is feature of low vesiculating MBE-F cells 

whereas there are minimal spectrin borders observed in high vesiculating MCF-7 cells. 

Furthermore, we demonstrate inhibition of the calpain-calcium dependent pathway for EV 

biogenesis restores spectrin borders in a time-dependent manner. These results establish a role 

for subcellular distribution spectrin in malignant MV biogenesis and suggest that a lack spectrin 

borders may be an indicator of vesicle biogenesis. Lastly, we have shown that restoration of 

peripheral spectrin increases cellular stiffness by the inhibition of calcium-calpain dependent 

pathway. However, it remains an important step to investigate whether these observations are 

conserved in other cells types. Collectively, this work characterises αII-spectrin and sheds light 

on how it is involved in the biogenesis of plasma membrane EVs. These findings provide 

valuable insight to the potential roles of spectrin in microvesicle biogenesis and malignancy 

and provide a first-step to uncovering the role that spectrin plays in malignancy. 
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ALLM: N-Acetyl-L-leucyl-L-leucyl-L-methioninal 

BAPTA-AM:  

1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester) 

BSA: Bovine serum albumin 

DAPI: 4′,6-diamidino-2-phenylindole 

FBS: Foetal bovine serum 

MEG-1: Mammary Epithelial Cell Growth Medium-1(Blikstad et al., 1983) 

MV: Microvesicle 

NA: Numerical Aperture 

PBS: Phosphate-buffered saline 

RPMI: Roswell Park Memorial Institute medium 
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Chapter 5 

 

Conclusions and Future directions 

 

 

Extracellular vesicles (EVs) are small membrane enclosed vesicles that are important for 

intercellular communication. Currently, EVs are classified into three broad subtypes – 

exosomes, microvesicles (MVs), and apoptotic bodies – based on size, molecular composition, 

and biogenic origin (Thery et al., 2018). Exosomes are typically 70-150 nm in diameter and 

are formed in the endosomal compartment and released following the fusion of multi-vesicular 

bodies with the plasma membrane (Lener et al., 2015). Direct budding of the plasma membrane 

gives rise to MVs which are 150-1000 nm in diameter (Harding et al., 1983). Apoptotic bodies 

are generally larger (<1000-50000 nm in diameter), and also formed directly from the plasma 

membrane, however they are released from cells during apoptosis (Ihara et al., 1998, Poon et 

al., 2019). EVs contain a variety of proteins, nucleic acids, and bioactive molecules 

characteristic of their parent cells. They also bear surface molecules that directs tropism to 

specific recipient cell populations where delivery of EV cargo results in the modification of the 

recipient cells biochemical and biological state (Mesri and Altieri, 1999, Mallat et al., 2000, 

Ratajczak et al., 2006). 

EVs have broad utility as signalling vectors and can induce effects in a wide range of 

physiological systems including: vascular homeostasis, reticulocyte maturation, innate and 

acquired immunity, embryonic development, bone calcification, and tissue repair (Burnier et 
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al., 2009, Vidal, 2010, Wang et al., 2011, Nolte-'t Hoen and Wauben, 2012, Machtinger et al., 

2016, Golub, 2009, Quesenberry and Aliotta, 2008). EVs are also implicated across many 

pathophysiological conditions including neurodegenerative disease (Guo et al., 2015), 

inflammatory conditions (Cloutier et al., 2013, Huber et al., 2002, Qiu et al., 2013), and cancer. 

Cancer cells and cells of the tumour micro-environment release EVs in significant numbers 

and these play important roles in cancer biology. Of particular interest to our laboratory, is the 

role of plasma membrane-derived EV’s in the dissemination and acquisition of cancer 

multidrug resistance.  

MDR is the phenomenon whereby cancer cells become cross-resistant to wide range of 

structurally and mechanistically different anticancer agents following exposure to a single 

agent (Kartner et al., 1983, Cole et al., 1992, Gottesman et al., 2002). This phenotype is 

predominantly associated with the over expression of drug efflux transporters P-glycoprotein 

(P-gp/ABCB1) and Multidrug Resistance-Associated Protein 1 (MRP1/ABCC1) which belong 

to the ATP-binding cassette (ABC) superfamily of membrane transporters (Juliano and Ling, 

1976, Cole et al., 1992). EVs shed from MDR cells harbour functional resistance proteins and 

are capable of conferring drug resistance to previously drug-sensitive cells in vitro and in vivo 

(Bebawy et al., 2009b, Lu et al., 2013, Jaiswal et al., 2013). Subsequently, EVs have been 

implicated in the dissemination of other deleterious cancer traits associated with MDR  

including increased metastatic capacity (Gong et al., 2014b), evasion of immune surveillance 

(Jaiswal et al., 2017), active and passive drug sequestration (Gong et al., 2013), and altered 

tissue biomechanics (Pokharel et al., 2016a).  

The ability of EVs to bestow such a wide array of cancer traits has garnered substantial interest 

in the development of novel therapeutics that specifically target cancer EV biogenesis. 

Circulating tumour-derived EVs are also being explored as potential diagnostic and prognostic 

biomarkers to monitor cancer progression (De Rubis et al., 2019, Krishnan et al., 2016b, Sun 
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et al., 2016, Burger et al., 2013). Although the clinical potential of EVs is evident, there remain 

challenges before clinical application can be realised. 

Understanding the precise biogenic pathways involved in cancer EV biogenesis is imperative 

if safe and effective therapeutics are to be developed which target this pathway. Exosomes are 

perhaps the most studied EVs within the field and their biogenesis has been extensively 

characterised (Raposo and Stoorvogel, 2013, Tkach and Thery, 2016, Colombo et al., 2013, 

Colombo et al., 2014, Andreu and Yanez-Mo, 2015, Verweij et al., 2018, Verweij et al., 2011). 

Plasma membrane EV biogenesis in comparison, remains to be fully elucidated. Plasma 

membrane EVs are released spontaneously in cancer or following cellular activation, or in 

response to pre-apoptotic signals (Gyorgy et al., 2011, Hugel et al., 2005, Gong et al., 2012). 

An increase in intracellular calcium initiates EV biogenesis and this is followed by successive 

membrane and cytoplasmic alterations, which ultimately result in the release of EVs from the 

plasma membrane (Pasquet et al., 1996, Freyssinet and Toti, 2010). However, this basic 

biology does not illuminate specific drug targets that would enable novel drug development, 

particularly those which are selective to certain cell types and mitigate potential off-target 

effects. Specifically, it is unclear as to how vesiculation pathways differ between malignant 

and non-malignant cells and whether there are opportunities for selective targeting of MV 

biogenesis in cancer management.  

In this thesis, we evidence discrete plasma membrane EV biogenic pathways for malignant and 

non-malignant cells. By examining the molecular machinery of EV production, we demonstrate 

malignant cell EV biogenesis is dependent on a calcium-calpain pathway at rest and that non-

malignant cells vesiculate via alternative pathways (chapter 2; (Taylor et al., 2017)). 

Furthermore, we show the endoplasmic reticulum plays a role mobilisation of calcium and EV 

biogenesis in both malignant and non-malignant cells, while the store-operated calcium entry 

(SOCE) pathway an important role in the event of store depletion (Chapter 3; (Taylor et al., 
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2020)). Finally, we have established the redistribution of spectrin from the membrane to the 

cytoplasm drives plasma membrane-derived EV biogenesis in malignant cells (Chapter 4). 

Malignant cells produce significantly more EVs than non-malignant cells at rest and given their 

role in the acquisition of MDR and other cancer traits, they present as attractive novel 

therapeutic targets. Previous work in our laboratory has identified calpain inhibitors as effective 

agents in stopping the production of EVs from resting and activated cancer cells (Roseblade et 

al., 2015). Calpain is a cysteine protease that is activated by intracellular calcium and which 

cleaves a variety of substrates including: cytoskeletal proteins, membrane bound channels, and 

others (Goll et al., 2003). However, as calpain operates as a multifunctional protease and is 

required for normal physiological functions, further delineation of its role in EV biogenesis in 

malignant and non-malignant cells is required. In Chapter 2, we examine vesiculation in 

malignant and non-malignant cells using high-resolution atomic force microscopy (AFM) to 

determine if differences in biogenic pathways exist. We compared malignant and non-

malignant MV biogenesis at rest, following mobilisation of intracellular calcium, and in the 

presence and absence of the calpain inhibitor, ALLM. We evidence that a calcium-calpain 

dependent pathway drives vesiculation in malignant cells. The study of plasma membrane EVs 

presents a number of challenges and is mostly restricted to analysing EVs isolated from cell 

culture supernatant or biological fluids. In particular, few reports exist that examine EV 

biogenesis at a cellular level or their in situ release from the plasma membrane (Arasu et al., 

2017, Lai et al., 2015). In order to study the biogenesis of EVs in malignant and non-malignant 

cells we required an imaging technique with high spatial resolution, which retained the cellular 

native structures, and one that did not require markers for vesicle identification. AFM was 

chosen as a suitable platform for this study as it has been shown to successfully characterise 

numerous cellular constituents and provides topographical images in sub-nanometre resolution 
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(Alessandrini and Facci, 2011, Binnig et al., 1986, Lal and Proksch, 1997, Park et al., 2013, 

Xu et al., 2013).  

In our study, topographical AFM analysis showed that malignant cells have an intrinsically 

higher degree of vesiculation at rest compared to non-malignant cells. Unstimulated non-

malignant cells display a smooth cellular surface with minimal vesicles evident (Fig 1 a-b). 

Contrary to this, unstimulated malignant cells exhibit a surface topography that is rough, 

corrugated, and with copious membrane-bound EVs visible (Fig 1 c-d).  

The stark differences observed in vesiculation between malignant and non-malignant cells at 

rest, suggests that different pathways regulate biogenesis in these cell types. Given calpain 

inhibition effectively attenuates EV production in drug sensitive and drug resistant cells 

(Roseblade et al., 2015), it was first examined as the likely candidate contributing to these 

differences. To define the role of calpain in the biogenesis of EVs in malignant and non-

malignant cells, resting cells were treated with the calpain inhibitor II (ALLM; Fig. 2-3). There 

was a significant reduction in vesicle production in malignant cancer cells treated with ALLM 

(Fig. 2). Vesicle-derived pits were absent and cell morphology was smooth. Non-malignant 

cells treated with ALLM displayed an increase in the number of vesicle-derived pits compared 

to untreated control (Fig. 3 a-b). This distinctly different effect by ALLM suggests the presence 

of alternative biogenic pathways in operation in resting non-malignant cells that are not 

dependent on calpain activity.  

The first step in the production of plasma membrane EVs is cellular activation and subsequent 

mobilisation of intracellular calcium and an increase in the available concentration (Basse et 

al., 1994). We used the calcium ionophore, A23187 – a well characterised calcium ionophore 

– as an agonist of EV biogenesis. Treatment with the ionophore resulted in a significant 

increase in biogenesis in non-malignant cells. Malignant cells displayed only a modest increase 
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in vesiculation following calcium activation (Fig. 4 c-d). Inhibition of calpain in cells activated 

with A23187 resulted in complete attenuation of vesiculation in malignant cells, while also 

significantly reducing EV production in non-malignant cells (Fig 5).  

These results demonstrate that biogenic pathways for vesiculation in malignant cells in the 

resting state are calcium-calpain dependent and generate more EVs due to higher basal calcium 

levels. They also support our hypothesis that distinct biogenic pathways regulate vesiculation 

in malignant and non-malignant cells. 

Having established EV biogenesis in cancer cells is dependent on a calcium-calpain dependent 

pathway, in Chapter 3, we explore the calcium-signalling pathways driving EV biogenesis in 

both malignant and non-malignant cells. A vast network of pumps, channels, and exchangers 

operate in harmony to control compartmental calcium concentrations and maintain intracellular 

calcium homeostasis (Berridge et al., 2003, Brini and Carafoli, 2009, Clapham, 2007). The 

endoplasmic reticulum (ER) is the primary intracellular store of calcium and is involved in 

numerous signalling pathways (Carreras-Sureda et al., 2018, Prakriya and Lewis, 2015, Putney, 

2010); however, its role in EV biogenesis is unknown. We investigated the role of endoplasmic 

reticulum (ER) calcium stores and store-operated calcium entry (SOCE) in EV biogenesis. 

Calcium is a highly promiscuous ion that is involved in many cellular signalling modalities. In 

the context of cancer, dysregulation of cancer signalling is a common feature in each of the 

hallmarks of cancer and contributes to disease progression (Azimi et al., 2014, Monteith et al., 

2012, Monteith et al., 2017, Stewart et al., 2015). Despite the well-established relationship 

between high intracellular calcium and increased EV biogenesis, the regulation calcium 

signalling driving plasme membrane EV biogenesis remains poorly characterised. We show 

that malignant cells generate significantly more vesicles at rest than non-malignant cells and 
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show the intracellular calcium chelator, BAPTA-AM results in attenuation of vesiculation (Fig. 

1). 

The involvement ER calcium stores was studied using the sarco/endoplasmic reticulum 

ATPase (SERCA) inhibitor, thapsigargin (TG). SERCA operates to pump calcium into the ER 

and is responsible for maintaining higher concentrations of calcium with intracellular stores 

(Brini et al., 2000). TG is a well-characterised molecule in the calcium signalling toolkit, which 

selectively inhibits SERCA and results in the activation of the SOCE pathway (Lytton et al., 

1991, Sehgal et al., 2017, Thastrup et al., 1990). We show treatment of malignant cells with 

TG results in an increase in intracellular calcium and a synchronised increase in EV biogenesis. 

Non-malignant cells display a more pronounced increase in vesiculation in comparison to 

malignant cells following TG treatment (Fig. 2). The difference in response likely due to 

malignant cells having high basal calcium levels and therefore higher baseline production of 

EVs compared to non-malignant cells (Pottle et al., 2013). Thus, further calcium activation of 

malignant cells results in only a modest increase in vesiculation. BAPTA-AM effectively 

abolishes TG-mediated increase in calcium as well as EV production in both cell types. 

Importantly, BAPTA-AM inhibits vesiculation in malignant cells, supporting the hypothesis 

that resting malignant vesiculation is driven by high basal calcium levels. 

Having demonstrated TG can activate EV biogenesis, we sought to determine the role of store-

operated calcium entry (SOCE) and whether this calcium signalling pathway is responsible for 

the observed differences in resting vesiculation between malignant and non-malignant cells. 

We show that inhibition of SOCE with the selective inhibitor YM58483 blocks TG-mediated 

vesiculation in both cell types (Fig. 4). However, the high basal vesiculation of malignant cells 

is not affected by YM584783 treatment alone. As TG induces mobilisation of calcium via 

activation of the SOCE, these results demonstrate it is involved in EV biogenesis. However, 

SOCE pathway appears to operate as a secondary pathway which is activated in the event of 
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ER store depletion. Collectively, our results suggest differences in resting vesiculation in 

malignant and non-malignant cells are related to altered ER calcium mobilisation pathways 

and differences in calpain activity.  

In Chapter 3, we have established higher basal vesiculation in malignant cells is dependent on 

mobilisation of intracellular calcium stores and the activity of calpain. In chapter 4, we turn 

our attention to the down-stream effects of calcium-calpain activation in high vesiculating 

malignant and low vesiculating non-malignant cells. Specifically, we examine the role of αII-

spectrin in EV biogenesis. Spectrin is a ubiquitous cytoskeletal protein and provides cells with 

mechanical strength, structural stability and elasticity (An et al., 2004a, Liem, 2016b, Zhang et 

al., 2013b). In erythrocytes, spectrin proteolysis by calpain, mediates the production of plasma 

membrane EVs (Wagner et al., 1987), however, its role in non-erythroid or cancer cell EV 

biogenesis is unknown.  

Using high resolution confocal microscopy, we show the subcellular localisation of αII-spectrin 

differs in malignant and non-malignant cells at rest (Fig. 2). In non-malignant cells, αII-spectrin 

is forms a prominent border in the cell periphery, whereas, spectrin borders are diminished in 

malignant cells. Qualitative observations were confirmed by quantitatively assessing the ratio 

of peripheral and cytoplasmic αII-spectrin fluorescence – termed the membrane:cytoplasm 

(M:C) αII-spectrin distribution ratio. To achieve this, we developed an automated cell 

segmentation Fiji plugin that allowed for an unbiased measure of spectrin distribution in 

individual cells. Using this method, we show non-malignant cells display a significantly higher 

ratio of spectrin distribution to the membrane compared to malignant cells. Given these 

observations, the prominent spectrin borders in the apical membrane of non-malignant cells 

likely stabilise membrane-cytoskeletal anchorage and prevent basal vesiculation. On the other 

hand, the absence of spectrin peripheral borders in resting malignant cells correlates strongly 
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with a high degree of vesiculation at rest (Fig. 2-3). This evidences a role for spectrin in the 

biogenesis of plasma membrane EVs in resting malignant cells. 

Having shown an absence of peripheral spectrin borders results in increased vesiculation in 

malignant cells, we also demonstrated that restoration of spectrin borders can be achieved with 

inhibitors of the calcium-calpain mediated pathway (Fig. 5). Chelation of intracellular calcium 

with BAPTA-AM and inhibition of calpain with ALLM resulted in a significant increase in the 

M:C αII-spectrin distribution ratio in malignant cells. Calpain inhibition prevented the 

remodelling of peripheral spectrin in malignant cells and this was accompanied by inhibition 

of EV biogenesis. This shows that loss of peripheral spectrin drives EV biogenesis in malignant 

cells at rest (Fig 2 and 5). These findings provide new insight into the biogenic pathway 

regulating EV biogenesis in both malignant and non-malignant cells and identifies strategies 

for the selective modulation of plasma membrane EV biogenesis. 
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Future Directions 

EVs are regarded as important signalling vectors involved in the non-genetic conferral of MDR 

in cancer (Bebawy et al., 2009b, Jaiswal et al., 2012, Lu et al., 2013, Lu et al., 2017). Their 

capacity to transfer bioactive cargo from drug-resistant cells to drug-sensitive cells makes them 

attractive entities for targeted therapies. Indeed, our laboratory has explored the use of selective 

inhibitors of calpain as potential EV biogenesis modulators with encouraging results 

(Roseblade et al., 2015). However, EVs also play an important, multifaceted role in 

physiological functions and future anticancer agents will therefore be required to specifically 

block cancer MVs while leaving non-malignant MV production unaffected. Clear delineation 

of the biogenic pathways in malignant and non-malignant cells is required before novel 

therapeutic targets can be identified. 

Unlike exosomes, the biogenesis of vesicles from the plasma membrane is poorly 

characterised. Although there is scientific consensus on the basic steps for plasma membrane 

vesicles formation, these mechanisms are often described using ‘broad-strokes’ – lacking 

intricacy, specificity, or precision. The marked heterogeneity of plasma membrane EVs has 

proffered substantial challenges in the development of comprehensive characterisation criteria. 

One of the other challenges facing the EV research field is drawing together the different 

aspects of plasma membrane EV biogenesis. In this thesis and for the first time, we have 

examined in greater detail the biogenic machinery involved at different stages of the 

vesiculation pathway. Furthermore, we compare biogenesis in malignant and non-malignant 

cells. We demonstrate the involvement the ER in delivering calcium to the cytoplasm required 

for biogenesis, the secondary role that SOCE plays, as well as the importance of spectrin in the 

stabilisation of the plasma membrane. However, many facets of EV biogenesis remain elusive. 

Ultimately, the goal is to understand the precise regulators of plasma membrane EV biogenesis 

in malignant and non-malignant cells.  
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Malignant cells display a propensity to shed high numbers of EVs even in an unstimulated state 

(Pottle et al., 2013). A characteristic that allows cancer cells to exchange information, enhance 

growth, and acquire survival traits at accelerated rates. As we have shown, unstimulated 

malignant vesiculation is dependent on a calcium-calpain pathway, pharmacological 

manipulation of this pathway holds potential in mitigating EV-mediated cancer progression. 

However, both calcium signalling and the calpain system are complex and challenges remain 

in elucidating suitable therapeutic targets. In the context of EV biogenesis, our results suggest 

differences in resting vesiculation rates in malignant and non-malignant cells which appear to 

be related to altered ER calcium mobilisation pathways. While this is a promising finding, 

dysregulation of ER calcium homeostasis in malignancy is common and remodelling of a 

number of regulators cannot be ruled out. Reports suggest malignant cells have higher basal 

calcium activity and this could be related to overexpression or hyper-activity of calcium 

specific channels. Given results presented in thesis, interrogation of specific ER channels, 

pumps, and exchangers with selective inhibitors is one avenue worthy of exploration in 

endeavours to clearly define why malignant cells shed large quantities of EVs at rest.   

Another line of investigation that has become important for researchers interested in the 

dysregulation of calcium signalling in malignancy is the type of calcium signal being 

transmitted (Monteith et al., 2017). Calcium signals vary greatly in their magnitude, as well as 

their temporal and spatial characteristics and it has been proposed these characteristics could 

be exploited for specific therapeutic benefit. For example, large persistent increases in calcium 

concentration is often associated with cell death and in cancers that are characterised by over 

expression of calcium channels, calcium overload is has been suggested as a viable way to 

specifically target death of those cancer cells (Azimi et al., 2018, Azimi et al., 2017, Monteith 

et al., 2007, Peters et al., 2012, Stewart et al., 2015). On the other hand, microdomains of highly 

localised calcium increases – known as ‘flickers’ or ‘sparks’ – have been shown to govern cell 
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migration (Wei et al., 2009) and may be selectively targeted to alter cancer cell mobility and 

inhibit metastasis. Calcium microdomains tend to form when multiple calcium channels of the 

same subtype group together in clusters (Berridge, 2006) and selective inhibition of that 

channel prevents influx of calcium into the cytoplasm. In the context of EV biogenesis, we 

have shown there are regions in the membrane of dense vesiculation – termed vesiculation 

“hotspots” – in activated cells that resemble calcium microdomains (Rizzuto and Pozzan, 2006, 

Visser et al., 2013, Wei et al., 2009). By using carefully controlled buffering of intracellular 

calcium indicators and simultaneous confocal/AFM imaging, it would be possible to visualise 

the localised bursts of calcium and determine if these correlate with dense regions of high 

vesiculation. The advent of techniques that allow for higher resolution live-cell imagining such 

as quantum dot and protein vehicle fluorophores (Beliu and Sauer, 2020), and improved live-

cell super resolution microscopy will further enrich this approach and allow for real-time 

characterisation or plasma membrane EVs. Identifying the channel subtypes involved would 

further characterise the biogenic pathways involved in production plasma membrane EVs. 

Comparing malignant and non-malignant cells would provide valuable information regarding 

the EV release characteristics in activated cells and illuminate if calcium microdomains are 

altered following malignant transformation.  

The work detailed in this thesis follows on from previous work aimed at curtailing EV-mediated 

dissemination of cancer traits by inhibiting EV production (Roseblade et al., 2015). However, 

a deeper understanding of the effects of calpain inhibition and the role it plays in vesiculation 

in malignant and non-malignant cells is required if safe and effective compounds are to be 

designed. Examination of calpain substrate structure provides valuable insight into the activity 

of the protease in high vesiculating cells and low vesiculating cells. Spectrin is one such 

substrate of calpain and is an integral part of the network of proteins that maintains plasma 

membrane anchorage to the cytoskeleton. Our results demonstrate for the first time the 
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subcellular distribution of spectrin has been linked to the propensity of cells to generate plasma 

membrane EVs as rest. It appears that dynamic remodelling of spectrin is greatly amplified in 

malignant cells and this is driven by active calpain. While it is tempting to suggest future 

therapies will likely be aimed at stabilising spectrin borders or inhibiting calpain, there could 

well be other factors that need to be considered. For example, defective spectrin isoforms have 

been reported in some diseases that prevent the end-to-end fusion of spectrin chains (Costa et 

al., 2005, Gallagher, 2004, Gallagher et al., 1992). Malformation of the spectrin subunits results 

in less stable chains that are more prone to protease cleavage. Furthermore, cells that encounter 

problems in consolidating structural protein networks often have reduced protein expression 

while retaining normal or even increased transcription of mRNA (Lefferts and Lambert, 2003). 

Gene sequencing techniques could very well uncover increased mRNA for mutant spectrin or 

even mutant variants of associated proteins supporting spectrin formation. 

In conclusion, EV-mediated conferral of deleterious cancer traits is a potential problem in 

cancer management (Krishnan et al., 2016a, Krishnan et al., 2016b). Clear delineation of 

biogenic pathways involved in EV production is imperative not only for the development of 

novel therapeutic strategies, but also to fully appreciate the potential of EVs as non-invasive 

biomarkers of disease. We have demonstrated there are differences in the biogenic pathways in 

malignant and non-malignant cells, however, it is imperative to fully elucidate the drivers of 

malignant plasma membrane EV biogenesis before safe and efficacious selectively targeted 

therapies can be developed. 
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