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Abstract 
 
Dynamin-2 is a ubiquitous mechano-GTPase that is involved in various secretory pathway 

stages. Dynamin-2 scissions budding vesicles from the plasma membrane during endocytosis 

and is additionally implicated in a wide range of cellular processes. It is also seen in the 

development of new vesicles from the Golgi network, vesicle trafficking, fusion processes, and 

microtubule regulation as well as actin cytoskeleton dynamics. Two inherited neuromuscular 

diseases have been linked with more than 20 mutations found in the dynamin-2 gene over the 

past 20 years in Charcot–Marie–Tooth neuropathy and centronuclear myopathy in a tissue 

specific manner. The majority of these mutations are bundled in the pleckstrin homology 

domain. However, there are no specific mutations correlated with both diseases, indicating 

they have different effects on the role of dynamin-2 in various tissues. I am trying to investigate 

how the mutations associated with the disease affect the function of Dynamin-2, during vesicle 

trafficking and endocytic processes. Current research has characterised the biochemical 

properties of DNM2 mutants, but none of these properties have been linked to cell function. 

However, this research cannot explain contradictory findings made using fluorescently labelled 

cargo uptake. The development of correlative Scanning Ion Conductance Microscopy 

combined with laser fluorescent confocal microscopy have allowed for live cell topographical 

imaging directly correlated with fluorescently labelled cargo or proteins. We have used this 

method to investigate the effect dynamin-2 mutations have on clathrin mediated endocytosis 

and caveolae mediated endocytosis.  

Formation of calthrin coated pits, their scission and internalisation are dependent on dynamin 

2. Transmission electron microscopy was used to characterise the impact of dynamin 2 

mutations on populations of calthrin coated pits and their distributions on the cell membrane 
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and the different stages of clathrin mediated endocytosis. Fibroblasts were selected and 

surveyed along the cell membrane to characterize clathrin coated pits which have a distinct 

coat and are less than 200nm in diameter were analyzed, p.R465W-DNM2 fibroblasts, control 

human skin fibroblasts and p.R522H-DNM2 fibroblasts were examined. A substantial reduction 

in the number of mature, omega and internalized pits were observed in p.R465W mutant cells 

when compared with healthy controls. This indicated that the mutation in dynamin 2 for this 

cell line may affect the pit formation process. Overall fewer clathrin coated pits were observed 

in both mutant cell lines compared with the controls. Also since both mutant cell lines have 

different mutations, the counts between these mutant cell lines was calculated and it was 

found that there was a significant difference observed between the number of fully 

internalized coated pits between p.R465W and p.R522H suggesting that the mutation in 

p.R522H may not suppress vesicle formation in this cell line.  

Furthermore, qPCR experimentations were carried out to ascertain the level of RNA expression 

between the cell lines. This showed there was greater expression of dynamin 2 in p.R522H 

compared with control cells whilst there was a lower expression of dynamin 2 in p.S619L 

compared to control. Overall despite the mutations, DNM2 is expressed, therefore it could be 

the function that is being affected. In conjunction with this, western blot was carried to 

ascertain the level of caveolin and clathrin protein found in the mutant cells compared with 

the control. As this could explain the difference in the number of clathrin coated pits observed 

between the controls and the mutant cells. It was found that there was more clathrin  and 

caveolin in the mutant cell lines.  

 

In order to ascertain the effect dynamin 2 mutations, have on cargo sequestration, a bulk 

uptake assay was carried out. Transferrin and cholera toxin B were used as uptake agents, 
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there was a lower uptake of cholera toxin B in mutant cell lines compared with the control cell. 

This suggests that the although caveolin protein is being produced and dynamin 2 RNA is also 

being expressed the cargo is not being endocytosed, this could be because the caveolae 

structures are docked at the cell membrane as seen in the TEM and are unable to endocytose 

cargo effectively. Therefore, cholera toxin B could be up taken by an alternative mechanism. 

While lower uptake of transferrin by p.R465W and more so p.R522H however in TEM we 

observe fewer clathrin coated pits for p.R465W than p.R522H, this also suggests that some 

transferrin uptake maybe taking place by an alternative mechanism. 

One such alternative mechanism could be the uptake through membrane ruffles, which also 

utilise dynamin. Dynamin is known to directly interact with actin and modulate actin dynamics, 

one of the key components which make up the cytoskeleton. However, it has not been well 

characterised if mutations in DNM2 alter the surface morphology. Therefore, experiments 

were carried out to measure the roughness of the cell membranes as well as cell stiffness by 

SICM in cell lines from healthy subject and individuals with DNM2 mutations, for which 

preliminary data is being obtained. 

In this study I have shown that there is an adverse effect on clathrin coated pit lifetime and 

depth when mutations are present in dynamin-2. Scanning ion conductance microscopy was 

used to visualise the clathrin mediated endocytosis pit formation. COS-7 cell lines and human 

skin fibroblasts (controls, p.R465W, p.R522H, p.S619L) were transfected with lipofectamine 

(life technologies) 24 hours prior to scanning, in dishes with >80% cell confluence. 

The characterisation of mutant human skin fibroblasts have shown there is a difference in pit 

visualisation, maturation, progression and internalisation when compared with the wild type.  

In conclusion it has been established that mutations in dynamin 2 affect clathrin coated pit 

formation adversely. As well as reducing the amount of cargo that can be taken up by cells. 



 
4 

 

Mutations in dynamin 2 also affect caveolae endocytosis as the pits become arrested at the 

cell membrane. 
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1.1 Overview of inherited disorders 
 

The number of disorders identified to be caused by mutations in DNA have increased 

substantially over the last two decade. It is therefore important to understand the molecular 

biology and the impact on cellular functions of these mutations, which can lead to a better 

understanding of these disorders. Mutations in the DNM2 gene, which encodes for the 

dynamin-2 protein that is a key component of endocytosis is found to be associated with 

dominant intermediate type of Charcot-Marie-tooth disease (CMT)1, as well as the autosomal 

dominant type of centronuclear myopathy(CNM) 2–5 as illustrated in Figure 1. 

 

1.1.1 Charcot Marie Tooth Neuropathy 

Charcot-Marie-Tooth disease is one of the most common inherited neurological disorder, 

affecting 1 in 2500 Americans.4,6. The name of the condition derives from those who first 

identified it in 1886. CMT defines a community of peripheral neuropathies which affect the 

peripheral nervous system. CMT can be divided into two main categories5,7. CMT type 1 which 

is a demyelinating disease affecting nerve conduction velocities. While type 2 CMT is an axonal 

form in which nerve conduction velocities are normal but with reduced conduction 
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amplitudes6,8. Furthermore, there are dominant intermediate subtypes of Charcot-Marie-

Tooth (CMT-DI) that show both axonal and demyelinating nerve conduction velocities.  

What are the symptoms? 

CMT patients characteristically display weakness in the feet and lower leg muscles, that can be 

seen as a foot drop or high-stepped gait resulting in frequent trips and falls7,9. Patients also 

have a loss of muscle bulk that can manifest as ‘inverted champagne bottle’ appearance in the 

lower legs. Foot abnormalities such as hammertoes and high arches are also seen in patients 

due to the weakness of the small muscles in the feet8,10–12. As the disease progresses, fatigue 

and muscle atrophy can be seen in the arms and hands leading to problems with fine motor 

skills11. This can also be accompanied with mild to moderate sensory loss, which is usually 

described as painless but can be painful in the neuropathy13. Sensory loss is most easily tested 

by pinprick pain test as well as sensitivity to vibrations, temperature and joint positioning. In 

addition to this there may be a development of weak ankle dorsiflexion and depressed tendon 

reflexes as well as sensorineural hearing loss14.  

The clinical diagnosis of CMT in a symptomatic person is based on characteristic findings of 

peripheral neuropathy on medical history and physical examination14. The severity of 

symptoms can vary greatly between patients; this is also true for individuals of the same family.  

What are the causes and risk factors? 

By transmitting electrical impulses along the axon, the nerve cell is able to send communication 

signals. In order to increase the speed of the electrical impulse the axon is insulated by a myelin 

sheath which is made up of Schwann cells. Myelin encases the axon to prevent the loss of the 

electrical signal, without intact axon and myelin sheath the peripheral nervous system 

struggles to relay information between the brain and the limbs12. CMT is caused by genetic 



 
17 

 

mutations in proteins that are required for the proper function of the axon and the myelin 

sheath. Although mutations occur in different proteins between CMT subtypes the resulting 

effect is the loss of normal function of peripheral nerves in all cases. Overtime this leads to a 

degeneration of the nerves, causing a reduction in the ability to feel heat, cold or pain as well 

as leading to muscle weakness and atrophy in the extremities. 

Depending on which gene is affected and what kind of mutation is present, results in either 

the Schwann cells, neurons, or both being directly and indirectly affected, due to disruptions 

in Schwann cell-axon interactions expressing axon atrophy. The genes affected can be part of 

the motor proteins required for normal function of peripheral nerves. Among these, dynamin-

2 has been identified as a gene, which causes the onset of CMTB-DI3,15. 

 

 

Figure 1: Mutations seen in Charcot-Marie-Tooth disease. The solid black line separates the mutations causing axonal forms 
of CMT from the demyelinating forms.  

 

How is CMT diagnosed? 
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CMT patient diagnosis begins with a standard medical history, family history, and neurological 

examination. Patients are questioned about duration of symptoms and familial history of the 

disease. Clinicians will assess muscle strength in arms, legs, hands and feet in patients as well 

as look for evidence of muscle bulk, decreased tendon reflexes, sensory loss and any  foot 

deformities9 will be noted along with orthopaedic problems such as mild scoliosis or hip 

dysplasia. After an initial assessment clinicians may decide further tests if CMT is suspected, 

such as nerve conduction studies and electromyography16. Electrodes are mounted on the skin 

over a peripheral motor or sensory nerves in nervous conduction studies. The electrodes 

transmit a small electric impulse that stimulates the sensory and motor neurons, allowing for 

an assessment of the nerve conduction velocity to take place17. In order to determine axon 

defects, electromyography is used which places an electrode on the skin to measure the 

electrical activity of muscles. Furthermore, genetic testing can also be adopted for some CMT 

types for which mutations have been characterised to confirm the diagnosis9,16–18. 

How is CMT treated? 

There is no cure for CMT6 and currently symptom management is employed by clinicians to 

manage patients. Physiotherapy, braces, orthopaedic devices, or orthopaedic surgery can help 

individuals cope with the debilitating symptoms of the disease. Also, painkillers can be 

prescribed for individuals with severe pain19. 

Current Treatment and current research in drug development 

As has been stated earlier, there is no cure for CMT. In recent years progress has been made 

in the search for potential treatments for CMT patients. The first drug to be highlighted, as a 

potential candidate was ascorbic acid (vitamin C) proposed back in 2008, which subsequently 

went on to clinical trials but failed at this stage. It was shown in mouse models to repress the 

activity of the peripheral myelin protein 22 (PMP22)19, which is overexpressed in CMT type 1A, 
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as a result of the partial duplication of the PMP22 gene in human chromosome 17, possibly 

disrupting the native formation of the myelin sheath resulting in a peripheral demyelination of 

the peripheral axon.  

Another study screened for active compounds found that three drugs; fenretinide, olvanil, and 

bortezomib could be used to reduce endogenous levels of PMP22 mRNA levels, thereby 

improving the CMT-1A phenotype20. 

A different group employed genome editing to generate an assay for high throughput 

screening to identify targets for drug discovery in CMT1A. As a consequence, the bryostatin 

modulator of protein kinase C has been identified, which increases the expression of PMP22. 

Intriguingly the team, which had identified proteasome inhibitors such as bortezomib, did not 

come across this compound in previous screens21. The role of kinases in controlling PMP22 

pathways may give rise to broader consideration of the many known compounds that 

modulate various kinases. 

Chemotherapy-induced neurotoxicity can be a catalyst for some CMT patients as this is how 

they first become aware of their disease, when they are treated for another disease.  Drugs 

such as paclitaxel, that are widely used to treat cancer can cause severe peripheral neuropathy 

in some patients, or exacerbate CMT symptoms, in the process revealing the disease perhaps 

for the first time. Recent developments have looked into trying to protect such patients. 

Recently an already approved FDA drug, ethoxyquin, which is an antioxidant, was observed to 

protect against neurotoxicity in-vitro and in-vivo. This study paves the way for further 

investigations into compounds, which could be used for patients with CMT who may require 

chemotherapy with few alternatives. 

Recent Pharnext studies have published results on the new combination of three drugs named 

PXT-3003 which show an increase in myelination in Schwann cells at concentrations below 
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their approved doses22. PXT-3003 has shown to reduce PMP22 expression in rat models, and 

with the low doses being administered; it suggests the negation of side effects. Earlier this year 

it was shown that a 2-week short-term therapy with PXT3003, beginning at postnatal Day 6 in 

CMT-1A rats, was adequate to reduce motor and molecular defects 3 months later. This data 

suggests that PXT3003 is a promising possible treatment for CMT-1A patients in children and 

young adults23. The three drugs; Baclofen, Naltrexone and Sorbitol have been independently 

approved by the FDA for use in other diseases, but now clinical trials are being carried out on 

combination therapy. 

The clinical trial conducted in 80 patients with mild to moderate presentation of CMT-1A used 

three levels of dose; confirming the safety of the combination therapy with the best outcome 

seen in the highest dose level24. Efficacy was also tested using CMT Neuropathy Score (CMTNS) 

and CMT Examination Score (CMTES), which saw a significant improvement. This trial is the 

most promising treatment to date for CMT.  

Although many questions remain in the understanding of the mechanisms involved of how 

PXT-3003 works, A recent Phase III clinical study of 323 patients showed positive efficacy in 

adult CMT1A patients25. Earlier this year Sarepta Therapeutics announced it was entering a 

phase 1 and 2 clinic trials study to develop a gene therapy for CMT-1A 26.  

Currently CMT-1A is the only type of CMT which has therapeutics in clinical trials, however 

CMT-1A is also the most common type of CMT to affect patients, therefore if clinical trials are 

successful in getting therapies approved by the regulators it will make good impact into the 

progression of CMT research21,22.   
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1.1.2. Centronuclear myopathy 

Centronuclear myopathy (CNM) is an umbrella term for a group of rare inherited congenital 

myopathies. There are three forms of the disease, X-linked, autosomal dominant and 

autosomal recessive. The x-linked myotubular form contains a mutation in MTM-1 gene, with 

the autosomal recessive types being affected by BIN-1, TTN, RYR-1 and striated muscle 

preferentially expressed protein kinase (SPEG) mutations. While the autosomal dominant type 

is affected by DNM2 (Figure 1) and RYR-1 mutations. The cell nuclei of voluntary muscle cells 

appear to be centralised rather than located in the periphery in this condition. The expression 

myotubular myopathy is used to define the x-linked form of the condition while centronuclear 

myopathy is used for the autosomal forms, collectively all forms are known by the umbrella 

term centronuclear myopathies 2,27. 

What are the symptoms? 

Autosomal dominant centronuclear myopathy (AD-CNM) patients will initially develop 

normally. However, muscle weakness can become evident from adolescence or early 

adulthood. It is associated by a mutation in Dynamin-228. Early symptoms involve muscle pain 

during exercise or difficulty in walking. As the patient ages, muscle weakness can become 

progressively worse and some people with this condition may require a wheelchair. Patients 

can experience weakness in the muscles that control eye movement known as 

ophthalmoplegia and droopy eyelids (ptosis)29. In rare cases, people may suffer nervous 

disorders and intellectual disabilities. In some cases the onset of the condition can be severe 

and manifest symptoms in infancy30. These children learn to walk at a later stage than their 

peers and will need a wheelchair in childhood and adolescence27. 

What are the causes and risk factors? 
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Centronuclear myopathy is a rare condition; with 1/50,000 male births affected by the x-linked 

form while incomplete epidemiological data is found for the other forms31–33. The autosomal 

dominant type is found more frequently than the autosomal recessive type, the dominate 

variant is caused by mutations in DNM2 and RYR-1 while the recessive type is caused by 

mutations in BIN-1, TTN, RYR-1 and SPEG genes27. 

Dynamin-2 is involved in endocytosis as well as being associated with microtubules, which form 

part of the cytoskeleton. The BIN-1 gene gives instructions on protein-protein interactions and 

is likely to be involved in the structure of the cell membrane34. 

 The nucleus is usually located at the edge of rod-shaped muscle cells in normal circumstances, 

however in patients with centronuclear myopathy, the nucleus of skeletal muscle cells is 

located in the centre of the cells. It is not yet clearly understood how this shift in nuclear 

positioning affects muscle cell function or how the mutations in the genes causing this 

condition leads to muscle weakness and other symptoms of the disorder 29. 

Mutations in DNM2 and BIN-1 genes are likely to interfere with molecular transport also known 

as intracellular trafficking, within muscle cells. Mutations of the BIN-1 gene lead to an irregular 

structure of the muscle fibre, while mutations in DNM2 can also interact and 

impair microtubules35. Some patients with centronuclear myopathy may have mutations in 

genes as yet unidentified and therefore the cause of the condition in these individuals is 

unknown. 

How is CNM diagnosed? 

The first indication is the physical observation of patients, with patients presenting with 

difficulty walking or exercising. In order to confirm the diagnosis a muscle biopsy is required, 

and the sample is analysed under the microscope. The biopsy of patients shows centrally 
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located nuclei. A genetic test may also be carried out to identify mutations in the genes known 

to cause this disorder31. 

How is CNM treated? 

There is currently no effective treatment or cure for centronuclear myopathy, but 

management of the condition includes physiotherapy, and the use of ventilation or a feeding 

tube if required. The consequences can be catastrophic in the first months of life, and 50% of 

children die by two years of age. Many afflicted male patients may live to puberty or even 

beyond, but their survival depends on extensive mechanical ventilation and support, which is 

often lifelong.  

Research is being carried out to find a treatment for this condition to improve the quality of 

life of patients with this condition.  

One study evaluated the delivery of AT132 which is an adeno-associated virus 8 (AAV8) vector 

containing a functional copy of the human MTM1 (hMTM1) gene36. Recent findings suggested 

the treatment corrected the symptoms of the disease and prolonged survival of treated dogs37. 

The AT132 treatment is now part of the aspire clinical trial, initial safety and efficacy tests have 

been promising with a full scale clinical trial underway38. 

 

1.1.3. Mutations associated with CMT and CNM 

As seen in Figure 2 the majority of dynamin-2 mutations identified in CMT and CNM patients 

are found in the pleckstrin holomogy (PH) domain, followed by the middle domain. There is 

one mutation found in GTPase effector domain (GED) linked to CNM and one mutation is found 

in the proline rich domain (PRD) domain linked to CMT. There are no mutations in the DNM2 

gene which overlap across both diseases.  
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1.1.4. Dynamin-2 mutations associated with CMT and CNM 

CMT 39 and CNM40 are two congenital autosomal neuromuscular disorders that have been 

associated with certain missense mutations and short deletions in the structural domains of 

dynamin-2. CMT is a demyelinating disorder impacting peripheral nerves41, whereas CNM is 

characterised by steady distal muscle weakness and atrophy, usually involving facial and extra-

ocular muscles34,42. Currently there are more than 20 non-synonymous mutations associated 

with CNM and CMT established in the current literature43–45. CNM associated mutations are 

situated within the MD and PH domains of DNM2 whereas a majority of CMT mutations are 

within the PH domain. 

Although most dynamin-2-related mutations are found in MD and PH regions, there are no 

mutations common to both disorders46 and the molecular pathways contributing to these 

disorders remains elusive. The quantification of clathrin-mediated endocytosis (CME) is 

achieved by  fluorescently tagging pathway specific cargo and analysing the uptake rate of 

tagged proteins, for example utilising transferrin as cargo which is taken up specifically by 

clathrin mediated endocytosis. 

With respect to how these disease associated mutations affect dynamin-2 oligomerisation and 

catalytic properties, in-vitro studies have shown that the CNM-linked mutations p.E368K/Q, 

p.R369Q/W and p.R465W located in the middle domain of dynamin-240 and the clustered 

mutations p.A618T, p.S619L/W and p.V625 found in the PH domain47  show improved oligomer 

stability and enhanced GTPase activity. How these and other mutations of dynamin-2 influence 

cellular processes that are dependent on dynamin are still under debate. Due to the well-

established role dynamin-2 plays of catalysing membrane scission during endocytosis, most 
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studies concentrate on this mechanism underlying CNM associated mutations in dynamin-2. 

Yet results have been inconsistent. Over-expression of CNM-linked mutants p.R465W, 

p.R522H, p.S619L, p.P627H, p.V625del, and p.E650K inhibited CME in cells COS-1 and COS-

746,48. The fact that the CNM mutation p.D614N induces intracellular mislocalisation of both 

dynamin-2 and clathrin49  indicates that deficiency in CME may result from anomalous 

distribution of dynamin-2 and other endocytic proteins. Unlike the above results, fibroblasts 

from patients harbouring p.R465W or p.S619L mutations show normal CME46. Similarly, 

heterozygous knock-in (KI) mice carrying the p.R465W mutation show no defects in CME50. 

 

Unlike the heterozygous p.R465W-KI mice, the homozygous specimens show a disruption in 

clathrin-mediated endocytosis, suggesting that the heterozygous and homozygous carrier 

conditions impact CME differently. Patient fibroblasts with homozygous mutation p.F379V, 

which was the first identified as a fatal congenital disorder, also display defective 

endocytosis51. To compare the results of CNM-related dynamin-2 mutations in a setting that 

mimics homozygous and heterozygous systems, Schmidt and Collaborators52  developed stable 

cell lines from dynamin-2 null mice fibroblasts, expressing two CNM-related dynamin-2 

mutants (p.E368K and p.R465W). Cells with similar levels of wild type dynamin-2 and mutants 

are chosen to test clathrin-dependent and clathrin-independent endocytosis, as well as vesicle 

trafficking. The researchers found that none of these mutations affected CME in cases that 

resemble the heterozygous population and were able to completely rescue transferrin in 

dynamin-2 KO cells. All these mutations, however, hindered epidermal growth factor receptors 

and raft-dependent cholera toxin (CTx) endocytosis by clathrin-independent endocytosis.  

In the cases that mimic the heterozygous population, both mutants interrupted 

p75/neurotrophin receptor traffic from Golgi to plasma membrane. Therefore, it seems 
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possible that physiological dysfunctions in CNM patients with heterozygous mutations in 

dynamin-2 may not be a result of deficient CME but may be caused by other dynamin-2-

dependent mechanisms, such as clathrin-independent endocytosis or vesicle trafficking. 

Concerning the process underlying endocytosis in CMT derived cells, correlated with dynamin-

2 mutations, Sidiropoulos and Co-workers53  indicated that a deficiency of CME in Schwann 

cells plays an important role in CMT neuropathy pathogenesis. They noticed that in dorsal root 

ganglia explant cultures from heterozygous embryos with dynamin-2 null alleles that the CMT 

mutants p.K562E, p.G358R, p.G537C and p.L570H, but not the CNM mutants p.R465W and 

E560K, had significantly reduced myelination. Among Schwann cells and motor neurons, these 

CMT mutations reduced internalisation. In comparison, none of the 11 CNM mutations tested 

in the study had any effect on transferrin internalisation, either in Schwann cells or motor 

neurons, indicating that CMT and CNM mutations influence multiple cellular processes54. In 

tandem with this there is also an interest in understanding the fundamental mechanisms 

involved in endocytosis, such as how the plasma membrane is stimulated to form vesicles, how 

external materials are selected into the vesicles and how the contents of the vesicles are 

delivered to the correct intracellular compartments.  
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Figure 2: Diagram of dynamin-2 gene structure and dynamin-2 mutation location correlated with CNM and CMT. Dynamin-2 
comprises of five highly conserved domains. An N-terminal GTPase domain (G-domain), a middle domain (MD), a 
phosphoinositide-binding (PH) domain, a GTPase effector domain (GED), and a C-terminal proline rich domain (PRD) domain. 
An updated database of DNM2 mutations can be found at www.umd.be/DNM2/.  

 
 
1.2. Role of dynamin in cellular functions 
 

Dynamin was first identified as a 100kDa microtubule-associated protein nearly 30 years ago 

that induced bundles of microtubules and facilitated in-vivo microtubules55. As described by 

the same authors, for Dynamin to function it required ATP and other co-purified 

polypeptides55. A year later, Dynamin was cloned and sequenced which discovered a 

consensus GTP-binding site56 and characterised its GTPase activity55. Currently, in mammals 

there described are three dynamin isoforms encoded by three distinct genes DNM1, DNM2, 

and DNM3.  

These show about 80% homology in their sequences, yet differ in their pattern of tissue 

expression; dynamin-1 is mostly expressed in neuronal tissue, dynamin-2 is ubiquitously 

present, and dynamin-3 is expressed in brain, testis, and lungs30. Of these three isoforms, only 

dynamin-2 tends to play a pleiotropic function in embryonic development51. In fact, 
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experiments in knock-out animal models show that deleting dynamin-1 and -3 can be 

substituted by other types of dynamin57, whereas deleting dynamin-2 triggers early embryonic 

lethality. In contrast, defects in DMN2 result in severe inherited neuropathies and myopathies 

in humans, strongly suggesting that dynamin-2 has more sensitive roles in nervous and skeletal 

muscle tissues. 

DNM2 defines the whole class of dynamin-dependent endocytosis mechanisms including 

clathrin-mediated and clathrin-independent caveolin-mediated endocytosis.  

All dynamin isoforms display at least four alternatively spliced versions, resulting in distinct 

dynamin58 proteins30 sharing a primary structure. As seen in Figure 2, DNM2 is formed of: a 

GTPase domain that binds and hydrolyses GTP(G-domain); a middle domain (MD) that is 

responsible for the assembly of rings and helixes, and interaction with actin; a pleckstrin-

homology (PH) domain that binds phosphoinositides and is responsible for targeting of 

dynamin to specific organelles; a GTPase effector domain (GED) that regulates GTPase activity; 

and a proline-rich domain (PRD) that is also responsible for targeting by mediating protein-

protein interactions. The human DNM2 gene encoding dynamin-2 is located on the p-arm of 

chromosome 19 (19p13.2) The human transcript of 3.6 Kb is universally expressed, with higher 

abundance in the heart and skeletal muscles. Successful function of dynamin relies on its ability 

to form high-order oligomers, and to promote its catalytic activity, making its self-assembly 

essential. Purified dynamin has been shown to polymerise spontaneously in the presence of 

negative tubular templates such as lipid membranes, microtubules59,60, actin bundles50,61, and 

weak ionic capacity solutions62. Several cryo-electron microscopy and X-ray 

crystallographic63,64 studies of dynamin and its domains65,66 have allowed for a deeper 

understanding of the mechanisms of dynamin oligomerisation. It appears that the stable 

dimers produced by the crossed interaction of monomeric dynamin "stalk" regions67 are the 
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basic unit that enables dynamin polymerisation67, thus promoting the GTPase activity 

necessary for membrane remodelling and splitting in various cellular processes.  

 

The current, commonly accepted model of dynamin action shows the formation and tightening 

of a dynamin slipknot around the neck of an invaginated clathrin coated pit (CCP) to achieve 

complete pit separation from the cell membrane and form an endocytic vesicle free of the 

plasma membrane68. According to biochemical studies that characterise dynamin as being 

mechanochemical and a regulatory GTPase48, and the spatial-temporal correlation of clathrin, 

dynamin and membrane cargo fluorescence puncta in live cells it was shown that dynamin also 

plays a role in clathrin mediated endocytosis from an early stage69. In this study, I will examine 

the effect, mutations in dynamin-2 have on the endocytic process and vesicle transportation 

and how disease-linked mutations in the dynamin-2 gene change cellular processes. 

 

1.2.1 The structure and function of dynamin-2  

Several studies have shown that DNM2 interacts with actin and other cytoskeletal proteins. 

This suggests there could be a function for dynamin-2 in the development of membrane 

tubules and protrusions.  Furthermore, DNM2 is found to be present in cortical ruffles and 

lamellipodia, both of which are known to play a role in cell proliferation and motility70. DNM2 

is also implicated in cell division, apoptosis and cell signaling68. Dynamins are found to be 

conserved in all eukaryotes; their significance is echoed in their roles in a broad range of 

cellular functions71 . 

The commonly accepted model of dynamin-driven endocytosis involves the self-assembly of 

dynamin motivated by the GTPase domain, GED and MD. Following self-assembly, the PH 
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domain then targets the DNM2 to nascent curved membrane sites72. At the membrane DNM2 

forms a ‘ring’ structure by oligomerising around the neck of the nascent vesicles, followed by 

a conformational change stimulated by GTP hydrolysis resulting in DNM2 tightening around 

the neck of the nascent vesicle46. 

As has been mentioned, mutations in the DNM2 are associated with autosomal dominant 

CNM40, whereas mutations in the BIN-1 encoding amphiphysin-2 are associated with the 

autosomal recessive form of CNM73. DNM2 has been demonstrated to be a key protein in 

clathrin mediated endocytosis and thereby implicating the role of clathrin-mediated 

endocytosis in the pathology of autosomal CNM.  

 

1.2.2. Dynamin as a key component of endocytosis and vesicle recycling 

Dynamin is a GTPase that plays a significant role in recycling secretory vesicles in 

neuroendocrine cells74. The initial evidence signifying a role for dynamin in endocytosis 

originated from the mapping and characterisation of the Drosophila shibire gene identified 

as  Drosophila's mammalian homolog of dynamin75. The first ultrastructural study of shibire 

mutant synaptic terminals showed a decrease in synaptic vesicles and the accumulation of 

"collared pits" indicating a blocked stage in endocytic processes. 76,77. These changes were also 

seen in garland cells, a type of cell considered highly conserved in endocytosis where 

horseradish peroxidase intake was reduced, suggesting a shift in shibire mutant endocytosis78. 

Dynamin's endocytic feature was later demonstrated using GTPase-reduced dynamin 

mutants79,80. Using a non-hydrolyzable GTP-analog, dynamin oligomerises around the neck of 

endocytotic pits with elongated faces, lined with positive electron-dense rings for dynamin 

immune-reactivity81. In addition, the fact that the dynamin mutant p.K44A was defective in 
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GTP binding and hydrolysis and explicitly blocked coated vesicle formation without affecting 

coat assembly and invagination suggested that dynamin is necessary for the constriction and 

subsequent budding of coated vesicles. Later studies have shown however, that dynamin is 

also important as the clathrin lattice extends82,83. This is important for the formation of 

endocytic vesicles that lead to cargo uptake.  At this level, dynamin can serve as a scaffolding 

molecule, interacting with SH3-domain-containing proteins which regulate coated pit 

assembly and maturation. Dynamin recruitment at endocytic sites also depends on its 

interaction with SH3-domain-containing plasma membrane proteins and phosphoinositides 

through its PRD  and PH  domains84–86. 

Concerning the process by which dynamin catalyses membrane fission, it was proposed that 

the assembly of dynamin into helical oligomers around the neck of clathrin-coated pit facilitate 

the dimerisation of neighbouring helical, ring G-domains leading to GTP hydrolysis64. GTP 

hydrolysis causes a conformational shift in dynamin polymers, enabling dynamin ring 

constriction64,87,88. Ring constriction then induces membrane neck constriction and increases 

membrane curvature89. This switch in membrane curvature raises the local elastic energy, 

increasing the fission heat barrier and then causing spontaneous fission at the boundary 

between the dynamin loop and the membrane89. Dynamin's capacity to catalyse membrane 

fission is necessary not only in CME, but also in other forms of endocytotic pathways, 

independent of clathrin. For example, dynamin is necessary for caveolae-mediated 

endocytosis90, which is important for molecules such as complement C5b-9 complex91. 

Dynamin also participates in internalising the interleukin-2 receptor β-chain through a clathrin-

independent but RhoA-dependent mechanism hindered by over-expression of a dominant 

negative GTPase activity mutant92. Entry of many pathogens and toxins such as CTx B, anthrax 

toxin, Ebola virus, HIV and Hepatitis C virus into host cells often includes dynamin 
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intervention93–96. Ultimately, dynamin's position in vesicle formation is not confined to the 

plasma membrane and, as described earlier, its function is also required in intracellular 

compartments. 

 

1.2.3. Dynamin as a facilitator of membrane fusion 

Dynamins are involved in a variety of fusion processes. In neuroendocrine cells97,98, acrosomal 

reaction99, cell-to-cell fusion100,101, and host cell fusion102 as well as regulated exocytosis. 

Studies in the early 2000s first showed evidence showing the role of dynamin in exocytosis, 

indicating that dynamin-2 was active in kiss-and-run, a temporary type of exocytosis, in 

neuroendocrine cells97,103. It was hypothesised that dynamin would enable reclosure of the 

vesicle mouth102,104, through a mechanism similar to that mentioned for the formation of 

vesicle endocytosis105. Nevertheless, the process by which dynamin regulates hormone release 

remains unclear. The structure that makes the process of fusion during exocytosis is more 

intriguing. For example, dynamin-2 reportedly favours granule secretion in both normal 106 and 

insulin-secreting107 cells. More recently, it has been stated that dynamin-1 in a GTPase-

dependent fashion accelerates the development of the fusion pore, an intermediate structure 

formed during exocytosis108. For fusion methods, DNM1 and DNM2 are preferred. One 

possible explanation is that dynamin interacts with SNARE and other proteins that bind with 

SNARE 109. Through its interaction with syntaxin110 and synaptophysin111, dynamin-2 has been 

shown to link secretory granules in chromaffin cells110. In mammalian semen, dynamin-2 is 

associated with SNARE regulatory protein complexin112, which during acrosomal exocytosis 

supports membrane fusion99. In yeast, Vps1p; a dynamin homolog interacts with t-SNARE 
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Vamp3 and inhibits the fusion reaction by disrupting this association with an antibody against 

Vps1p113.  

Another theory is that by actin cytoskeleton dynamics, dynamin regulates fusion events. 

Cortical actin is dynamically rearranged during guided exocytosis in neuroendocrine cells which 

function as a buffer as well as a transporter for the entry of secretory granules into the plasma 

membrane114,115. Actin filaments regulate the expansion of the fusion pore along with 

dynamin108. Since dynamin regulates actin organisation 61,116,117, it is reasonable to conclude 

that its actions on fusion processes relies on its capacity to modulate actin dynamics118. It has 

recently been shown that Ca2+-dependent polymerisation of cortical actin in adrenal 

chromaffin cells is driven by endogenous dynamin-2. Interestingly, cortical actin and dynamin-

2 regulate the initial expansion of the fusion pore as well as the release of transmitters, 

indicating synergistic activity during exocytosis119. Corey Smith and Collaborators reported that 

fusion pore expansion in chromaffin cells is regulated by combining dynamin-1 with syndapin98, 

a protein which modulates actin polymerisation by Neural-Wiskott–Aldrich syndrome-protein 

(N-WASP)120. 

Dynamin-2's function in fusion processes has also been applied to myoblast fusion in 

multinucleated myotubes.100 Interestingly, at a stage that follows hemi-fusion but precedes 

pore expansion, dynamin-2 GTPase activity is required 100. The underlying mechanism is still 

uncertain, but in centronuclear myopathies it might explain muscle weakness caused by 

dynamin-2 mutations. DNM2 has also been found to be involved in cell-to-cell fusion caused 

by HIV-1 virus infection101 and fusion between HIV-1 virus and endosomes121. It has been 

shown that dynamin facilitates the expansion of the fusion pore that links the HIV-1 envelope 

with the endosomal membrane, but the process remains to be explained. 
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Such results together suggest the pleiotropic function of dynamin in membrane fusion.  While 

dynamin alone does not promote membrane fusion, it appears to work after a state of hemi-

fusion, facilitating expansion of fusion pore 100. Perhaps, the underlying mechanism relies on 

the ability of dynamin to feel the curvature of the membrane and to remodel membranes 122. 

 

1.2.4. Dynamin as a regulator of microtubule instability 

While dynamin was first identified as a protein associated with microtubules55, its specific role 

in microtubule  integrity and dynamics remains unclear. Herskovits and colleagues observed 

that the whole PRD domain was a microtubule-binding site in studies done in-vitro using 

papain-digestion tests. It was later found that the PRD amino-terminal segment was required 

to bind dynamin to microtubules, while its C-terminus seemed to control this interaction123. 

Studies have reported polymerisation between dynamin and microtubules, interlinking them, 

and causing bundle formation55, as well as indicating that microtubules facilitate GTPase 

activity60. Certain findings showed that the middle domain of dynamin-2 attaches to g-tubulin 

locating dynamin-2 to the centrosome 124, indicating it is active in centrosome cohesion124. 

More recently, dynamin-2 has been shown to be enriched in microtubule bundles within the 

mitotic spindle of mitotic cells, playing a key role in the progression of the cell cycle125. In 2009, 

Tanabe and Takei observed that depletion of dynamin-2 in COS-7 cells led to an abnormal 

accumulation of stable microtubules, resulting in disturbance of microtubular-dependent 

membrane trafficking. These authors found no alterations in the assembly of microtubules 

within cells that expressed a specific interfering RNA against dynamin-2 but reported increased 

stability of pre-existing microtubules. Indicating a role of dynamin-2 in microtubule instability 

dynamics 126. This dynamin function tends to be independent of the activity of GTPase. On the 
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other hand, removing three residues of amino acids found at the PH domain β3/β4 loops 

induces the aggregation of microtubules and that of acetylated tubulin, indicating that this 

region is essential for proper microtubule bundling126. The researchers also mention that for 

proper Golgi network and vesicle trafficking, this dynamin-2 action on microtubule volatility is 

important. 

 

1.2.5. Dynamin involvement in actin cytoskeleton dynamics 

Dynamin-2 is recruited into various actin-rich structures such as phagocytic cups127, 

podosomes128, actin129, lamellipodia70, and filopodia117, causing a polymerisation association 

between dynamin-2 and actin cytoskeleton as seen in figure 3. During activation of T-cells130, 

phagocytosis131, and clathrin-dependent endocytosis132, actin and dynamin-2 also have a 

regulatory function. In the latter, actin and dynamin-2 show synergistic activity where one 

modulates the other's activity and both include re-modelling and scission of the membrane 

133,134. Dynamin assembly in all of these structures appears to promote the overall operational 

activity of DNM2, based on its GTPase activity 116. The mechanism is still unclear, however due 

to its relationship with several nucleation-promoting factors (NPF) through an interaction with 

PRD-SH3, namely Abp1135, N-WASP136, and cortactin, all of which were identified as dynamin-

partners during actin-polymerisation. Direct association between dynamin and short actin 

filaments (F-actin) was described by Gu and colleagues in 2010116. Actin tended to encourage 

dynamin oligomerisation and affect dynamin-induced elongation in which dynamin was 

proposed to facilitate F-actin61 polymerisation by eliminating the "capping" protein gelsolin 

and encouraging actin elongation116. More recently, dynamin has been shown to induce actin 

bundle stabilisation in a manner that is based on its association with cortactin in growth cone 
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filopodia, where it appears to form ring structures along with actin filaments which stabilise F-

acting in bundles117. As dynamin oligomerisation increases its catalytic efficiency, its 

interaction with cortactin during actin polymerisation is greater than that of just an 

"uncapping" protein116. 

 

Figure 3: Illustration of a cell showing the roles of dynamin 2 in a cell. Dynamin 2 plays a role on clathrin and caveolin mediated 
endocytosis as well as in podosome and invadopodia. Dynamin is also seen to work closely with actin in various cellular 
processes.  

 
1.2.6. Role of dynamin in vesicle trafficking and golgi function 
 
Dynamin associated pit budding and membrane fission have been reported in intracellular 

compartments including endosomes 137,138, and Golgi complex139  . With regard to dynamin-2 

involvement in endosome trafficking, DNM2 tends to play a function in the movement of 

vesicles from late endosomes to the Golgi compartment137,140 and the other in an early 

endosome recycling pathway138 in two different steps55. Nevertheless, it was more difficult to 
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classify dynamin-2 in post-Golgi vesicle trafficking. One study showed that the passage of 

vesicles from the Golgi to the cell surface or lysosomes was independent of dynamin141 and 

that there was no evidence of endogenous dynamin-2 localisation in the Trans-Golgi network 

(TGN) or involvement in the development of vesicles from this compartment using cell lines142. 

Moreover, contemporary studies have shown that ectopically expressed dynamin-2 localises 

in hepatocyte TGN and inhibits the production of clathrin-coated pits from Golgi membrane in 

a cell-free assay, in the presence of anti-dynamin antibodies, indicating the importance of 

dynamin at this stage139. Nonetheless, canine kidney cells expressing a dynamin-2 mutation 

defective in GTPase displayed limited movement of vesicles from the Golgi to the apical 

membrane143. In addition, dominant negative dynamin-2 mutant overexpression has been 

shown to lead to protein persistence and cistern aggregation in the Golgi compartment, 

suggesting dynamin-2's role in preserving both the TGN structure and function144. 

It has been shown that endogenous dynamin-2 is located in TGN in neuroendocrine mouse 

pituitary corticotrope cells, where it interacts with the β-subunit of G-protein via its PH 

domain145. Interestingly, the overexpression of the isolated PH domain allowed dynamin-2 to 

be translocated from the Golgi complex to the plasma membrane, thus inhibiting β-endorphin 

basal and CRH-induced secretion, suggesting a key role for dynamin-2 in the secretory 

pathway145. Several experiments have highlighted the importance of dynamin-2 in the proper 

transition of nascent proteins from the TGN to the plasma membrane, a mechanism that 

seems to rely on the cytoskeleton of actin. In this way, a subset of actin filaments bound to the 

Golgi membrane by the large GTPase Arf-1 proceeds to form complexes with dynamin-2 and 

actin-binding protein cortactin.  Enabling the introduction of secretory vesicles and traffic post-

Golgi146. Certain proteins such as LimK1 and its substratum cofilin, syndapin, and Wiskott–

Aldrich syndrome-protein were also implicated in the modulation of cytoskeleton peri-Golgi 
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actin and in the dynamin-mediated movement of secretory vesicles from Golgi to plasma 

147,148. In addition, for cholesterol-induced Golgi fragmentation and vesicle segregation shown 

in Hela cells, dynamin-2 activity is necessary.  As well as Golgi vesiculation caused by c-SRC 

kinase activation, dynamin plays an essential role in Golgi dynamics along the secretory 

pathway149,150. 

1.3. Cell membrane transport 

1.3.1. Types of membrane transport 

There are several (Figure 4 and 5), mechanistically distinct endocytic pathways in mammalian 

cells. These pathways require the development of small vesicular carriers. These include CME 

and endocytosis mediated by caveolae. These are among the first to be identified and remain 

the best-characterised pathways 151,152. All include the broad fission GTPase dynamin (Figure 

4), as do a subset of endocytic and lipid-raft-independent clathrin and caveolin mediated 

pathways (Figure 5), collectively called clathrin-independent pathways153. The majority of the 

clathrin-independent pathways are controlled by Rho-family or Arf6 GTPases that drive actin 

assembly which is required for invagination and fission 153,154. Clathrin-independent and actin-

dependent internalisation pathways are less well understood and mediate non-specialised, 

bulk or fluid phase uptake as well as glycophosphatidylinositol-anchored protein 

internalisation, although specific transmembrane cargoes have also been identified155. 

Endocytic vesicles derived from these divergent pathways typically merge at early endosomes, 

although the degree of rapid recycling after take-up probably varies across different 

pathways153. 

Clathrin mediated endocytosis transpires through small vesicles of about 100nm diameter. The 

clathrin-coated vesicles are found in most cells and form clathrin coated pits156. Coated pits 
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can concentrate receptors, which are required for receptor-mediated endocytosis of ligands 

such as low-density lipoprotein (LDL), transferrin, growth factors, antibodies and others157. 

There are several forms of clathrin independent endocytic mechanisms, which can control a 

large volume of the endocytic traffic. These pathways can include the Rho A, Rac, CDC42, Arf6, 

caveolae and macropinocytosis158,159. Caveolae are the most commonly reported non-clathrin 

membrane vesicles.  They consist of the cholesterol-binding protein caveolin with a bilayer 

enriched in glycolipids and cholesterol160. Caveolae are small 50nm diameter flask-shaped pits 

in the plasma membrane that resemble the shape of a cave, from which the name caveolae is 

derived161,162 . They can make, up to a third of the plasma membrane area of cells and are most 

abundantly found in smooth muscle, fibroblasts, adipocytes and endothelial cells. Uptake of 

extracellular molecules is also believed to be mediated through receptors in caveolae163. 

The raft-associated proteins, flotillin 1 and flotillin 2 have been shown to be involved in both 

dynamin-dependent and dynamin-independent endocytic mechanisms164. Using TIR-FM, it has 

been shown that flotillin-1 containing vesicles budding into cells was much less frequent when 

compared to that of clathrin coated pits165. While flotillin-2 puncta were observed to traffic 

from the Golgi as well as from the plasma membrane. Flotillin-2 can be stimulated by serum 

and epidermal growth factors (EGF)166. The GPI-linked protein CD59 has been found in flotillin-

1 domains and its uptake is thought to be flotillin dependent. Proteoglycans also require 

flotillin-1 in a dynamin dependent manner for endocytosis where the puncta deliver the 

proteoglycans to the late endosomes50,167–169.  
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Figure 4: Endocytosis modulates the plasma membrane composition actively and is essential for the internalisation of 
receptor-bound macromolecules. There are multiple pathways for entry into the cell, with some pathways dependent on 
dynamin such as clathrin mediate endocytosis, caveolin mediated endocytosis and RhoA dependent pathway. Some pathways 
such as cdc42 and Arf6 pathways are dynamin independent.  

RhoA and Cdc42, have been described to be reliant on lipid rafts for vesicle formation with the 

involvement of dynamin-2. RhoA is known to be involved in interleukin-2 receptor endocytosis 

as well as toxins such as Clostridium botulinum C2, although clathrin mediated endocytosis can 

also endocytose the C2 toxin56. Cdc42-dependent endocytosis is responsible for the largest 

fraction of fluid uptake as well as being involved in the uptake of GPI-anchored proteins and as 

such is known to be part of the CLIC/GEEC pathway170. Interestingly it has been found that the 

pathway utilised by the GPI-anchored proteins could be dependent on the size and shape of 

the protein. 
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Figure 5: Classification of endocytosis pathways based on clathrin and dynamin-involvement: clathrin and dynamin-
independent endocytosis; clathrin-independent dynamin-dependent endocytosis; clathrin and dynamin-dependent 
endocytosis. Lipid-rafts based classification of endocytosis pathways: non lipid rafts membrane domains; mixed membrane 
domains; membrane domains in lipid rafts. 

 

Another clathrin-independent pathway is that of the Arf6 dependent endocytosis. Arf6 is 

involved in the uptake of major histocompatibility complex class I proteins (MHC-ClassI) and 

integrins. For the most part Arf6 endocytosis seems to be dynamin independent however in 

the cases of Cox-sackie virus A9171 and the Herpes Simplex virus it was reported to be clathrin-

independent, but dependent on both dynamin and Arf6172. 

Macropinocytosis is a pathway that has been known of for some time, it usually presents as 

highly ruffled regions on the plasma membrane with cell membrane invaginations forming 

pockets that pinch off into the cell to form vesicle, filled with extracellular fluid and molecules, 

this seems to occur in a non-specific manner with the vesicles migrating into the cytosol and 

fusing with endosomes or lysosomes167. 
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On the other hand, phagocytosis is a process primarily involved in cleaning up cell debris, 

microorganisms and apoptotic cells. This process requires the uptake of larger membranous 

areas other than clathrin or caveolae mediated endocytosis168. 

 

1.3.2. Dynamin Dependent Endocytosis  

1.3.2.1. Clathrin mediated endocytosis 

With the invention of electron microscopy (EM) came a greater appreciation of the 

complexities of the cellular membrane. In the 1960’s electron microscopy images of protein 

coats were observed in many tissues, which then led to the discovery of clathrin as a major 

protein involved in endocytosis35. CME is the major route of entry into the cell. CME is triggered 

by adaptor proteins which sense sorting motifs on surface receptors, for example cargo can 

enlist clathrin in order to form nascent CCPs (Figure 5).  CCPs tend to concentrate cargo as they 

develop and mature using various endocytic accessory proteins (EAPs). Dynamin-2 is recruited 

to emerging CCPs and can regulate early stages of CCP maturation. As shown in Figure 5 a burst 

of dynamin recruitment to form collar-like structures at the necks of deeply invaginated coated 

pits drives membrane fission and vesicle release. Subsequent uncoating reaction of clathrin, 

recycles the clathrin-coat components and releases the vesicle for subsequent intracellular 

transport. 
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Figure 6: Core components of the machinery driving clathrin-mediated endocytosis. Clathrin triskelion, consisting of three 
clathrin heavy chains (CHC) and three closely related light chains (CLC), are assembled into a polygonal lattice which helps to 
compact the overlying plasma membrane into a coated pit. The α-adaptin subunits, where they mediate clathrin assembly 
through the b2-subunit and interact directly with sorting motifs on cargo molecules. these are directed to the plasma 
membrane by adaptor proteins. Dynamin-2 is a GTPase that is recruited to the neck of coated pits where it can assemble into 
a collar-like shape to carry out membrane fission and release clathrin-coated vesicles. The coat constituents are recycled for 
reuse by a subsequent uncoating reaction. 

 

1.3.2.1.1. Introduction to clathrin 

Membrane coats are used to invaginate plasma membranes in order to achieve vesicles, which 

are capable of carrying cargo to their destination. Thus far three types of coat complexes have 

been characterised, coat protein-I (COP-I), (COP-II) and clathrin173. COP-I has been shown to 

carry cargo between the Golgi and the endoplasmic reticulum (ER), while COP-II is associated 

with vesicle transport from the ER to the Golgi174. Clathrin is used in receptor-mediated 

transport of cargo from the plasma membrane to early endosomes as well as being involved 

in transport from the trans-Golgi networks to endosomes175,176. The clathrin coat begins 

forming on the cytoplasmic side of the plasma membrane, which form pits that eventually 

scission off to become independent clathrin coated vesicles (CCV). In cellular cultures CCVs 
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have been observed to form in approximately one minute with several thousand forming every 

minute. EM imaging of plasma membranes with deep etched surfaces reveal clathrin coats to 

be highly organised polygonal shapes, which is also seen on CCVs and clathrin cages. 

Early studies described clathrin in two units, firstly the main component of the scaffold which 

is made up of a 190kD clathrin heavy chain protein while the second is the light chain of  about 

25kD. The heavy and light chain components form three legged trimers named triskelion, 

which oligomerise to produce the polygonal shapes seen in the electron microscopy images177. 

Since clathrin does not bind directly to the membrane or cargo receptors, it requires adaptor 

proteins to assist with the vesicle production and cargo selection, such as the assembly protein 

AP180 and the adaptor complexes. AP180 was shown to be involved in clathrin assembly and 

is crucial for the synaptic vesicle endocytic process as well as the maintenance of uniform sized 

vesicle production in vivo. Adaptor proteins have been shown to aid clathrin cage assembly by 

linking clathrin to the membrane. After these cytoplasmic proteins have contributed to the 

endocytic event they are then recycled back to the cytoplasm ready for use in the next event177. 

 

1.3.2.1.2. Clathrin Coated formation in vitro 

1.3.2.1.3. The Clathrin Coated Vesicle Cycle 

Current knowledge of the clathrin-coated vesicle cycle has established five stages of formation.  

 

Nucleation. 

This is the first stage of formation of an invagination in the membrane known as a pit. Until 

recently clathrin-coated pit initiation was thought to be instigated by recruitment of the 

protein, adaptor complex 2 (AP2). However, it is now thought that the initiation stage involves 
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a nucleation module that outlines the site where clathrin is drafted and vesicle formation 

occurs. The nucleation module seems to assemble at the plasma membrane due to its 

attraction for the plasma membrane-specific lipid phosphatidylinositol- 4,5-bisphosphate 

(PtdIns(4,5)P2)178,179. Current understanding has revealed that the nucleation module requires 

FCH domain proteins, EGFR pathway substrate 15 (EPS15) and intersections, as depletion of 

these molecules was shown to inhibit clathrin coat recruitment. FCH domain is a short-

conserved region of around 60 amino acids first described as a region of homology between 

FER and CIP4 proteins. The FCH domain proteins are involved in the early nucleation phase as 

they can bind to low curvatures and stimulate bending of the membrane for clathrin coat 

progression73,180. 

 

Cargo Selection.  

Once the putative nucleation module has been created then the AP2 protein is recruited to 

the plasma membrane181. AP2 is found to be the second most abundant protein after clathrin 

in CCV formation182,183. AP2 has been shown to bind with Phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2) and cargo molecules, by direct interaction with ubiquitin-interacting 

motifs in the cytoplasmic tails of transmembrane receptors1,184. PI(4,5)P2 is a lipid messenger 

that controls a wide array of essential cellular processes, such as signal transduction, vesicle 

trafficking, actin cytoskeleton dynamics, adhesion, and motility.  

 

Current research has identified a number of adaptor proteins, which bind to different 

receptors in various cell types. Some examples like dishevelled interacts with frizzled, stonin-2 

binds to synaptotagmin, these cargo specific adaptor proteins bind to the core adaptor protein 

AP2185–187. FCH proteins also have ligand binding domains for cargo and therefore cargo 
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selection could be taking place as early as the nucleation module stage. As AP2 binds to clathrin 

and most accessory proteins, during clathrin coat maturation it plays a major role in 

interactions. If clathrin-coated pit maturation is hindered by AP2 recruitment, then the 

nucleation module is assembled but clathrin is not recruited and therefore vesicles are not 

formed. This indicates that AP2 is a critical protein required in driving clathrin coated pit 

formation181,188. 

 

Clathrin coat assembly.  

Once cargo has been selected for endocytosis, clathrin triskelia are then recruited from the 

cytosol to the adaptor protein concentrations at the membrane to begin the process of the 

coat formation. Clathrin triskelia oligomerise to give rise to a stable structure, which has been 

thought capable of mediating the bending of the membrane as pit invagination progresses189.  

However due to clathrin binding to the flexible region of the adaptor proteins, the force 

generated by polymerisation would render it inefficient for the deformation of the membrane. 

Therefore, interactions of curvature effectors are thought to aid membrane curvature. 

Furthermore, some cell types have contain clathrin triskelia arranged as flat hexagonal lattices 

on the cytoplasmic side of the membrane, and these flat lattices have been demonstrated to 

have slower pit turnover rates190. Nevertheless, if clathrin is absent from the cells, then AP2 is 

recruited into the plasma membrane and forms puncta that co-locate with the nucleation 

module but cannot mature.189 

Vesicle Scission.  

Clathrin-coated vesicle separation relies on a large mechanochemical GTPase called dynamin. 

BAR-containing proteins, which are attracted to the vesicle neck and are thought to play a role 
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in the development of the neck are recruited to sites of scissioning.58. Examples of such 

proteins include amphiphysin, endophilin and sorting nexin 9 (SNX9), which have SRC 

homology 3 (SH3) domains, which bind to dynamin. The currently understood model of 

dynamin depicts the formation dynamin around the neck of invaginated clathrin-coated pit 

(CCP), subsequent tightening of dynamin achieves complete pit separation from the cell 

membrane and form an endocytic vesicles191. Based on biochemical studies which characterise 

dynamin as a mechanochemical and regulatory GTPase and the spatial-temporal association 

of clathrin, dynamin and membrane fluorescent puncta in live cells, it was suggested that 

dynamin also plays a regulatory function in CME, starting from the very early stages of CCP 

nucleation192. Inhibition of dynamin recruitment can lead to vesicle formation arrest at the 

vesicle scission or clathrin coat formation stages. Dynamin may also be seen in other vesicle-

budding pathways, where it is recruited by another set of proteins. 

Uncoating and recycling.  

Once vesicle scission has been achieved, a protein known as heat shock protein 70 (HSP70) 

and its cofactor auxilin are recruited to disassemble the clathrin lattice, allowing the uncoated 

vesicle to fuse with this target endosome193. When vesicle budding has taken place, it is unlikely 

that the clathrin cage was completely constructed across the neck area of the vesicle, therefore 

allowing uncoating apparatus to assemble at this site first to begin the uncoating process. 

Auxlin binds to the terminal domains of the clathrin triskelia, and then recruits HSP70 to a 

specific motif at the base of the triskelium thereby initiating the uncoating process. Uncoating 

frees the clathrin triskelia to be recycled and used in additional round of clathrin coated vesicle 

budding193–196. 
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The primary function of clathrin-mediated endocytosis is to selectively internalise receptors 

that carry essential metabolites for the cell such as cholesterol and iron. Transferrin (Tfn) is 

one such receptor that has been classically used to study clathrin-mediated endocytosis. Once 

internalised the receptors are freed from their ligands and recycled back to the cell surface or 

sent down lysosomal sorting for degradation. In this way, receptors rely on AP2 to recruit 

clathrin-coated pits whether directly or indirectly via cargo-specific adaptor proteins 197. 

Clathrin mediated endocytosis is able to influence the protein composition of the cellular 

surface and thereby control receptor signaling, response to channel activation and transporter 

activity198. The signalling pathways in the cell can have a broad range of effects ranging from 

cell growth, division and differentiation to synaptic transmission, development, chemotaxis, 

and immune responses. The involvement of clathrin-mediated endocytosis in signal 

transduction allows for the internalisation of activated receptors that are carrying cargo. The 

ligand-receptor complex may then be sent down a lysosomal pathway for degradation thereby 

terminating the signal 199. On the other hand by internalising ligand-receptor complexes into 

endosomes, it can act as a platform to further activate or amplify signals. Under conditions of 

low ligand concentrations, clathrin mediated endocytosis can recycle receptors to the cell 

surface for sustained signaling. Moreover, mutations in dynamin 2 result in clathrin mediated 

endocytosis not able to fully internalize cargo from the plasma membrane as dynamin is unable 

to scission the neck of the vesicle from the plasma membrane and results in shallow abortive 

pits (Figure 6). 
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1.3.2.2. Caveolae mediated endocytosis 

1.3.2.1.1. Introduction to caveolin 

The best characterised form of endocytosis is through the clathrin mediated pathway however 

other pathways are also able to uptake cargo through mechanisms such as caveolae mediated 

endocytosis and raft dependent endocytosis. There are three types of caveolin protein found 

in mammalian cells, which form part of the caveolae structure. Caveolin-1 and -2 are expressed 

mainly in non-muscle cells with neurons and leukocytes lacking the presence of caveolins while 

caveolin-3 is expressed specifically in muscle cells. 

Caveolae are flask or omega shaped invaginations in the plasma membrane with a diameter of 

50-100nm200. Caveolae are detergent resistant as shown by biochemical studies, being highly 

hydrophobic membrane domains composed mainly of cholesterol and sphingolipids169,201. 

Studies have revealed that caveolae formation requires proteins other than caveolins, since 

overexpression of caveolin-1 does not lead an increase in the formation of caveolae at the 

plasma membrane, suggesting that additional proteins are required. Another protein known 

as cavin was identified as a key caveolar protein, being shown to be required in mammalian 

and zebrafish cells172,202. The role of cavin in caveolar structures seems to be to stabilise the 

membrane curvature to produce the flask shape of caveolae. Investigations have shown that 

a decrease in cavin levels lead to the internalisation of caveolin-1, which is then sent down a 

degradation pathway. Morphological and biochemical analysis suggest that cavin interacts 

with mature caveolae at the plasma membrane but not with caveolae that are present at the 

Golgi complex172,173. Meanwhile cholesterol is also an integral part of the caveolae formation, 

cells with depletion in cholesterol lose caveolae resulting in the flattening of the plasma 

membrane174. 
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Research has shown that caveolae are not immobile structures, in fact they are either 

compartmentalised into multi-caveolar structures that are stationary or more interestingly 

undergo continuous fission and fusion cycles with the plasma membrane. It has been shown 

that serine / threonine kinases control this short distance kiss-and-run caveolae dynamics203. 

While caveolae are typically not involved in conventional endocytosis, they will easily 

internalise when they are activated by ligand binding. Several ligands were shown to be 

internalised by caveolae such as folic acid, albumin, autocrine motility factor, alkaline 

phosphatase and pathogens like cholera toxin and SV40 virus, polyoma virus and HIV 

virus182,204–207. This stimulated internalisation of caveolae changes the transport from short-

range to long-range mode. Recent clarifications in this field have concluded that caveolae take 

part in endocytosis as a parallel mechanism to the clathrin mediated pathway. 

Caveolae endocytosis is regulated by kinases and phosphatases, tyrosine phosphorylation 

triggers caveolae internalisation. Dynamin-2 is involved in vesicle scission, which leads to 

caveolae budding off from the cell membrane and internalising. The internalisation process is 

dependent on the cytoskeleton, local disassembly of actin leads to the inward transport of 

caveolae. When caveolae has bud off from the plasma membrane, the vesicles can be coupled 

with motor molecules that can help guide the vesicle towards the cytoplasm via microtubules. 
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Figure 7: Effect of impaired dynamin-2 on clathrin-mediated endocytosis. Clathrin triskelions are assembled into a polygonal 
lattice which helps to drive plasma membrane into a coated pit. Mutations in Dynamin-2 result in its recruitment to the necks 
of coated pits where it can assemble into a spiral or collar-like shape but is unable to carry out membrane fission and release 
clathrin-coated vesicles. Therefore, the pit becomes abortive and shallow and constituents are eventually recycled for reuse 
by another attempt at vesicle internalisation.  

 
 
1.3.2.2.2. Caveolae and endocytosis 
 
Mammals have three isomers of the caveolin protein, caveolin -1,-2 and -3. Although caveolin-

3 is specific to the muscles, caveolin-1 and caveolin-2 are widely found in non-muscular cells 

with only neurons and leukocytes that seem to lack caveolae. For many years, it has been a 

subject of controversy as to whether and how caveolae undergo endocytosis. This includes 

varied studies on which cargoes could traffic through this route, the compartments involved, 

and whether individual pits 'pinch-off' caveolae would be similar to clathrin-coated pits. 

Caveolar endocytosis research was confused with issues with caveolin overexpression and lack 

of specific caveolae markers. For example, it is now recognised that the SV40 virus, originally 

thought to be a particular marker of caveolar endocytosis208, is internalised by caveolin-

independent pathways209,210. Nevertheless, a consensus has emerged from the use of several 

different experimental systems that dynamin drives the budding of caveolae from the 
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surface211,212. Caveolae were also suggested to traffic to a new endosomal compartment, 

named caveosome208 although later studies identified this compartment as late endosomes or 

multi-vesicular bodies (MVBs) modified by caveolin-1 overexpression213. Caveolin-1 is 

abundant in caveolae214, with at least 100–200 molecules per caveola203. Overexpression of 

caveolin-1 in caveola-deficient cells is sufficient to produce flask-shaped plasmalemmal 

invaginations that are morphologically indistinguishable from caveolae in normal cells215. This 

suggests that caveolin-1 is required and maybe even be sufficient for caveolar biogenesis. 

However, caveolin-2 does not appear to be essential for caveolae formation but it  most likely 

plays an important role in some caveolin structures. Caveolin-1 is capable of producing higher-

order oligomers, it is palmitoylated and can bind to cholesterol and fatty acids to control the 

production of oligomers216,217. This may be important both in ordering local lipids into 

invagination-competent compositions and in exporting these lipids to the plasma membrane. 

Caveolin-1 forms complexes made up of 14-16 monomers218, and a design has been proposed 

to allow caveolin-1 to modify the curvature of the membrane219. Caveolin-1 binds the fatty 

acid tails of glycosphingolipid (GSL) GM1 and may co-locate with GM1 and another raft-

associated GSL, Gb3, in cell membranes220. Nevertheless, GM1 and Gb3, and their ligands 

cholera toxin  and shiga toxin (STx), respectively, are located on the extracellular leaflet of the 

plasma membrane, and caveolin-1 is found on the cytoplasmic side. Caveolin-1 forms a hairpin 

structure that is embedded in the membrane, possibly spreading through the outer monolayer 

and probably leads to the necessary cross-talk across of the bilayer. Both its N and C terminals 

are open to cytoplasm and it is thought that caveolins may contribute to the spike-like coat 

found on caveolae. In contrast to this,  high-resolution EM examination of caveolar 

ultrastructure has shown a ring-like density located around the caveolar neck221. 
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The existence of caveolae in many cell types is definitely consistent with a major role in cell 

trafficking, and some markers have been shown to be able to undergo endocytosis in caveolin 

structures, such as SV40 virions and cholera toxin B subunit (CTxB)162,222,223. Caveolae tend to 

be produced in the Golgi system where they obtain their characteristic detergent insolubility 

and cholesterol in combination with (at least partial) caveolin-1 oligomerisation224. Cholesterol 

reduction flattens caveolae214  and increases the stability of caveolin-1 in the plasma 

membrane. Given these findings, the precise role of caveolin-1, the basic lipid composition of 

caveolae and the specific functional importance of other caveolae-associated proteins 

continue to be firmly established. It has been shown that these caveolin structures vary greatly 

in their life cycles and their ability to fuse with each other and other organelles. Nonetheless, 

the clustering of glycolipid or protein receptors into caveolae that occurs when exposed to 

multivalent ligands, including antibodies and toxins, questions a role for caveolae in 

endocytosis of these markers.  

Furthermore, while caveolar-type structures are certainly found in regions of the cell that are 

distant from the obvious plasma membrane, it has been shown that many of these structures 

can still be directly connected to the plasma membrane and have therefore not undergone 

scission from this site225 , making it difficult to determine the endocytic process of caveolin in 

membranes. Sandvig and colleagues226  have argued that most caveolae appear to be 

connected to the surface of the plasma membrane when sections for electron microscopy 

(EM) are analysed. They also demonstrated that large caveosomes / multicaveolar structures 

that appear distant from the plasma membrane are still connected to the surface by using 

ruthenium red treatment226. How caveolae internalise from the membrane may not be clear, 

it is useful to discuss and examine caveolae because it is clear that the predominant caveolae-
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associated protein caveolin-1 is associated with endocytosis and because experimentations 

done to investigate caveolar endocytosis may shed light on other endocytic pathways. As 

caveolin-1 associated cargo overlap with those of the early Glycosylphosphotidylinositol- 

anchored protein (GPI-AP) enriched compartments (GEEC)-enriched clathrin-independent carrier 

(CLIC) pathway, manipulations previously thought to affect caveolar endocytosis can function 

on this pathway. In line with this, a recent study found that a region of caveolin-1 shows 

homology to a GDI sequence, and caveolin-1 directly binds cdc42227. Depletion of Caveolin-1 

resulted in increased concentrations of activated cdc42 in the plasma membrane. These 

interesting results indicate that caveolin-1 controls cdc42 activity, which is heavily involved in 

endocytosis of CLIC/GEEC.  

Fluorescence recovery after photobleaching (FRAP) studies has shown that caveolae in 

unstimulated cells can be very stable228. Using TIR-FM, it has also been shown that most plasma 

membrane caveolin-1 spots appear and disappear towards the cell interior with nearly half 

shown to be dynamic over 5 minutes and appear to be undergoing kiss-and-run fusion and 

plasma membrane fission, although some have been observed intracellularly travelling long 

distances224. Caveolin-1 retains its ability to provide membrane microdomains with stability on 

intracellular vesicles, and this may influence subsequent sorting229. Using EM techniques 

capable of distinguishing between caveolar/caveosome like surface connected and non-

surface connected structures, approximately 2% of the caveolar population has been shown 

to have undergone apparent scissioning from the plasma membrane after 1 minute in the 

presence of CTxB230. Stimulation with SV40 virions, GSLs, and cholesterol also increases the 

mobility of caveolin-1-positive structures210,231. It has been shown that apparent internalised 
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caveolae can fuse with both the classical early endosome and caveosomal structures; both of 

these steps are rab5-dependent229 . 

Caveolin-1 phosphorylation tends to cause caveolae to flatten and fuse in cells that express 

viral sarcoma (v-src). Caveolin-1 S80E is not associated with detergent-resistant membrane 

fractions and is not found on the plasma membrane232. The corresponding phosphomutant 

(S80A) has a similar affinity to wild-type protein for cholesterol and is found on caveolar 

membranes. Thus, the formation of caveolin-dependent microdomains could be regulated by 

dephosphorylation at this site, perhaps at the level of ER/Golgi. Furthermore, phosphorylation 

may be responsible for the disassembly at the plasma membrane, which could either be 

positive or negative endocytic control. It has been shown that a number of kinases regulate 

caveolar/microdomain-dependent endocytosis, but it is unclear how this could be temporarily 

coordinated and exactly what type of clathrin-independent endocytosis is affected in these 

assays224.  

A large number of signalling proteins have been found to be associated with and regulated by 

caveolae and can serve as signalling channels for these structures233. However, apart from the 

caveolins, the proteins involved in caveolar genesis are little known. It has been shown that 

PTRF (or cavin) is associated with surface caveolae and is necessary for caveolar formation in 

both zebrafish and mammalian cells, with caveolin-1 located instead on flat regions of the 

plasma membrane and undergoing rapid degradation234, suggesting that caveolin-1 is not 

sufficient for membrane deformation. 

Comprehensive caveola development models are still pending atomic models of the main 

caveolae components and their relationship to caveolae's fine architecture. Caveolin was 
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originally proposed to consist of the typical striations on the surface of caveolae found by 

scanning and deep-etch transmission electron microscopy214. However, caveolin-generated 

vesicles in bacteria do not show these striations and only present a polygonal symmetry235, 

and striations are absent from cells that produce caveolin but not cavins.  

Cavin oligomers, which form extended structures compatible with the forming of the striated 

coat 236, are now thought to be a major component of the striations, and this idea is consistent 

with the high-resolution immunogold labelling of plasma membrane sheets237 and other 

advanced electron microscopic techniques 238. Based on the formation of a cavin lattice on the 

surfaces of liposomes, an alternative model of cavin interaction with caveolae was recently 

proposed239.  The researchers propose a model containing a web of thin flexible cavin filament, 

these filaments are connected into a polygonal net like structure which provides stability to 

the membrane domain. Caveolins can organise into dodecahedrons which allow for lateral 

interaction facilitated by the lipid surrounds between caveolin oligomers embedded in the 

membrane bilayer and the cavin coat. When reconstitution techniques are improved and new 

components are included in the reconstitution process, it is envisaged that this would further 

improve the exact molecular aspects of caveola formation and clarify the mechanisms. 

 
1.3.3. Clathrin and caveolae/ caveolin-1-independent endocytosis 
 
Endocytosis can occur in cells deprived of both clathrin-mediated endocytosis and caveolin-1 

in a cholesterol-dependent manner. This implies that distinct endocytic mechanisms are 

required for specific lipid compositions. It has been shown that cells internalise extracellular 

fluid, SV40 virions210, CTxB, GM1, other SLs, GPI-linked proteins, as well as IL2, growth 

hormone, AMF, endotheline, and many other molecules via microdomain-dependent, clathrin 

and caveolin-1-independent endocytosis222.  
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Proteins that are abundant in detergent-resistant membrane fractions by means of a 

glycosylphosphatidylinositol anchor (GPI-linked proteins) and are not usually clustered in CCPs 

or caveolae. They undergo endocytosis through an endocytic pathway based on cholesterol, 

that is clathrin-independent240.  

One of these pathways is regulated by the small G-protein cdc42 and is not inhibited by the 

overexpression of dominant-negative dynamin proteins that inhibit CME, supplies cargo to 

endosomes called GPI-AP-enriched early endosomal compartments (GEECs)240,241. The 

recruitment of GPI-linked proteins into these endocytic structures depends on the moiety of 

GPI, but at the moment it is unclear how this is regulated given the active maintenance on the 

cell surface of nanoscale clusters of such proteins that are dependent on membrane 

cholesterol231. One hypothesis that incorporates the chirality and intrinsic tilt of molecules 

within such a cluster suggests that only the constituents of the membrane are sufficient for 

the budding of the membrane. In this way, the development of high membrane curvature will 

activate cellular proteins that senses and generate membrane curvature, such as BAR-domain-

containing proteins, dynamin (although dynamin has not been found on GEEC endocytic 

intermediates), and their functional homologues, to induce further curvature generation to 

create tubular/vesicular structures that are then delivered to GEECs. 

If the CLIC / GEEC mechanisms are disrupted, it seems that GPI-linked proteins have a 

compensatory endocytosis mechanism via the CME240, but it is unknown if this allows for 

transportation of internalised proteins to their destinations. There seems to be a difference 

between cell types, including the lysosomal and pericentriolar compartments, intracellular 
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destinations of CLIC / GEEC endocytes240,242. It is unclear whether this represents the cellular 

destination or if this is due to the presence of different CLIC / GEEC subtypes. 

It remains a mystery whether and how all GPI-linked proteins are endogenously controlled by 

endocytic systems. Both GPI anchors have a core structure, but their lipid and side chains exact 

configurations are complex. Such variants may modulate their ability to concentrate in specific 

types of membrane microdomains and escape them. When various forms of microdomain 

were turned around by different endocytic pathways, this would provide distinct turnover 

kinetics for each GPI-linked protein subtype. 

In the detergent resistant membrane fractions the GPI-linked proteins as well as the IL2Rβ 

receptor are enriched and cholesterol depletion abolishes the endocytosis of both proteins92. 

However the Internalisation of the IL2Rβ receptor after ligation was shown to have an 

endocytic system, which tends to be different than the CLIC / GEEC pathway, based on the 

function of the G-small proteins RhoA and rac1 and kinases PAK1 and PAK2243. At least some 

membranes internalised through this path communicate with endocytic compartments 

depending on clathrin, and the pathway seems dependent on dynamin. The internalisation of 

the cytokine receptor and the IgE receptor Fc ARI244,245, although both the frequency, as well 

as the larger role of a pathway outside the leucocytes, seems to be triggered by a different 

dynamin based, clathrin-independent pathway. 

Clathrin-independent, arf6 positive endosomes that tend to be distinct from CLIC / GEEC 

endocytic structures have been shown to internalise GPI-linked protein CD59 and major 

histocompatibility complexes (MHC) proteins from class I159,246. Arf6 is also involved in a plasma 

membrane recycling process247. These endosomes can communicate with transferrin positives 
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and the arf6-dependent recycling pathways159 and seem to be dynamin-independent in arf6 

associated endosomes. This latter observation makes it difficult to reliably interpret 

phenotypes downstream of arf6 modulation. The K+ channel also leads the endocytic direction 

of the Arf6 and the interaction of the channel with the Arf6 GTP exchange factors (GEFs) family 

members in these proteins is strengthened by a number of acidic motifs248. It is unknown 

whether this feature is identical to the sorting motifs in CME. Post endocytic clathrin-

independent transmission pathways continue to be overcome, and some level of interaction 

is a function of many, if not all, endocytic pathways249 with the classic rab5-positive endosome. 

GPI-related proteins were also indicated to be passed directly to the Golgi system and a 

constituent clathrin-independent endocytic mechanism for the direct transport of cargo.250,251  

1.3.4. Flotillin-associated endocytic mechanisms  

Flotillin proteins are shown to be oligomerised in distinct membrane microdomains252. Their 

homology to caveolin-1 indicates that caveolae play a role in ordering lipids in an analogous 

manner. Indeed, it has been shown recently that flotillin-1 and flotillin-2 are found separately 

from caveolae in plasma membrane domains253 and that flotillin-1 is needed for a portion of 

CTxB uptake 252. Through TIR-FM, the budding into the cell of flotillin-positive structures was 

found to be rare compared to that of CCPs, similar to endocytosis of the caveolar form. Flotillin-

2 appears to be trafficked from the Golgi, and TIR-FM has shown that flotillin2-positive puncta 

are cycling to and from the plasma membrane in a similar manner to flotillin-1 positive 

puncta165. Cycling of flotillin-2 may be inhibited by the formation of cell-cell contact and 

stimulated by serum and epidermal growth factor (EGF) but has not been shown to be 

associated with epidermal growth factor receptor (EGFR) or GFP-GPI. 
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The protein CD59 is found in flotillin positive domains and vesicles and is also required for 

CDC59 uptake253. Interestingly, flotillin1 is also needed for the dynamin-dependent but 

clathrin-and caveolin-independent uptake of proteoglycans on the cell surface, which it 

appears to deliver to late endosomes in flotillin-positive compartments254. 

Although one study showed that flotillin (1 and 2)  co-expression generated new plasma 

membrane microdomains in which they co-locate, another study showed that both flotillin 1 

and 2 co-locate less remarkably, possibly reflecting different levels of expression in these 

studies165,253. Flotillin-1 and-2 positive domains contain approximately 95 molecules of each 

flotillin type and are indicated to be morphologically similar to caveolae by correlative 

fluorescence and EM253. While expression of caveolin-1 and -3 results in the rescuing of 

caveolae development in caveolin-1 null cells, co-overexpression of flotillin-1 and -2 did not 

induce caveolae-like invaginations255. Flotillin may use a alternative pathway from those 

mentioned above or may act upstream in the domain organisation for other independent 

pathways of clathrin and caveolin.  

It was first shown by Saslowsky and colleagues that flotillins take part in endocytosis within 

model organisms 256. Subsequently, flotilins have been reported to play a major role in 

mammalian glutamate and dopamine transporter (DATs) endocytosis257. Flotillin up regulation 

or downregulation can affect endocytosis, meaning that flotillin relationships with specific 

proteins can be affected. Reducing flotillin-2 expression inhibits endocytosis of a 

glycosylphosphatidylinositol (GPI) anchored protein in hepatic cells, which means that 

endocytosis is contingent upon the mechanism of flotillin258. 
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 It was assumed that protein kinase C (PKC) endocytosis can be found in membranes where 

flotillin-1 is abundant257. Flotillin-1 however is not active in endocytosis of the epidermal 

growth factor (EGFR) receptor166. Stuermer and collegues further suggested, that flotillin-1 and 

flotillin-2 protein depletion by RNA interference in several cultivated cell lines does not inhibit 

endocytosis of the DAT based on PKC259.  

 

1.3.5. Mechanisms of internalisation involving larger volumes of membrane 

Macropinocytosis is a form of endocytosis which involves protrusions of the plasma membrane 

that subsequently connect together. This mechanism, identified morphologically, is both rac-

1 and actin-dependent and has been associated by many studies as having the ability to form 

membrane ruffles. The molecules involved in the mechanisms of macropinocytic endocytosis 

regulation are elusive, as is the relationship between this process and pinocytic endocytosis 

independent of clathrin. The kinase PAK-1 is involved in macropinocytosis and is essential for 

the process260 and adequate to induce it. PAK-1 binds rac-1, activating it as well261. 

Phosphatidylinositol-3-kinase (PI3K), Ras, and Src activity also facilitate macropinocytosis, 

probably downstream of receptor ligation 262–264. 

Macropinocytosis is dependent on cholesterol for activating rac-1 and recruiting to these 

sites265. Perhaps because receptor activation can stimulate this process, it lies at one end of 

the same spectrum as other endocytic pathways dependent on the membrane's microdomain. 

In fact, microdomain markers are enriched in membrane ruffles266. The substantial local 

accumulation of specific lipids in highly activated plasma membrane regions is likely to result 

in dramatic intracellular changes at these sites (due to the profound interplay between plasma 
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membrane organisation and cytoskeleton) and may account for the morphological 

characteristics of this process.  

It was shown in 1979 that tyrosine kinase receptors can be internalised by clathrin-

independent pathways267. It has been shown that the EGF and platelet-derived growth factor 

(PDGF) receptors can be found in caveolae, but caveolin-1 overexpression inhibits their 

activation. This suggests that  PDGF and EGF signalling is inhibited by caveolae268–270, and 

maybe this also inhibits their endocytosis. Another endocytic mechanism appears to occur in 

response to receptor ubiquitination in the presence of high concentrations of EGF and in 

concert with a population of receptors undergoing CME. Ruffled structures appear on the 

dorsal surface of receptive cells after treatment with EGF (or PDGF / hepatocyte growth factor 

(HGF)) and appear to move or evolve along the dorsal surface271,272. Such structure formation, 

known as circular dorsal ruffles (CDRs), appear to be dependent on cortactin and dynamin. In 

these regions there are also several kinases and adhesion molecules. When these structures 

are formed by high concentrations of EGR. EGFRs become predominantly concentrated in 

CDRs and appear to be internalised by tubular endocytic structures independent of clathrin 

and caveolin-1 rapidly from these sites273. However, treatments that inhibit ruffle formation 

have no effect on macropinocytosis stimulated by EGF, suggesting that this process does not 

require ruffles themselves274,275. It has been shown that Rab 5 (usually involved in CME) and 

its effector rabankyrin5 are involved in CDRs/macropinocytosis276, but it is not known how 

these operate here, and such observations may even reflect modulation of exocytosis at these 

sites. Treatment of nerve growth factor PC12 cells and neurons induce receptor internalisation 

in a manner stimulated and dependent on the large GTPases Pincher (EHD4) and dynamin277. 

This mode of internalisation is similar to the mediation in macropinocytic ruffles of EGF 
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receptor uptake. Although the functions of these endocytic modes are not established, it has 

been suggested that they can act by internalising a large proportion of their specific receptors 

to desensitise cells to high concentrations of growth factors. This may allow the continuation 

of processes such as gradient sensing.  

CDRs can be spatially distinguished from the ventral location of similarly distorted plasma 

membrane regions associated with invadopodia and podosomes in cell culture 278. Through the 

specific enrichment of soluble and transmembrane matrix metalloproteinases, invading 

tumour cells extend long protrusions into the surrounding matrix, resulting in specific matrix 

depletion at these sites. These structures, called invadopodia, are capable of endocytosing 

components of the matrix, which are then delivered to lysosomal compartments278. 

Invadopodia are an actin-rich structure with many of the actin-regulating proteins as well as 

dynamin279 present in podosomes. Dynamin inhibit the degradation of the local matrix by 

invadopodia it directly binds to cortactin to form actin sheets280 which cross-links to actin 

filaments. Endogenous, macrophages and osteoclasts produce podosomes281, which are actin-

rich and actin-dependent membrane extensions involved in the early stages of cell-matrix 

adhesion and have focal adhesion components. They also contain dynamin and cortactin, along 

with the protein endophilin2128  containing the BAR domain. These proteins have been involved 

in endocytic events and because they form tubular membrane structures, it is tempting to 

speculate that podosomes can be sites of active endocytosis, as well as playing a significant 

role in cellular adhesion and migration. There is no direct evidence to support this at the 

moment, though. The shared presence of dynamin, cortactin, and actin-regulating proteins 

suggests that CDRs, invadopodia, and podosomes can share some common underlying 

function principles. 
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For their clathrin-independent internalisation in opsonised particles, phagocytic cells such as 

macrophages, monocytes, and neutrophils depend on small-G proteins. The phagocyte 

develops filopodial extensions around the molecule in a cdc42-dependent manner with 

corresponding internalisation dependent on rac-1282–285 after ligation of Fc receptors by the 

constant regions of antibodies. This leads to N-WASP and the Arp2/3 complex of actin 

nucleation and polymerisation into the phagocytic membranes, and actin polymerisation is 

necessary for phagocytosis286,287. By contrast, in response to the ligation of CR3 (a modified 

integrin, which is internalised in a microdomain-dependent manner) in a rho-A (and its effector 

rho kinase-) based manner, the internalisation of opsonised particles with the complement 

effector fragment C3b occurs288,289.  The particle of phagocytosis is internalised into the 

membranes of actin288,289 Membrane protrusions are generally not detected in this form of 

phagocytosis given the recruiting of Arp2/3286. In Sertoli cells290, amphiphysin1, usually 

associated with CME, is also required for phagocytosis. In regions where the particle is in 

contact with the plasma membrane291, vinculin and paxillin (markers for cell-matrix adhesion 

sites) are present. This correlation with adhesion proteins, coupled with this process's rhoA 

dependence, suggests that the production of local adhesive structures is instrumental in this 

internalisation mechanism, and therefore phagocytosis may be mechanistically similar to other 

internalisation processes described in this section. 

Recently it has been shown that a living cell can be internalised whole into another cell in a 

Rho-A and actin-dependent manner292 thereby removing cells from the matrix, which normally 

causes cell death. Imaging the adherent junctions (necessary for this process) is reminiscent of 

the bacterial entry zippering mechanism and CR3-associated phagocytosis, although more 

work needs to be done to determine if they have common links. More effort is also required 
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to investigate the mechanisms of membrane rearrangements and fission in this system, as well 

as those occurring during the rac-1-dependent trans-endocytosis process, where a 

neighbouring cell internalises a small region of receptor-containing membrane. In this latter 

process, clathrin, dab-2, and dynamin have already been implicated, at least in the trans-

endocytosis gap junction293,294. 

 

 

1.4. Methods utilised in the study of endocytosis and its physiology 
 

Microscopy plays an important part in the study of endocytosis and changes in plasma 

membrane. There are 3 main branches of microscopy: optical microscopy, which is has many 

sub-techniques, electron microscopy, and microscopy of the scanning probe. These aren't the 

only techniques to exist, but they are the most common and best-known. 

Optical Microscopy 

This is the most common and well known type of microscopy, and involves magnifying the 

object 's image by passing light through it or reflecting light off it, and then examining it through 

a single or multiple lens. The image would traditionally have to be viewed through a lens via 

the naked eye; although recent developments in camera technology now mean that it can be 

captured on a photographic plate or digitally viewed on a computer screen. 

Optical microscopy subdivisions are wide. These contain bright field, dark field, oblique 

illumination, fluorescence, contrast phase, confocal, deconvolution, contrasting differential 

interference and staining dispersion microscopy, to name a few. 

Optical microscopy has some disadvantages, the technique works best only with darker 

objects, or ones that refract effectively. Second, image clarity is often reduced because of the 
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interference of light outside the focal plane. And thirdly, diffraction severely constrains the 

resolution. 

Electron Microscopy 

Electron microscopy replaces traditional electromagnet lenses, making use of an electron 

beam to create an image. This has a much smaller wavelength, and as such can significantly 

improve resolution; in fact, up to a factor of 1,000. There are two main subdivisions of electron 

microscopy, transmission electron microscopy (TEM) and scanning electron microscopy (SEM), 

which are comparable to the compound light microscope and the stereo light microscope, 

respectively. 

Scanning Probe Microscopy 

Scanning probe microscopy differs from other types of microscopy in that rather than taking 

an image, the instrument builds up a profile based on the topography of the sample by probing 

its surfaces and sending data to a computer, from which the image can be created. There are 

several types of scanning probe microscopes, all of which are designed to give a more accurate 

picture of nanoscale structures, surfaces and particles. 

Total internal reflection fluorescence (TIRF) microscopy can be utilised in a wide variety of 

cellular applications and is predominantly well suited analysing the localisation and dynamics 

of molecules and occurrences near the plasma membrane. TIRF excitation field decreases 

exponentially, this means that fluorophores close to the cover slip are selectively illumed, 

highlighting events that occur within this region. The benefits of using TIRF include the capacity 

to get high-contrast pictures of fluorophores close to the plasma membrane with low 

background noise and reducing the exposure time as well as lowering the risk of 

photobleaching samples.  
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The formation of endocytic vesicles involves the recruitment of cytosolic proteins to the 

adherent plasma membrane. When viewed with standard epifluorescence, the surface patches 

of the vesicle coat protein clathrin are difficult to discern from background fluorescence and 

intracellular clathrin structures. The initial report to image clathrin during endocytosis in live 

cells employed epifluorescence and was thus restricted to analyzing only those events that 

occurred in the cell periphery, because of out-of-focus signals295. 

By contrast, when TIRF is used, the clathrin patches on or near the membrane appear as 

distinct features. Imaging the dynamics of endocytosis is aided by rapid image acquisition, 

background elimination and the exponential decrease in excitation intensity with distance 

from the cover slip. TIRF has made it possible to gain insight into the components that are 

necessary for vesicle formation and the dynamics of this process296. A main focus of studies 

that have applied TIRF to analyze endocytosis has been to determine the ‘life history’ of the 

formation of individual clathrin-coated vesicles. These studies have demonstrated that some 

proteins are present throughout the endocytosis process (e.g. clathrin and epsin)297,298, 

whereas the localization of other proteins to the coated vesicle either increased over time (e.g. 

dynamin)296,298,299 or decreased (e.g. AP-2)298,300. Most researchers have readily available 

super-resolution microscopy, and it has become the method of choice for studying endocytic 

and phagocytic trafficking. 

Live imaging techniques currently being used allow 3D super-resolution microscopy with a 

time-resolution of seconds to visualise whole-cell take-up and trafficking processes. Combined 

with super-resolution microscopy, quantification strategies enabled a quantitative 

understanding of receptor clustering, the appearance of signalling lipids, and the dynamics of 

F-actin assembly on endosomes and phagosomes. Super-resolution microscopy is also 

combined with techniques such as electron microscopy and TIRF to allow for more precise 
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localization of endocytic protein in relation to the stage of absorption, membrane curvature, 

and protein-protein interaction. 

While generally of lower spatial resolution compared to other super-resolution microscopy 

techniques, standardised illumination microscopy has developed most new insights in 

endocytic trafficking at the moment because it combines improved spatial resolution with a 

relatively high temporal resolution and can be easily used for live cell imaging. 

Super-resolution microscopes have been a tool of choice in cell biology since their introduction 

some two decades ago. Due to a spatial resolution below 50 nm, smaller than most organelles, 

and an order of magnitude greater than traditional light microscopes' diffraction limit, super-

resolution microscopy is a strong technique for solving intracellular trafficking.  

For the study of endocytic events atomic force microscopy ( AFM) has been used more recent. 

An AFM uses a cantilever to scan over a sample surface, with a very sharp tip. As the tip 

approaches the surface, the close range between the surface and the tip causes the cantilever 

to deflect toward the surface. However, as the cantilever is brought much closer to the surface 

so that the tip touches it, more and more repulsive force takes over and causes the cantilever 

to deflect away from the surface area. A laser beam is used to detect the cantilever deflections 

going towards or away from the surface. By reflecting an incident beam off of the flat top of 

the cantilever, any cantilever deflection will cause the reflected beam to change slightly in 

direction. To track those changes, a position-sensitive photo diode (PSPD) may be used. Thus, 

if an AFM tip passes over an elevated surface characteristic, the resulting cantilever deflection 

(and the subsequent change in reflected beam direction) is recorded by the PSPD. An AFM 

images a sample surface topography through scanning the cantilever over a region of interest. 
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The elevated and lowered features on the surface of the sample influence the cantilever 

deflection which is monitored by the PSPD. The AFM can produce an accurate topographic 

map of the surface features by using a feedback loop to control the height of the tip above the 

surface – thus maintaining a constant laser position. 

The current literature includes more than 25 mutations associated with CNM and CMT45. CNM 

associated mutations are located within DNM2's MD, GED, and PH domains, while most CMT 

mutations are located within the PH domain. There is very little overlap between the two 

disorders; patients with mutations may share common domains within DNM-2, and a tissue-

specific disorder affects the majority of patients50,301. The literature has not yet established a 

clear genotype-phenotype relationship, with the exception of C-terminal PH mutations that 

result in severe neonatal CNM302. 

The consequences of these mutations have been studied on plasma-membrane trafficking in-

vitro with biochemical methods and also modelled in different systems. The quantification of 

clathrin-mediated endocytosis (CME) is achieved by fluorometric testing of the uptake rate of 

fluorescence-labelled cargo e.g. transferrin and/or low-density lipoprotein (LDL) specifically 

taken by the clathrin-dependent endocytic pathway, immunofluorescence labelling of 

endocytic events of fixed preparations, or live fluorescence imaging303. However, there are 

contradictory data published in the current literature about the effect of DNM2 mutation on 

CME. Sidiropoulos53 observed no major differences in transferrin uptake in HeLa cells 

expressing ectopically a wide variety of DNM2 mutations associated with both CMT (p.K562E) 

and CNM DNM2 (p.R465W, p.V625, p.E650K), 
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Nevertheless, the researchers observed a significant decrease in transferrin intake for neuronal 

CMT mutants, but no difference for CNM mutants relative to normal wild-type DNM cells. In 

DNM2 mutants COS-7, Bitoun and collegues in 2009, reported a significant decrease in 

transferrin intake and also a significant decrease in fibroblasts in patients with CNM 

(p.R465W)48. Incongruously, in CNM p.R465W COS-7, Bitoun and colleagues48 also 

documented no inhibition of CME using LDL taking directly through CME for the experiment. 

Meanwhile, Koutsopoulos et al. in 2011304 reported DNM2 mutations significantly disrupt CME 

in COS-1 cells expressing CNM or CMT-related mutations but no CME inhibition found in CNM 

patients with R465W fibroblasts. It is important to note that reports from multiple groups 

recording bulk uptake in R465W patient fibroblasts and transfected models are inconsistent. 

Biochemical investigations of DNM2 and CME have revealed the basic structure and how this 

relates to function. However, the mechanisms by which DNM2 mutation affect endocytosis at 

the cell membrane, on a single molecule scale, is yet to be addressed.  

1.5. Summary of introduction 
 
 
The current research techniques employ cellular, biochemical and high-resolution structural 

scanning methods to define the molecular properties of DNM-2, clathrin and other proteins 

associated with endocytosis.  

Methods like electron microscopy (EM), uptake assays, and immunofluorescence, can only 

provide data about endocytosis at one point in time. Since these are carried out on the 

preparation of fixed cells, they are not sufficient to resolve the temporal progression of CME183. 

Confocal microscopy or Total Internal Reflection Fluorescence Microscopy (TIRF) may, on the 

other hand, may be used to track fluorescently tagged proteins in living cells, allowing for 
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temporal CME analysis, but lacking the resolution to characterise vesicle morphology on a 

single molecule scale296. Advancements in Super-resolution optical imaging such as Stimulated 

Emission Depletion (STED) 305 and Stochastic Optical Reconstruction Microscopy (STORM) 185 

have enabled fluorescence imaging of endocytosis with nanometre resolution. All of the 

strategies described above have been successfully employed for endocytic investigation, but 

the key issue is that protein dynamics cannot be resolved, therefore a technique that can 

correlate information from fluorescently tagged proteins on living cells to the membrane 

morphology is required.  

The ability to capture the dynamics of CME at a single event and to monitor the role of specific 

molecular components in vesicle formation / scission is important for the investigation of the 

mechanism of pathology of DNM2 mutations. A new approach to the study of the CME lifecycle 

has been introduced by Shevchuk and colleagues in 20122. This method blends Scanning ion 

conductance microscopy with confocal microscopy in living cells186,187,306. With this method, 

the effects of DNM2 mutations on clathrin coated pit formation in CNM and CMT patient skin 

fibroblast are characterised. 

 
 
1.6. Hypothesis 

It is hypothesised that mutations in dynamin-2 associated with Charcot-Marie-tooth and 

centronuclear myopathy, alter the typical functional ability of dynamin dependent endocytosis 

namely clathrin mediated and caveolin mediated endocytosis. 

 

1.7. Aims 

• To determine how the role of DNM2 mutations in cargo sequestration and internalisation  
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• To determine the role of DNM2 mutations in cell and endocytic vesicle morphology using SICM 

and TEM. 

• To characterise endocytic vesicle assembly and kinetics in cells with DNM2 mutations utilising 

SICM-FCM.  
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Chapter 2: General Material and Methods 
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This chapter describes the techniques that were used for the experiments presented in this 

thesis. 

 

2.1. Cell culture conditions  

Human skin fibroblasts from healthy subjects and from CNM patients with DNM2 mutations 

were gifted by Dr Marc Bitoun (University Pierre et Marie Curie, Institut de Myologie, Paris, 

France). Human skin fibroblasts from CNM patients with DNM2 mutations; p.R645W, p.R522H 

or p.S619L were used. Human skin fibroblasts from CMT patients with mutation L1498 were 

gifted by Prof. Mary Reilly (Department of Neuromuscular Diseases, Institute of Neurology, 

UCL). Human fibroblasts and COS-7 (monkey kidney fibroblast-like) cell line were stored in 

liquid nitrogen. Cells were cultured in full cell media containing of Dulbecco's Modified Eagle 

Medium (DMEM; Gibco® Life technologies) with 10% vol/vol foetal bovine serum (FBS; Gibco® 

Life technologies) and 1.25% vol/vol Penicillin Streptomycin (Pen Strep from Life Technologies), 

all cells were incubated at 37oC. 

 

2.1.1.  Cell subculture and freeze-thaw 

Standard humidified conditions (5% CO2 at 37°C) were used to maintain cells. Cells in tissue 

culture flasks were harvested once confluent by removal of expended culture medium and 

treated with 5ml EDTA for 3-5 mins at 37°C until the cells began to detach from the base of the 

flask. Full cell media (5ml) was then added, cells and media transferred to a 15ml centrifuge 

tube and centrifuged at 700 x g for 5 mins at room temperature. The supernatant was 

discarded, and the cell pellet re-suspended in an appropriate volume of media and transferred 

into culture flasks and allowed to adhere overnight.  
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Frozen cell stocks were stored at in liquid nitrogen, stocks were thawed at room temperature 

and transferred to a centrifuge tube containing 5 ml of full cell media and cells pelleted by 

centrifugation. The supernatant was discarded, and cells were seeded into 25 cm2 cell culture 

flasks and allowed to adhere in normal fashion. Stocks for storage were frozen in 10% (v/v) 

Dimethyl Sulfoxide (DMSO, Sigma Chemical Company Ltd., Poole, Dorset) in serum containing 

DMEM. Cell samples were frozen at - 80°C for 24 hours before transfer to liquid nitrogen.  

 

2.1.2.  Plasmids  

Marc Bitoun and Pascale Guicheney (Inserm, UMRS 956, ICAN Foundation, Paris, France) gifted 

us with plasmids. Plasmids were generated as described by Bitoun and colleagues (2009) 307: 

the cDNA of wild-type DNM-2 was inserted in the pGFP-NT-TOPO-TA vector (Invitrogen) in 

frame with green fluorescent protein (GFP). Using the Quick-Change Site-Directed 

Mutagenesis Kit (Stratagene), mutant plasmids were generated from the DNM2-GFP plasmid. 

Substitution of nucleotide produced plasmids of p.R465W-GFP and p.R522H-GFP, resulting in 

c. 1393 C>T (Arg to Trp), and c. 1565 G>A (Arg to His) respectively. Plasmids were stored at-

20oC and plasmid concentration and purity was quantified using the NanoVueTM Lite 

Spectrophotometer (Thermo Scientific). To get 1μg/μl for transfection, plasmids are diluted 

with nuclease-free distilled de-ionized water (Qiagen). 

 

2.1.3. Lipofectamine transfection  

Human skin fibroblasts and COS-7 are seeded for transfection onto 35mm dishes with 7mm 

glass bottoms (MatTek Corporation) and were grown to 80–90% confluency. 50 μl of Opti-
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MEM reduced serum media (Life technologies) had 2μl of Lipofectamine 2000 (Life 

Technologies) diluted into it. Also 1 μl of plasmid (1μg/μl DNA) was diluted in 50 μl of Opti-

MEM and vortexed for 30 seconds separately. The diluted lipofectamine was combined with 

the diluted plasmid at a 2:1 ratio of lipofectamine to DNA and incubated at room temperature 

for 20 minutes to allow for the formation of DNA-lipid complexes. To remove excess serum 

from cell culture, cells in MatTek dishes were washed three times with Opti-Mem. Following 

this, the DNA-lipofectamine mix was pipetted into the cells covering the dish's glass portion 

and incubated at 37oC with 5% CO2 in a humidified incubator for 60 minutes. The DNA-

lipofectamine mixture was removed after incubation and the dish was washed with PBS. 

Warmed full cell media was added to the cells and placed in the incubator overnight, allowing 

expression of the transgene to mature.  

  

2.2.  Scanning Ion Conductance Microscopy (SICM) 

2.2.1.  Introduction and Principles of SICM 

Scanning ion conductance microscopy is technique which has been used to study cellular 

physiology for many years308,309. The principle behind this technique is based on the use of 

glass micropipette as a proximity sensor that measures cell surface height. As seen in figure 7 

an SICM probe is made of a glass micropipette filled with electrolyte solution and an Ag/AgCl 

electrode inserted into it with another, reference electrode in a bath. Reduction in 

conductance between the two electrodes occurring when pipette approaches sample surface 

is used as a feedback signal to stop the approach and record the vertical position. Due to the 

differences in the electrode potentials an ion current is detected between the two electrodes. 

Paul Hansma and colleagues at the University of California invented the scanning ion 
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conductance microscope in 1989.186. The particularly notable aspect of this technique is that 

by programming the control of the pipette so that ion current does not drop below a defined 

value, the pipette does not come in contact with cellular structures. This makes SICM a non-

contact imaging technique310,311. As the tip of the pipette reaches the surface of the sample 

the ion current reduces due to the decrease in the gap that ions can flow through. These shifts 

in the ion current are controlled by a control unit and used as a feedback signal to maintain 

the distance between the pipette tip and the sample constant, by applying a voltage during 

measurement to the Z-piezo drive. This enables the tip of the pipette to follow the sample 

surface topography and generates a 3D surface topography image. This imaging technique's 

resolution is limited by the micropipette size. Hansma and colleagues used nanopipettes with 

internal diameters ranging from 0.05-0.1μm in their first publication in 1989 in the early days 

of the SICM. The Hansma laboratory found features a few times smaller than the internal 

dimensions of the pipette used were resolved in practice. 

 

 

 

 

 

 

 

 

 

 

  

Figure 8: SICM nanopipette operating in a hopping mode to ensure there is no damage to cell surface. As the pipette 
descends to an ion impermeable surface a drop in ion current is detected and the pipette is stopped from crashing into the 
cell surface The drop in current can be observed in the graph to the right of the diagram.   

Using hopping mechanism allows for the pipette to be withdrawn clear of the cell before scanning next location, thus 
building up detailed scans of surfaces with no physical contact between cell and pipette. 
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Despite this, the technique was largely forgotten until around 1997 when Yuri Korchev312 

began to investigate its potential in studying biological samples.  

Novak and colleagues 310 made a further modification in 2009 to the z-piezo controller. The 

micro-pipette is lowered to the sample until a given resistance is reached, and the height is 

recorded, the pipette is taken back up, laterally moved to the next position and another 

measurement is made, this the process repeats to build the entire image. The topography of 

the sample can then be reconstituted. Hopping mode is slower than the others as the z-piezo 

is retracted further back than other modes but is able to image complex topography and even 

entire cells, without distorting the sample surface. It allows the pipette to avoid long protruding 

thin structures in the z-axis that are present in biological samples and are often irregular in 

nature. Hopping mode SICM also provides the capability to scan adaptively depending on the 

complexity of the surface. Therefore, implementing the hopping mode provided better 

resolution of structures and protected the pipette from damage and blockage due to 

interaction with the specimen.  

The SICM pipette not only allows one to resolve cellular topography, but also can be used to 

apply chemical substances e.g. drugs, neuromediators locally by hydrostatic pressure or 

electroosmosis313, perform microinjection to deliver plasmids intracellularly or sample 

intracellular fluid for single cell PCR314. Other applications of SICM were reviewed by D. 

Klenerman311,315. If the cell has been transfected with a membrane interacting plasmid tagged 

with a fluorophore construct, then the effect of this can be interrogated by combination of 

SICM with confocal microscopy. The SICM-confocal technique provides a unique way of looking 

at cell membrane physiology and endocytic events at the cell surface. 
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2.2.2.  Correlative SICM and Confocal Microscopy  

Combined hopping mode SICM and confocal microscopy, also referred as scanning surface 

confocal microscopy, offers simultaneous, spatially correlated topographical and fluorescence 

confocal live imaging of cell membranes. This provides the capability to track localisation of 

fluorescently labelled molecules at the cell surface316,317. Therefore, allowing structural and 

functional investigation of cell surface complexes in living cells at nanoscale resolution with 

matched precision. As shown diagrammatically in Figure 8, a laser is loaded up a high numerical 

aperture objective so that it is focused right at the tip of the nanopipette and a pinhole is 

positioned at the image plane so that the confocal volume is just below the pipette. Hence, a 

fluorescence image of the cell surface and an image of the cell topography are obtained in a 

single scan. Therefore, any point on the cell surface is only exposed to the laser once during 

the scan, equalizing photobleaching across the sample and allowing quantitative analysis of 

individual fluorescence spots. Confocal microscopy excitation was provided by a 488-nm 

wavelength diode-pumped solid-state laser (Laser 200; Protera). Fluorescence images were 

recorded using a D-104 Microscope Photometer (Photon Technology International, Inc.) with 

a x40 oil immersion objective. 

 

2.2.3.  Probe and Microscope setup  

The SICM probe was a borosilicate glass pipette; this was pulled from a glass capillary (1mm 

outer and 0.5 mm inner diameter) tube by a laser puller (Sutter, P2000, Royston, UK) 

apparatus. The resistance of these pipettes was between 300-500MΩ. The pipette was filled 

with HBSS buffer (bath medium) and air bubbles are eliminated by agitation. The pipette was 

placed inside a pipette holder with an electrode inside. The holder was placed on the piezo 
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stage and immersed into solution where an ion current was established between the pipette 

and the electrode in the bath. The ion current was relayed to the computer via an amplifier. 

The computer was able to control a feedback mechanism which ensured the pipette 

conductance did not drop below a defined level. The computer also controlled both the 

rastering of the sample in the X/Y directions and the movement of the bath in the z-direction 

for hopping mode via communication with a piezo-actuator stage. The software developed in 

the lab allowed control of these modules also acquired data and many aspects concerning the 

motion such as pipette hopping parameters and the desired image resolution. Further 

technical details are described by Shevchuk et al. (2013)317.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: SICM combined with confocal fluorescent microscopy set up. This set-up allows for the topographical 
and fluorescent observation of cells.  
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2.2.4.  Live cell imaging  

Fibroblasts are seeded onto 35 mm plastic dishes (Thermo Scientific) and incubated for 1-2 

days prior to scanning for topographical imaging. This was to allow complete cell adhesion to 

dish surface. Scanning was conducted at room temperature in Leibovitz's L-15 media without 

phenol red (L-15; 21083-027 from Life Technologies)  

Human skin fibroblasts were transfected (protocol described earlier) with clathrin light chain 

plasmid-GFP, in 35 mm poly-d-lysine coated Matek dishes (glass thickness 170 μm) (Matek 

Corporation, US). Cells were washed and full cell media was replaced with HBSS media without 

phenol red (sigma) for scanning. These were scanned for clathrin mediated endocytic events 

at 37oC, using SICM combined with confocal to give a 10μmx10μm image. Temperature control 

was afforded by an oil immersion objective heater (ALA Scientific). The pipette was 

manoeuvred to a specific point over an active clathrin coated pit formation. This point was 

then repeatedly scanned to monitor the changing dynamics of the clathrin coated pits on the 

cell surface.  

 

2.2.5.  Data analysis and image presentation  

Topographical and fluorescence data was processed and analysed with software written by Y. 

Korchev, P. Novak and A. Shevchuk187. The software contained the following filters: slope/plane 

correction, de-stripe, de-convolution and median318. 
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2.3. Ultra-structural visualisation by transmission electron microscopy (TEM) 

Human skin fibroblast cells were grown to 80% confluency and rinsed twice with PBS and were 

then fixed with 2.5% EM-grade glutaraldehyde (Taab Laboratory Equipment, Reading, United 

Kingdom) in sodium cacodylate buffer 0.05M (pH 7.2) at room temperature for 10 mins. Fixed 

cells were scraped and subsequently centrifuged at 2000 rpm for 1 min. The supernatant was 

removed, and liquid agarose (2% wt/vol in distilled water) heated to  80°C was added to 

resuspend the cell pellet and then left to congeal and solidify. The cell pellets were stored in 

2.5% glutaraldehyde in cacodylate buffer at 4°C. The cell pellets were washed 3 times with 

cacodylate buffer for 10 min using gentle rotation. Each agarose pellet was divided and post-

fixed in 1% osmium tetroxide (OsO4) in cacodylate buffer for 1 hour. The samples were then 

washed twice for 5 min each in distilled water. Samples were dehydrated by a graded methanol 

series (70–100%). The samples were then transitioned to araldite through propylene oxide. 

cells were immersed in 100% propylene oxide twice for 20 min followed by a 50:50 propylene 

oxide and araldite mixture for 20 min, a 25:75 propylene oxide and araldite mix for 30 min, and 

100% araldite for 30 min, and then the samples were left to filter overnight. Samples were 

then embedded in araldite moulds and polymerisation was achieved in an embedding oven at 

60°C over 72h. Araldite blocks were trimmed to reveal the embedded sample and 1mm 

semithin toluidine blue survey sections were cut by microtome (Reichert Ultracut E; Leica 

Microsystems, Buffalo Grove, IL, USA) for light microscopy. Areas of interest were selected and 

shaped for ultramicrotomy, and ultrathin (80nm) sections were cut. The sections were xylene 

stretched and picked up on 200 bar mesh copper grids for TEM. The sections on the grids were 

contrast stained with 1.5% uranyl acetate for 10 min at room temperature and washed 4 times 

with methanol, followed by staining with lead citrate at room temperature. Samples were 
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observed by TEM (Hitachi H7000; Hitachi High-Technologies, Tokyo, Japan) operated at 75 kV 

at the Royal Brompton Hospital. 

 

2.3.1 SEM on metal replica from unroofed cells  

Adherent plasma membranes from human fibroblasts plated on glass coverslips were 

disrupted by sonication as previously described by Heuser319 . Glutaraldehyde and 

paraformaldehyde fixed cells were sequentially treated with OsO4, tannic acid, and uranyl 

acetate prior to dehydration and Hexamethyldisilazane drying (MilliporeSigma). Dried samples 

were then rotary shadowed with platinum and carbon with a high vacuum sputter coater (Leica 

Microsystems). Platinum replicas were floated off the glass by angled immersion into 

hydrofluoric acid, washed several times by floatation on distilled water, and picked up on 

formvar and carbon-coated EM grids. The grids were mounted in a eucentric side entry 

goniometer stage of a transmission electron microscope operated at 80 kV (model CM120; 

Philips, Andover, MA, USA), and images were recorded with a Morada digital camera (Olympus, 

Tokyo, Japan). Images were processed in Adobe Photoshop (Adobe, San Jose, CA, USA) to 

adjust brightness and contrast and presented in inverted contrast. 

 

2.4. Cell Immunofluorescence  

Cells were plated 24 hours prior to immunofluorescence staining. Cells were rinsed twice with 

PBS and fixed with 4% paraformaldehyde (PFA). After fixation, cells were washed twice with 

PBS and permeabilised with 0.5% Triton X-100. The cells were then treated with blocking buffer 

(10% FBS in PBS). Subsequently the sample was treated with primary antibody; polyclonal 

rabbit antibody directed against human caveolin-1 (1:200 Abcam) and monoclonal mouse 



 
84 

 

antibody against human Clathrin Light Chain (1:200 Sigma-Aldrich) in blocking buffer. 

Secondary antibodies were used as follows, goat anti-mouse antibody- AlexaFluor 546 (1:500 

Invitrogen), goat anti-rabbit antibody- AlexaFluor 488 (1:500 Invitrogen) and 4', 6-diamidino-

2-phenylindole (DAPI; 1:1000) to label nuclei in blocking buffer. Coverslips were mounted with 

hard set Vector Shield (Vector Laboratories) on glass slides. 

 

2.4.1. Confocal microscopy and Image analysis 

Using an inverted confocal microscope with 63x/1.40 Oil DIC Plan-Apochromat lens objective, 

images were captured on Zeiss LSM780. Exposure settings with LSM Zen software were 

identical between samples being compared and viewed at room temperature.  

Fiji by ImageJ software was used to quantify fluorescent signal from images. Quantification of 

caveolin-1 and clathrin light chain was done on two or three randomly selected 20 µm x 
 
20 

µm area of each fibroblast examined.  

 

2.5. Cargo uptake Assay  

Human skin fibroblasts were plated on coverslips 24 hours prior to uptake. Cell were washed 

with PBS and fetal calf serum (FCS) was removed for 45 minutes by replacing media in cells 

with DMEM. The cells were then incubated with 20µg/ml Cholera-toxin B-GFP (Sigma) and 

30µg/ml Transferrin-RFP (sigma) proteins at 37oC for 30 minutes. Cells were then washed with 

cold PBS and fixed in 4% paraformaldehyde for 10mins followed by mounting onto coverslips 

with prolong gold anti-fade with DAPI mounting media (life technologies). 

 



 
85 

 

2.5.1. Widefield microscopy and Image analysis 

Images were captured on Zeiss Axio Observer inverted widefield microscope with 40x/0.55 

Ph2 LD A-Plan lens objective, exposure settings with done with Zen acquisition software and 

were identical between compared samples. Samples were viewed at room temperature.  

Zen software was identical between compared samples and viewed at room temperature.  

Fiji software by ImageJ was used to quantify fluorescent signal. Quantification of caveolin-1 

and clathrin light chain was done on two or three randomly selected 20nm2 area of each 

fibroblast examined.  

 

2.6. Protein lysate preparation; Radioimmune Precipitation Buffer (RIPA) buffer 

extraction  

Cells were grown in 6-well culture dishes and washed thrice with ice-cold PBS. Ice-cold (1ml) 

RIPA buffer (50mM Tris- HCl at pH 8.0, with 150mM sodium chloride, 1.0% Igepal CA-630 (NP-

40), 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) (Sigma; #R02780), was 

supplemented with protease (Thermoscientific) and phosphatase (Thermoscientific) inhibitor 

cocktail containing (4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride, Aprotinin, 

Bestatin, E-64, Leupeptin, Pepstatin A), (Thermo Scientific)., at 1:1000 dilution and mixed, 250ul 

of RIPA mix was added to the cells. This was incubated on ice for 5 mins and cells were collected 

into an Eppendorf tube and placed on ice. Samples were sonicated for 2-3 mins.  

 

2.6.1. Protein quantification  

Protein concentrations were ascertained using the Pierce BCA Protein Assay Kit (Thermo 

Scientific, Waltham, MA, USA).  A set of nine standards ranging from 25 µg/ml to 2000 µg/ml 
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were prepared using 2 mg/ml Bovine Serum Albumin (BSA) with RIPA buffer (150 mM NaCl, 

0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0) (Sigma Aldrich) as the diluent. 

A working reagent was made by mixing 50 parts BCA reagent A, containing sodium carbonate, 

sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium hydroxide, to 1 

part of BCA reagent B containing cupric sulphate. Standards and samples were plated in a 96-

well plate at a volume of 10ul. The working reagent (100ul) was added to each sample and 

standards and incubated for 30 mins at 37oC. After incubation, the optical density was 

recorded at absorbance reading of 560 nm on a spectrophotometer (Multiskan EX, 

Thermoscientific). The protein concentration of the samples was determined by comparing the 

measured protein values to the BSA standard curve, which determined the volume of lysate 

required for equal protein loading onto the SDS-gel. 

 

2.6.2. SDS-PAGE and Western Blot  

Cells were seeded at a density of 1x106 cells/dish (6-well plate) for 24 hours. Cells were washed 

with PBS and lysed with RIPA buffer containing protease and phosphatase inhibitors Lysates 

were sonicated and protein quantification performed as described above. Each sample was 

mixed with 4X Bolt sample buffer (Life Technologies; #B0007), 10X Bolt sample reducing agent 

(Life Technologies; #B0009) and heated for 10 minutes at 95oC and then cooled on ice, prior to 

loading.  Bolt sample buffer contains lithium dodecyl sulfate, pH 8.4, which allows for maximum 

activity of the reducing agent it also contains coomassie G250 and phenol red as tracking dyes. 

20 µg of protein lysate was loaded onto 12% sodium dodecyl sulphate (SDS) polyacrylamide 

gel which was placed in 1x running buffer (sodium dodecyl sulphate (SDS), Trizma (tris), 
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Glycine, dH2O) and separated by electrophoresis, 60v through stacking gel, 130v resolving gel 

until the bromophenol blue dye reached the bottom of the gel.  

The gel was transferred to a nitrocellulose membrane using the semi-dry method (Bio-Rad). 

The membrane was blocked in 5% milk in phosphate buffered saline tween-20 (PBST) for 60 

mins at room temperature to reduce non-specific binding of primary antibody. The membrane 

was then incubated with the diluted primary antibodies, clathrin light chain (sigma), caveolin-

1 (Abcam), Actin (sigma) (1:1000 dilution) in blocking buffer at 4oC and allowed to shake 

overnight on a rotating platform.  Following incubation with primary antibody the membrane 

was washed four times in PBST, 10mins for each wash on a rocking platform, and then 

incubated with secondary antibodies; goat anti-rabbit-horse radish peroxidase (HRP), anti-

mouse-HRP (Santa Cruz Biotech, Texas, USA) (1:3000 dilution) were used for conjugating with 

primary anti-body. Protein of interest was visualised by reaction of HRP with the enhanced 

chemiluminescence (ECL) (GE healthcare, Little Chalfont, UK) reagent and imaged using the 

G:BOX Chemi XX6 imager and  GeneSys software (Syngene, UK). 

 

2.7. RNA extraction and Quantitative Real-time Polymerase chain reaction (qRT-PCR)  

2.7.1. Total RNA extraction  

In preparation for RNA extraction, cells washed thrice with PBS and were lysed directly in the 

culture wells by aspirating culture medium completely and adding 400 µl RNA Lysis Buffer T 

(PeqLab, VWR) directly to the cells. The lysate was transferred into a DNA removing column 

and placed in a 2ml collection tube. This was centrifuged at 12.000 x g for 1 minute at room 

temperature. The flow through lysate was transferred into a 1.5ml Eppendorf tube. 
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To the lysate, 400 µl of 70% ethanol was added and mixed by vortexing. The lysate was then 

transferred onto the membrane of a PerfectBind RNA column in a 2ml collection tube. This 

was then centrifuged at 10.000 x g for 1 minute and the flow through was discarded. The lysate 

was washed with RNA wash buffer I and II for 15 seconds each at 10,000 x g. The RNA was then 

eluted in 50μL of RNase-free water. RNA concentration and purity were determined, using the 

Nanodrop device (Thermofisher; #ND-3300), by measuring absorbance at 260 and 280 nm.  

 

2.7.2. Reverse Transcription and RT-PCR 

RNA was extracted from cells using Total RNA Kit, peqGOLD (peqLab, VWR). Gene expression 

was analysed by quantitative real-time PCR (qRT-PCR) using SYBR green method. Primers and 

QuantiTect SYBR Green one step RT-PCR MasterMix (Qiagen) were added according to 

manufacturer’s instructions to 40ng/μL RNA for a total volume of 25 μL. The following custom 

designed primers were supplied by sigma:  

Target Forward Primer (5’->3’)  Reverse Primer (5’->3’)  

Dynamin-2 GCAGCTCATCTTCTCAAAAACAG CTGTCGGTCTCTGCTTCAATC 

Caveolin-1 CGAGAAGCAAGTGTACGACG TTCAAAGTCAATCTTGACCAC

G 

Clathrin light chain TACTACCAGGAAAGTAATGGTCC

A 

GGATACTTTCAGGCTCTGACT

G 

Table 1: Primer sequences of targets used for RT-qPCR experiments 

 

Primers were used at a final concentration of 1 µM. Reverse transcription, PCR activation and 

Gene expression assays were performed on a Mastercycler® ep with realplex Software 

(Eppendorf, Canada) under these conditions, 20 minutes at 50oC for reverse transcription, 15 
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minutes at 95oC for PCR activation step and the following cycling steps: 15 seconds at 94oC, 30 

seconds at 60oC and 30 seconds at 72oC, repeated 40 times. Data was analysed using 

comparative CT method; the expression of the test gene was normalised to RPL4 housekeeping 

gene using the 2-ΔΔCT method as described elsewhere 320 

 

2.8. Statistical analysis   

Statistical testing was performed with Graph Pad Prism 8 software, IBM SPSS software and 

Microsoft excel. Number of tests is indicated by ‘n’, data is displayed as mean ± standard error 

of the mean except if otherwise stated. Statistical testing is indicated on graphs and asterisks 

are used to denote the p-value obtained from statistical tests.  

 

2.8.1. Parametric Tests 

2.8.1.1. Students t-test  

The student t-test is a test which generates a t-statistic from two groups (a single pair) of 

Gaussian data and permits assessment of them being significantly different. The p-value is 

acquired by determining whether the measured p-value is greater than that found in a t-table 

based on the degrees of freedom within the sample populations. In this way, the hypothesis 

that two groups are different can be tested by generating a t-statistic and assessing whether it 

is large enough, if so the null hypothesis that the groups are no different can be rejected. A t-

test pair was used in this work to test for a discrepancy between data sets linked to protein 

levels quantified by western blotting and the average lifetime of clathrin-coated pit. 
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2.8.2.  Non-parametric tests  

2.8.2.1. Mann-Whitney  

The Mann-Whitney test is the non-parametric counter part of the t-test, in that it assesses 

pairs of sample sets for statistical difference. Since some data presented in this work is not 

distributed along a normal distribution, a non-parametric test is utilised due to the lack of a 

clear normal value. Cargo uptake as well as analysis of clathrin coated structure counts from 

TEM was analysed by the Mann- Whitney test.  
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Chapter 3: The effect of DNM2 mutations in cargo 

sequestration and internalisation 
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3.1. Introduction 

Dynamin-2 (DNM2) is a mechanochemical and regulatory GTPase that defines the 

dynamin-dependent class of endocytosis including clathrin-mediated, caveolin-mediated and 

raft-dependent endocytosis and plays an important role in actin and membrane 

remodelling211.  

Autosomal dominant Centronuclear myopathy and Charcot-Marie-Tooth (CMT) disease 

are neuromuscular disorders associated with mutations in DNM2 gene5. DNM2-related  

centronuclear myopathy (CNM) is a slowly evolving congenital myopathy that results in 

variable severity muscle weakness, ranging from severe neonatal forms to mild late-onset 

forms. CMT is an inherited peripheral neuropathy characterised by muscle weakness and 

atrophy and loss of touch sensitivity in 1 out of 2,500 individuals, making it one of the most 

common incurable inherited neurological disorders in the world today3,15. The action of 

dynamin shows the formation and tightening of a dynamin slipknot around the neck of an 

invaginated clathrin-coated pit to achieve complete cell membrane separation and create an 

endocytic vesicle free of the cell membrane71. Based on biochemical studies that classify 

dynamin as mechanochemical and regulatory GTPase, and the spatial-temporal correlation of 

clathrin, dynamin, and membrane cargo puncta in live cells, it has been shown that dynamin 

also plays an early role in CME. Dynamin also mediates caveolae endocytosis however, little 

less is known about the entire role dynamin plays in this pathway 321. To date, 10 heterozygous 

mutations associated with CMT and 24 with CNM were identified in MD, PH, GED and PRD 

domains with no common mutations to these two disorders322–324. I will look at how these 

mutations in DNM2 affect clathrin mediated endocytosis and caveolin mediated endocytosis 

in cos-7 monkey kidney fibroblast-like cell line model as well as patient derived human skin 
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fibroblast cells containing p.R465W, p.R522H, p.S619L , p.L1498 mutations and healthy control 

cells.  

Cell culture has been used extensively to study the structure and function of living things from 

microorganisms to humans325. Cells are the smallest form of life and house the biological 

machinery to make proteins and utilise signalling to affect changes in our bodies. The evolution 

of cells stems from a common ancestor and this has significant implications on cellular and 

molecular biology because during evolution, the fundamental properties of cells have been 

conserved326. The basic principles of cell biology learned through the experiments performed 

on one cell type can also be applied to other cell types327. However, it must be noted that many 

experiments can be more easily performed on one cell type over another due to the diversity 

and nature of different cells. Humans are among the most complex vertebrates to study. The 

human genome is made up of about 3 billion base pairs with over 200 kinds of specialised cells. 

This makes studying the whole organism difficult but primarily a better understanding of 

cellular pathways can be achieved using cells lines as a model328.  

One significant method of studying human cells is to grow isolated cells in culture, where they 

can be manipulated under controlled laboratory conditions329. The use of cultured cells 

allowed the study of many aspects of mammalian cell biology, including the discovery of 

mechanisms for DNA replication, gene expression, protein synthesis and processing, and cell 

division, as well as the ability to study signalling mechanisms of cell growth and differentiation 

within the intact organism330. 

Mutations in the genes of an organism have a cellular impact and can alter the cell’s ability to 

endocytose, divide, make proteins, remove waste or carry out other essential tasks. These 

genetic changes can lead to defects that give rise to diseases and affect a patients’ quality of 
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life. Therefore, studying how the genetic mutations affect organisms on the cellular level can 

uncover new ways to treat diseases329,330.  

Furthermore, a greater understanding of human systems can be achieved with the study of 

cells, especially since all human cell types carry the same genetic information. For this study, a 

cellular model of human skin fibroblasts was used, as these are cells from the species of 

interest and were easily accessible for the purposes of this research from a local cell bank.    

The specialised properties of some highly differentiated cell types have made them important 

models for studies of certain aspects of cell biology331. Patient-derived skin fibroblasts present 

advantages over transformed cell lines, as biochemical abnormalities underlying disease can 

be reproduced in the patient samples332. In this study I used patient derived skin fibroblasts to 

better understand the effects certain mutations in dynamin 2 gene can have on the ability of 

cells to carry out dynamin dependent endocytosis. Traditionally investigations, into endocytic 

events have used assays such as labelled cargo uptake, qPCR and western blotting as well as 

microscopy techniques such as TEM53,304,333. More recently advanced microscopy techniques 

such as SICM, TIRF, AFM, STORM and STED have allowed for further observations to be 

made177,334,335. In this chapter I will discuss if mutations effect the stability and production of 

dynamin-2 mRNA levels, as well as the protein levels of dynamin-2 before I analyse if any effect 

can be seen in cargo uptake via clathrin mediated endocytosis as well as caveolin mediated 

endocytosis using pathway specific cargo.  
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3.2 Aims 

• To determine the effect of dynamin-2 mutations play in expression levels of dynamin, 

clathrin and caveolin using q-PCR and western blotting. 

• To determine the effect dynamin-2 mutations play in cargo sequestration using bulk 

uptake of fluorescently labelled cargo.  

 

3.3 Materials and methods  

Quantitative-PCR 

RNA was extracted from cells using RNeasy Mini Kit (Qiagen) and 1 μg total RNA reverse 

transcribed using QuantiTect Reverse Transcription Kit (Qiagen). Gene expression was 

analysed by quantitative real-time PCR (qRT-PCR) using SYBR green method. Primers and 

Quantitect SYBR Green were added according to manufacturer’s instructions to 1ng cDNA for 

a total volume of 25 μL. The following custom designed primers were supplied by Invitrogen: 

DNM2 (F: AGAGCGAATCGTCACCACTTAC; R: GATGTAGGACTGCTCAATGTCG), Caveolin-1 

(F:CGAGAAGCAAGTGTACGACG; R: TTCAAAGTCAATCTTGACCACG); Clathrin-light-chain (F:TA-

CTACCAGGAAAGTAATGGTCCA; R: GGATACTTTCAGGCTCTGACTG), Primers were used at a 

final concentration of 1 µM. Gene expression assays were performed on an ABI 7900HT Fast 

Real-Time PCR machine (Applied Biosystems) under the following conditions: 50°C for 2 

minutes, 95°C for 2 minutes, 40 cycles of 95°C for 3 seconds and 60°C for 30 seconds, 

followed by a dissociation step. Data was analysed using comparative CT method as 

described elsewhere with GAPDH as internal control 320.  
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Western blot  

Cos-7 and human skin fibroblast cells were detached from the cell plate using RIPA lysis 

buffer (Thermo Scientific Pierce) containing 50 mM of Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 

EDTA, and supplemented with 1%  protease inhibitor cocktail (MilliporeSigma) with 

subsequent sonication for 30 seconds. After centrifugation (14,000 g, 4°C, 15 min), the 

supernatant was removed, and the cell pellets were homogenised in RIPA buffer 

supplemented with protease inhibitor cocktail 1% (MilliporeSigma). Protein concentration in 

the supernatant was determined with the BCA Protein Assay Kit (Thermo Scientific Pierce),  

20µg of protein were mixed with loading buffer (50 mM Tris-HCl, SDS 2%, glycerol 10%, b-

mercaptoethanol 1%, and bromophenol blue) and denatured at 90°C for 5 min. Protein 

samples were separated on a 10% SDS–PAGE and transferred onto PVDF membranes (0.45-

µm pore size; Thermo Fisher Scientific) overnight at 100 mA at 4°C. Membranes were 

blocked for 1 h at room temperature in PBS containing non-fat dry milk 5% and Tween 20 

0.1% and afterwards exposed to rabbit polyclonal anti-clathrin heavy chain antibody (Abcam, 

Cambridge, MA, USA), rabbit poly- clonal anti-caveolin-1 (Santa Cruz Biotechnology, Dallas, 

TX, USA), or rabbit polyclonal anti–glyceraldehyde-3-phosphate dehydrogenase antibody 

(Santa Cruz Biotechnology) in PBS– Tween 20 0.1% and milk 1% overnight at 4°C. Membranes 

were rinsed in PBS–Tween 20 0.1% and incubated 1 hour with horseradish peroxidase–

conjugated secondary antibody (anti-rabbit from Jackson ImmunoResearch, West Grove, PA, 

USA) in PBS–Tween 20 0.1%. Chemiluminescence was detected using ECL Detection Kit 

(Merck, Darmstadt, Germany) in the G-Box Imaging System (Ozyme, Paris, France), and signal 

quantification was performed using FIJI software (National Institutes of Health, Bethesda, 

MD, USA).  
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Bulk uptake assay 

Cos-7 cells and Human skin fibroblasts were grown to 60–80% confluency on borosilicate 13-

mm glass coverslips (VWR International, West Chester, PA, USA) in full cell media consisting of 

Dulbecco's Modified Eagle Medium (DMEM; Gibco® Life technologies) with 10% vol/vol fetal 

bovine serum (FBS; Gibco® Life technologies) and 1.25% vol/vol Penicillin Streptomycin (Pen 

Strep from Life Technologies), all cells were incubated at 37oC. Transferrin from human serum 

AlexaFluor 647 conjugate (Thermo Fisher Scientific) and cholera toxin B subunit FITC 

(MilliporeSigma, Burlington, MA, USA) were added to the cells at a 20-mg/ml concentration for 

15 min at 37oC. Cells were washed 3 times with PBS, acid-stripped (0.2 M Na2HPO4, 0.1 M citric 

acid), and fixed with 4% paraformaldehyde for 10 min. Coverslips were mounted onto glass 

slides with prolong diamond antifade mountant with DAPI (Thermo Fisher Scientific). Cells 

were imaged with Zeiss (Oberkochen, Germany) LSM780 inverted confocal microscope. 

Individual cells were manually outlined, and total cell fluorescence corrected. Integrated 

density (area of selected cell 3 mean fluorescence of background readings) was calculated 

using a plugin contributed by Dr. Martin Fitzpatrick (University of Birmingham, Birmingham, 

United Kingdom) in Fiji (https://fiji.sc/ ) software.  

3.4 Results 

3.4.1 Expression of clathrin, caveolin and dynamin in human skin fibroblasts with dynamin 

mutations 

In both clathrin-mediated endocytosis and caveolin mediated pathway, DNM2 has been well 

known as an important player162. Formation, scission and internalisation of endocytic vesicles 

are some of the roles dynamin can play. The data obtained from qPCR (Figure 10) shows mRNA 

levels of dynamin-2, clathirn light chain and caveolin-1.  
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In addition to this western blotting (Figure 11) was also conducted to measure caveolin-1, 

Clathrin and dynamin-2 protein levels. Clathrin light chain and heavy chain were used as the 

light chain was later used in Chapter 5 as it does not interfere with endogenous clathrin coated 

pit production while heavy chain is required for pit production in addition to clathrin light 

chain.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fold-change in caveolin-1, clathrin light chain and dynamin-2 mRNA show similar levels of 

mRNA present in both wild type (control) human skin fibroblasts and p.R465W patient-derived 

cells. However, upregulation of dynamin-2 and caveolin-1 is observed in cells with p.R522H 

mutation while insignificant difference in clathrin light chain production is noted in this 

mutation compared to control cells. The third mutation observed here is p.S619L which shows 

an insignificant difference between production of caveolin-1 and dynamin-2 compared with 

control cell. While it is insignificant there does seem to be less caveolin-1 and dynamin-2 

protein production in this cell line. Furthermore p.S619L displays significantly lower clathrin 

light chain compared to that of the control cell line.  The changes observed in Figure 10 led to 
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Figure 10: qPCR for control and mutant human skin fibroblasts expressing fold change in caveolin-1, clathrin light chain and 
DNM2. ±SEM of 4 independent culture dishes for control, PR465W, PR522H and 3 independent dishes for S619L. Statistical 
analysis using one-way anova with tukey test.  (for caveolin 1, p.R522H vs control *** p<0.0005), (for clathrin light chain p.S619L 
vs control * p<0.05), (for dynamin-2 p.R522H vs control * p<0.05 and p.S619L vs control ** p<0.005) 
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the investigation of protein levels between control fibroblast cells and patient derived human 

skin fibroblasts to see if the differences seen in the qPCR are also evident in the subsequent 

protein production. Figure 11a shows the preliminary western blot which was conducted on 

cos-7 cells to be sure the antibodies were working as well as on control cells, along with the 

mutations p.R522H, p.R465W, and p.S619L. Further replicated of the western blot experiment 

were produced in Dr.Marc Bitoun’s lab  who shared the findings with us. In Dr. Bitoun’s lab 

clathrin heavy chain was used as an indication of clathrin protein production while I used 

clathrin light chain.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Western blot bands revealed at the corresponding molecular weights for the proteins being detected using specific 
anti-bodies. A) Initial western blot tested the experimental set up where COS-7 cells as well as control cells (9036), p.R522H, 
p.R465W were tested . B) Representative blot of experiment shows the bands of clathrin heavy chain, caveolin-1 conducted 
in control cells (C1 and C2) as well as p.R465W and p.R522H mutation cell lines, provided by Dr.Marc Bitoun.  

 
 
Figure 11 shows two blots, with the first blot being a representation of experimental set up 

while the second blot represents the example blots used to produce analysis in Figure 12. In 

Figure 12b it can be seen that there are raised levels of clathrin heavy chain and cav-1 in both 

p.R465W and p.R522H as compared with control samples.  
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3.5. Discussion and conclusions 
 
 
 
 
 
 
 
 

To assess whether the difference in the mRNA levels observed translated into protein levels I 

performed quantitative western blotting in human skin fibroblasts (Figure 12). I found that 

clathrin heavy chain was expressed at significantly higher levels in p.R522H cells compared with 

controls and p.R465W, and caveolin-1 was significantly higher in both mutants. The results 

correlate with the higher levels of clathrin and caveolin observed in p.R522H in qPCR over both 

controls and p.R465W. Considering these findings it would be of interest to examine the effect 

mutations in dynamin-2 have on the localisation of clathrin and caveolin to the membrane and 

also if the up regulation caveolin-1 found in p.R522H is found to be in the cell membrane.  

I studied the occurrence and position of clathrin and caveolin proteins in the cell membrane 

as clathrin light chain detection and cavolin-1 in the cell membrane would suggest the 

presence of endocytic pits in the plasma membrane associated with these proteins. This study 

used human skin fibroblasts from CNM patients using indirect confocal immunofluorescence 

microscopy to investigate the impact of DNM2 mutations on clathrin-independent and 

dynamin-2 dependent endocytosis and clathrin-mediated pathway. 

 

**
**

**

A B

Figure 12: Western blot: Mean ± sem of 4 independent culture dishes. (A and B) clathrin heavy chain and caveolin 1 expressed 
in control,  p.R465W and p.R522H. statistical analysis using Mann-Whitney test, (p.R522H  **p<0.01 vs Control, p.R465W was 
non-significant), n=8 for control and n=4 for  p.R465W and p.R522H. 

     **
**

**

A B
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The basal membrane was analysed for fluorescent spots relating to the light chain of clathrin 

and caveolin-1. The distribution of caveolin-1 and clathrin light chain across the entire cell 

membrane was observed in both wild and mutant DNM2 fibroblasts.(Figure 13). At higher 

magnification I observed individual spots across all mutations for the Clathrin light chain and 

 

Figure 13: Confocal immunofluorescence microscopy of patient derived fibroblasts from CNM patients visualised 
from the basal membrane. (A) control DNM2 fibroblasts with healthy human skin. (B) human skin fibroblasts 
with DNM2 p.R465W mutation in patients with CNM. (C) DNM2 p.R465W mutant human skin fibroblasts from 
CNM patients. Nuclei with DAPI staining visualised. 
 

         
 
 
 
 
 
 
 
 
 

S619L

DAPI Clathrin Light Chain Caveolin MERGE

Figure 14: Confocal immunofluorescence microscopy of patient derived fibroblasts from CNM patient with 
p.S619L mutation. Nuclei with DAPI staining visualised. 

 

pS619L 
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caveolin-1 with no over lapping spots (Figure 13). I also performed preliminary tests on p.S619L 

and observed that the spots of the clathrin light chain and cavolin-1 spots were scattered 

across the cell with no overlapping spots. (Figure 14).    

 

 

 

 

 

 

 

 

 

 

 

 

I quantified the amount of fluorescent spots found in post-image analysis to further investigate 

how DNM2 mutations influence the levels of caveolin-1 and clathrin light chain in fibroblast 

membranes. Confocal micrographs were analysed using Image-J. Thirteen cells of control 

fibroblasts and p.R465W fibroblast cells and p.R522H fibroblast cells were examined from 3 

independent experiments.  An area of 20 μm x 20 μm was selected at random and surveyed 

for spot quantification of clathrin light chain and caveolin-1 (Figure 16).  

 

Figure 15: Immunofluorescence confocal microscopy of patient derived human skin fibroblast 
membranes. 20µm x 20µm  depictions showing fluorescent spots corresponding to caveolin 1 (green-
GFP) and Clathrin light chain (Red-RFP). A) cells derived from healthy subject. B) patients derived cells 
with the p.R465W mutation and C) patient derived cells carrying p.R522H mutation. 
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The median density of clathrin and caveolin-1 spots per 20 μm x 20 μm was influenced by the 

mutations in the fibroblast cell lines (Figure 16). Although the difference in clathrin spots 

between control, p.R465W and p.R522H skin fibroblasts is not statistically significant, it was 

shown that there was a statistically significant difference in caveolin between the three groups 

(control, p.R522H and p.R465)  (Figure 16). Cells with p.R465W mutations have raised average 

levels of caveolin per 20 μm x 20 μm compared to fibroblasts of the wild type; 159±65 vs. 

110±50, but the difference is not significant after post-hoc examination (p>0.05). In fibroblasts 

Spots per 20 µm x 20 µm  
 

Mean(SD) SEM 
Control DNM2 (n=13) Cav1 110 (51) 14 

 
CLC 142 (32) 9 

R465W (n=13) Cav1 160 (65) 18 
 

CLC 152 (40) 11 
R522H (n=13) Cav1 185 (45) 13 

 
CLC 159 (54) 15 
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Figure 16: Graph and table showing the quantification of clathrin and caveolin spots observed via immunofluorescence 
microscopy. A) Mean frequency of caveolin-1 and clathrin light chain per scan area of 20 µm x 20 µm, of human skin 
fibroblasts. confocal Quantification using ImageJ of flourescent spots corresponding to caveolin-1 or CLC in human skin 
fibroblasts.  SD; standard deviation, SEM; standard error of the mean. B) Average count of Caveolin-1 and CLC spots 
between human skin fibroblasts from CNM patients using immunofluorescence confocal microscopy quantified using 
ImageJ.* One-way ANOVA – significant (P<0.05) 

A. 

B. 
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with p.R522H mutations and wild type DNM2 there is a substantial gap in average caveolin per 

20 μm x 20 μm; 185 ± 45  vs. 110 ± 51 respectively (post-hoc test p<0.05). There is no significant 

difference between p.R522H and p.R465W mutation fibroblasts. This is in line with results seen 

in both the qPCR and western blot data. 

Resulting investigation should explore whether DNM2 protein mutations are able to internalise 

pathway specific cargo and if the currently observed increase of caveolin-1 is due to dynamin-

2 mutations interfering with the caveolin-1 pathway. As well as analysing if dynamin mutations 

are slowing down or arresting clathrin mediated pathway and weather any compensatory 

mechanism is seen for dynamin dependent endocytic pathways thus rescuing endocytosis in 

mutant human skin fibroblasts. 

3.4.2 Uptake of transferrin and cholera toxin B in human skin fibroblasts with dynamin 

mutations 

In order to ascertain the effect dynamin-2 mutations, have on cargo sequestration, a bulk 

uptake assay by epifluorescence was carried out. Initially transferrin and albumin were 

selected as cargo due to their reported specificity to clathrin and caveolin endocytosis 

pathways. However, after initial results, it was determined that albumin was not very specific 

to the caveolin endocytic pathway and cholera toxin B was subsequently used. After 70% 

confluency was achieved on cell plates, the cells were serum starved to deplete serum or cell 

surface level of cargo as well as being put on ice to arrest the endocytic process. Transferrin 

uptake was carried out between 5 to 30 mins and 20minute uptake incubation was found to 

be the most effective with over all 14 independent experiments conducted 
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It has been shown that Cholera toxin B has a preference for the caveolin mediated endocytic 

pathway while transferrin is specific to the clathrin mediated pathway197,336. I decided to use 

these pathway specific molecules tagged with different fluorescent proteins to determine if 

cargo uptake is affected in patient derived fibroblasts when compared with controls. Figure 17 

shows simultaneous uptake of transferrin and caveolin into human skin fibroblasts and 

patients derived fibroblasts, with apparent uniformity across both mutant cell lines and control 

cell line.  

 

 

 

 

DAPI Transferrin MergedCholera Toxin B

control

PR465W

PR522H

A

B

C

Figure 17: Simultaneous uptake of fluorescently labelled Transferrin AlexaFluor 647 (red) and Cholera toxin B 
FITC (green) in human skin fibroblasts with DAPI highlighting the cell nucleus. (A) healthy human skin 
fibroblasts, (B) human skin fibroblasts with p.R465W mutation and (C) human skin fibroblasts with p.R522H 
mutations. 
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Cargo uptake for CTxB which is specific for caveolin endocytic pathway can be seen in Figure 

18 where there is a reduction in uptake by fibroblasts with p.R465W and p.R522H mutations. 

However, p.R522H displayed the most significant reduction in CTxB uptake. A  similar trend 

was observed in Figure 19, where there was a significant reduction in the uptake of transferrin 

in both p.R465W and p.R522H.  

3.5. Discussion and conclusions 

I measured the uptake of fluorescently labelled transferrin and cholera toxin B to enable a 

better understanding of dynamin mutations in patient-derived human skin fibroblasts. I 

observed a decrease in p.R465W and p.R522H cargo uptake in cells. While this experiment 

confirms my hypothesis that these mutations decrease both caveolin and clathrin mediated 

uptake rates, this also needs to be taken in context with published findings that state a 

 

 
 
 

 

 

Figure 19: Bulk uptake assay for Transferrin (Tfn) showing 
control (9036), and mutant cell lines PR465W and PR522H. 
Error bars ± SEM, ANOVA test P<0.05. n= number of  
individual cells analysed in 14 independent experiments 

Figure 18: Bulk uptake assay for Cholera Toxin B (CTxB) 
showing control (9036), and mutant cell lines PR465W and 
PR522H. Error bars ± SEM, ANOVA test P<0.05. n= number of  
individual cells analysed in 14 independent experiments 
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substantial proportion of transferrin has been found to be internalised by clathrin and dynamin 

independent endocytosis222,337.   

On the other hand, cells transfected with GTPase-deficient p.K44A mutant or treated with a 

dynamin inhibitor (dynasore), often used as a negative control, show an average reduction in 

uptake only by 70 percent53,338. However, for this experiment is was better to place cells on ice 

as it has been shown that cargo uptake conducted on ice when all other endocytic routes are 

blocked show a complete absence of cargo internalisation339. This suggests that approximately 

30% of cargo are internalised via non-selective pathway. The commonly used endocytic 

markers like CTxB and Tfn, have been shown to have poor specificity of uptake to a particular 

endocytic process and the presence of alternative endocytic pathways means these are then 

utilised. There are a few commonly used ligands associated with CME, however the specificity 

of these has also been found to be lacking. While markers like EGFR prefer clathrin mediated 

endocytosis297,340,341 it has been found, in cases where CME is saturated the ligand may enter 

via alternative endocytic pathways342. Several experiments have provided convincing evidence 

that caveolae successfully sequester and internalise different lipids, proteins and associated 

ligands through an endocytic mechanism343,344.While receptors such as LDL which have a 

preference for uptake via CME345,346 have also been found to be internalised via 

micropinocytosis347. Therefore, it is difficult to find cargo that is unwaveringly exclusive to one 

endocytic pathway as the nature of cellular machinery is to find compensatory mechanisms 

for internalisation. 

Other studies have reported that the cholera toxin B subunit, which specifically binds to GM1 

gangliosides, is concentrated and internalised through non-clathrin coated pits and vesicles 

distinct from those associated with clathrin-mediated endocytosis348–350. It has been shown 
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persuasively that cholera toxin is internalised through a caveola-mediated system but not by 

clathrin coated pits and vesicles. 

Certain non-specific methods of uptake, such as macropinocytosis, in which dynamin is 

involved, adds complexity. Macropinocytosis is not triggered directly by interactions 

between cell surface receptors and cargo ligands, but is a product of constitutive membrane 

ruffling driven by dynamic remodelling of cortical actin cytoskeleton in reaction to stimulation 

by receptors351. It undergoes homotypic fusion and fission351,352 and may also merge within 

minutes of internalisation with other endocytic pathways and thereby becoming visually 

untraceable which makes tracing this endocytic pathway with fluorescently labelled proteins 

difficult. Several studies have used horseradish peroxidase (HRP)263,267 or Lucifer 

Yellow353,354  as micropinocytosis uptake markers. In these studies, the cargo activity or the 

fluorescence associated with the marker is measured in the lysate of the cells 

via spectrophotometry. These methods however do not take into account the potential  

contribution of other endocytic pathways to the total amount of fluid-phase marker 

internalised by the cells, which then compromises the specificity of the assay352. However one 

uptake marker used to study macropinosomes is dextran355. Dextran is a hydrophilic, non-

digestible carbohydrate available commercially with photostable fluorophore conjugates with 

well differentiated excitation/emission spectra suitable for fluorescence microscopy352. 

Therefore, this marker could be used to study the effect of dynamin-2 mutation on 

micropinocytosis and membrane ruffling.  

 

It has been shown previously that dynamin interacts directly with actin, and point mutations 

in the actin-binding domain cause membrane ruffling116. In addition, p. R465W mutation has 

been shown to significantly decrease the enrichment to the dorsal ruffle and inhibit raft-
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dependent endocytosis; however, this does not affect the rate of macropinocytosis52. 

Furthermore, it has been shown that DNM2 plays a significant role in macropinocytosis356,357 

and acts as a transition controller for the recruitment by membrane-assisted clathrin and 

caveolin-independent mechanisms of Arp2/3 activators required for IL-2 receptor 

endocytosis358. These findings suggest that mutations in dynamin do in some way obstruct 

cargo uptake however it is non-conclusive and therefore subsequent investigation could 

explore the effects of dynamin on clathrin coated pits and caveolae at the cell membrane. In 

order to further investigate the effects of these mutations in dynamin on dynamin dependent 

endocytosis, I will look at the cell membrane where dynamin plays a crucial role in scissoning 

the endocytic pits for internalisation into the cell as well as analysing the membrane ruffles in 

which actin and dynamin interactions play a role. Therefore, I can take roughness 

measurements of the cell surface to see if there is a difference in these measurements 

considering actin is a significant component of the cell cytoskeleton.  
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Chapter 4: The role of DNM2 mutations in endocytic 
vesicle morphology 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
111 

 

4.1. Introduction 

In the previous chapter I investigated the effect dynamin-2 mutations have on cargo 

sequestration by doing a bulk uptake assay visualised by immunofluorescent microscopy on 

human skin fibroblasts. I also did not find any co-localisation of cav-1 and clathrin light-chain 

as both are independent pathways (Figures 13 and 15). The increased frequency of caveolin-1 

in patient derived fibroblast cell lines as well as an increase in clathrin more significantly noted 

in patient derived fibroblasts with p.R522H mutation, poses the possibility that, clathrin 

mediated endocytosis is defective in DNM2 mutants48, and increases the possibility caveolin 

mediated endocytosis is also affected, the up-regulation of caveolae and clathrin protein levels 

may result in the rescue of endocytosis in a compensatory manner in these mutations. As 

DNM2 mutations render dynamin functionally deficient and therefore unable to internalise 

caveolae or clathrin coated pits by scission, resulting in the accumulation of endocytic proteins 

in the cell. In order to investigate this aspect, I carried out pathway specific cargo uptake 

assays. This showed that patient derived cells with dynamin-2 mutations had less cargo uptake 

possibly due to fewer successful endocytic events. In order to investigate the effect mutations 

in dynamin-2 have on the uptake process, I decided to take a closer look at the cell membrane. 

I suggest the employment of TEM to assess any difference in endocytic structures at the plasma 

membrane level. Differences in the structural characteristics of cells undergoing endocytosis 

can be observed by TEM. I expect to see possible clathrin coated pit structures as well as 

caveolae structures docked at the cell membrane, and whether the mutations in dynamin 

result in ineffective scission at the cell membrane.  

Furthermore, fibroblasts with p.R465W mutation showed uptake of cargo was more than 

fibroblasts with p.R522H, this could be due to non-specific endocytosis such as membrane 
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ruffles in which actin and dynamin interactions play a role. Therefore, I propose observing the 

roughness measurements of the cells to see if there is any alteration in these measurements, 

as this could be linked to changes in the cell cytoskeleton and non-specific endocytosis271,272.  

This chapter discusses the differences in the endocytic and membrane structures of in patient 

derived human skin fibroblasts performing endocytosis observed by TEM and SICM . 

 
 
4.2. Aims 

• Characterise endocytic structures in membranes of human skin fibroblasts with dynamin-

2 mutations by electron microscopy   

• Analyse membrane ruffles in apical membranes of human skin fibroblasts with dynamin-2 

mutations by SICM 

 
 
4.3. Materials and methods 

Ultra structural visualization by Transmission Electron Microscopy (TEM) 

Sample fixation  

Human skin fibroblasts were grown to 80% confluence in 6-well plates for electron microscopy 

(EM). The cells were washed thrice with PBS and fixed for 10 minutes at room temperature 

with 2.5% EM grade glutaraldehyde (TAAB) and transported to an EM facility where cells were 

stored at 4oC in a cacodylate buffer in 2.5% glutaraldehyde. With gentle rotation, the cells were 

rinsed in cacodylate buffer three times for 10 minutes. Each well was post-fixed for 1 hour in 

a fume hood in 1% OsO4 in cacodylate buffer. The cells were then washed in distilled water 

twice for 5 minutes.  

Dehydration  
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A graded series of methanol (70-100%) was used to dehydrate samples. Twice for 5 minutes 

and 20 minutes a 70% methanol wash was done, followed by 90% methanol for 10 minutes 

(twice) and then 20 minutes. Finally, three rinses incubated for 10, 20 and 40 minutes were 

done with 100% methanol. 

Araldite Infiltration, embedding and polymerisation  

A transition to araldite  was achieved with the use of proplylene oxide. Samples were immersed 

in 100% propylene oxide for 20 minutes, twice. Followed by a 50:50 propylene oxide and 

araldite mixture for 20 minutes, a 25:75 propylene oxide and araldite mix for 30 minutes and 

then 100% araldite for 30 minutes followed by incubation to allow infiltration overnight. 

Samples were then embedded in araldite moulds and polymerisation was achieved in an 

embedding oven at 60oC for 72 hours. Before the moulds were snapped off the plastic surface 

of the wells achieving a sandwich of cells between a thin layer of plastic and araldite resin.  

Ultrathin sectioning  

Araldite blocks were trimmed to reveal the embedded sample and 1 μm semi-thin toluidine 

blue survey sections cut by microtome (Reichert Ultracut E, Leica) for light microscopy. Areas 

of interest were selected, shaped for ultramicrotomy and ultrathin (80nm) sections cut. The 

sections were xylene stretched and picked up for TEM on 200 mesh thin bar copper grids.  

Ultra-thin staining for contrast  

The sections on grids were contrast stained with 1.5% uranyl acetate for 10 minutes at room 

temperature and then washed four times with methanol. Followed by staining with lead citrate 

at room temperature, sodium hydroxide pellets were used to prevent CO2 contamination, and 
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then washed with deionised distilled water four times.  

Examination by transmission electron microscopy  

Observation was done by transmission electron microscope (Hitachi H7000; Nissei Sangyo) 

operated at 75KV at the Royal Brompton Hospital. Sections were examined by me for clathrin 

coated structures.  

Quantification of clathrin coated pits  

Human skin fibroblasts from patients and controls were surveyed along the length of the 

section that was cut. Quantitation of clathrin coated pits was performed by surveying individual 

cells along the membrane at x8000 magnification; the number of clathrin-coated and non-

coated pits were counted on examination of resulting micrographs. Clathrin coated pits (CCPs) 

are identified by characteristic dark coating on the outer side of the vesicle. The morphology 

of clathrin-coated pits (CCPs) was classified and ambiguous pits were resolved at higher 

magnification of x70000.  

The following criterion was applied to classify the morphology of CCPs: only CCPS with 

diameter of approximately 100 nm – 150 nm were counted. Curved pits were defined by the 

presence of clathrin coat on a very shallow invagination with an obtuse interior (cytosolic) 

angle on one side of the pit. Opened pits are deeper and U-shaped, omega-shaped pits are 

deeper with narrow openings. Internalised vesicles are completely encased by coated 

membranes and are a distance from the membrane.  

 
 
SEM on metal replica from unroofed cells  
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Adherent plasma membranes from human fibroblasts plated on glass coverslips were 

disrupted by sonication as previously described by Heuser319. Glutaraldehyde and 

paraformaldehyde fixed cells were sequentially treated with OsO4, tannic acid, and uranyl 

acetate prior to dehydration and Hexamethyldisilazane drying (MilliporeSigma). Dried samples 

were then rotary shadowed with platinum and carbon with a high vacuum sputter coater (Leica 

Microsystems). Platinum replicas were floated off the glass by angled immersion into 

hydrofluoric acid, washed several times by floatation on distilled water, and picked up on 

formvar and carbon-coated EM grids. The grids were mounted in a eucentric side entry 

goniometer stage of a transmission electron microscope operated at 80 kV (model CM120; 

Philips, Andover, MA, USA), and images were recorded with a Morada digital camera (Olympus, 

Tokyo, Japan). Images were processed in Adobe Photoshop (Adobe, San Jose, CA, USA) to 

adjust brightness and contrast and presented in inverted contrast. 
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4.4. Results 

4.4.1 Characterisation of endocytic structures by electron microscopy in dynamin 

mutants 

The development of calthrin-coated pits and their separation and internalisation relies on 

Dynamin-2. The reducton in the uptake levels of fluorescently labelled Tfn support the 

hypothesis that mutations in dynamin-2 can lead to pit maturation and internalisation 

disruption. I then decided to investigate and describe the effect of DNM2 mutations on 

calthrin-coated pit populations and their distributions in cell membranes. To classify the 

endocytic structures of healthy individuals and patients with mutations in cells with p.R465W, 

p.R522H, p.S619L & p.L1498 I used TEM imaging, a well-established, high-resolution imaging 

technique. Patient human skin fibroblasts and healthy skin fibroblasts were fixed and 

embedded in araldite. Thin sections were sliced and stained, the sections were observed using 

the transmission electron microscope (Hitachi H7000; Nissei Sangyo). Fibroblasts have been 

identified and studied along the whole cell membrane to identify clathrin-coated pits that have 

a distinct coat and have a diameter of less than 200 nm.  

 
 
 
 
   
 
 
 
 
 
 
 
 
 
 

 
A) Flat                           B) Opened                      C) Omega Shaped        D) Fully Internalised  

 
 
 

 

Figure 20: Progression of clathrin-mediated endocytosis (CME) in human skin fibroblasts. Representative electron micrographs of 
clathrin-coated pits with various degrees of invagination using TEM. Vesicles have morphologically distinguishing clathrin coat and 
ranges from 60 - 200nm.  
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I used TEM to observe the morphology and density of clathrin coated pits and caveolae along 

the plasma membrane. However, this technique is a snapshot of one moment in time of the 

cell membrane. Figure 20 shows characterisation of CCPs at different stages of internalization. 

In order to identify which stage of endocytosis is affected by mutant dynamin, I counted the 

occurrence of flat, opened, omega shaped and internalised pits individually. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

High-resolution TEM photographs of human skin fibroblasts were sampled along the 

cytoplasmic membrane for endocytic structures among which clathrin coated pits and caveoli 

are identified (Figure 21). Clathrin coated pits can be differentiated at different stages of 

development and internalisation by the characteristic clathrin coat which is darker and thicker 

than the cytoplasmic membrane (white arrows) in thin sections. Numerous caveoli (black 

arrows) were also observed as round or flask-shaped invaginations docked to the cell 

membrane, almost half the diameter of clathrin coated pit size. Identified clathrin coated pits 

 

Figure 21: TEM analysis of caveoli and 
clathrin coated pits in human skin fibroblasts.  
A) Control cells (healthy individuals). B) Cells 
with p.R465W mutations. C) Cells with 
p.R522H mutation. The bold white arrows 
point at Clathrin coated Pits, the  black arrows 
point at caveoli, and arrowheads points at 
internalized caveoli. Asterisk marks a 
caveolar stomatal diaphragms. Scale bars, 
200 nm. 
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were classified by the stage of their life cycle: nucleating (flat or mildly curved), mature and U-

shaped (invaginated to the degree of more than 1 opening radius), omega-shaped (minimal 

opening) and completely internalised (membrane detached). 

 

 

 

  

 

 

 

 

 

 

The density of internalised caveoli can be seen in Figure 22, where the red arrows denote 

uncoated pit structures that resemble caveoli. The greater number of internalised caveoli 

structures observed could explain the few numbers of arrested caveoli structures found in 

healthy human skin fibroblast cells, as well as the increased number of arrested caveoli in 

p.R465W and p.R522H. The lower numbers of internalised caveoli seen in p.R522H compared 

with p.R465W could be explained by the increased number of arrested uncoated pit structures 

seen in p.R522H as compared with p.R465W. 

 

 

Figure 22: Arrows point to uncoated pits at the cell membrane with diameter approximately 
50nm. A) Healthy skin fibroblasts with wild type DNM2. B) Skin fibroblasts from CNM patients 
with DNM2-R465W. C) Skin fibroblasts from CNM patients with DNM2-R522H 
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Continuing with representations of cell membranes visualised with TEM, Figure 23 depicts 

caveoli and clathrin coated pits in human skin fibroblasts. The control cells have a few caveoli 

docked at the cell membrane as well as a few different stages of clathrin coated pit formations 

in Figure 23. The S619L cell line was also observed along with pL1498 patient derived human 

 

Figure 23:  TEM analysis of caveoli and clathrin coated pits in human skin fibroblasts (A–E).  Control cells (healthy 
individuals) (A). Cells with p.R465W mutation (B). Cells with S619L mutation (C). Cells with p.R522H mutation (D). 
Shows TEM images of cells with p.R522H mutations with caveolae and cltharin coated pit structures observed. (E). 
shows TEM images of cells with p.L1498.  
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skin fibroblast from a CMT patient gifted by Prof. Mary Reilly, UCLH.  In cells with p.S619L and 

p.L1498 there are many more caveoli docked at the cell membrane (orange arrows) while 

clathrin coated pits can be seen in the opened – omega positions. Visualisations via microscopy 

are an important tool to understand the dynamins of the cell membrane.  

 
 
 
 
 

 

 

 

 

 

 

 

 

 

There was no significant difference in pits and vesicles seen in p.R522H mutants relative to wild 

type, but the number of internalised pits seen in the p.R465W mutant decreased compared to 

wild type. Figure 24 shows the distribution of CCP densities at different stages of the life cycle. 

The number of nucleating CCPs and internalised clathrin-coated vesicles within the control 

group of cells was insignificantly higher than mature and omega-shaped Clathrin-coated pits 

(299 images, 130 pits in total, 3787 µm of total membrane length analysed). This distribution 

indicates that closing and scissioning of clathrin-coated pit happens faster than maturation and 

deeper transportation within the cell. By contrast, the number of internalised vesicles in p. 

 

Figure 24: TEM analysis of human skin 
fibroblast cell sections. A) Densities of CCPs 
at different stages of their life cycle. B) Total 
CCPs and caveoli densities. C) Membrane-
bound and internalized caveoli densities. 
Density is expressed as pit/mm of membrane 
length, error bar SEM. *P , 0.05, **P , 0.005. 
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R465W fibroblasts was significantly lower than the number of flat clathrin-coated pits (227 

images, total 90 pits, total length of membrane analysed at 3409 µm, P<0.05) and the number 

of internalised vesicles in control fibroblasts (P<0.005). In p.R465W fibroblasts observed by 

SICM-FCM, this suggests substantially prolonged clathrin-coated pit formation time and 

eventual pit flattening and disassembly. Unlike cells with p.R465W mutation, the distribution 

of CCPs in p.R522H fibroblasts was similar to that in control cells with an insignificantly higher 

number of internalised clathrin-coated vesicles (319 images, total 162 pits, total membrane 

length analysed at 4271 µm), indicating that pits eventually internalise in p. R522H cells as 

observed by SICM-FCM despite significantly longer LTs. 

In human skin fibroblasts, the densities of morphologically identifiable caveoli were found to 

be at least 1 order of magnitude higher than the densities of CCPs in control at all stages (i.e. 

nucleating through to internalised) and both mutant fibroblasts (Figure 24). The total number 

of controlled caveoli identified, p.R465W, and p.R522H fibroblasts were respectively 1906, 

1607 µm, and 1626 µm. TEM micrograph resolution was inadequate to recognise slightly 

curved caveoli and differentiate constricted from entirely internalised ones; thus, I could not 

perform complete analyses comparable to that of CCPs in full. So, I then compared the 

densities of membrane-bound and putatively internalised caveoli (black arrow and 

arrowhead). Only the intracellular vesicles about half a micrometre from the morphologically 

visible membrane-bound caveoli have been determined as internalised caveoli. I found that 

the total number of caveoli was approximately equal in all 3 skin fibroblast lines. Although the 

size of internalised caveoli in control cells was the same as those of membrane-bound caveoli 

(Figure 24) the density of internalised caveoli in p.R465W fibroblasts was significantly lower 
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than those of membrane-bound caveoli (0.23 vs 0.55 caveoli / µm, P < 0.05), and in p.R522H 

cells it was also lower (0.19 vs 0.45 caveoli / µm P > 0.05). 

An increase in non-coated pits has been observed in human skin fibroblasts with DNM2 

mutations using TEM, however not statistically significant (Figure 24). The characteristics of 

the non-coated observed in TEM are indicative of caveolae359. Using traditional TEM it is 

difficult to ascertain what uncoated structures which resemble caveoli are, and weather 

indeed they are caveoli or not. To gain additional insights on the distribution and structure of 

CCPs and caveoli on the plasma membrane, SEM on metal replica from unroofed cells was 

conducted in healthy control and cells fibroblasts derived from patients. 
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The width and coating of the CCPs (white arrowheads) and caveoli (white arrows) are clearly 

identified. Figure 25 A–D displays representations from control cells of the cytoplasmic side of 

the plasma membrane. Caveoli tended to be produced in some limited regions in the control 

 

Figure 25: SEM images from unroofed human skin fibroblasts of the cytoplasmic surface of the plasma membrane. 
Representative images of a healthy individual (A–D), p.R465W mutated cells (E–I), and p.R522H mutated cells (J–L) 
are seen. A) Survey view of the plasma membrane's cytoplasmic surface from a healthy individual's unroofed primary 
human fibroblasts. B-D) Higher magnification view corresponding to the previous image of CCPs and caveolae regions. E 
and H) Survey view of a subject with p.R465W mutation on the cytoplasmic surface of the plasma membrane from unroofed 
primary human fibroblasts. F-G, and I) Higher magnification view in E, F, and H sequentially corresponding to the boxed 
region. J) Survey view of the plasma membrane's cytoplasmic surface from unroofed human primary fibroblasts of a subject 
with p.R522H mutation. K-L) Higher magnification of the caveolae-rich region corresponding to the J and K boxed region. 
Arrowheads shown CCPs, and small arrows point at caveolae seen in D. Scale bars, 1 µm (I, K, L); 2 µm (B, F); 10 µm (A, E, 
H, J); 500 µm [C, D, G, I ]. Contributed by Dr. Marc Bitoun  
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cells (Figure 25 B, C). CCP and caveoli morphology were similar to the control cells in p.R465W 

cells (Figure 25E–I) and p.R522H cells (Figure 25J–L), but caveoli accumulation regions were 

greater in p.R465W cells (Figure 25F, G). 

 
4.4.2 Characterising cell morphology using SICM in dynamin mutants 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After observing uptake of cargo as well as analysing SEM images, there seemed a possibility 

that uptake via nonspecific endocytic pathways is being increased in human skin fibroblasts 

with p.R465W and p.R522H mutations. Non-specific endocytosis such as membrane ruffles in 

which actin and dynamin interactions play a role could be the cause of increased cargo 

uptake despite a lot of arrested pits seen at the cellular membrane in TEM analysis. 

Therefore, I looked at the roughness measurements of the cells to see if there is a difference 

in these measurements since actin is a key component of the cell cytoskeleton (Figure 26 ).  

 

 

 

 

 

Control pR465W pL1498pR552H
A. B. C. D.

Figure 26: Characterization of human skin fibroblast morphology using SICM topographical imaging. Large SICM 3D topographical 
images, A) Healthy human skin fibroblast cells, B) Human fibroblasts with the pR465W mutation, C) Human skin fibroblast with 
pR522H mutation, D) human skin fibroblast cell with CMT mutation L1498. 
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In order to classify the morphology of human skin fibroblasts from CNM patients, I used SICM 

topographical imaging to examine how DNM2 mutations can affect cell morphology. For 2-3 

days, human skin fibroblasts have been cultivated to allow full adherence to cultivation dishes. 

SICM was conducted at room temperature on plates with L15 media using nanopipettes with 

a resistance of about 130 MΩ (Figure 27).  This is a colourised SICM scan of healthy human skin 

fibroblast showing the 3D scanned cell with darker areas being low down and lighter areas 

                      
 
 

               

A 

B 

Figure 27: Characterization of human skin fibroblast morphology using SICM topographical 
imaging. A)Large SICM 3D topographical images showing human skin fibroblasts (control; 
healthy individual). B) Large SICM 3D topographical images showing human skin fibroblasts 
with L1498 CMT mutation  
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depicting height. While Figure 27B shows the patient-derived human skin fibroblast with the 

p.L1498 CMT mutation. The L.1498 fibroblast cell is about 0.7µm shorter than the control cell, 

possibly due to the morphology of the L.1498 fibroblast cell being wider and flatter than the 

healthy fibroblast cell.  

Figure 28 shows topographical information of fibroblast morphology Patient based fibroblasts 

with DNM2 mutations (p. R522H, p. R465W, and p. L1498) share similar cell morphology with 

healthy control fibroblasts, no major difference was found between any of the patient derived 

cells varying from the stable control fibroblast cell morphology. I have studied the composition 

of the membrane on a nanometer scale using SICM. Higher resolution scans of 10 μm x 10 μm  

and 5 μm x 5 μm areas were used to examine the membrane characteristics of each cell type. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
\ 
 
 

 

Figure 28: Characterization of the morphology of human skin fibroblast using topographic depictions from SICM. Wide 
topographical images of SICM 3D (left column) showing fibroblasts of human skin. A) (Healthy individual) control B) 
P.R465W cells. C) Cells with mutations of p. R522H. The middle column displays images of the corresponding cells in 
higher resolution, showing membrane morphology with characteristic ruffling of the membrane. Right column depicts 
the distribution of the surface of the membrane contained in membrane ruffles and microvilli measured as a difference 
between the total surface area of the cell and the surface area calculated for low- pass filtered cell surface. 
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Healthy fibroblasts have distinct membrane ruffles and protrusions that are shorter in length 

relative with DNM2 mutants. Healthy fibroblasts of 1 μm-1.5 μm of ruffle length relative to 

patients with DNM2 mutations with membrane ruffles reaching beyond the 5 μm x 5 μm scan 

region (Figure 28). 

High-resolution images seen in the middle column of Figure 28 showed dorsal ruffles and 

microvilli-like surface projections. Since SICM image is a true 3D map of the apical cell surface 

consisting of a defined number of points where each point represents cell height at x and y 

coordinates, the cell surface area can be measured as a sum of three adjacent SICM scan 

points360. I first measured the surface area of the whole cell in raw SICM scans in order to 

calculate the surface area acquired in membrane ruffles and microvilli, from which I subtracted 

the surface area of the same images subjected to low-pass filtration which eliminated 

membrane projections. For example, unprocessed (black) and low-pass filtered (red) control 

cell cross-section profiles are shown in Figure 28 (Inset, right column). The distributions of the 

surface area of the cell membrane ruffles (Figure 28, right column) revealed a higher number 

of cells rich in microvilli and ruffles relative to mutants in the control population. The median 

surface area accumulated in membrane ruffles and microvilli was 103.65 μm for control (n = 

38), non-significantly lower for p.R465W (72.36 μm, n = 35, Mann-Whitney U test, P = 0.083, 

2- tailed), and slightly lower for p.R522H cells (72.17 μm, n = 39, Mann-Whitney U test, P = 

0.012, 2- tailed). 
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4.5. Discussion and conclusions 

The previous chapter discussed cargo uptake in patient derived and control human skin 

fibroblasts. The findings were suggestive of dynamin-2 mutations disrupting the action of 

clathrin and caveolin mediated endocytosis.  These results although useful were not sufficient 

as they are an indirect measurement of how dynamin-2 impacts clathrin mediated and caveolin 

mediated endocytosis and to this end I surveyed the cell membranes to ascertain if there is a 

morphological change in pit structure and number at the plasma membrane.  

Transmission electron microscopy is a technique capable of high magnification, greater than 

optical microscopy allowing for the visualisation of very small objects with finer details. 

Therefore, this makes it a good technique to visualise differences in cell membranes.  

Significantly lower numbers of fully internalised CCPs in p.R465W skin fibroblasts were found 

in TEM sections which correlate with my findings in cargo uptake for this mutation which 

showed the reduction in transferrin uptake. Furthermore there was a small difference in 

p.R522H mutation with slightly more CCPs observed in comparison to the wild type while the 

uptake showed a significant decrease in cargo uptake for this mutation which is suggestive of 

a disruption of successful cargo uptake despite formation of CCPs not being significantly 

altered in this mutation. I observed a high proportion of internalised clathrin coated pits 

whereas it would have been expected to see more mature pits would have been expected due 

to the rapid cycling of CME events. The density of nucleating CCPs in the control cells as well 

as the internalised coated vesicles observed was higher than mature or omega shaped pits, 

this could be due to CCP closure and scission rate being faster than the pit development stage. 

Whereas in p.R564W cells the number of internalised vesicles was significantly lower, which 

reinforces the idea that pit lifetimes maybe affected by the mutation present in dynamin-2. 
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Moreover p.R522H cells show CCPs to be similar to control levels where there is an insignificant 

increase in internalised pits indicating that p.R522H mutation still allows successful 

internalisation of clathrin coated pits. However, the analysis of TEM data was made difficult 

due to the low density of CCPs observed in human skin fibroblasts compared to other 

documented cell lines such as COS-7. 

TEM analysis also revealed high density of membrane bound and internalized caveoli in control 

and mutant human skin fibroblasts. In this study, an increase in the frequency of non-coated 

pits docked at the cell membrane in TEM was observed unexpectedly. Such pits have no visible 

protein coat on the cytoplasmic surface and are at the cell membrane in an open / omega 

configuration. In addition, such non-coated pits are flask-shaped and range from 60 nm to 100 

nm in diameter compared to 80 nm to 200 nm clathrin-coated pits. The morphological 

characteristics of the detected non-coated caveolae are representative of the clathrin-

independent and DNM2-dependent endocytosis pathway359. This is further in line with the 

findings in chapter 3 which showed a reduction in CTXB uptake by dynamin-2 mutant cell lines 

as compared with wildtypes, which ordinarily would be expected to be taken up by the caveolin 

mediated endocytic path and was disrupted due to the caveolin being arrested at the cell 

membrane as seen in the TEM data.  

These results were further complemented with SEM images of the cytoplasmic surface of the 

plasma membrane from unroofed human skin fibroblasts. These findings were kindly 

contributed to this thesis by Prof. Marc Bitoun from Research Center for Myology, Institute de 

Myologie, UMRS 974, INSERM, Sorbonnes Universite ́–Pierre and Marie Curie University 

(UPMC), Paris, France. They show the cell membrane from the cytoplasmic face and have 

further reinforced the finding of earlier TEM analysis showing a greater number of caveoli, 

particularly in the p.R465W mutation cell line in comparison to the control cells. However, the 
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most prominent contribution this data had to the study was the morphology of clathrin coated 

pits and caveolae invaginations. This data suggests that the morphology of endocytic pits is not 

affected by the mutations in DNM2 for p.R465W and p.R522H in particular.  

Moreover, cellular morphology is also a factor to be observed when investigating DNM2 

mutations. Dynamin-2 has been shown to interact directly with several actin binding proteins, 

including cortactin. DNM2 and cortactin co-assemble on the cell surface to form large, ruffled 

structures. "Ruffles" are membrane complexes first seen in fibroblasts361,362 Initially defined as 

the protrusive leading edge of a moving cell363. This concept was later modified to more 

precisely define, non-adhesive structures that stretch horizontally across the surface of the 

cell. This separates ruffles from the lamellipodium, the flat, broad protrusion of the leading 

edge of the cell lying along the substratum and weakly adherent to it361–363. Ruffles are further 

subdivided into two different, separate types: peripheral ruffles (PRs) and circular dorsal ruffles 

(CDRs)363. 

Peripheral ruffles are on the leading edge, upward-bending membrane structures of cells, 

folding and creasing backwards and sometimes propagating to the centre of the cell. The 

unusual presence of CDRs on the dorsal surface of cells erecting vertically into ring-shaped 

enclosed structures distinguishes them364. There are some distinctions between PRs or CDRs 

in their types, design, activation mode, and assembly variables. Nevertheless, there are 

fundamental differences with many studies supporting separate and independent roles for 

both.  

PRs have been found to be efficient and constant. After stimulation, they form immediately 

within 1 min and then go through production and disassembly, constantly transitioning. On the 

other hand, CDRs are complex and transient and only develop once after stimulation. Within 5 

to 30 minutes of stimulation278, they emerge, encapsulate and subside. Topologically, PRs 
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develop near or on the cell periphery, while CDRs are formed on the dorsal surfaces of the 

cells. In PR formation, mouse embryonic fibroblasts (MEFs) deficient in WASP-family verprolin 

homologous protein 2 (WAVE2) are impaired, but CDR production remains unchanged. 

Similarly, CDR production is inhibited by knockout-WAVE1, but not by PR278,364, these findings 

suggest that the two styles of ruffles are distinct. 

Dorsal ruffles or waves are membrane protrusions made up of actin-rich structures and 

produced on the cell's apical surfaces. In response to growth factors such as EGF, hepatocyte 

growth factor (HGF), and platelet growth factor (PDGF)272,278,365, CDRs are induced. It has not 

been completely elucidated what the signalling mechanism is that is involved in the 

development of CDR. The manner in which the actin cytoskeleton is assembled into the CDR is 

also uncertain as is their roles and functions, and the biochemical processes leading up to their 

formation366. Many proteins associated with actin cytoskeleton or actin control, such as 

cortactin, dynamin-2, N-WASP, and actin-related protein 2/3 (Arp 2/3), are found to have been 

co-located with the CDR actin ring271–273. Ironically, there is no need for CDR formation of 

clathrin, clathrin adapters, and caveolin, which are normally associated with endocytosis271. 

 

Macropinocytosis functions in cell events ranging from nutrient uptake and pathogenic 

invasion to the non-specific endocytosis of macromolecules in the fluid phase and may either 

occur constitutively or be triggered by stimulation of the growth factor260. Macropinosomes 

are hypothesised to form in-line with the closure of CDRs278,367,368. However they are also 

related to PRs278,369, and so macropinocytosis does not seem to be an exclusive function of 

circular dorsal ruffles. These theories seem to be refuted by some investigative evidences. 

Experiments on the use of fluorescently labelled dextrans suggested that CDRs are not 

macropinocytosis sites364. In addition, WAVE1-deficient MEFs required for CDR formation 
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could still induce PR and macropinocytosis, whereas knockout WAVE2 impaired PR fibroblasts 

did not have macropinosomes form278,364. These findings suggest that PRs, and not CDRs, are 

necessary and sufficient for macropinocytosis. Ultimately, further testing is needed for the 

validity of macropinocytosis as a downstream dorsal ruffling feature366.  

In addition, it has been shown previously that dynamin interacts directly with actin, and point 

mutations in the actin-binding domain cause aberrant membrane ruffling365. The "classical" 

pathway of CDR formation is formed by actin polymerization caused by Arp 2/3 activation by 

the Wiskott-Aldrich syndrome (WAS) family of proteins (N-WASP and WAVE)363,370 and several 

other essential regulatory proteins, such as PI3 K, cortactin and dynamin. 

In general, p.R465W mutation has been shown to significantly decrease enrichment to dorsal 

ruffle and suppress raft-dependent endocytosis which does not affect horse radish peroxidase 

macropinocytosis371. It is also well known that DNM2 plays a crucial role in 

macropinocytosis372,373 and serves as a transfer regulator for the recruitment by membrane-

assisted clathrin-and caveolin-independent mechanisms of Arp2/3 activators needed forIL-2 

receptor endocytosis374.  

Hopping mode SICM was used to observe the morphological differences between cell types. 

As this method is able to build an image of the cell and allow for 3-dimensional analysis with 

height, width and volume information. It is a direct imaging technique and therefore useful for 

my study where it was used to scan the patient derived human skin fibroblasts.  

In addition, the SICM scans showing the roughness measurements of the cells to see if there is 

a difference in these measurements since actin is a key component of the cell cytoskeleton. 

Scanning in this was simple and effective as the roughness of the cell membrane was assessed 

without labelling, and it was able to be done in living cells which allow for a more precise 

representation of living biological morphology of the cell without damaging the cell surface.  
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Using SICM topographical imaging alone, I have shown that DNM2 mutations significantly 

reduce membrane ruffle density and can therefore influence non-selective levels of 

absorption, further complicating the understanding of fluorescent markers unique to specific 

types of endocytosis.  

I observed an increase in ruffled structures resembling microvilli or dorsal ruffles which could 

indicate a substitution for specific endocytosis due to the impairment of the clathrin mediated 

and caveolin mediated endocytic pathways. This is associated with the recent finding that 

CNM-linked DNM2 mutations that disrupt the formation of new actin filaments and the 

stimulus-induced translocation of glucose transporter 4 to the plasma membrane375. It will 

require further investigation to show how mutations in dynamin-2 affect micropinocytosis as 

well as dorsal ruffling and could be linked to the loss of touch sensation and loss of pressure 

feeling in patients if roughness and stiffness are affected in mutant cell lines.  

 

This chapter has shown that there is discrepancy in endocytic events observed in DNM2 

mutations when compared with wild type and therefore it would be of interest to investigate 

single endocytic events to gain further clarification of the effect dynamin-2 mutations have on 

individual caveolin and clathrin mediated endocytic events.  I conclude that since these events 

are snap shots in time, I cannot determine characteristics of clathrin coated pits or caveolae 

such as pit diameter and depth as well as pit lifetimes and therefore further investigation 

should utilise other aspects of SICM which allow of live cell imaging at high temporal 

resolutions to see how pit dynamics are affected at the membrane due to these mutations. 
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Chapter 5: The effect of DNM2 mutations in endocytic 
vesicle formation using SICM-FCM 
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5.1. Introduction 

This chapter discusses some of the observations seen in patient derived human skin fibroblasts 

from centronuclear myopathy patients as compared with healthy skin fibroblasts cells using 

scanning ion conductance microscopy. The numbers of disorders identified to be associated 

with mutations in DNA have increased substantially over the last decade. It is therefore 

important to understand the molecular biology and the impact on cellular functions of these 

mutations. This can lead to a better understanding of these disorders. Mutations in the DNM2 

gene, encode for the DNM2 protein. This is a key component of endocytosis and is found to be 

associated with dominant intermediate type of Charcot-Marie-Tooth disease39, as well as the 

autosomal dominant type of centronuclear myopathy. 

 

Charcot-Marie-Tooth (CMT) disease is one of the most commonly inherited neurological 

disorders with 1 in 2500 Americans being affected6. CMT describes a group of disorders, which 

affect the peripheral nervous system9. CMT patients characteristically display weakness of the 

feet and lower leg muscles, which can be seen as a foot drop or high-stepped gait as well as a 

loss in muscle bulk7,376.The severity of symptoms can vary greatly between patients; this is also 

true for individuals of the same family. The genes affected maybe part of the motor proteins, 

structural or other types required for normal function of peripheral nerves. Among these, 

dynamin-2 has been identified as a gene, which causes the onset of CMT dominant 

intermediate type39 by impairing DNM2 lipid binding activity. 

Centronuclear myopathy is an umbrella term for a group of rare inherited congenital 

myopathies. There are three forms of the disease, X-linked, autosomal dominant and 

autosomal recessive. The cell nuclei of voluntary muscle cells appear to be centralised rather 
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than located in the periphery in this condition. Early symptoms involve muscle pain during 

exercise or difficulty in walking. As the patient ages, muscle weakness can get progressively 

worse and some people with this condition may require a wheelchair. The autosomal dominant 

type is more common than the autosomal recessive type. It is caused by mutations in DNM2, 

BIN-1 and TTN genes377. There are currently no effective treatments or cure for CMT or CNM, 

but management of the conditions can include physiotherapy, and the use of ventilation or a 

feeding tube if required. 

In CMT and CNM, mutations in various domains of the Dynamin-2 gene have been identified4 

Dynamin is a mechanochemical GTPase, comprised of three isoforms. DNM2 defines the whole 

class of dynamin-dependent endocytosis mechanisms including clathrin-mediated and 

caveolin endocytosis378. DNM2 is formed of: a GTPase domain that binds and hydrolyses GTP; 

a middle domain (MD) that is responsible for the assembly of rings and helixes, and interaction 

with actin; a pleckstrin-homology (PH) domain that binds phosphoinositides and is responsible 

for targeting of dynamin to specific organelles; a GTPase effector domain (GED) that regulates 

GTPase activity; and a proline-rich domain (PRD) that is also responsible for targeting by 

mediating protein-protein interactions.  

The current model of dynamin shows the formation and tightening of a dynamin loop around 

the neck of an invaginated clathrin coated Pit to achieve complete pit separation from the cell 

membrane and form an endocytic vesicle free of the cell membrane. According to biochemical 

studies that characterise dynamin as being mechanochemical and a regulatory GTPase, and 

the spatial-temporal correlation of clathrin, dynamin and membrane cargo fluorescence 

puncta in live cells it was shown that dynamin also plays a role in clathrin mediated endocytosis 

(CME) from an early stage192. Dynamin also mediates caveolae endocytosis however, little less 

is known about the role dynamin plays in this pathway. 
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This current research uses cellular, biochemical and high-resolution structural approaches to 

define the molecular characteristics of DNM2, clathrin and other proteins associated with 

endocytosis. Nevertheless, approaches like electron microscopy (EM), bulk-uptake assay, and 

immunofluorescence are only able to offer insight to a single point of  reference in time. These 

are done on fixed cell preparations and therefore are not capable of resolving the temporal 

progression of CME. On the other hand, confocal microscopy or Total Internal Reflection 

Fluorescence Microscopy (TIRF) can be utilised to follow fluorescently tagged proteins in living 

cells thus enabling temporal analysis of clathrin-mediarted endocytosis, but don’t have the 

resolution to characterise vesicle morphology 298 . Advancements in super resolution optical 

microscopy techniques such as Stimulated Emission Depletion (STED) and Stochastic Optical 

Reconstruction Microscopy (STORM) and AFM have enabled nanometre resolution of 

fluorescent imaging of endocytosis. The techniques mentioned have been applied successfully 

to investigate CME however the inability to correlate the data from fluorescent data on live 

cells to the membrane morphological information is an issue which still persists.  

The ability to image the dynamics of CME at a single event and monitor the association of 

various molecular components in vesicle formation/scission is crucial to explore the 

mechanism of pathology of DNM2 mutations. A novel approach has been recently applied to 

study CME lifecycle, the technique combines Scanning Ion Conductance Microscopy (SCIM) for 

live cell imaging with confocal microscopy379,380  

In common with other scanning probe microscopy (SPM) techniques, the SICM consists of a 

scanning probe, dedicated electronic hardware and a computer which provides a user 

interface to the microscope and control of the system and which stores and subsequently 

processes acquired images. In contrast to other SPM techniques, most of which can only image 

surfaces of solid specimen, SICM is able to image both solid and extremely soft surfaces. SICM 
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has been improved from prototypes312,381,382 with the working principle of the SICM, consisting 

of a sensitive SICM probe made of a glass micropipette filled with electrolyte solution and a 

Ag/AgCl electrode attached to it. This micropipette descends into a bath of electrolyte solution 

towards the surface of the specimen. As the tip of the pipette reaches the surface of the 

sample the ion current reduces due to the decrease in the gap that ions can flow through. 

These changes in the ion current are monitored by a control unit and are used as a feedback 

signal to keep the distance between the tip of the pipette and the sample constant by applying 

a voltage to the Z-piezo drive during measurement. Thereby allowing the tip of the pipette to 

follow the topography of the specimen surface; this method of operation is known as constant 

conductance mode. Another method of measurement is the constant height mode which can 

be used to study spatial changes and is better conducted with relatively flat surfaces of 

biological samples that vary by tens of microns in height. In these samples the pipette scans at 

a constant height above the specimen surface while recording the changes in ion current.  
 

In principle, the resolution of SICM images is determined by the inner diameter of the scanning 

pipette, as long as the background noise of the ion conductance signal can be reduced to less 

than 1%. In the early days of the SICM, mircopipettes with inner diameters ranging from 0.05-

0.1µm were used by Hansma and colleagues in their first publication in 1989.The pipettes were 

pulled using a Brown-Flaming puller. The Hansma lab found that in practice they resolved 

features a few times smaller than the inner dimensions of the pipette being used. However, a 

compromise had to be reached with the length of time it took to obtain entire images and the 

averaging of the signal produced over a long period of time to reduce noise. Hansma and 

colleagues proposed that higher lateral resolution could be achieved if the inner diameter of 

the pipettes was reduced to 10nm. However, a few problems encountered with this smaller 
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size is that the smaller pipettes are fragile and prone to breakage during scanning. This can be 

overcome by the use of a shorter tapered pipette or substituting for quartz or aluminosilicate 

glass capillaries instead. Furthermore, another limitation with smaller pipettes is introduced 

with imaging live biological samples in growth media due to the low ion current being 

generated. Increasing the electrolyte content of the solutions is not feasible as it can affect cell 

behaviour, while increasing the voltage being applied to the electrodes can cause static charge 

to build up in the micropipette which attracts particles that can cause pipette blockage.  

Although the foundation of the SICM technique described here is similar to that developed by 

Hansma and colleagues186 the difference is that the technique developed by Shevchuck and 

colleagues 381, is able to scan any sample bathed in electrolyte solution without making direct 

contact, and thereby making this a suitable instrument for the study of living biological samples 

such as cells.  Using this approach, this chapter shows how I characterised the effect of DNM2 

mutations on formation of clathrin-coated pits in human skin fibroblasts with R522H, R465W 

and S619L mutations in DNM2. 

 
5.2. Aim  
 
• Study the effect of Dynamin-2 mutations on Clathrin coated pit formation and scissioning 

in living cells using correlative SICM and fluorescence confocal microscopy 
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5.3. Materials and methods 
 
Cell culture  

Human skin fibroblasts from healthy subjects and from CNM patients with DNM2 mutations 

were generously gifted by Dr Marc Bitoun (UMR_S974 Université Pierre et Marie Curie, U 974 

INSERM, UMR 7215 CNRS, Institut de Myologie, Paris, France). Skin fibroblasts were taken from 

a skin biopsy of a 30 year old CNM patient, containing the p.R465W (c.1393C > T), and a 20 

year old CNM patient with the p.R522H mutation (c.1565G > A) and skin fibroblasts from 

healthy subjects were obtained from biopsies of patients aged  26 and 30 year old  (controls 1 

and 2). The p.R465W fibroblast cell line was derived from a previously reported patient with a 

large autosomal-dominant CNM family (Family 1 in Bitoun, 2005)40, and the p.R522H fibroblast 

cell line was obtained from a patient of an unpublished autosomal-dominant CNM family. 

Sanger sequencing was used to identify mutations in both patients.  

Using Dulbecco's Modified Eagle Medium (DMEM; Thermo Fisher Scientific) containing 5% 

foetal calf serum (FCS; Gibco® Life technologies), cells were routinely maintained at 37oC in 5% 

CO2. Human fibroblasts and Monkey kidney fibroblast-like Cos-7 cells were stored in liquid 

nitrogen. Cell culture was conducted in the laminar flow hood with aseptic techniques. All cells 

were thawed at room temperature and diluted using complete growth media consisting of 

10% vol/vol FCS and 1.25% vol/vol Penicillin Streptomycin (Life Technologies) preheated to 

37oC. Cell lines were grown inside vented tissue culture flasks (Corning) in a humidified 

environment at 37oC with 5% CO2 (Nuaire Incubator, DH Autoflow CO2). Cultures at 80% 

confluency were tyrpsinised with TypsLE (Gibco® Life technologies) and passaged to new flasks, 

cell lines exceeding a passage of 15, were discarded and fresh cell stocks were grown from 

liquid nitrogen storage.  
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Plasmids  

Plasmids were generously gifted by  Prof.Marc Bitoun and Dr.Pascale Guicheney (Inserm, 

UMRS 956, Fondation ICAN, Paris, France). The plasmid DNA used in the experiments were pCi 

(Promega, Madison, WI, USA) containing clathrin-GFP (kindly provided by Dr. Lois E. 

Greene)198. The open reading frame of the wild-type (WT) DNM2 isoform 1 (NM_001005360) 

was generated by RT-PCR from lymphocyte mRNA and inserted in the frame with the GFP in 

pcDNA3.1/NT-GFP-TOPO (Thermo Fisher Scientific). The R465W and R522H plasmids were 

generated by directed mutagenesis using the Quick-Change Site-Directed Mutagenesis kit 

(Agilent Technologies, Santa Clara, CA, USA). Nucleotide substitution produced R465W-GFP 

and R522H-GFP plasmids, resulting in the changes c. 1393 C>T (Arg to Trp), and c. 1565 G>A 

(Arg to His) respectively. The plasmid constructs were verified by DNA sequencing.  The 

NanoVueTM Lite Spectrophotometer (Thermo Scientific) was used to quantify plasmid 

concentration and purity and the plasmids were stored at -20OC. Plasmids were diluted with 

nuclease free distilled de-ionised water (Qiagen) to achieve 1 μg/μl ready for transfection.  

 

Lipofectamine transfection  

Human skin fibroblasts and COS-7 cells were plated onto 35 mm petri-dishes with a 170 µm 

thickness glass bottom (MatTek Corporation) and grown to 70–80% confluency ready for 

transfection. Lipofectamine 2000 (2μl, Life Technologies) was diluted in 50 μl of Opti-MEM 

reduced serum media (Life technologies) and separately 1μl of plasmid (1μg/μl DNA) was 

diluted in 50μl of Opti-MEM and vortexed for 1 min. The diluted lipofectamine was combined 

with the diluted plasmid (2:1 ratio of lipofectamine to DNA) and incubated at room 

temperature for 20 minutes to encourage DNA-lipid complexes to form. Cells in MatTek dishes 

were washed with Opti-Mem twice to remove excess serum from the culture. The DNA-
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lipofectamine solution is then transferred onto the glass component of the dish, and then 

incubated for 1 hour in a humidified incubator at 37oC with 5% CO2. After incubation the DNA-

lipofectamine solution was replaces with preheated complete growth media. The dish was 

returned to the incubator for 24 hours, to allow expression of the transgene.  

 

SICM instrumentation  

SICM is a form of Scanning Probe Microscopy which generates topographical data of sample 

surfaces without contact 310,311. The SICM setup was used to visualise endocytic kinetics. SICM 

combined with fluorescence confocal (FC) microscopy developed in my lab allows live imaging 

at super resolution.  I applied this technique in tandem with biochemical assays to characterise 

the temporal and spatial recruitment of mutant dynamins and their effect on formation and 

internalisation of individual endocytic pits. SICM is a technique used to generate topographical 

data of sample surfaces without contact, which can be combined with confocal microscopy. A 

nanopipette containing physiological media and an Ag/AgCl electrode is used in SICM as a 

probe. The inner radius of the pipette can range between 10nm - 50 nm, which governs the 

resolution i.e. a smaller pipette confers higher resolution scanning. This technology is 

proficiently able to image more than 20 nm topographical resolution on live cells as has been 

published383.  The microscope was controlled by software written in-house that was also used 

for data acquisition and analysis. Nanopipettes were pulled from borosilicate glass with an 

outer diameter of 1 mm and internal diameter 0.5 mm (Intracell) using a laser puller Model P-

2000 (Stutter Instruments Co). The nanopipette is mounted on to a vertical piezo which is 

capable of moving with nanometer accuracy and is immersed in a bath containing, cells, 

physiological media and a reference electrode. An electrical potential is applied between the 

electrodes which results in a flow of ions creates a current. As the nanopipette advances to an 
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ion impermeable surface, the flow of ions is restricted resulting in a decrease in the detected 

current that provides a feedback signal for the measurement of the pipette’s vertical Z- 

position. Once the z measurement is taken, the sample is moved to another location 

maneuvered by an XY piezo actuator to take a new measurement for the surface height at the 

new position. In doing so the system is able to generate a 3D topographical map of the surface 

of the cell. The nanopipettes used displayed resistances of about ~400 MΩ on average with a 

range between 300–500 MΩ and had an estimated inner diameter of 30 nm. The current in 

the pipette was detected using an Axopatch 200B (Molecular Devices). The internal holding 

voltage source of the Axopatch 200B was used to supply a DC voltage of +200 mV to the 

pipette. The outputs of the capacitive sensors from all 3 piezo elements were monitored using 

Axon Digidata 1322A (Molecular Devices) and Clampex 9.2 (Molecular Devices). Correlative 

fluorescent images were recorded using D-104 Microscope Photometer (Photon Technology 

International) through a x100 oil immersion objective. The excitation was provided by Protera 

488 nm wavelength diode-pumped solid-state laser (Laser 2000). SICM-FCM imaging was done 

either in Leibovetz’s L15 or CO2 Independent medium (Thermo Fisher Scientific). Combined 

topographical and fluorescent imaging were done in Phenol-Red–free Leibovetz’s L-15 

medium (Thermo Fisher Scientific). The temperature of the medium in the bath was measured 

with a CL-100 temperature controller (Warner Instruments) as 28°C. This temperature 

recorded slightly higher than ambient room temperature was caused by the heat emitted by 

the piezo scanner, epi-fluorescent attachment, and other surrounding electronic equipment.  
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5.4. Results 

5.4.1. Effect of Dynamin-2 mutations on CCP formation and scissioning  

In order to investigate how p.R465W (located in MD), p.R522H (located in PH domain) and 

p.S619L (located in the PH domain) mutations affect CCP formation, maturation, and closure 

kinetics, I used two distinct models.  

 

 

 

 

 

 

 

 

 

The first model used COS-7 cells and established the recruitment of mutant dynamin to the 

site of endocytic pit formation and its effect on pit formation, maturation, and closure kinetics 

in COS-7 cells transiently transfected with fluorescently labelled DNM2 constructs (DNM2-WT-

GFP, DNM2-R465W-GFP, DNM2-R522H-GFP and DNM2-S619L-GFP), because both clathrin 

mediated and caveoli mediated endocytosis are dynamin dependent, DNM2-GFP fluorescence 

would be expected to correlate with topographically detected indentations corresponding to 

both clathrin coated and caveolin endocytic pits. However, for this chapter only clathrin coated 

pits were analysed as caveolae are too small to be observed. In COS-7 cells I delivered 

fluorescently tagged wild type and mutant dynamin in a plasmid to the cells, this was done to 

 

Figure 29: Diagram depicting fluorescent tagging in COS-7 and human skin 
fibroblast cells. (A) Tracking of endocytosis in human fibroblasts by labelling clathrin 
light chain with GFP. (B) In COS-7, we transfect mutant DNM2 with Green 
Fluorescent Protein (GFP) to model the kinetics of endocytosis in CNM.  
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observe the recruitment kinetics and effect of DNM2 on pit morphology, scissoning and 

internalisation. Human skin fibroblasts which already express wild type or mutant DNM2, I 

decided to label the CLC fluorescently, as this does not affect dynamin function, while allowing 

for the observation of pit formation and kinetics, fluorescent tags on CLC and DNM2 are 

depicted in Figure 29. 

The mean opening diameter of CCP and caveoli has been shown to be 118 nm and 70 nm, 

respectively 69,380. It has also been shown that 88.7% of endocytic pits are clathrin-coated in 

COS-7 cells and only 9.35% are caveoli, with the remaining 2% reflecting topographically 

unidentified pits that do not have the corresponding CLC-GFP or Cav-1-GFP fluorescence380. 

So, I conclude that if DNM2-GFP co-locates fluorescence with topographically observed pits 

greater than 100 nm in diameter, it can correlate with CCPs. This is because transient 

transfections can lead to high levels of DNM2 expression that may not imply physiological or 

physiologically relevant effects and may also be cytotoxic52. I investigated the impact of DNM2 

mutations on CME in skin fibroblasts derived from CNM patients with mutant and WT-DNM2 

endogenous levels. The cells are transfected with CLC-GFP to specifically classify CCPs in human 

skin fibroblasts. It is assumed that because CLC itself does not result in the creation of new 

CCPs for which the heavy chain of clathrin is required, then CLC-GFP would only tag 

endogenous CCPs. It would not be necessary to recruit mutant DNM2 in human skin fibroblasts 

transfected with DNM2-GFP to endocytic vesicle formation sites because it would interact with 

the endogenous mutant DNM2. I measured the topographically detected pit lifetime, 

diameter, and depth in all cell types. Spatial and temporal study of clathrin-mediated 

endocytosis and pit formation on a nanometer scale was made possible with scanning ion 

conductance microscopy 311,316,379,380 . 
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I used this technique to visualize the impact of DNM2 mutations on the dynamics of CME in 

human skin fibroblasts and in the COS-7 model. Twenty-four hours before scanning, COS-7 cell 

lines and human skin fibroblasts (controls, 465W, 522H, S619L) were transfected using 

lipofectamine (life technologies) in plates with >70% cell confluence. COS-7 cells were 

transfected with PR522H-DNM2-GFP, pR465W-DNM2-GFP, pS619L-DNM2-GFP and WT-

pDNM2-GFP to express DNM2 mutations in my cell model. In order to visualize CME pit events, 

human skin fibroblasts were transfected with pCLC-GFP. Scans were taken in L15 media or 

phenol red-free DMEM at 37oC, with a nanopipette displaying resistance of approximately 400 

MΩ (range 300–500 MΩ) and had an estimated inner diameter of 30 nm. Topographic SICM 

images are shown in a 2-dimensional view with height colour coded to render darker or lighter 

areas of the lower regions (Figure 30, top row). CCP is therefore seen as the presence and 

absence of a dark spots (red arrows) accompanied by the corresponding DNM2-WT-GFP 

fluorescence (Figure 30 bottom line).  
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Figure 30: Topography data showing cells transfected with CLC-GFP and DNM2-GF, scans were generated using a scan 
area of 1.5 µm x 1.5 µm of cell membrane, the red arrows show the beginning and end of one endocytic cycle. A) The cell 
membrane invagination begins with clathrin assembly at the cytoplasmic surface, the clathrin-coated pit (CCP) matures 
in depth as seen in the data. (lifetime of 357 seconds). B) COS-7 model of DNM2 mechanism. Brief localisation of DNM2-
GFP at late stages of CCP formation leading to pit closure and internalisation of vesicle, lasting 102 seconds 

µm 

µm 
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Using SICM with a scanning area of 1.5 μm x 1.5 μm , control cells of human skin fibroblasts 

and COS-7 cells were used to produce cell membrane topography scans, which was coupled 

with confocal fluorescence to monitor the GFP signal (Figure 30). The red arrows indicate the 

beginning and end point of the endocytic process mediated by clathrin in control fibroblasts, 

with the fluorescent signal corresponding to the GFP of clathrin light chain. The observation of 

wild type DNM2 is possible with pCLC-GFP transfected human skin fibroblasts, which has been 

tracked in the control cells. The membrane of the cell starts to invaginate as the clathrin light 

chain begins to build up at the cell membrane which is visualized by the growing GFP signal 

that corresponds to the pit formation as is seen in the topography scans (top row), indicating 

a build-up of a darker area that suggested an increase in depth. Subsequently the pit scissions 

off and internalises with a pit life of 510 seconds the CLC-GFP is then seen to localise again on 

the membrane, causing another endocytic event (Figure 30).  

 

 

 

 

 

 

 

 

 

 

 

Figure 31: In Cos-7 cells transfected with DNM2-GFP, correlative SICM-FCM time-lapse imaging of CME. A) Series of 
topographic (top row) and fluorescent (bottom row) images showing nucleation, maturation and closure of CCP (red 
arrow) in DNM-transfected cells. B) Individual cross-section profile of single CCP showing topographically resolved pit 
width and height (top chart) and corresponding DNM2-WT-GFP fluorescence at the bottom graph C) series of cross-
section profiles at locations shown in series A with white dashed lines indicating dynamin recruitment during CCP (red 
arrow) closure. 
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COS-7 cell line model was also used to model the DNM2 mechanism, the localisation of DNM2-

GFP is seen at late stages of clathrin coated pit formation leading to the pit closure, which last 

102 seconds (Figure 31). The control model shows, there is a quick closure of pits following 

DNM2 recruitment, which is understood to localise towards the end of the pit formation. The 

fibroblast model revealed that the mature pit quickly becomes internalized once the pit was 

separated from the plasma membrane by DNM2. This data can be compared with the mutated 

cell lines in order to observe any variations in pit formation, lifetime, depth and scission. SICM 

can also be used to determine pit depth and width, Figure 31 shows DNM2-WT-GFP 

fluorescence profile at full intensity.  The CCP's entire life cycle had a cumulative lifespan of 85 

seconds on average  (n=14) in two parallel studies in three different cells; from nucleation via 

maturation to termination. The top panel of Figure 30a shows the cross-sectional indentation 

pattern of the cell membrane in frame 4 corresponding to the mature CCP (Figure 31  top line, 

white dotted line). The average opening diameter of mature CCPs estimated at half limit by 

SICM as full width (in practise, half minimum was used because it corresponds to pit depth) 

was 146 µm (n= 4). 

To visualise how the clathrin-coated pit formation and scission cycle develops over time, I took 

a series of cross-section CCP topography (top) and corresponding DNM2-WT-GFP fluorescence 

(bottom) profiles arranged in continuous traces shown in Figure 31. Traces clearly show that 

the topographically resolved development of the Clathrin coated pit was accompanied by the 

mobilization of DNM2-WT-GFP fluorescence, which reached its peak at the time of the pit 

closure and vanished suddenly immediately afterwards (Figure 31 c, red arrow). These kinetics 

of recruitment of DNM2 are consistent with previously published observations 384. 
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Clathrin mediated endocytosis was observed in wild type (control) or mutant DNM2 

endogenous levels in human skin fibroblasts. Typical CCP nucleation, maturation, and closure 

of a healthy subject transiently transfected with CLC-GFP in human skin fibroblast is shown in 

both Figure 30 and Figure 32. Unlike dynamin fluorescence spots that emerged during CCP 

maturation and peaked in COS-7 cells at the time of CCP closure (Figure 31), CLC-GFP appeared 

16 seconds before the corresponding topographically visible clathrin coated pit invagination 

and followed the pit in control fibroblasts throughout its lifespan (Figure 32). The sudden 

absence of topographically observed indentation suggesting the pit closure was followed by 

the loss of fluorescence signal associated with CLC-GFP. The lifetime of the pit loaded with 

Clathrin was on average 132 seconds (n= 43, 8 cells, 7 experiments). Figure 31b shows a cross-

section profile identical to the white dashed line in Figure 32a shown in the 6th image in the 

topography section, giving a full-width pit diameter of 175 µm. 

 

 

 

Figure 32: Correlative SICM-FCM time-lapse imaging of CME in human skin fibroblasts transfected with CLC-GFP. A) 
Sequence of topographical (top row) and fluorescence images (bottom row) showing CCP (red arrow) nucleation, 
maturation, and closure in cells from healthy individuals transfected with CLC-GFP. B) Individual cross section profile of 
CCP matching the white dashed line in sequence A. 
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The dynamin-2 mutation of pR465W is caused by an amino acid substitution in the Middle 

domain34 and is one of the mutations observed in patients with centronuclear myopathy. The 

R465W-DMN2-GFP mutation can be tagged for GFP while COS-7 cells are transfected to allow 

monitoring of DNM2 recruitment during endocytic pit formation. The COS-7 model shows a 

significantly longer pit lifetime of 3697 seconds (Figure 33), than observed in the wild type. The 

fluorescent signal co-located with the topographical data, but the pits observed were shallow 

and the fluorescent signal remained stable throughout the lifespan of the pit, with the pit 

internalization being shallow and dissipating as opposed to the sudden absence of the pit as 

seen in wild type models. Patient human skin fibroblasts with p.R465W mutation, also had a 

longer pit life as compared to the control of the human skin of the fibroblasts in healthy 

patients, but the pit, became shallow and dissipated and did not internalise. The results show 

that such mutations affect endocytosis, especially as cells are not able to internalise clathrin-

coated pits successfully.  
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Figure33: CNM patient skin fibroblasts SICM-FCM with mutation R465W-DNM2 and COS-7 simulation of R465W-
DNM2. Red arrows signify the dissipation and flattening of the CCP. A) the late stage of the formation of CCP, the 
size of the pit increases, and the depth decreases over 260 seconds. B) R465W-DNM2 COS-7 cell model reveals the 
position of mutated DNM2 in the pit. R465W-DNM2 is stable in the topography and the fluorescence. The pit does 
not internalise, and gradually dissipates over 3697 seconds. 
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In Figure 34a I found two pits formed that eventually flattened and dissipated, R465W-DNM2-

GFP co-located at the pits and throughout the pit forming the fluorescence signal remained 

stable. The R465W-DNM2-GFP gradually faded away, in contrast to the way WT-DNM2-GFP 

had been observed. The p.R465W-DNM2 COS-7 model showed a similar pattern to the 

mechanism observed in which p.R465W cells which disrupts CME in patient fibroblasts; in both 

cases the pits were shallow and flattened without DNM2 scission, the differences between the 

pit lifetimes was not statistically significant. In contrast to cells from healthy individuals, which 

show topographically detected pits disappear abruptly (Figure 32), human skin fibroblasts with 

p.R465W mutations transfected with CLC-GFP (Figure 34) indicated the CLC-GFP co-location at 

the nascent CCP site. The pit deepened slowly and the fluorescence signal at the site appeared 

to lead to the CCP's progressive development. The CCP was unable to close however, and 

instead flattened and dissipated, hence did not internalise the vesicle (Figure 34). 

 

 

Figure 34: Correlative SICM-FCM of cos-7 cells transfected with DNM2-GFP. A) series of topographical (top 
row) and fluorescence (bottom row) images showing nucleation, maturation, and closure of CCP (red arrow)  
in DNM2 transfected cells. B) At consecutive stages of disintegration, CCP topography shows cross-section 
profiles corresponding to white dashed lines in series A demonstrating pit widening, 
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The CLC-GFP fluorescence remained stable in most clathrin mediated endocytic events after 

dissipation of the pit. It was discovered after further observation of this site that a fresh 

attempt to establish a new pit formation began, following the same trend of development and 

subsequent flattening. The loop repeated several times in some cases before the CLC-GFP 

signal disappeared. Figure 35b shows cross-section profiles corresponding to white dashed 

lines indicate how much increased pit diameter and decreased depth during pit degradation. 

This pit morphological changes are similar to that observed in DNM2-R465W-GFP (Figure 35) 

transfected COS-7 cells.  The p.R522H mutation is in the DNM2 gene's PH domain. Figure 36 

shows the impact of this mutation on the structure of the CCP. Pit topographical information 

and clathrin light chain GFP initially locates multiple smaller pits at cytoplasmic membrane and 

simultaneous pit and fluorescence breaks. The clusters and fluorescence of CLC-GFP then 

recombine and flatten out topographically. Pit flattening was found in fibroblasts from patients 

with the pR522H mutation transienty transfected with pCLC-GFP, and in COS-7 522H-DNM2-

GFP and also in human skin fibroblasts. The lifetime of the pit was also significantly longer with 

 

Figure 35: Correlative SICM-FCM time-lapse imaging of CME in human skin fibroblasts transfected with CLC-GFP. A) 
Sequence of topographical and fluorescence images showing CCP nucleation, widening, and disintegration in cells from 
patients with p.R465W mutation. B) Topographical cross section profiles of CCP at successive stages of fragmentation 
corresponding to white dashed lines in sequence A illustrating pit widening. 
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fibroblasts of human skin having mean lifespan of 408 seconds and COS-7 cells with p.R522H 

dynamin-2 mutation displaying a mean lifespan of 474 seconds in the pit. This mutation has 

shown itself to be characterised as a cluster formation that has not been shown in models of 

wild type or in other scanned mutations. 

 

 

 

 

 

 

 

 

 

 

 

The appearance of DNM2-R522H-GFP fluorescence in COS-7 cells (Figure 36) correlated with 

the topographically detected pit confirms the recruitment of mutant dynamin to CCPs at the 

maturation stage. Due to the recruitment of mutant dynamin to CCPs, the lifetime of clathrin-

coated pits increased significantly compared to control (1932 ± 1220 s, n= 6, ). In contrast, the 

mutant dynamin recruitment kinetics are unique from WT, showing high-intensity 

fluorescence from the very early moments of CCP nucleation. Representative cross-section 

profiles of 2 adjacent CCPs corresponding to white dashed lines in Figure 38a are shown. The 

diameter of both pits gradually increased until pits merged into a gently rounded,  2 mm wide 
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Figure 36: SICM-FCM of CNM patient fibroblasts with p.R522H-DNM2 mutation.  A) Cluster formation of CCPs in 
p.R522H mutant fibroblasts. Clathrin light chain GFP initially localises at plasma membrane and shortly after the pit 
splits to form several smaller pits as seen in topography and fluorescence trace. The clusters of CLC-GFP fluorescence, 
recombine and topographically flatten out. B) Behaviour of CCP clusters is dynamic; CLC-GFP becomes spread and less 
dense as CCP clusters form. 
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structure. At that point, fluorescence of DNM2-R522H-GFP disappeared. These activities 

resembled very abortive or unproductive endocytic cases, with pits gradually forming smooth 

lattices of clathrin. Recently, flat clathrin lattices were defined as long-lived structures, that 

have continuous interaction with dynamin334. Similar to p.R465W, the mutant dynamin 

p.R522H was targeted at CCP formation sites, although at a later stage (Figure 37a, red arrows). 

Clathrin-coated pit lifetime in COS-7 cells transfected with DNM2-R522H-GFP was also 

significantly longer compared to control (Lifetime= 929 ± 654 s, n= 7, 4 cells, 4 experiments, P, 

0.005). While not to the same degree as in p. R465W, CCPs also expand and flatten until 

disappearance in cells that express p.R522H mutant. In my imaging experiments with COS-7 

cells expressing mutant dynamins, I did not observe clathrin-coated pits with WT-like lifetimes 

and kinetics of formation and closure (R465W: n= 95, 7 cells; R522H: n= 116, 8 cells). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37: Correlative SICM-FCM time-lapse imaging of CME in Cos-7 cells transfected 
with DNM2-GFP. A) Sequence of topographical (top row) and fluorescence images 
(bottom row) showing CCP (red arrow) nucleation, maturation, and closure in cells 
transfected with DNM 
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Pits often shaped tightly packed clusters (Figure 36a) in skin fibroblasts from a CNM patient of 

p.R522H mutation. I observed 9 clusters formed by 2–4 CCPs in my experiments, together with 

16 separately shaped pits, where pits nucleate, expand, and close independently in close 

proximity. Although the mean lifespan of the coated pit was significantly longer relative to 

control (Lifespan= 273 ± 193 seconds, n= 55 events in 4 cells, P= 0.005), the sudden absence 

of single clathrin-coated pits and cluster pits (Figure 38 red arrow) suggests successful 

internalising  events. Figure 38 displays the white dashed line cross section profiles in Figure 

38a, where 2 long lifetime CCPs can be seen which are compared to controls, longer than those 

observed. In my imaging studies with human skin fibroblasts carrying mutant dynamins, I did 

not observe wildtype-like clathrin-coated pits (p.R465W: n= 67 event in 10 cells; p. R522H: n= 

33 events in 11 cells). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

In order to facilitate the identification of clathrin-mediated endocytosis, healthy human skin 

fibroblasts were transfected with pCLC-GFP, allowing wild type DNM2 investigation: eighteen 

 

Figure 38: Correlative SICM-FCM time-lapse imaging of CME in human skin fibroblasts transfected with CLC-
GFP. A) topographical and fluorescence images showing CCP cluster in cells from patients with p.R522H 
mutation. B) Topographical cross section profiles of CCP corresponding to white dashed lines in sequence A 
illustrating 2 static pits.  
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CME events (n=18) were observed with a mean (standard deviation; SD) life of 145 seconds 

(Figure 38). Initially a strong fluorescence signal co-located in the membrane before pit 

formation, it was consistent with clathrin assembly on the membrane's cytoplasmic layer. A pit 

was slowly established at the fluorescence site following the co-localisation of CLC-GFP. The 

advancement of clathrin-coated pits was evident due to the increasing depth and diameter of 

the pit, as well as increase in corresponding fluorescence signal. 

 

                
 
Figure 39: SICM of COS-7 cell line transfected with p.S619L-DNM2-GFP, Sequence of topographical (top row) and fluorescence 
images (bottom row) showing CCP  nucleation, maturation, and closure in COS-7 cells transfected with DNM2 -p.S619L-GFP 
mutations. Showing the co-localisation of pit topography with GFP signal (orange arrow) denoting pit formation and 
progression; the pit collapses, failing to internalise and eventually disintegrates. 

 

 
The COS-7 cell line was transfected with p.S619L-DNM2-GFP showed an extended pit life span 

of 3604 seconds with the mutant dynamin-2 expression, making it the longest pit lifetime 

observed (Figure 39). However, this is preliminary data and so further scans need to be taken 

to make any conclusive judgments. It is evident from the preliminary data collected so far that 
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the accumulation of membrane-bound dynamin co-locates with minimally detectable 

membrane undulations. There was co-localisation of pit topography with GFP signal that 

became stronger as more dynamin-2 was recruited to the site of pit formation as the pit 

matured but a successful internalisation and pit scission was not observed.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The human skin fibroblast cell line showed an extended GFP signal (Figure 40). The topography 

data is not clear and shows no real pit formation however some membrane folds can be 

observed in early attempts which correspond to the increased CLC-GFP signal. However this 

does not materialise into a successful clathrin mediated event. This is preliminary data and so 

further scans need to be taken to make any conclusive judgments. It is evident from the 

preliminary data collected so far that the accumulation of clathrin light chain-GFP co-locates 

with slightly detectable membrane folds, there appears to be several attempts to form the 

beginning  of a CME pit however this does not appear to be successful (Figure 40 ). Unlike the 

 

Figure 40: Correlative SICM-FCM time-lapse imaging of CME in human skin fibroblasts transfected with CLC-GFP. 
Human skin fibroblast pRS619L cells transfected with CLC-GFP, sequence of topographical (top row) and 
fluorescence images (bottom row) showing CCP. 
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CLC-GFP seen in human skin fibroblasts with pR465W mutation where the GFP signal is stable 

(Figure 34 ), the GFP signal in this instance in pS619L mutant cells seems to repeat in a cyclic 

patterns where the signals dissipates and then reaccumulates suggesting possible multiple 

attempts at a CME event.  There was co-localisation of pit topography with GFP signal, the GFP 

signal became stronger as more CLC-GFP was recruited to the site of pit formation however a 

discernable pit was not observed and there was no successful internalisation and pit scission 

to be observed.  

5.5. Discussion and conclusions 

The effect on clathrin mediated endocytosis as well as caveolin mediated endocytosis caused 

by dynamin-2 mutations found in CMT and CNM is not fully understood. Multiple research 

groups have studied this pathway and found contradicting results which make it difficult to link 

into a coherent model.  

Biochemical assays have been used to demonstrate that p.R465W mutation leads to the 

formation of abnormally stable DNM2 polymers, suggesting mutations in dynamin-2 assembly-

disassembly cause the disruption of vesicle release385. Moreover, there has been evidence to 

suggest that by having GTP-ase activity impaired leads to the inhibition of clathrin mediated 

endocytic pathways. However, dynamin-2 mutations; p.R465W and p.S619L found in the PH 

domain, which have had increased basal and stimulated GTPase activity either have no effect 

on cargo uptake or show a reduction in cargo uptake66,72,385. 

Using the SICM coupled with fluorescence which has been developed in my lab, I found that in 

p.R465W mutant cells, clathrin coated pits began as normal however, they were not able to 

internalise and slowly widened and flattened out. Clathrin coated pits with p.R465W mutations 
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that were observed had similar presentations to those described by Grove and colleagues334, 

where prolonged lifetimes were observed along with a stable formation. However, flat clathrin 

lattices are described as heterogenous in their shape while the p.R465W mutations I observed 

retain their rounded shape throughout the pit lifetime. The significantly lower numbers of fully 

internalised clathrin coated pits observed in p.R465W mutant fibroblasts found in TEM analysis 

further provides evidence that SICM - FCM observations showing these mutations are a source 

of disruption of clathrin mediated endocytosis in these cells. 

Whereas in wild type dynamin-2, CLC-GFP is located rapidly to the cell membrane which 

abruptly disappears indicating a successful pit internalisation.  The recruitment of dynamin-2 

to the site of clathrin coated pit maturation is defined by the presence of spatially correlated 

DNM2-p.R465W-GFP fluorescence. In COS-7 cells, the p.R465W mutation results in lifetimes 

that are 20 times longer. Moreover, in human skin fibroblasts with p.R465W mutations where 

dynamin is expressed at endogenous levels, the same effect of clathrin coated pit flattening 

were observed with the pit lifetime being only twice as long on average. This supports the 

notion that a high expression level, one that is not normal to that of regular dynamin-2 

expression may have detrimental effects on the endocytic process and its beneficial outcomes.  

SICM has allowed me to visualise the effects of dynamin-2 mutations on the cellular 

membrane, within cells carrying the p.R522H mutations a significant increase in pit lifetimes 

was observed when COS-7 cells were transfected with Dynamin-2-p.R522H-GFP and patient 

derived skin fibroblasts were transfected with CLC-GFP. In contrast to the observations seen in 

p.R465W, cells with p.R522H expressing clathrin coated pits maintained their shape and 

abruptly closed indicating productive endocytic events. This correlates well with TEM analysis 

that suggested that clathrin mediated endocytosis was still occurring despite this mutation in 
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dynamin-2, with clathrin coated pit densities being slightly higher than control cells. However 

SICM observations also showed clustering formations on cell membranes which is concurrent 

with previous research showing closely formed clathrin coated pits in studies of fibroblasts by 

quick freeze electron microscopy190.  Studies on clathrin coated pit dynamics using TIRF 

focused on characterising individual pits386, whereas SICM has allowed for higher resolution 

tracking of pits. Formation of clusters seen in SICM as well as electron microscopy of metal 

replica from unroofed cells was not seen in COS-7 cells transfected with DNM2-R522H- GFP 

suggesting that this observation of clusters may not be due to the mutation exclusively. In this 

investigation clathrin mediated endocytosis have been shown to be impaired to some degree 

by the mutations associated with dynamin-2 which could have clinical consequences. 

Clathrin mediate endocytosis is a key mechanism involved in the turnover and function of 

membrane receptors which may also lead to a detrimental impact on muscle function. 

Defective clathrin coated vesicles have been associated with several diseases including cancer, 

neurological disorders and myopathies387, yet needs to be further investigated in 

centronuclear myopathies. Clathrin mediated endocytosis may alter the membrane content of 

ion channels as has been previously suggested by effecting calcium membrane permeability 

shown in a mouse model of the DNM2-linked CNM388. The involvement of clathrin mediated 

and caveolin dependent endocytosis in the pathological mechanisms of CNM associated with 

dynamin mutations will be of great interest for the identification of specific targets for 

development of potential therapies.  
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Chapter 6: General discussion 
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During mammalian cell activity, dynamin-2 plays a key role. Mutations in dynamin-2 are 

associated with many  illnesses. Dynamin-2 is essential in processes such as, controlling the 

structure and function of Golgi, cytoskeletal integrity, vesicle trafficking, and also membrane 

fusion. Over the past 20 years, more than 20 disease-linked mutations have been identified in 

the dynamin-2 gene that affect different dynamin-mediated cellular processes.  

One such pathway affected is clathrin mediated endocytosis which was first identified, more 

than five decades ago. Since then, over 50 proteins have been shown to play a part in the 

molecular machinery involved in producing the clathrin-coated endocytic vesicles. These 

proteins as well as the various stages of the endocytic process they mediate have been 

analysed in detail. Nonetheless, there is still lack of a good understanding of how these various 

components function together to drive vesicle formation in a highly coordinated manner. 

Although studies in recent years have offered important insights into how endocytic vesicles 

are built, beginning with initiation, cargo loading and processes regulating membrane 

curvature to membrane scission and the releasing of vesicles into the cytoplasm. In this thesis 

dynamin-2 mutations have been shown to affect this pathway and cause disruption to the 

normal mechanisms associated with CME. This opens up an interesting field of research that is 

useful in understanding the mechanisms at work in the pathogenesis of mutations linked to 

dynamin-2 disease.  

Most diseases caused by genetic variations remain medicine's greatest frontier, and although 

milestones such as human genome sequencing have been reached, there is still much to be 

discovered about the cellular and molecular effects of various gene mutations on cellular 

pathways. Dynamin-2 is a ubiquitous protein of diverse pleiotropic functions, the mutations of 

which cause phenotypes unique to the tissue. The development of specific cell models and 
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animals is extremely useful in order to better understand how dynamin-2 mutations affect 

their structures, their related functions and thereby help identify potential therapeutic targets. 

Together with FCM, SICM has allowed for the analysis of core biological functions such as 

nanoscale membrane activity and cellular trafficking, including viral entry and uptake of 

nanoparticles 311,316,317,379. In order to examine the highly dynamic processes such as 

endocytosis;  SICM was used and its ability to resolve objects spatially and temporally to living 

cells background is important. In conjunction with FCM, I can determine the position of a 

particular component at a given stage, thus clarifying its function during the biological process. 

To examine the role of DNM2 mutations in CNM's pathology, I used the methodology to 

describe the function of DNM2 and the influence of DNM2 mutations on CME's clathrin-coated 

pit formation and dynamics. I also related live-imaging data to static morphological data 

obtained from confocal microscopy and transmission electron microscopy using these to 

identify the potential effects of DNM2 mutations on the population of CCPs.  

 

6.1.1.  Cell model 

Immortal cell lines are frequently used instead of primary cells in research. These provide many 

advantages, such as being cost-effective, easy to use, having an unlimited supply of material 

and bypassing ethical concerns relating to the use of animal and human tissue. Cell lines also 

provide a single cell population that is useful as it can aid in producing reproducible results. 

Cell lines have revolutionised scientific research and are used in vaccine development, drug 

metabolism and cytotoxicity screening, antibody manufacturing, gene expression analysis, 

artificial tissue creation (e.g., artificial skin) and biological compound synthesis such as 

therapeutic proteins. It must be understood, however, that primary cells are not completely 
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imitated by cell lines. Therefore, when conducting studies, great caution should be taken to 

ensure that the cell line results are sound. Key studies in primary cells should also be repeated. 

Lastly, it should be recognised that a limitation of studying in-vitro cell cultures, including 

primary cells is that these are being tested in the absence of their local environments, often 

involving interactions with other types of cells that may be critical to the hypothesis being 

tested. In this study my use of cell lines has helped me to investigate changes on a nano-scale 

level which cannot be done in other models, however going forward an animal model would 

be useful if the development of clinical therapeutics was explored.  

6.1.2. Protein and cargo uptake changes observed in DNM2 mutations 

In an attempt to quantify mRNA and protein levels of dynamin 2 as well as clathrin and 

caveolin-1 in human skin fibroblasts from CNM patients with p.R465W and p.R552H mutations 

I conducted qPCR and western blotting. I found increased levels of both mRNA and protein in 

both mutations although not statistically significant for p.R465W. This could be a 

compensatory response to the impairment caused by the mutations. However, this may only 

be deemed a starting point as these methods do not distinguish between proteins on the cell 

membrane and the proteins found intracellularly. Therefore assaying with cargo uptake of 

fluorophore conjugated cholera toxin B substrate, which is specifically taken up by DNM2-

dependent caveolae mediated endocytosis162, as well as  fluorophore conjugated transferrin 

substrate which is taken up by dynamin dependent clathrin mediated endocytosis has allowed 

for a further understanding of the effect of dynamin mutations on the cells ability to internalise 

cargo via the respective endocytic methods. I found that cells with mutations in dynamin-2 had 

a reduction in cargo uptake which added to the evidence that dynamin-2 impairs dynamin 
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dependent endocytosis, however this does not show the mechanistic function of dynamin-2 at 

the cell membrane where dynamin is recruited and plays an integral part in endocytosis by 

scissoning the endocytic pits from the cell membrane. I also used immunofluorescence 

confocal microscopy in human skin fibroblasts to investigate the occurrence and position of a 

central structural feature of caveolae protein coat359 caveolin-1 and of clathrin mediated 

endocytosis using clathrin light chain. I do not expect cav-1 and CLC to be co-located because 

both are separate pathways. Nonetheless, a drawback is that confocal microscopy does not 

require the fluorescence signal to be imaged directly on the cell membrane; it is based on the 

decision of the microscope operator to focus the laser beam precisely on the glass cover slips 

to the basal membrane or higher for the top membrane. Spatial accuracy is impaired by 

confocal resolution, i.e. low spatial resolution (z-plane), so it is difficult to determine whether 

the fluorescence signal corresponds to an internalised vesicle or pits in a flat / open system. 

6.1.3. Morphological changes observed along the cell membranes of human skin fibroblasts 

In this analysis, an increase in the density of non-coated pits docked at the cell membrane in 

TEM was found unexpectedly. Caveolinopathies is a group of diseases associated with an 

impairment in caveolae and encompasses an extensive range of pathologies389, including 

skeletal muscular diseases390. Centronuclear myopathies have shown abnormal accumulation 

of caveolae shown by a number of groups to be found in muscle biopsies from patients 

presenting with autosomal recessive forms due to mutations in the BIN-1 gene encoding 

Amphiphysin-2377,391. In my study there is some evidence to indicate that CNM-associated 

dynamin-2 mutations may also affect caveolae function. Further investigation will be essential 

to determine the consequences on caveolae function including the effects on endocytosis, cell 

membrane organisation as well as signalling pathways.  



 
166 

 

The presence of DNM2 in cortical ruffles and lamellipodia further implicates the possible role 

of DNM2 in cell migration as reviewed by McMahon and Boucrot in 2011392. CNM and CMT 

fibroblasts morphology (p.R465W, p.R552H and p.L1498) are similar to control fibroblasts.  

Previously, SICM has been used to investigate the formation of cell lamellipodia in a timely 

manner, thus providing an approach to cell migration exploration379,393. SICM topographical 

data showed that CNM-DNM2 mutations (R465W and R552H) were associated in live human 

skin fibroblasts with elongated membrane ruffles and protrusions. The data shows 

distributions of the surface area of the cell membrane ruffles indicating a higher number of 

microvilli-rich cells and ruffles in the control population relative to mutants. These structures 

in cell lines with mutations have been shown to be longer than normal control cells. 

While I am able to visualise the topography of the cell membrane without touch and thus 

prevent disrupting the cell, the difficulty of imaging live cells is the fluidity and dynamism of 

the cell membrane and its response to environmental changes. In serum-free L15 media, 

fibroblasts are imaged in room temperature and ambient atmosphere; hence, the role of 

DNM2 mutations in the formation of membrane structures is difficult to distinguish from 

environmental change. One potential possibility is to transfect cells like COS-7 with 

fluorophore-labelled DNM2 or DNM2 mutants and then explore fluorescence co-localisation 

with topography information for membranes. Nonetheless, ectopically expressed DNM2 as a 

direct consequence can result in morphological changes in the membrane and thus not a true 

representative of normal physiological condition. 
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6.1.4. Heterogeneity of CME events observed with SICM-FCM as a result of DNM2 mutations 

In order to explore the mechanism in which DNM2 influences the formation of CCPs, I 

characterised CME events using SICM-FCM to track DNM2 and clathrin localization during 

endocytosis to morphological changes in the membrane. Data on topography and fluorescence 

reveal the formation and maturation of CCPs in fibroblasts of healthy human skin. Localization 

of the clathrin light chain corresponds to clathrin coat assembly on the cytoplasmic surface of 

the membrane that is invaginating as the CCPs mature. Increasing intensity of fluorescence 

correlates with increasing pit depths2 and eventually the CCP is closed by DNM2 facilitated 

scission. The COS-7 wild type system DNM2 template showed the fast and transient 

recruitment of DNM2 in the subsequent scission of mature CCPs. This is in line with the CME 

template in which DNM2 is easily bound to the neck of invaginated CCPs and quickly 

dissociated to internalise the vesicle380. Interestingly, at the site of nascent pits, I observed low 

DNM2 location, suggesting that DNM2 may play a role in the maturation of clathrin-coated 

pits. While fewer CME events were observed in the current study, the average lifetime of CME 

in wild type fibroblasts in the published literature was correlated with the reported average 

lifetime2,197. Furthermore, a recurring CME occurrence has often taken place at the same 

location as the previous CME event, which adds to the growing body of evidence suggesting 

the possibility of CME activity 'hotspots'. TEM data observed shows a high proportion of 

internalised clathrin-coated vesicles compared to flat open or omega-shaped CCPs that would 

be predicted as the forming and splitting of CCPs in a rapid event moving CCPs in one direction. 
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6.2. Study limitations 

6.2.1 Limitation of over-expression study 

Transgene expression such as DNM2, mutant DNM2 or CLC has been used to allow CME 

imaging and protein component tracking. Nevertheless, a question arises, how applicable to 

normal cell physiology is a gene's over-expression? 

Bitoun et al. (2009) documented a difference between patient fibroblasts with endogenous 

levels of mutants and wild type DNM2 and the over expressed mutant DNM248. Therefore, 

models of over-expression may not represent the endogenous levels. Recent advances in gene 

editing strategies have shown that endogenous genes can be edited, while it has been 

discussed how safe long-term incorporation is of reporter GFP (green fluorescent protein) into 

a target gene, using the CRISPR/Cas9 method could be advantageous 394. Using such gene 

editing techniques may generate more physiologically relevant DNM2 mutation models to 

represent patient fibroblasts from CNM, or even allow direct examination of mutant DNM2 in 

human cell pathology with techniques such as SICM, STED, or AFM. Direct editing of the 

genome will maintain endogenous protein target levels and thus allow studying certain tissue 

types that may not have been previously considered due to impracticality for an analysis of 

over-expression395,396. 

6.2.2 Limitation of clathrin coated pits and quantification by TEM as well as the potential 

alternative methods for future work  

The main limitation of using TEM for this study was the manual counting and sorting of CCPs. 

CCP transmission data are subjectively evaluated. Firstly, clathrin coat recognition and 

secondly, CCP morphology is classified into various CCP structures classification. This produces 
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human error in correctly identifying structures in the TEM data, which contributes bias to 

later research. A possible solution to these errors is to use clathrin immunogold tags to 

recognise and measure CCPs in electron micrographs192. Gold-conjugated anti-clathrin light 

chain antibodies can identify and bind to clathrin in samples, and gold nanoparticles can be 

easily and objectively separated in micrographs. Furthermore, TEM produced static 

morphological images of CCPs at a given time frame that do not indicate the direction of CCP 

formation, i.e. maturing or dissipating. My TEM and SICM data suggests hotspots for CME 

activities, so depending on sample sectioning, CCP data may likely be skewed. 

6.3. Study summary and future work  

In addition to the use of fluorescently marked proteins, complex membrane processes can be 

directly linked to topographical changes in spatial and temporal resolution. Up to now, only 

the biochemical effects of DNM2 mutations are known, and this report shows their influence 

on cellular functions. I can understand the CME process and the impact of DNM2 mutations 

on the growth of CCP in live cells and relate the effects on CCP populations. Key findings of the 

current study showed that p.R465W DNM2 co-locates stably with nascent pits, slowly 

flattening and dissipating. P.R465W mutations adversely affect CCP fibroblast distribution. I 

also observed p.R552H DNM2's aberrant lipid membrane targeting, which had no effect on 

CCP distributions. Lastly, in CNM pathophysiology, I provided evidence potentially involving 

clathrin-independent endocytosis pathway. 

The current study used SICM-FCM, TEM, immunofluorescence and biochemical assays to 

describe the effects of dynamin-2 mutations. In addition to these, further research should use 

other methods to better understand the effect on endocytic pathways of dynamin-2 mutations 
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as well as any pathophysiological effects that these mutations might have.  Stimulated Emission 

Depletion (STED) and Stochastic Optical Reconstruction Microscopy (STORM) are two optical 

microscopy methods of super-resolution that have gained rapid popularity in recent years. 

Both methods include image super-resolution capabilities in multiple colours, three 

dimensions, and the ability to image live cells. The proof of this lies in the significant advances 

these methods have made possible. Generally,  STORM has been used to capture images 

showing the actin cytoskeleton in fixed cells with a lateral resolution of 10 nm and axial 

direction of 20 nm397. STORM was used in living cells at resolutions of 30 nm in the lateral 

direction and 50 nm in the axial direction to image at a temporal resolution of 1–2s398. STORM 

visualisation was shown in multiple colours in stationary cells of up to five different colours399. 

Lateral resolutions of up to 6 nm for STED microscopy400 were reported using STED in diamond 

samples. However, when combining STED with 4Pi microscopy401, ~40 nm of lateral and axial 

resolution were reported in biological samples, although 20 nm is the highest lateral resolution 

reported in a biological sample using STED402. Moreover, Happel and colleagues (2018)403, 

recently demonstrated a technique combining STED and SICM. They revealed that both 

methods which allow for recording of living cells help correlate membrane topography with 

fluorescently tagged proteins. By combining SICM with STED which is a sub diffraction 

fluorescence method it allows for simultaneous studies of high-resolution fluorescence and 

topography data403. Furthermore AFM maybe utilised as an advanced technique which could 

aid in our understanding of endocytic pit formation, the greater resolution of this technique 

could be used to achieve clarity and greater image resolutions when studying caveolae pits.  

AFM is used for three-dimensional characterization with a subnanometer resolution. This 

technique can characterize nanoparticles as small as 0.5 nm, which makes it beneficial over 

other traditional techniques. AFM is also able to characterise different properties of 
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nanoparticles. Other than measuring the size of the nanoparticles, AFM can be used to show 

other characteristics of the sample, such as the magnetic properties, thermal conductivity, and 

electrical properties. Yoshida and colleagues in 2018404 showed the formation of both clathrin 

and caveolae pits using AFM, they were able to resolve pits associated with caveolin-1 as well 

as pits coated in clathrin, both were shown to be distinctive in size as well as pit lifetimes. For 

future work this technique would be suitable to study caveolae as the resolution power of 

SICM was not high enough in this study to resolver such small structures as well as this AFM 

could be used to observe other clathrin and caveolae pit properties. These new developments 

in microscopy may be used to further develop the current models for the study of endocytosis 

and in combination with SICM may allow for more detailed analysis of cell membranes than 

previously available.  

Until recently, the role of clathrin-independent endocytosis in CNM or CMT pathology has not 

been thoroughly investigated and further knowledge of individual endocytic events can be 

obtained using these techniques. Therefore, with the introduction of STORM and STED, the 

current approach should be used to study the effects of caveolae-mediated endocytosis and 

potentially examine other possible clathrin-independent endocytic mechanisms in CNM and 

CMT pathology. 

6.3. Concluding statement 

I would like to conclude this thesis by stating that I accomplished the goals I set out and thereby 

contributed the following to the body of scientific knowledge:  

In this study I was able to show how SICM-FCM is capable of spatial and temporal correlation 

between endocytic pit formation and the recruitment of fluorescently labelled molecules used 
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for pit formation and scissioning. This technique has been a valuable tool in detecting and 

examining the mechanistic action of membrane kinetics in real time and at nano-scale level. I 

have shown the impairment of clathrin mediated endocytosis and caveolae mediated 

endocytosis may affect the pathology of DNM-2 related CNM and CMT at the cellular level in 

individual pits within a cellular model closely related to the diseases under investigation.  
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