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Abstract

Abstract
Annexin A ll is a ubiquitously expressed member of the annexin family of 

Ca^ -̂dependent phospholipid binding proteins, which lies at the root of the vertebrate 

annexin evolutionary tree. Annexin A ll is known to be localised to the nuclei of cells 

in culture, and to interact Ca^^-dependently in vitro with the SI00 protein S100A6 and 

the penta EF-hand protein ALG-2 through its long glycine, proline and tyrosine-rich N- 

terminal domain, but very little is known about the physiological functions performed 

by this annexin in vivo.

An investigation into the cellular roles of annexin A11 both in interphase and 

during cell division is presented in this thesis. Using various molecular and cell biology 

approaches, annexin A ll was identified in the nucleus and in cytoplasmic vesicles that 

appear to be transported along the microtubular network, linking annexin A11 function 

with intracellular membrane trafficking processes. Annexin A ll has also been 

identified in membrane domains involved in signal transduction at the basolateral 

membrane of A431 cells. A role for this annexin in membrane remodelling steps during 

cell growth is proposed in view of the accumulation of annexin All-containing vesicles 

in the cytoplasm of non-contact inhibited cells and at the leading edge of monolayer 

outgrowths, together with the concentration of annexin A ll at the cell-cell contact sites 

in the plasma membrane of confluent monolayers.

Annexin A ll relocates to the nuclear envelope and is tyrosine-phosphorylated in 

the presence of calcium in interphase cells, and invades the nuclear envelope at the 

invaginations created during nuclear envelope breakdown at the onset of mitosis, and is 

also detected at the nuclear envelope during nuclear envelope reassembly after cell 

division, making the nuclear envelope a specific target for annexin A ll .

The study of the function of annexin A ll during cell division led to the 

identification of an essential role for annexin A ll in the terminal phase of cytokinesis. 

Annexin 11 was observed to translocate from the nucleus to the spindle poles in 

metaphase, and then to the spindle midzone in anaphase, and to be recruited to the 

midbody in late telophase where it co-localises and associates with the mitotic kinesin- 

like protein CHOI. Depletion of annexin A ll by RNA interference has shown that the 

absence of this annexin leads to failure to establish a functional midbody, incomplete 

daughter cell separation, and ultimately cell death by apoptosis.
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1.2.2 The annexin Câ  ̂binding sites.......................................................................... 18

1.2.3 The annexin membrane binding sites................................................................19

1.2.4 The N-terminal head domain of the annexins................................................... 19

1.3 Molecular phylogeny of the annexins.......................................................................21

1.4 Annexin ligands......................................................................................................... 23

1.4.1 Binding of annexins to EF hand proteins......................................................... 23

1.4.2 Annexin interactions with the cytoskeleton......................................................24

1.4.3 Other annexin ligands.........................................................................................25

1.4.4 Annexin self-association.................................................................................... 26

1.5 Interactions of annexins with membranes............................................................... 26

1.5.1 Ca^ -̂dependent membrane binding and vesicle aggregation properties 26

1.5.2 Ca^ -̂independent membrane association.......................................................... 28

1.6 Annexin gene expression and cellular localisation..................................................28

1.6.1 Annexin gene structure and regulation............................................................. 28

1.6.2 Annexin expression in differentiation and development.................................30

1.6.3 Intracellular localisation of the annexins.......................................................... 30

1.7 Functional analysis of the annexin family.........................................   32

1.7.1 Annexin involvement in membrane traffic and organisation......................... 32

1.7.2 Annexins as ion channels....................................................................................38

1.7.3 Annexin extracellular activities......................................................................... 39

1.8 Annexins and human disease.................................................................................... 41

1.9 Annexin targeted gene disruption.............................................................................43

4



Contents

1.9.1 Annexin gene knockout models in mice...........................................................43

1.9.2 Annexin knockout studies in the DT40 cell line............................................. 45

1.10 Annexin A l l ............................................................................................................ 45

1.10.1 Purification of annexin A11.............................................................................46

1.10.2 Biochemical properties of annexin A11 .........................................................46

1.10.3 Primary structure of annexin A l l ..............................................   46

1.10.4 Annexin A ll gene structure as the progenitor of paralogous vertebrate 

annexins................................................................................................................47

1.10.5 Tissue distribution of annexin A l l ................................................................. 47

1.10.6 Annexin A11 protein ligands...........................................................................48

1.10.7 Other annexin A11 ligands.............................................................................. 50

1.10.8 Isoforms of annexin A l l ...........................................................  51

1.10.9 Annexin A11 proteolytic signals and phosphorylation sites........................ 52

1.10.10 Subcellular localisation of annexin A l l .......................................................53

1.10.11 Annexin A ll involvement in exocytosis and phagocytosis....................... 53

1.10.12 Secretion of annexin A11 .............................................................................. 54

1.10.13 Annexin A ll as an autoantigen.....................................................................54

Chapter 2: Materials and Methods.......................................................................................55

2.1 Cell lines and culture conditions............................................................................... 55

2.2 DNA and RNA extractions from cells......................................................................55

2.2.1 Genomic DNA extraction from DT40 cells......................................................55

2.2.2 Total RNA extraction and synthesis of cDNA.................................................56

2.3 DNA cloning and plasmid production......................................................................56

2.3.1 Polymerase chain reaction................................................................................. 56

2.3.2 DNA manipulation for the construction of plasmids....................................... 57

2.3.3 Preparation of plasmids......................................................................................58

2.4 Rapid Amplification of 5’ cDNA ends...............................................   58

2.5 Annexin A11 gene disruption in the DT40 cell line................................................59

2.5.1 Engineering of the disruption constructs.......................................................... 59

2.5.2 Transfection of the disruption constructs into DT40 cells...............................59

2.5.3 Screening of drug-resistant clones.....................................................................60

2.6 Generation of an affinity-purified sheep anti-chicken annexin A11 antibody 61

2.6.1 Antigen production and purification..................................................................61

2.6.2 Affinity-purification of the sheep anti-chicken antibody................................62

5



Contents

2.7 Annexin Al 1-GFP fusion constructs........................................................................63

2.8 Transient transfection of cells with GFP fusion constructs....................................63

2.9 Drug treatment conditions for cell stimulation........................................................64

2.10 Cell synchronisation................................................................................................ 64

2.11 Isolation of midbodies.............................................................................................65

2.12 Immunofluorescence analysis................................................................................. 65

2.13 Fluorescent probes and cell dyes............................................................................66

2.14 Polyacrylamide gel electrophoresis........................................................................67

2.15 Western Blotting...................................................................................................... 67

2.16 Immunoprécipitation................................................................................................68

2.17 Depletion of annexin A ll by RNA interference in human cells......................... 69

2.17.1 Preparation of siRNA oligonucleotides.......................................................... 69

2.17.2 Transfection of human cells with siRNA....................................................... 70

2.18 Fluorescence-Activated Cell Sorting analysis.......................................................70

Chapter 3: Study of Annexin A11 in the DT40 Cell Line.................................................71

3.1 Characterisation of the chicken annexin A11 gene in DT40..................................71

3.1.1 Chicken annexin A ll gene sequence analysis.................................................72

3.1.2 Chicken annexin A ll gene structure analysis..................................................74

3.2 Production and affinity-purification of a sheep anti-chicken annexin A ll specific

antibody....................................................................................................................75

3.3 Attempt to generate a DT40 annexin A ll gene knockout cell line....................... 77

Chapter 4: Study of the Function of Annexin A ll in Cultured Human Cells during

Interphase...................................................................................................................... 79

4.1 Annexin A11 immunolocalisation in fixed cells during interphase...................... 79

4.2 Annexin A11 and lipid rafts.......................................................................................86

4.2.1 Annexin A ll localises to EGFR and actin-containing membrane domains at 

the basolateral membrane of A431 cells............................................................ 86

4.2.2 Annexin A ll-  phosphoinositide interactions...................................................89

4.3 Study of annexin A11 function in vivo using GFP fusions..................................... 90

4.4 Annexin A11 and S100A6 in resting cells............................................................... 95

4.5 Effects of different agonist treatments on annexin A11 localisation and tyrosine-

phosphorylation....................................................................................................... 97

4.5.1 Analysis of the effect of ionomycin treatment on the intracellular localisation 

of annexin A l l .................................................................................................... 97

6



Contents

4.5.2 Analysis of the effect of other agonist treatments on the intracellular 

localisation of annexin A l l .............................................................................. 100

4.5.3 Analysis of the effect of agonist treatments on the tyrosine-phosphorylation 

of annexin A11 ...................................................................................................105

4.6 Summary................................................................................................................. 106

Chapter 5: Study of the Function of Annexin A ll in Cultured Human Cells during Cell 

Division....................................................................................................................... 107

5.1 Annexin A ll distribution during the cell cycle..................................................... 107

5.2 Annexin A ll and nuclear envelope dynamics during mitosis.............................109

5.3 Annexin A ll function as a component of the midbody....................................... 115

5.4 Annexin A ll interaction with the mitotic kinesin CHOI.................................... 123

Chapter 6: Analysis of the Function of Annexin A ll  in Human Cells by RNA

interference................................................................................................................. 128

6.1 Annexin A11 knockdown in HeLa cells.................................................................129

6.1.1 Annexin A ll is specifically depleted from HeLa cells upon treatment with 

siRNA................................................................................................................. 129

6.1.2 Depletion of annexin A ll by siRNA in HeLa cells causes death by 

apoptosis.............................................................................................................133

6.1.3 Analysis of the effect of annexin A ll siRNA-depletion on cell division in 

HeLa cells...........................................................................................................135

6.2 Annexin A11 knockdown in A431 cells............................................   137

6.2.1 Annexin A ll can be effectively depleted in the A431 cell line by siRNA 

treatment............................................................................................................. 137

6.2.2 Analysis of the phenotype of annexin A11-depleted A431 cells................. 138

6.3 Model of action of annexin A11 during cytokinesis..............................................142

Chapter 7: Conclusion........................................................................................................145

References............................................................................................................................149



List of Figures

List of Figures
Figure 1.1: The new annexin nomenclature........................................................................ 17

Figure 1.2: The three-dimensional structure of the annexin core domain is highly

conserved among the different annexins.....................................................................18

Figure 1.3: Structural organization of the different vertebrate annexins..........................20

Figure 1.4: Cladistic analysis of the A family of vertebrate annexins..............................22

Figure 1.5: Models of annexin A2-S1 GOA 10 complexes that would allow vesicle

aggregation....................................................................................................................27

Figure 1.6: Model of annexin A 1-SIOOA11 action in the internalisation of EGFR to

MVB.............................................................................................................................. 34

Figure 2.1: Structure of the disruption constructs engineered for the generation of a

DT40 annexin A11 knockout cell line........................................................................ 59

Figure 2.2: Schematic of the different annexin All-GFP fusion constructs

engineered..................................................................................................................... 63

Figure 2.3: Human annexin A11 siRNA duplex sequences.............................................69

Figure 3.1 : Annexin A11 is expressed in the chicken DT40 cell line.............................71

Figure 3.2: Chicken annexin A ll C-terminal primer sequence was based on a highly

conserved consensus sequence at the 3’ end of the annexin A ll gene....................72

Figure 3.3: Amplification of the chicken annexin A11 coding sequence........................ 72

Figure 3.4: 5'-RACE analysis of the chicken annexin A11 gene.................................... 73

Figure 3.5: Chicken and Human annexin A11 gene structure alignment....................... 74

Figure 3.6: Purified recombinant his-tagged chicken annexin A ll was used as an

antigen to generate anti-chicken annexin A11 antiserum..........................................75

Figure 3.7: Purified recombinant GST-tagged annexin A ll protein was used to purify

anti-chicken annexin A11 antiserum by affinity chromatography........................... 76

Figure 3.8: Western blot for annexin A ll to test species cross-reactivity using affinity-

purified anti-chicken annexin A ll antibody.............................................................. 76

Figure 3.9: Immunofluorescence labelling of annexin A ll in the chicken fibroblast

primary cell line SL29..................................................................................................77

Figure 3.10: Southern blot of histidinol-resistant DT40 clones showed no shifted bands

of the expected size.......................................................................................................78

Figure 4.1 : Antibodies specific to annexin A11 recognise the endogenous protein, which 

concentrates primarily in the nucleus of cells in culture........................................... 79

8



List of Figures

Figure 4.2: Annexin A ll is localised to vesicular structures in the cytoplasm of A431

and HeLa cell lines..................................................................................  81

Figure 4.3: Co-localisation of annexin All-containing vesicles with intracellular

organelle markers..........................................................................................................82

Figure 4.4: Annexin A ll and annexin A7 cytoplasmic vesicle-like staining patterns

show distinct localisation in HeLa cells......................................................................83

Figure 4.5: Annexin A11 localisation is regulated by cell-cell contact........................... 84

Figure 4.6: Annexin A11 vesicles can be found along the microtubular network..........85

Figure 4.7: Annexin A11 concentrates at the centrosome and around the MTOC.........86

Figure 4.8: Annexin A ll localises to membrane patches at the basolateral leaflet of

A431 cells......................................................................................................................87

Figure 4.9: Annexin A ll patches on the basolateral membrane of A431 cells contain

EGFR and actin, but not a-tubulin..............................................................................88

Figure 4.10: Annexin A ll is capable of interacting with different phosphatidylinositol

compounds in vitro....................................................................................................... 89

Figure 4.11: 7» vivo localisation of the different annexin A11-GFP constructs.............. 90

Figure 4.12: Annexin A11-GFP accumulates at sites of vesicle formation in transfected

A431 cells......................................................................................................................91

Figure 4.13: Human annexin A11-GFP associates with motile vesicles..........................92

Figure 4.14: Annexin All-GFP vesicles are often detected in the perinuclear region

moving both towards the interior and exterior of the cell......................................... 93

Figure 4.15: Over-expression of various annexin All-GFP constructs in A431 cells

causes cell death by apoptosis............................................................... >.....................94

Figure 4.16: Annexin A11 and S100A6 do not co-localise in resting cells..................... 95

Figure 4.17: S100A6 is localised at the nuclear envelope of human cells....................... 96

Figure 4.18: S100A6 dimers can be detected at the nuclear envelope and perinuclear ER

membranes by immuno-EM........................................................................................ 97

Figure 4.19: Annexin A ll relocates to the nuclear envelope upon intracellular calcium

rise caused by ionomycin treatment............................................................................ 98

Figure 4.20: Relocalisation of the human annexin A11-GFP constructs in response to

ionomycin......................................................................................................................99

Figure 4.21: Effects of thapsigargin and EGF on the localisation of GFP-chicken 

annexin A ll in SL29 cells......................................................................................... 101



List of Figures

Figure 4.22: Analysis of the relocalisation kinetics of GFP-chicken annexin A ll to the 

vacuolar and plasma membranes in chicken SL29 cells after treatment with

EGF.............................................................................................................................. 102

Figure 4.23: Annexin A ll is degraded during staurosporine-induced apoptosis 104

Figure 4.24: Analysis of the effects of different agonists on the level of phosphorylation

of annexin A l l ............................................................................................................105

Figure 5.1 : Immunolocalisation of annexin A ll at different stages of the cell cycle.. 108 

Figure 5.2: Annexin A ll invades the nuclear envelope at discrete points during early

prophase....................................................................................................................... 110

Figure 5.3: Annexin A ll co-localisation with the INM protein LAP2 during cell

division.........................................................................................................................I l l

Figure 5.4: Annexin A11 localises to the nuclear envelope during NE reassembly.... 112

Figure 5.5: Annexin A ll co-localisation with S100A6 during cell division.................113

Figure 5.6: BFA treatment inhibits the terminal phase of cytokinesis in human A431

cells...............................................................................................................................117

Figure 5.7: Annexin A11 strongly decorates the midbody in cells treated with BFA.. 118 

Figure 5.8: Annexin A ll localises in a disc at the center of the actomyosin constriction

ring assembled along the septum of cells in cytokinesis......................................... 119

Figure 5.9: Annexin A11 forms two parallel discs located at both sides of the midbody,

perpendicular to the central spindle...........................................................................120

Figure 5.10: Annexin A ll remains attached to the late midbody that connects two

daughter cells after their nuclei have reassembled...................................................121

Figure 5.11 : Annexin A ll localisation at the midbody is conserved among different cell

lines.............................................................................................................................. 122

Figure 5.12: Annexin A ll co-localises with CHOI during different stages of cell

division.........................................................................................................................124

Figure 5.13: Midbodies isolated from A431 cells contain both annexin A ll and

CHOI........................................................................................................................... 125

Figure 5.14: Annexin A ll interacts with CHOI in cells during cytokinesis.................126

Figure 5.15: Annexin A11 level of phosphorylation is enhanced during cytokinesis.. 127 

Figure 6.1: Annexin A ll mRNA levels are specifically and significantly decreased in

HeLa cells after treatment with siRNA..................................................................... 129

Figure 6.2: Western blots showing specific annexin A ll depletion in HeLa cells after 

treatment with siRNA................................................................................................. 130

10



List of Figures

Figure 6.3: Immunofluorescence analysis of annexin A ll  siRNA-treated HeLa cells.131 

Figure 6.4: Residual annexin A ll is located with the microtubules in siRNA-treated

HeLa cells....................................................................................................................132

Figure 6.5: Annexin A ll siRNA-treated HeLa cells showed clear signs of entry in

apoptosis...................................................................................................................... 133

Figure 6.6: FACS analysis of apoptotic levels in annexin A11 siRNA-depleted HeLa

cells.............................................................................................................................. 134

Figure 6.7: Defects linked with an abnormal mitosis can be detected in annexin A l l -

depleted HeLa cells.....................................................................................................135

Figure 6.8: Annexin A ll siRNA-depleted HeLa cells enter cytokinesis and furrow

normally, but have abnormal central spindles lacking the midbody ihatrix 136

Figure 6.9: Western blot showing specific annexin A ll depletion in A431 cells after

treatment with siRNA.................................................................................................137

Figure 6.10: Annexin A11 siRNA-treated A431 cells die by apoptosis.........................138

Figure 6.11: Annexin A11 siRNA treatment induces profound morphological changes in

A431 cells.................................................................................................................... 139

Figure 6.12: Measurement of cell size variations on annexin A ll siRNA-treated A431

cells by FACS..............................................................................................................140

Figure 6.13: Annexin All-depleted A431 cells in cytokinesis display non-functional

midbodies with absent midbody matrix.................................................................... 141

Figure 6.14: Model of action of annexin A11 in the last phase of cytokinesis 143

11



List of Tables

List of Tables
Table 2.1: List of the different cell lines utilised...............................................................55

Table 2.2: List of PCR primers utilised..............................................................................56

Table 2.3: List of the different engineered plasmids and the vectors used for their

cloning............................................................................................................................57

Table 2.4: List of the different drugs utilised for the stimulation of cells and their use

conditions...................................................................................................................... 64

Table 2.5: Primary and secondary antibodies for immunofluorescence analysis...........66

Table 2.6: List of the different cell dyes utilised...............................................................67

Table 2.7: List of the different primary antibodies used for western blot.......................68

Table 3.1: List of Chicken and Human annexin A11 exon and intron sizes...................75

12



List of Abbreviations

List of Abbreviations
ALF Annexin A6 LINE-2 Fragment
ALG-2 Apoptosis Linked Gene 2
Alix /AIPl ALG-2 Interacting Protein X/ ALG-2 Interacting Protein 1
ALLN N-acetyl-leucyl-leucyl-norleucinal
ALV Avian Leukosis Virus
AP Alkaline Phosphatase
APL Acute Promyelocytic Leukemia
Arf Adenosine diphosphate-Ribosylation Factor
ASKl Apoptosis Signal-regulating Kinase 1
BFA Brefeldin A
BiP Binding Protein
bp Base Pairs
BSA Bovine Serum Albumin
BSS Balanced Salt Solution
CacyBP Calcyclin Binding Protein
CHO Chinese Hamster Ovary
CIP Calf Intestinal Phosphatase
CMV Cytomegalovirus
CNBr Cyanogen Bromide
CS Chicken Serum
DAPI 4',6-Diamidino-2-Phenylindole
DIG Digoxigenin
DMEM Dulbecco's Modified Eagle Medium
DMSG Dimethyl Sulfoxide
dsRNA Double-Stranded RNA
ECL Enhanced Chemiluminescence
EDTA Ethylenediaminetetraacetic Acid
EGF Epidermal Growth Factor
EGFR Epidermal Growth Factor Receptor
ER Endoplasmic Reticulum
EST Expressed Sequence Tag
FACS Fluorescence Activated Cell Sorting
FCS Foetal Calf Serum
FPR Formyl Peptide Receptor
FSC Forward Scatter
GAP GTPase Activating Protein
GFAP Glial Fibrillary Acidic Protein
GFP Green Fluorescent Protein
GPI Glycophosphatidylinositol
GST Glutathione-S-transferase
HRP Horseradish Peroxidase
IF Intermediate Filament
IgG Immunoglobulin G
INCENP Inner Centromere Protein
INM Inner Nuclear Membrane
IPTG Isopropyl B-D-Thiogalactoside
LAMPl Lysosome-Associated Membrane Glycoprotein-1
LAP2 Lamina-Associated Polypeptide 2

13



List of Abbreviations

LINE Long Interspersed Nuclear Elements
LTR Long Terminal Repeats
MDCK Madin-Darby Canine Kidney
MEM Minimum Essential Medium
MER Medium Reiteration Frequency
MIR Mammalian-wide Interspersed Repeats
MKLPl Mitotic Kinesin-Like protein 1
MTOC Microtubule Organising Center
MVB Multivesicular Bodies
Mya Million Years Ago
NE Nuclear Envelope
NEAA Non-Essential AminoAcids
NEB Nuclear Envelope Breakdown
NLS Nuclear Localisation Signal
NPC Nuclear Pore Complex
0/N  Over Night
ONM Outer Nuclear Membrane
PAGE Polyacrylamide Gel Electrophoresis
PBS Phosphate-Buffered Saline
PC Phosphatidylcholine
PCR Polymerase Chain Reaction
PDGF Platelet Derived Growth Factor
PE Phosphatidylethanolamine
PEF Penta-EF Hand
PFA Paraformaldehyde
PI Propidium Iodide
PIP Phosphatidylinositol Phosphate
PIPES 1,4-Piperazinediethanesulfbnic Acid
PKC Protein Kinase C
PMSF Phenylmethanesulfonyl Fluoride
PS Phosphatidylserine
PVDF Polyvinylidene Difluoride
RACE Rapid Amplification of cDNA Ends
RISC RNA-Induced Silencing Complex
RNAi RNA Interference
RT-PCR Reverse Transcription Polymerase Chain Reaction
SAP Shrimp Alkaline Phosphatase
SDS Sodium Dodecyl Sulfate
SETA SH3 domain-containing expressed in Tumorigenic Astrocytes
SH3 Src Homology 3
SINE Short Interspersed Nuclear Elements
SIP Siah-1 Interacting Protein
siRNA Small Interfering RNA
SNARE Soluble N-ethylmaleimide-sensitive factor Attachment Receptor
SR Sarcoplasmic Reticulum
SSC Saline Sodium Citrate
TAE Tris Acetate EDTA
TAP Tobacco Acid Pyrophosphatase
TBE Tris Borate EDTA
TBS Tris-Bufferd Saline
T-Gel Thiophilic Gel

14



List of Abbreviations

TGN TransGolgi Network
t-PA Tissue Plasminogen Activator
TRITC Tetramethylrhodamine Isothiocyanate
U Enzymatic Units
UTR Untranslated Region
UV Ultraviolet
wt Wild Type

15



Introduction

Chapter 1 : Introduction
Calcium, probably the most ancient and universal intracellular messenger, is used 

throughout the life history of an organism. Life begins with a surge of calcium at 

fertilization, and an enormously versatile and intricate calcium signalling network is 

repeatedly employed from that point onwards to control processes as diverse as cell 

proliferation and differentiation, gene expression, transmission of the nerve impulse, 

contraction, cell motility, secretion, apoptosis and necrosis. Cells have evolved a 

calcium signalling toolkit with many molecular components that can be mixed and 

matched to interpret this wide range of spatial and temporal signals [1]. Among the 

elements of this calcium signalling toolkit are the annexins, a famdy of proteins 

characterised by their capacity to bind to membrane phospholipids in a calcium- 

dependent manner.

1.1 The annexins: discovery and nomenclature

Annexin A7 was the first member of the annexin family to be identified back in 

1978 under the name of synexin, following a ‘grind and find’ approach to detect factors 

capable of promoting vesicle contact and fusion in vitro [2]. During the following years, 

in the late 1970s and early 1980s, several other annexins were discovered via untargeted 

approaches, and were given diverse and unrelated names based on their biochemical 

attributes (chromobindins, lipocortins, calcimedins, calelectrins, anchorin, calpactins, 

endonexins, calphobindins) [3, 4]. It eventually became clear that all these proteins 

shared key gene structure and sequence features, and a novel multigene family was 

bom, unified by the generic term ‘annexin’ [5]. Members of the annexin family are 

defined by the presence of a characteristic core that contains four ~70 amino acid 

‘annexin repeats’ packed into a highly a-helical disc and capable of binding both 

calcium and negatively charged phospholipids [6].

More than 160 unique annexin proteins present in more than 65 different species 

ranging from fungi and protists to plants and higher vertebrates, including 12 human 

annexins, have now been identified [4]. A new, more systematic annexin nomenclature 

was endorsed in 1999 by participants at the 50* Harden Conference on Annexins (UK), 

and it has been implemented throughout this thesis. A schematic of this nomenclature is 

shown in Figure 1.1.
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Introduction

Name Synonym s/Form er nam e(s)
Human gene Non-human

symbol gen e  symbol
annexin A1 
annexin A2 
annexin A3 
annexin A4 
annexin A5 
annexin A6 
annexin A7 
annexin A8 
annexin A9 
annexin A10 
annexin A11 
annexin A12 
annexin A13

Name

lipocortin 1, annexin I A NXA 1
calpactin 1, annexin II ANXA2
annexin III ANXA3
annexin IV ANXA4
annexin V ANXA5
annexin VI ANXA6
synexin, annexin VII ANXA7
annexin VIII ANXA8
annexin XXXI ANXA9

ANXA10
annexin XI ANXA11
unassigned
annexin XIII ANXA13

Organism /Form er nam e G ene symbol

annexin 01 Dictyostelium and
Neurospora annexin XIV 

annexin 0 2 -0 5  4 spec ies of fungi/
molds/alveolates

A n x d

Name Organism /Form er nam e

Anxc2-c5 

G ene symbol

Anxal
Anxa2
Anxa3
Anxa4
AnxaS
Anxa6
Anxa7
AnxaS
Anxa9
Anxal 0  I

\Anxa13^

HUMAN ANNEXINS 
plus_________
COGNATE
ORTHOLOGS

annexin B9 3 spec ies of insect, annexin IX Anxb9
annexin BIO 4 spec ies of insect, annexin X AnxblO
annexin B11 1 spec ies of insect, annexin A nxb ll
annexin B12 Cn/dar/a, annexin XII Anxb12

3 spec ies of flatworms, 5 annexins 
10 spec ies of roundworms, 5 annexins 
(including C .e/egans annexins XV-XVII.XXX)

Name__________ Organism /Form er nam e G ene symbol

ANIMAL ANNEXINS without 
HUMAN ORTHOLOGS

annexin D1-D25 35 spec ies including 
annexin XVIII and 
annexins XXII-XXIX

Anxd1-d25 □
FUNGI/MOLDS and 
OLOSE RELATIVES

PLANTS

Name Organism /Form er nam e G ene symbol

annexin E l Giardia annexin XXI
annexin E2 Giardia annexin XIX
annexin E3 Giardia annexin XX

Anxel
Anxe2
Anxe3 □PROTISTS

Figure 1.1: The new annexin nomenclature.

A more extensive list o f  annexin subfamilies is posted at the European annexin website [7]. 

(Taken from [4]).

1.2 Molecular structure of the annexins

Each annexin is composed of two principle domains, the conserved C-terminal 

‘annexin core’ and the divergent N-terminal ‘head’ [4].

1.2.1 The annexin core domain

All the annexin core domains crystallized to date display a highly conserved 

three-dimensional folding [3], characterised by an almost entirely a-helical, compact 

and slightly curved disc (see Figure 1.2). The core disc contains four subdomains (eight 

in the case of annexin A6 [8]) of similar structure corresponding to four homologous 

70-80 amino acid-long repeats known as the ‘annexin repeats’, each harbouring a 17
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amino acid consensus sequence sometimes referred to as the ‘endonexin fold’. Each 

subdomain is formed by a four-a-helix bundle and a fifth almost perpendicular a-helix 

[9]. The four subdomains (1-lV) are arranged in an almost planar cyclic manner that 

gives the annexin core its overall flat and a little bent topology. The subdomains 1 and 

IV, and 11 and 111, respectively, have tight contacts mediated by hydrophobic residues, 

thus generating two modules with a hydrophilic pore in the centre [10], potentially 

responsible for the Câ  ̂channel activity displayed by some annexins in vitro [11].

wâ
S N

iiM
Figure 1.2: T he three-dim ensional s tru c tu re  of the annexin core dom ain  is highly conserved am ong 
the d iffe ren t annexins.

Crystal structure diagrams for three different annexins. Purple spheres indicate Ca^^ ions, N-terminus is 
labelled (N). The annexin core forms a compact, slightly curved disc with the convex side harbouring the 
phospholipid and calcium-binding sites, (a) Crystal structure o f  human annexin A1 (PDB code IAIN, [12]). 
(b) Crystal structure o f  bovine annexin A4 (PDB code lANN). (c) Crystal structure o f  rat annexin A5 
(PDB code2R A N , [13]).

1.2.2 The annexin binding sites

The binding sites of the annexins are localised to interhelical loops along the 

convex face of the annexin core [9]. There are two types of annexin Câ  ̂binding sites: 

the type 11 high affinity sites and the type 111 low affinity sites [10]. They differ both in 

structure and calcium affinity to the type 1 EF hands foimd in other calcium binding 

proteins [14]. The type 11 Câ  ̂ binding sites are found within the ‘endonexin folds’ 

located between helices A and B of each annexin repeat. The calcium ion is coordinated 

by three main chain carbonyl oxygen atoms of the loop and a bidentate carboxylate 

group from an acidic side chain 38 residues further along the sequence located in the D- 

E helices loop. The type 111 Câ  ̂binding sites are found in the loops between helices D
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and E of the annexin repeats. In these sites, the calcium is bound by two main chain 

carbonyl oxygen atoms and a bidentate carboxylate atom from helix E.

Although the folding of the annexin core domain is highly conserved among the 

annexins, the number and exact location of the Câ  ̂ binding sites appear to differ 

between members of the family, which could account for the differences in calcium 

sensitivities and phospholipid specificities observed for different annexins [6]. In 

addition, recently identified annexins A9 and AlO have unusual ablations of the type II 

Ca^ -̂binding sites in in all four annexin repeats for annexin A9 [15], or in repeats 1, 3 

and 4 for annexin AlO [16].

1.2.3 The annexin membrane binding sites

The Câ  ̂ ions bound to the convex side of the annexin core domain act as 

‘bridging agents’ that allow the annexins to bind to membranes by coordinating not only 

to the protein but also to the membrane phospholipid polar heads [6]. In the membrane- 

bound state, the annexins form highly structured junctions with the lipid bilayers [17], 

reorienting themselves subtly so that the Câ  ̂ binding sites become more closely 

coplanar with the membrane [9]. There is no clear evidence supporting more substantial 

conformational changes, except for the case of annexin A6, which contains eight 

annexin repeats folded in two halves arranged perpendicular to each other. These halves 

rotate about 90° in order to assume the coplanar arrangement with the membrane [8], 

and have been found to bind the membrane in both a parallel and an antiparallel 

orientation, revealing an intrinsic and unique flexibility in the annexin A6 molecule 

[18].

1.2.4 The N-terminal head domain of the annexins

While the core domain is a conserved feature of all the annexins, there is little 

homology between the different annexins’ N-terminal head domains. Such 

heterogeneity is likely to reflect the fimctional specificity of the different members of 

the family [19].

A schematic of the different N-terminal domains of the vertebrate annexins is 

given in Figure 1.3. The length of the annexin N-terminal domains varies from less than 

20 residues (annexins A3, A4, A6, A5 and A8) to 200 residues for annexin A ll ,  and the 

sequences of these head domains are also highly variable. Molecular details of the three- 

dimensional folding of the head domains are mostly restricted to the shorter ones. In 

these cases, the N-terminal domain extends along the concave face of the annexin disc
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and is apparently involved in the regulation of the Ca^ -̂dependent phospholipid binding 

executed by the convex side, possibly through stabilising or destabilising slightly 

different conformations of the molecule [4].

Annexins A3, A4, A5, A8

Annexins A9, AlO

Annexins A l, A2

Annexin A6

Annexins A7, A ll GYP

Annexin A 13a Myr

MyrAnnexin A 13b

F igure 1.3: S tru c tu ra l o rganization o f the d ifferen t v e rte b ra te  annexins.

The four annexin repeats are represented by rounded rectangles, the endonexin folds with functional type 
II Ca^^-binding sites are represented by blue rectangles, and the endonexin folds with non-flinctional type 
II Ca^^^-binding sites are represented by red rectangles. The preceding N-terminal head domains vary in 
length between 8-25 residues (annexins A3, A4, A5, A6, AS, A9 and AIO) and 200 residues 
(annexin A l l ) .  Structural features o f the different head domains include amphipathic a-helices (empty 
rectangles) representing binding sites for S I00 protein ligands (yellow ovals), long domains rich in 
glycine (G), tyrosine (Y) and proline (P) for annexins A7 and A l l ,  and an N-terminal myristoylation site 
for annexin A 13. Different N-terminal splice variants have been reported for different annexins, e.g. 
annexins A 13a and A 13b.

(Adapted from [6]).

More complex modes of regulation are present in the longer N-terminal head 

domains of the larger annexins. Alternative splicing sites, conformational changes, and 

interactions with specific partners at the N-terminal head domain modulate the
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properties of the full-length annexin. The regulatory importance of the N-terminal 

domain is exemplified by the presence of phosphorylation sites for signal transducing 

protein kinases. Several tyrosine and serine/threonine kinases have been reported to 

phosphorylate different annexins, often altering the annexin sensitivity towards calcium 

and phospholipids [4]. Thus, annexin A2 is a major cellular substrate of protein kinase 

C and pp60''*®'̂ ‘̂ [20], annexin Al is phosphorylated at tyrosine-20 by the EGF receptor 

kinase [19], and annexins A7 and A ll  are tyrosine-phosphorylated in response to PDGF 

[21]. The N-terminal head domain of the annexins harbours other sites for post- 

translational modifications likely to be of regulatory importance [6]. Thus, several 

annexins are known to contain proteolytic signals that indicate regulation by limited 

proteolysis [22]. Annexin A 1 contains a site for transglutaminase cross-linking at 

glutamine 18 [23], annexin A l3 achieves Ca^ -̂independent membrane association 

through N-terminal myristoylation [24], and annexin A2 can be modified at cysteine 8 

by A-ethylmaleimide, strongly affecting its capacity to mediate vesicle aggregation 

[25].

Recently, the first complete structure of a longer annexin, annexin A l, has been 

determined [26]. The N-terminal head domain of this annexin is 40 residues in lenght 

and contains a binding site for a protein ligand of the SI GO family, SI OOA 11 [27]. This 

N-terminal domain was found to form an amphipathic a-helix buried in the annexin core 

domain in the absence of calcium. A conformational switch could occur in the presence 

of calcium, whereby the N-terminal head would be forced out of the annexin disc, thus 

enabling the interaction of the protein with membranes along the convex face and with 

protein ligands such as SlOOAll at the N-terminal domain. The N-terminal domain of 

annexin A2, which also binds a member of the SI00 family, SIOOAIO [28], has 

similarly been shown to form an amphipathic a-helix [29].

1.3 Molecular phylogeny of the annexins

Annexins have been described in most eukaryotic organisms, with the exception 

of those yeasts for which genomic sequences are available. The simplest organism 

known to express annexins is the unicellular protozoan Giardia lamblia, which diverged 

within the eukaryote lineage 1-1.5 billion years ago [30]. A major group of non

vertebrate annexins have been described in plants. Plant annexins lack the variable N- 

terminal domains and do not present type 11 Câ  ̂binding sites in repeats 11 and 111 [4]. 

Annexins have also been described in fungi such as Neurospora crassa and the slime
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mould Dictyostelium discoideum. Annexin Cl from D. discoideum shares ~40 % amino 

acid sequence identity with that of N. crassa, suggesting that these two annexins may be 

orthologs. Evolutionary trees portray protist, plant and fungi/mould annexins as early 

divergences prior to the appearance of animal annexins and most probably evolved from 

a common ancestor [31].

Animal annexins can be divided into two groups, the A family of vertebrate 

annexins, and the B family of invertebrate annexins. Phylogenetic and molecular dating 

analysis of the vertebrate annexin A family dates its expansion to 12 member genes in a 

period 500 to 800 million years ago (Mya) (see Figure 1.4). Molecular dating implies

ANXAll

ANXA4 ANXA2
ANXA9

ANXAS
ANXA7

ANXAlANXAS

3-ANXA6 ANXAIO
ANXA13

700 Mya

Common Ancestor

Figure 1.4: C ladistic analysis of the A family o f  v e rteb ra te  annexins.

The family tree has a well-established origin in annexins A13, A7 and A l l ,  followed by three distinct 
later-emerging c lades branching from annexin A l l  and consisting o f  annexins A4, A8, A5 and 5 ’-A6; 
annexins AlO, 3 ’-A6 and A3; and annexins A l, A2 and A9. Filled circles indicate probable gene 
duplications.

Adapted from [16].

that annexins A 13, A7 and A ll all existed before the emergence of chordates, that 

annexin A13 was probably the first vertebrate member to branch amidst nonvertebrate
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members of the animal annexin B family, and that annexins A7 and A l 1 most likely 

emerged by rapid successive duplications of the common ancestor, approximately 700 

Mya [32]. The presence of a long glycine (G), tyrosine (Y) and proline (P)-rich 

N-terminal domain similar to that of annexins A7 and A ll in fungal annexin Cl and in 

C. elegans annexin B6 (nex-2) suggests that such a domain was present in the common 

ancestor, and that annexin A13 selectively lost this feature. However, annexins A13, A7 

and A ll have not been formally identified in any invertebrate species to date, therefore, 

any direct lineage between vertebrate and non- vertebrate annexins remains conjectural.

Analysis of the structure of the annexin A ll gene revealed it to be the common 

ancestor of the remaining nine vertebrate annexins, making this annexin a key 

functional model of the A family of chordate annexins [33].

A final point of interest in the molecular evolution of vertebrate annexins 

concerns the origins of annexin A6. This annexin is unique in that it contains two 

annexin core domains joined by a flexible linker. It was previously hypothesized that 

this annexin could have emerged following tandem duplication of a single core domain 

[34]. However, the discovery and analysis of the annexin AlO gene and other 

phylogenetic data strongly suggest that annexin A5 and AlO gave rise to the 5’- and 3’- 

annexin cores of annexin A6, respectively [16].

1.4 Annexin ligands

Several proteinaceous annexin ligands, which appear to be unique for individual 

annexins and affect the properties displayed by the proteins in vitro have been 

identified. Most ligand binding sites have been mapped to the unique N-terminal head 

domain of the respective annexin. The annexin associations can be subdivided in four 

groups: binding to members of the EF hand Ca^ -̂binding proteins, interactions with 

cytoskeletal components, interactions with other ligands, and annexin self-associations.

1.4.1 Binding of annexins to EF hand proteins

EF hand proteins are characterised by the presence of a helix-loop-helix motif that 

binds Câ  ̂ selectively and with high affinity [35]. Several EF hand proteins, in 

particular those of the SI00 subfamily, form complexes with members of the annexin 

family.

SI00 proteins are characterised by the presence of two EF hand motifs connected 

by an intermediate region often referred to as the hinge region. SI00 members are 

mostly low molecular weight proteins (9-14 kDa) that exist as homodimers within cells.
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This family of proteins are Câ  ̂ sensors with roles in Ca^ -̂dependent regulation of 

numerous processes such as protein phosphorylation, enzyme activities, the 

inflammatory response, the cycle of contraction-relaxation, calcium homeostasis, 

dynamics of the cytoskeleton, and cell proliferation and differentiation (for review, see 

[36]). To date some 19 different SI00 proteins have been identified. Three of these, 

namely S100A6, SIOOAIO and SlOOAll, have been shown to bind specifically to three 

annexins, annexin A ll ,  A2 and A l, respectively.

The best characterised of these complexes is the annexin A2-S100A10 (p ll)  

heterotetramer, in which a homodimer of SIOOAIO bridges two annexin A2 molecules 

[6]. It has been clearly established that this complex formation is highly specific, occurs 

in vivo, can be regulated by post-translational modifications in the annexin, and 

modulates the membrane binding and vesicle aggregation properties of annexin A2, as 

well as its interaction with the cortical cytoskeleton [4, 6]. Complex formation is 

Ca^ -̂independent, due to deletions and substitutions within the EF hands of SIOOAIO, 

resulting in a constitutively active form of the SI00 dimer in respect of its binding to 

annexin A2 [29]. The binding site for SIOOAIO has been mapped to the N-terminal first 

14 residues in annexin A2, and for annexin A2, to the C-terminal extension of SIOOAIO 

[6]. The complex of annexin Al with SlOOAl 1 bears high structural similarity to that of 

annexin A2 with SIOOAIO, and it is likely that both are heterotetrameric entities. 

However, the association between annexin A 1 and SlOOAll is strictly Ca^ -̂dependent 

and it remains to be established if it occurs in vivo [37]. Details of the interaction 

between annexin A ll and S100A6 are discussed in Section 1.10. Other annexin-SlOO 

interactions have been described, e.g. that of annexin A6 with SlOOAl and SIOOB, but 

the structural and functional basis of these complexes has not been studied in depth 

[38].

Sorcin, another member of the EF hand superfamily of proteins with four EF hand 

motifs, has been found to bind to the long glycine (G), tyrosine (Y) and proline (P)-rich 

N-terminal domain of annexin A7 in a Ca^ -̂dependent manner, with the sorcin 

N-terminal domain required for this interaction [39].

1.4.2 Annexin interactions with the cytoskeieton

A number of annexins have been described as cytoskeleton binding proteins.

These include annexins A l, A2 and A6. A single study showed that annexin A1 could

bind in vitro to F-actin and to the regulator of actin polymerisation, profilin. It was

therefore suggested that the annexin A1-profilin interaction might have a role in the
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regulation of the associations between cortical cytosketon and plasma membrane [40]. 

Annexin A2 is another F-actin binding annexin, capable of bundling actin filaments in 

vitro, especially in its heterotetrameric form with SI GOA 10. The actin binding site has 

been mapped to the C-terminus of the protein, but the bundling activity has been shown 

to be inhibited upon phosphorylation of the N-terminal domain of annexin A2 by 

ppbO'̂ '̂ '̂  ̂ [6]. Hence, the molecular mechanism of annexin A2 binding to F-actin remains 

unresolved. Annexin A2 associates with glycosphingolipid- and cholesterol-rich lipid 

microdomains (rafts). It has been therefore proposed as an organizer of membrane- 

associated actin at these microdomains [4]. In support of this notion, annexin A2 has 

been recently implicated in the small GTPase Racl-mediated recruitment of actin to the 

sites of cell-cell contact in MDCK ephitelial cells [41]. Annexin A6 can also bind to F- 

actin and has been implicated in the mediation of Ca^ -̂dependent membrane- 

cytoskeleton contacts in smooth muscle cells, in a similar manner to annexins A1 and 

A2 [42].

Annexins A2 and A6 have also been reported to bind in vitro to members of the 

non-erythroid spectrin family found in the cortical region of the cell [6], and annexin A2 

binds in vitro to the intermediate filament protein GFAP [43].

1.4.3 Other annexin ligands

Annexin intracellular protein ligands include phospholipase A% for annexin A1 

[44], Ras GAP for annexin A6 [45], and Racl for annexin A2 [41], suggesting that 

certain annexins may be involved in signalling events. Both annexins A2 and A6 have 

been found to bind to protein components of isolated clathrin-coated endocytic vesicles, 

indicating their possible role in the establishment of protein-lipid interactions during 

endocytosis. Annexin A13 splice variant b is associated with the apical transport 

vesicles of polarised epithelia and interacts with the C2 domain of the Nedd4 ubiquitin 

protein ligase, targeting this factor to the apical membrane of polarised epithelial cells 

[46].

Some annexins have also been reported to bind to nucleic acids in a Câ -̂ 

dependent manner. Annexins A1 and A2 bind to certain mRNAs, and could be involved 

in the cellular positioning of these mRNAs via the interaction of these annexins with the 

actin cytoskeleton. In addition, annexins A1 and A6 can bind to ATP, and annexin A7 

to GTP. However, it is not yet clearly understood how annexins interact with these 

nucleotides, nor is the physiological significance of these interactions known [4].
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Annexins have also been found to bind to extracellular matrix components such 

as collagen for annexin A5 [47] and tenascin C for annexin A2 [48], and to act as 

receptors for tissue plasminogen activator (t-PA) in the case of annexin A2 [49] and for 

apolipoprotein A1 for annexins A1 and A7 [50]. Some annexins bave also been shown 

to interact with carbohydrates, in particular glycosaminoglycans. Annexin binding to 

these extracellular factors would critically depend on the extracellular presentation 

and/or secretion of annexins. A more detailed description of extracellular functions of 

annexins will be given in Section 1.7.3.

1.4.4 Annexin self-association

Self-association on membrane surfaces has been described for various annexins. 

Annexins A5 and A6 form calcium-induced trimers, hexamers and higher aggregates on 

anionic phospholipid membranes as observed in vitro by chemical crosslinking 

experiments. Electron microscopy and other experimental evidence revealed surface 

binding of protein monolayers on these membranes [10]. Cryo-electron microscopy 

studies of the annexin A2-S100A10 complex show that the heterotetramer associates in 

two-dimensional plaques between opposing membranes during vesicle aggregation [17]. 

The function of these annexin multimers is at present unresolved.

1.5 interactions of annexins with membranes

1.5.1 Ca^^-dependent membrane binding and vesicle aggregation 

properties

Annexins characteristically associate with membranes in a Ca^ -̂dependent 

manner. The interaction of annexins v̂ith negatively charged phospholipids in vitro is 

thought to reflect a more physiological function involving the binding to cellular 

membranes. The affinity of this interaction varies significantly in vitro for different 

annexins, and depends on the phospholipid composition of the membrane and the free 

concentration in the vicinity [19]. /« vivo, different annexins associate with a range 

of different cellular membranes in response to calcium stimulation. This specificity of 

action is thought to be the result of a number of factors, such as the unique N-terminal 

domain of annexins, interactions with other protein ligands, and post-translational 

modifications and phosphorylations.

Although well described in vitro, the physiological significance of the annexins 

association with membranes in a Ca^ -̂dependent manner is not clear. It has been noted
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that annexin A5 can form two-dimensional crystals on planar lipid bilayers, and that this 

binding affects the rigidity, fluidity and lipid segregation properties of the bilayer [51]. 

Annexins can also sequester phospholipids within the plane of the membrane [52], 

potentially interfering with membrane stability, permeability, or having roles in the 

establishment of lipid microdomains involved in membrane fusion or signalling. 

Therefore, membrane-bound annexins may have profound effects on the structure 

and/or character of the membranes that they bind.

Some annexins (annexins Al, A2, A4, A6, and A7) are also capable of mediating 

membrane vesicle aggregation. Again, phospholipid composition and Ca^ -̂sensitivity 

differs for individual annexins. Several models have been proposed to explain this 

aggregation activity. One such model is based on the finding that the annexin Al 

N-terminal domain can independently bind to membranes via hydrophobic interactions. 

In cytosolic annexin Al, this domain is embedded in the annexin core, but it could be 

released upon Ca^ -̂dependent membrane binding of the annexin core, and mediate the 

interaction with a second membrane [54]. Another model is based in the formation of a 

heterotetramer or a hetero-octamer between annexin A2 and SIOOAIO (Figure 1.5).

Figure 1.5: Models o f annexin A2-S100A10 complexes that would allow vesicle aggregation.

(a) Heterotetramer. (b) Hetero-octamer.

Annexin A2 cores are in red, annexin A2 N-terminal domains are in green or yellow, SIOOAIO is in blue. 

Taken from [53].
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In this model, either two annexin A2 molecules are linked via a SIOOAIO dimer 

bound to their N-terminal domains, or four annexin A2 molecules are linked via two 

SIOOAIO dimers, generating entities capable of binding simultaneously to two 

membrane surfaces through the annexin A2 cores [53].

1.5.2 Ca^^-independent membrane association

Although Ca^ -̂dependent binding to phospholipids is a fundamental property of 

the annexin family, some annexins can interact with membranes in the absence of Câ .̂ 

For instance, annexin A 1 binds to membranes of multivesicular bodies in a 

Ca^^-independent manner during EGFR internalisation [55], and annexins A2 and A6 

associate tightly with endosomal membranes without calcium requirement [56].

Low pH has been shown to induce Ca^ -̂independent annexin A5 binding to 

PS-containing vesicles, perhaps with membrane insertion [57]. This activity is thought 

to involve a conformational change in the annexin, by which the unique tryptophan 

(Trp) 187 residue becomes exposed [58]. A similar change in the conformation of 

annexin A5 occurs when it is bound to membranes in the presence of Câ  ̂ [13]. 

Annexin B12 also binds to membranes at low pH independently of calcium. The 

topology of this annexin bound to membranes in this manner has been resolved using 

site-directed spin labelling [59]. This study proposed that annexin B12 might insert into 

the bilayer, this being accompanied by the formation of a continuous transmembrane 

a-helix. The entire molecule would therefore assume a transmembrane topology. This 

concept remains very controversial, but if true could explain how other annexins, 

suspected under certain circumstances of having extracellular functions, are able to span 

the lipid bilayer.

1.6 Annexin gene expression and celiular locaiisation

Annexins as a family are often described as ubiquitous. But individual annexins 

have discrete patterns of expression and intracellular localisation. Each cell type appears 

to express a range of annexins or ‘annexin fingerprint’, but not all annexins are 

expressed in all cell types, suggesting that annexin gene expression is tightly controlled.

1.6.1 Annexin gene structure and regulation

The structural organisation of the annexin genes is highly conserved within the 

annexin repeats. The positions of intron-exon boundaries in the annexin core domain are 

at identical locations for all mammalian annexins. In contrast, there is no similarity in
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the genomic organisation of the divergent N-terminal head domains, where binding 

motifs for protein partners, sites of post-translational modification and alternative 

splicing lie within the protein [4, 6 ].

Several types of repetitive elements such as Alu sequences, LINEs and MIRs have 

been described in various annexin genes. For the most part, these appear to be no more 

than genomic landmarks, with the exception of a LINE-2 element present in the annexin 

A6  gene named ALF (Annexin A6  LINE-2 Fragment), shown to function as a potent 

and highly specific T-cell silencer in response to phorbol ester and calcium ionophore 

[60]. Other genomic landmarks include Z-DNA sequences in the annexin A5, A6  and 

Al 1 genes [4].

Consistent with annexins having distinct expression patterns, the putative 

promoters have little sequence similarity. Human annexins Al and A6  both have CAAT 

and TATA boxes. In the case of annexin A l, these have been shown to be essential for 

minimal promoter activity, but for annexin A6 , they are located somewhat distal to the 

transcription start site and appear to be functionally redundant [6 ]. Human annexins A7 

and Al 1 both lack CAAT and TATA boxes, and are GC rich and contain many binding 

sites for the ubiquitous SPl transcription factor [33, 61]. This last feature is shared by 

most annexin promoters, and is consistent with a broad pattern of expression.

Two different promoters have been described for the annexin A5 gene, the 

proximal one being very GC-rich and the distal one having a TATA box and putative 

binding sites for early response genes such as API [62]. Sequencing of alternatively 

spliced transcripts showed that both promoters are functional and that transcription from 

the distal promoter splices out the non-coding exon 1 , and possibly the coding exon 2 . 

This would generate a splice variant of annexin A5 lacking the N-terminal domain that 

could function as a dominant mutant interfering with the activity of the endogenous 

protein when this distal promoter is activated.

A similar case has been described in the pigeon cropsac for annexin A l [63]. In 

pigeons there are two annexin Al genes, annexin Alcps? and annexin Alcpss- Both 

genes’ promoters bind to Y-box factors [64], but only annexin Alcps? is constitutively 

expressed. Annexin A Icpss lacks the phosphorylation site for EGFR, and is only 

expressed in the pigeon cropsac after induction by prolactin. Prolactin induces the 

secretory epithelium of the cropsac to secrete a milk-like substance that nourishes 

mewly-hatched young. The question as to why pigeon cropsac should have two 

annexin Al genes remains unanswered, but again there is the possibility that the
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inducible form functions as a dominant negative inhibitor of its constitutively expressed 

counterpart.

1.6.2 Annexin expression in differentiation and deveiopment

Despite the existence of many studies on the expression of annexins, these have 

been largely focused at only a selected few within the family, are restricted to certain 

tissues or cell types, and as yet have not revealed any great insight into annexin 

function. The general picture that emerges from these studies is that, for the majority of 

annexins, expression patterns are broad, suggesting fundamental roles in cell 

physiology. However, some annexins are clearly restricted in their pattern of expression. 

Annexin A8  is only found in a few organs including lung endothelia [65], and annexins 

A 13a and A 13b are restricted to gut polarised epithelia and the kidney [6 6 ].

Studies in simpler eukaryotic models provide the clearest correlations between 

patterns of expression and functions of annexins, due to the presence of fewer annexin 

genes and the general simplicity of the organism. Annexin B 12 of Hydra vulgaris is 

largely confined to the epithelial battery cells throughout the tentacles [67], and C. 

elegans annexin B7 (nex-1) is associated with a subset of cell types such as the 

membrane systems of the secretory glands in the pharynx and uterine wall, and to the 

convoluted membranes of the spermathecal valve, suggesting possible roles in the 

regulation of membrane fluidity or membrane interactions [6 8 ].

The developmental regulation of vertebrate annexin gene expression has not been 

studied in depth. A few studies have focused on the developing mouse brain [69], 

revealing distinct patterns of temporal and spatial expression for individual annexins. A 

recent study focused on annexin A5, and associates the expression of this annexin in the 

mouse embryo with cell lineages involved in the development of the vascular and 

skeletal systems [70]. Analysis in the loach Misgurnus fossilis [71] and in the medaka 

fish Oryzias latipes [72] have also shown developmental regulation of some annexins.

1.6.3 Intracellular localisation of the annexins

Within the cell, annexins have been co-localised with many structures, usually 

membranous. Strikingly, in vivo experiments with GFP have shown that different 

annexin cores localise to different intracellular compartments in the same cell type, and 

that the full-length proteins display distributions often differing from their respective 

annexin cores, underlying the tight specificity upon membrane binding directed both by 

the core domain and the unique N-terminal domain of the annexins [4].
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Most annexins associate with the plasma membrane, but the distribution is often 

punctate (like annexins Al and A2) and may not always be ubiquitous, as is the case for 

annexins A4, A l, A2 and A 13b, which localise to the basolateral or apical cell 

membranes in certain cell types [3]. Many annexins have significant cytosolic pools, 

which frequently relocate to intracellular membranes upon elevation of intracellular 

Câ .̂ Again, there is a complex mode of regulation for the Ca^ -̂dependent annexin 

relocation to membranes, because different annexins relocate to different membranes in 

the same cell. For example, upon neutrophil stimulation, annexins A l, A4, and A6  

relocate to the plasma membrane and secretory vesicles and granules, whereas annexins 

A2 and A ll display uneven distributions at these membranes [73, 74]. Annexins Al 

and A2 both associate with endosomal membranes, but only annexin A2 does so in a 

Ca^ -̂independent manner [56]. In addition, annexins A3, A5 and A6  have also been 

found on early endosomes, and annexin AS on late endosomes [3].

Annexins A5, A6 , and A7 have been reported to associate with mitochondria [3]. 

In muscle, annexins AS and A6  have been described in association with the membranes 

of the sarcoplasmic reticulum (SR) [7S], and in non-muscle cells annexin A6  has been 

associated with the endoplasmic reticulum (ER) [76]. Localisation to mitochondria and 

ER/SR could be related with a function in the regulation of the mobilisation of calcium 

from intracellular stores.

Annexins A l, A2, A4, AS, A6 , A7, and A ll have all been described in the 

nucleus under certain circumstances [3]. In addition, the nuclear-specific pools of 

annexins A4 and AS relocate to the nuclear envelope upon elevation of intracellular 

Câ  ̂ [77]. The localisation of several annexins to the nucleus may be linked to cell 

division, as this observation is principally reported in proliferating cells, and is less 

common in quiescent cells. Thus, annexin A2 can be found in the nucleus of astrocyte 

tumors, but not in normal cells [78], and annexin AS nuclear localisation is linked to 

cell proliferation and is serum-dependent in fibroblasts and osteosarcoma cells [79, 80]. 

Details of the nuclear localisation of annexin A ll will be discussed in Section 1.10.

Finally, several annexins have been localised to the cell cytoskeleton. Annexin Al 

co-localises with spectrin and vinculin in caps induced by EGFR binding in epithelial 

A431 cells [81], annexin A6  associates with F-actin stress fibers in bovine liver cells 

[82], and annexin A2 is released with other proteins of the subcortical cytoskeleton such 

as a-actinin, actin, ezrin, and moesin upon cholesterol sequestering [83]. Annexin A2 

has also been observed in vivo in rat basophilic leukaemia (RBL) cells as a component
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of the tails of macropinocytic vesicles, which also contain actin, that can be observed 

rocketing around the cell upon hyperosmotic shock, this phenomenon being inhibited by 

a dominant mutant of annexin A2 [84].

The general pattern that emerges from the subcellular localisation of the annexins 

is their capacity to relocate to different membranous and/or cytoskeletal compartments 

in response to different stimuli. This relocation is specific for each annexin, suggesting 

an important regulatory role of the unique N-terminal domain and a functional 

specificity for each of the members of the family.

1.7 Functional analysis of the annexin family

1.7.1 Annexin involvement in membrane traffic and organisation

Annexins are mainly intracellular proteins that bind negatively charged 

phospholipids in a Ca^ -̂regulated manner. The respective target membranes identified 

for different annexins are in most cases the plasma membrane and membranes of the 

endocytic or biosynthetic pathways, suggesting roles in membrane traffic that may be 

linked to the establishment of membrane microdomains. An overview of the different 

functions attributed to annexins in relation with membrane trafficking and organisation 

is presented below.

Annexins in exocytosis

The first described annexin, annexin A7, was discovered as a protein capable of 

promoting calcium-dependent aggregation of isolated adrenal medullary chromaffin 

granules [85]. Since then, a number of annexins (annexins A l, A2, A3, A7, A ll ,  A13, 

and B7) have been implicated in calcium-regulated secretion events. The development 

of the SNARE hypothesis for vesicle docking and fusion [8 6 ], and the suggestion that 

synaptotagmin-type proteins are the calcium sensors required to couple increases in 

intracellular Câ  ̂to exocytic responses [87] have somewhat overshadowed the potential 

role of annexins in exocytosis. However, recent data suggesting that the SNARE 

hypothesis may not be applicable to all types of membrane fusion leaves open the 

possibility that some annexins may be involved in certain specialised forms of vesicle 

secretion. The most compelling evidence for such an involvement has been reported for 

annexins A2 and A13.

Most studies on the role of annexin A2 in the secretory process have focused on 

the adrenal medullary chromaffin cell. These cells secrete catecholamines in response to
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stimulation with physiological agonists, in a process that requires elevation of 

intracellular calcium from 0.1 pM to up to 10 pM. Annexin A2 has been shown to be a 

major component of the chromaffin granules, and to be localised to the plasma 

membrane/granule or intergranular contacts in chromaffin [8 8 ] and anterior pituitary 

cells [89, 90]. Annexin A2 is also capable of aggregating isolated chromaffin granules 

at Câ  ̂ concentrations occurring within the stimulated cell [91]. Furthermore, in ‘run

down’ assays in which permeabilised chromaffin cells progressively lose their Câ -̂ 

induced secretory activity, this loss can be slowed by the addition of purified 

annexin A2 or even more efficiently by the addition of purified annexin A2-S100A10 

complex [6 ]. PKC-mediated serine phosphorylation of annexin A2 appears to be 

required for this secretory activity [92], which correlates with the activation of PKC 

observed in nicotine-stimulated chromaffin cells. In addition, annexin A2 translocates 

from the cytosol to the subplasmalemmal region upon nicotine stimulation, and a 

synthetic annexin A2 peptide corresponding to a region of the N-terminal domain 

containing the PKC phosphorylation site inhibits catecholamine secretion in nicotine- 

stimulated chromaffin cells [93]. The annexin A2-SIOOA10 complex has also been 

implicated in other exocytotic systems, such as lung surfactant secretion from alveolar 

type II cells [94], and the regulated secretion of the contents of Weibel-Palade bodies 

from pulmonary artery endothelial cells [95].

Studies on annexin A l3 present perhaps the strongest case for the implication of 

an annexin in the process of regulated exocytosis. Intestine-specific annexin A13b is 

localised specifically to the TON, post-TGN vesicles and apical plasma membrane of 

polarised epithelial MDCK cells, and antibodies directed against the unique exon in the 

annexin A 13b N-terminal domain interfere with vesicle transport to the apical, but not 

the basolateral plasma membrane [6 6 ]. This annexin specifically associates with lipid 

microdomains (rafts) that bud off the TON and are transported to the apical membrane 

by the microtubule minus-end directed kinesin KIFC3 to function in apical delivery 

[96], the budding being inhibited by annexin A 13b antibodies and stimulated by 

myristoylated but not unmyristoylated annexin A 13b [97]. The other splice variant of 

annexin A l3, annexin A 13a, seems to be involved in both basolateral and apical 

membrane transport [24], though the mechanistic details of this activity are less well 

resolved.

The mechanistic aspects of annexin action in exocytotic processes are also not 

clearly understood, but the association of both annexin A2 and A13 with sphingolipid-
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and cholesterol-rich lipid rafts suggest a role in membrane organisation events that 

could facilitate vesicle transport processes [4].

Annexins in endocytosis

Several annexins have been implicated in transport events along the endocytic 

pathway. Annexin A1 is found on the early endosomes of several cell types, and the 

corresponding core domain of this annexin localises to late endosomes in the presence 

of calcium [98]. The N-terminal domain of annexin Al has been determined to be 

crucial for its partitioning with early endosomes, in particular a region corresponding to 

amino acids 13-26, providing evidence for the existence of an early endosomal receptor 

(protein or lipid) that interacts with this region of the protein [99]. Annexin Al is also 

known to recruit its ligand SI OOA 11 to early endosomes [100], and is phosphorylated 

on tyrosine-20 upon internalisation of the EGFR. This phosphorylation has been shown 

to be carried out by the internalised EGFRs at the multivesicular bodies (MVB), or 

endosomal compartments responsible for sorting recycling receptors from those 

destined for lysosomal degradation, making the protein more susceptible to N-terminal 

proteolysis, and therefore unable to bind to SlOOAl 1 in these later endosomes [55].

All these observations have led to the formulation of a possible model of action 

of annexin Al in the mediation of inward vésiculation of MVBs [4] (see Figure 1.6).

9receptor

9endosom al transport/maturation

6
proteolysis

phosphorylation

Figure 1.6: Model o f annexin A l-SlO O A ll action in the internalisation of EGFR to MVB.

Annexin A l is in pink, SlOOAl 1 is in orange, and small red spheres represent calcium ions. 

Taken from [4].
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A hypothetical heterotetramer of annexin Al and SI OOA 11 localised to the 

plasma membrane/early endosomes could exert its membrane linking properties to 

stabilise the membrane interactions required for endosomal budding. Phosphorylation of 

annexin Al at its tyrosine-20 by the internalised EGFRs could render the N-terminal 

domain of annexin Al susceptible to proteolytic degradation, disrupting the 

heterotetramer in a process that could be coupled to membrane fission and vesicle 

release. The annexin Al protein lacking its N-terminal domain would thus end up on 

MVB/late endosomes, in line with the localisation observed for annexin A l’s core 

domain.

Annexin A2 is another annexin implicated in early endocytotic events that 

associates with the plasma membrane and early endosomes, but in a Ca^ -̂independent 

manner [56]. As for annexin A l, the N-terminal region spanning residues 14-26 of 

annexin A2 is needed for this association, supporting the idea of the existence of a 

receptor for this annexin on early endosomes, that could be either a protein or most 

likely a unique lipid structure, or lipid raft, with which annexin A2 is known to 

associate [101]. Annexin A2 is not distributed evenly over early endosomal 

compartments, and different cell types seem to recruit this annexin to different types of 

endosomes [4]. This regulation could be linked to its role as a membrane organiser of 

lipid rafts.

In vivo evidence for the involvement of annexin A2 in endocytosis comes from 

the transient expression of a mutant protein in which the N-terminal domain of 

annexin A2 is fused to SIOOAIO. This construct functions in a dominant negative 

manner, causing the formation of annexin A2/S100A10 aggregates that involve the 

intracellular annexin A2 and SIOOAIO. Such an experiment led to the translocation of 

early endosomes in MDCK cells from the cell periphery to the annexin aggregates, 

indicating a role for annexin A2 in the localisation of early endosomes to the periphery 

of the cell, possibly through interactions with cortical cytoskeleton elements [6 ].

Annexin A6  has also been localised to a range of endosomal membranes in 

different cell types, including the plasma membrane and clathrin-coated vesicles, where 

it could function to facilitate coated pit budding [102]. Experiments measuring vesicle 

budding by the loss of clathrin on immobilized plasma membranes reported that Câ  ̂

and ATP are required for this process, and identified annexin A6  as a cytosolic factor 

which was also necessary for the budding to occur [103]. It has since been determined 

that annexin A6  is only required for the budding of coated pits blocked by the cysteine
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protease inhibitor N-acetyl-leucyl-leucyl-norleucinal (ALLN), but not for a different 

type of coated pit budding insensitive to ALLN [104], providing a possible explanation 

as to why cells such as A431s, which endocytose readily, do not express annexin A6 , 

and the rate of endocytosis is not enhanced in these cells by the overexpression of 

annexin A6  [105]. Annexin A6  has been detected associated with later endosomes in 

some cell types, such as NRK fibroblasts [106] and CHO cells [107], suggesting 

additional roles of the protein in later trafficking events.

Finally, some annexins have also been linked to phagocytosis, a specialised form 

of endocytosis for particle ingestion. Annexins A l, A2, A3, A4, A5, A7,, and Al 1 have 

been all localised to the membranes of maturing phagosomes and/or the periphagosomal 

region in a number of different phagocytic cells [6 , 74, 108, 109], suggesting roles for 

these annexins in phagosome maturation and/or transport.

Annexins in membrane organisation

There is growing evidence that the fluid mosaic model, in which lipid bilayers 

function as a neutral two-dimensional solvent that has little influence on membrane 

protein function, does not reflect the physiological situation of cellular membranes. 

Instead, it is becoming increasingly clear that membranes are organised into different 

subsets of microdomains or lipid rafts, consisting of dynamic assemblies rich in 

cholesterol and sphingolipids that, due to their high content of saturated hydrocarbon 

chains, form a liquid-ordered phase in the more disordered background of glycerolipids 

containing unsaturated fatty acid chains [110]. One of the most important properties of 

lipid rafts is that they can include or exclude proteins to variable extents. Proteins with 

raft affinity include glycophosphatidylinositol (GPI)-anchored proteins, doubly acylated 

proteins such as the Src-family of kinases, and cholesterol-linked and palmitoylated 

proteins. All these proteins typically carry hydrophobic modifications that allow them to 

partition into rafts.

Rafts have been linked with several membrane trafficking processes, such as the

internalisation of proteins and lipids via non-clathrin-mediated endocytic mechanisms,

and the polarised delivery of certain proteins to the cell surface [111]. Yet the primary

role of rafts at the cell surface may be their function in signal transduction [1 1 0 , 1 1 1 ].

Individual rafts are thought to cluster together when activated, connecting raft proteins

into a signalling complex and facilitating the tight regulation of signalling pathways.

Raft clustering is thought to be critically influenced by interactions with cytoskeletal

elements and second messengers such as the phosphoinositide PI(4 ,5 )P2 , which appear
36



Introduction

to organise actin assemblies on the cytoplasmic surface of rafts [112]. However, little is 

known about the nature of proteins that associate with the cytoplasmic face of lipid 

rafts, and which are therefore ideally placed to regulate raft assembly and dynamics. It 

is here that annexins could come into play, as several members of the family have been 

detected in association with rafts in both Ca^ -̂dependent and independent manners.

For example, annexin A2 has been found associated with lipid rafts in adrenal 

chromaffin, MDCK, and smooth muscle cells in the presence of calcium, and in BHK 

and bovine endothelial cells in a Ca^ -̂independent, cholesterol-dependent manner [4]. 

In smooth muscle cells, the dynamics of rafts and their association with the actin 

cytoskeleton appear to be regulated by changes in intracellular calcium levels coupled 

with muscle contraction, that correlate with the association of annexin A2 with the lipid 

rafts. This association is regulated by proteolysis [113], and is proposed to lead to raft 

clustering by lateral annexin assembly [42]. In mammary epithelial cells, annexin A2 

co-localises to the same lipid rafts as the hylauronic acid receptor CD44. In addition, 

antibody-induced clustering of CD44 at the cell surface leads to the aggregation of 

annexin A2 in the cytoplasmic side of the rafts. Conversely, the formation of 

intracellular, submembranous annexin A2-S100A10 aggregates caused by expression of 

a trans-dominant mutant of annexin A2 results in co-clustering of CD44. Moreover, a 

frequent redirection of actin bundles to these clusters was observed [114]. Cortical actin 

rearrangements are also observed at the site of cell attachment in the case of certain 

pathogens such as the enterobacteria E. coli. Interestingly, this attachment triggers the 

clustering of raft components and the recruitment of annexin A2 to the attachment site, 

again indicating a role for this annexin in the formation of raft clusters and in their 

linkage to the actin cytoskeleton [115].

As already discussed above, annexin A 13b has an important function in 

membrane trafficking events in the apical compartment of polarised epithelial cells. 

This annexin is well established as a raft-associated protein, and it has been proposed to 

function by binding to apical rafts that bud off the TON [97]. In addition, annexin A13b 

has been shown to mediate the apical delivery of the ubiquitin ligase Nedd4. This 

enzyme contains a C2 domain that associates with lipid rafts in a Ca^ -̂dependent 

manner, most likely through an interaction with annexin A 13b [46]. In contrast, annexin 

A 13a associates with basolateral as well as apical membranes, and it is thought to be 

involved in the basolateral transport route. Interestingly, it appears that the association
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of this variant spliced form of annexin A13 with lipid rafts differs between the apical 

and basolateral compartments, with only the latter requiring calcium [24].

Annexins A6  and A7 have also been found in association with lipid rafts. 

Annexin A6  has been implicated in the organisation of membrane microdomains and 

their association with the cytoskeleton in smooth muscle cells [42]. This annexin has 

also been detected in Ca^ -̂dependent association with raft fractions in mammary 

epithelial cells and synaptic plasma membranes [116]. Annexin A7 is a major Câ -̂ 

dependent component of lipid rafts contained in nanovesicles released from erythrocytes 

[117].

In conclusion, these reports provide a considerable weight of evidence that 

supports the involvement of different annexins in the organisation of different lipid 

rafts, with their associations being regulated both by calcium and lipid contents.

1.7.2 Annexins as ion channeis

The first annexin to be shown to have channel activity in vitro was 

annexin A7 [118], soon followed by annexin A5 [119]. Most annexins have now been 

demonstrated to have ion channel activity in vitro. This is not unlike the position fifteen 

years ago when, after the excitement of discovering that annexin Al was an inhibitor of 

phospholipase A2 , it gradually became clear that virtually all other annexins share this 

activity, this being most likely a non-physiological result of the Ca^ -̂dependent 

sequestration of the phospholipid substrate. Several open questions have yet to be 

answered if the ion channel theory for annexins is to gain acceptance. First, no annexin 

has ever been shown to exhibit Câ  ̂ channel activity in a living cell. In addition, the 

idea of an ion channel that does not span the plasma membrane presents obvious 

conceptual problems. A model in which the annexin could electroporate the membrane 

in the presence of calcium, causing a localised area of increased permeability through 

which extracellular ions would flow has been proposed to explain how annexins could 

form ion channels without spanning the membrane [1 2 0 ].

Annexin channel activities in vitro have been shown to be dependent on the

phospholipid composition of the bilayer, the concentration of annexin, the concentration

of Câ ,̂ and the transmembrane voltage [121]. More recently, pH has also been shown

to regulate the interaction between annexins and membranes. As discussed in Section

1.5.2, annexins A5 and B12 have both been detected associated with membranes at low

pH in a Ca^^-independent manner, and annexin B12 protonation has been suggested to

drive gross changes in the structure of the protein, resulting in a new membrane-
38



Introduction

spanning molecule with a central hydrophilic pore. In addition, both arpexins A5 and 

B12 have been shown to form ion channels in vitro at low pH but not at neutral pH 

[122]. These studies also conclude that the pH-dependent insertion of annexins into 

lipid bilayers is reversible, suggesting that a dynamic equilibrium could exist in vivo 

between cytosolic, membrane-bound and membrane-inserted annexin, that could be 

inclined towards the membrane-inserted form only after acidification [4]. A problem 

with this model is the requirement for a pH<6.0 to induce membrane insertion, as in 

healthy cells pH probably never falls below 6.5.

In chicken DT40 B lymphocytes, treatment with peroxide was shown to lead to 

Câ  ̂ influx and membrane hyperpolarisation, and this response was lost after targeted 

disruption of the annexin A5 gene. Significantly, annexin A5 was shown to insert into 

synthetic bilayers after exposure to peroxide at physiological pH [123]. These and other 

studies in mineralising chondrocytes [124] suggest that annexin A5 might indeed act as 

a channel under certain circumstances.

In addition to having their own intrinsic channel activity, it appears that some 

annexins might also modulate the activity of other ion channels. Thus, annexin A6  has 

been reported to regulate Câ  ̂homeostasis in different cell types, and annexins A2 and 

A4 have been demonstrated to modulate the activity of osmotic-regulated Cl* channels 

and Ca^ -̂dependent Cl* channels, respectively [4, 6 ].

1.7.3 Annexin extracellular activities

A number of different extracellular activities have been described for several 

annexins, although the mechanism of annexin secretion in vivo is still unknown.

In particular, annexin Al has long been described as a protein that mediates the

anti-inflammatory effect of glucocorticoids, since annexin A l expression is induced by

glucocorticoids, and exogenously applied annexin A 1 exhibits anti-inflamatory

activities [125]. Although initially attributed to the annexin capacity of inhibiting

phospholipase A], this effect is most likely due to interference of this annexin with the

transendothelial migration of leukocytes and monocytes at the site of inflammation.

Glucocorticoids are known to delay this process, and it has been shown that annexin Al

downregulates leukocyte transmigration when externalised by an as yet unknown

mechanism from endothelium-adherent leukocytes [126]. This inhibitory effect has also

been described for exogenously applied annexin A l, as well as for its N-terminal

domain, in several in vitro systems and animal models [127, 128]. Binding sites for

annexin Al have been shown to exist in human neutrophils and monocytes, as well as
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on monocytic U937 cells, where bound annexin Al co-localised and 

co-immunoprecipitated with a4 pi integrin [129, 130]. Recent evidence points towards 

an inhibitory interaction of annexin Al and its N-terminal domain with the formyl 

peptide receptor (FPR) on neutrophils. The FPR is thought to guide neutrophils to the 

site of bacterial infection by interacting with specific bacterial peptides. These peptides 

reversed the inhibitory effect of annexin A l, and conversely, annexin A l peptides 

desensitised the FPR on neutrophils [131]. These experiments have been corroborated 

in vivo in FPR knockout mice [132], and the interaction between annexin Al and the 

FPR has recently been discovered to occur in nonmyeloid cells, suggesting a more 

widespread function [133].

Other annexins that have been detected in the extracellular milieu include 

annexin A ll, secreted from human neutrophils in a Ca^ -̂dependent manner [134], and 

annexin A2, secreted from activated adrenal chromaffin cells also in a Ca^ -̂dependent 

manner [135]. Binding of this latter annexin to both plasminogen and tissue 

plasminogen activator (t-PA) on the surface of endothelial cells has been well 

documented [136]. The binding site for t-PA has been mapped to residues 7-12 in the 

N-terminal head domain of annexin A2, and the substitution of cysteine 8  by 

homocysteine in this region has been shown to lead to a substantial reduction in the 

binding of t-PA [137]. Thus, annexin A2 could play a role in fibrinolytic surveillance by 

anchoring key components of the fibrinolytic cascade. Other ligands described for cell- 

surface bound annexin A2 include Pz-glycoprotein 1, procathepsin B and a derivative of 

vitamin D [4]. This last interaction, described in rat osteoblast-like cells [138], is 

specially intriguing because the same vitamin D derivative is also known to stimulate 

the expression of annexin A2 itself, which in turn stimulates the proliferation of 

osteoclast precursors [139].

Finally, several functions have also been proposed for extracellular annexin A5. 

This annexin has been described as an anticoagulant protein, an activity suggested on 

the basis of its binding to negatively charged phospholipids exposed on the surface of 

activated platelets or endothelial cells [19]. Recently, annexin A5 has also been 

proposed to bind to the apical surface of placental syncytiotrophoblasts, which would be 

important for the maintenance of blood flow through the placenta, due to the 

anticoagulant activity of annexin A5 [140], although this obsevation has not been 

supported in further studies in women with pregnancy loss associated with 

antiphospholipid syndrome [141] or in annexin A3 knockout mice (Poschl E., personal
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communication). Annexin A5 has also been shown to interact with components of the 

extracellular matrix, such as collagen type II and type X [142].

1.8 Annexins and human disease

Although to date no human diseases have been attributed to a mutation in an 

annexin gene, changes in expression, localization, and properties of annexins have been 

linked to pathologies termed as ‘annexinopathies’ [143].

For example, annexin A2 is proposed to have a thrombolytic effect as a receptor 

for t-PA, so a fall in the levels of annexin A2 could lead to cardiovascular disease. Such 

characteristics could explain the reduced thromboresistance ■ observed in 

homocysteinaemic patients, as the annexin binding to t-PA is largely blocked by 

incorporation of homocysteine into the annexin A2 N-terminus [137]. Both oxidative 

stress and alcohol consumption are also risk factors for cardiovascular disease, with 

metabolic effects possibly mediated by annexin A2 [144, 145]. In the case of ethanol- 

induced cytoxicity, both annexins A2 and A4 have been shown to be upregulated in 

cells exposed to low concentrations of ethanol [145, 146]. Annexin A2 may also be 

responsible for hemorrhagic diathesis in acute promyelocytic leukemia (APL) patients, 

as APL leukocytes strongly over-express annexin A2 at the cell surface, and are twice 

as efficient as other leukemic cells in generating plasmin from t-PA [147].

Annexin A5 has been claimed to have anticoagulant functions in the placenta, 

which could account for pregnancy losses in antiphospholipid syndrome patients with 

anti-annexin A5 auto-antibodies [140], although this phenotype is controversial, as 

other studies failed to detect any changes in annexin A5 expression or localisation in 

women with pregnancy loss associated with antiphospholipid syndrome [141], and this 

phenotype is not seen in annexin A5 knockout mice (Poschl E., personal 

communication).

Annexins A2, A5 and A6  are abundant in cardiomyocytes, suggesting important 

roles in the control of cardiac Câ  ̂homeostasis. The benzothiazepine derivative K201, 

which blocks annexin A5 Câ  ̂ channel activity in vitro, has been shown to have a 

protective effect from damage associated with ischemia/reperfusion on myocardium

[148]. In a recent study, a common polymorphism in the annexin A5 seq[uence has been 

identified, which has been associated with increased translation and plasma levels of 

annexin A5, and with a decrease in the risk of myocardial infarction in young patients

[149]. Annexin A6  over-expression in transgenic mice leads to a reduction in the
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contractility of cardiomyocytes that results in heart failure [150], and conversely null 

mutant mice exhibit improved cardiomyocyte contractility [151]. Additionally, 

annexin A6  levels have been shown to fall in cardiomyocytes during end-stage heart 

failure [152], suggesting that downregulation of annexin A6  during heart failure is a 

form of molecular compensation that favours improved cardiomyocyte function.

Annexins are also involved in a varied range of cellular responses to stress. Thus, 

annexin Al acts as a chaperone in vitro [153], and its expression is induced and the 

protein translocates to the nucleus as a consequence of several kinds of stress [154]. 

Annexin A4 shows similar behaviour after treatment with the antimitotic drug paclitaxel 

[155], and the same finding applies to annexin A5 upon mild hyperoxidative stress in 

endothelial cells [156]. In addition, expression of both annexin A2 and A5 is induced by 

changes in the redox state in cervical and renal cancer cells [157, 158]. Mechanical 

stress [159] and hyperosmotic shock [84] have also been shown to influence annexin 

behaviour.

Some annexins have been related to signalling pathways known to be involved in 

cancer. Several studies have pointed towards a growth-suppressive role of annexin A l, 

albeit following apparently different mechanisms [4]. This is in agreement with the 

downregulation of annexin A 1 in prostate cancer and squamous cell carcinoma, but 

contrasts with the strong upregulation of annexin A 1 observed in numerous other 

cancers, such as mammary adenocarcinoma and hepatocarcinoma, and in proliferating 

hepatocytes [160]. Annexin A5 overexpression leads to inhibition of phorbol ester- 

mediated activation of the MAP kinase pathway [161], and expression of annexin A6  in 

annexin A6 -negative human A431 cells inhibits EGFR-mediated Câ  ̂ influx, and has 

tumor growth suppressor activity in mice [162]. This apparent activity of annexin A6  

extends to melanoma, where down-regulation of annexin A6  is associated with the 

transition from a non-metastatic to a metastatic phenotype [163]. Low levels of 

annexins A2 and A7 have also been reported in malignant cancers [164, 165], and have 

been linked with metastasis and local recurrences. In addition, ectopic expression of 

annexin A7 has been shown to have tumor suppressor activity, and annexin A7 

knockout mice display a cancer-prone phenotype [166]. Other annexin gene expression 

changes in cancers have been reported, such as up-regulation of annexin A9 in prostate 

and colon cancers and of annexin A5 in melanomas, and down-regulation of 

annexin AlO in malignant hepatocarcinomas and of annexin A5 in leukaemias.
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1.9 Annexin targeted gene disruption

Transgenic and knockout models provide the most direct approaches for analyzing 

annexin functions. The first annexin gene to be disrupted was annexin Cl from 

Dictyostelium discoideum [167]. Annexin Cl knockout mutants grew normally in 

Ca^ -̂containing media but motility and chemotaxis were severely impaired in Ca^ -̂free 

media. Several annexin knockout mice have since been generated, namely for annexins 

A6  [168], A7 [169, 170], A5 (Poschl E., personal communication), and Al (Flower 

R.J., personal communication). In addition, a single transgenic study has been described 

for the over-expression of annexin A6  targeted to cardiomyocytes [150], and annexin 

A2 and A5 genes have been disrupted in the chicken DT40 cell line [123].

The absence of annexins in yeast has meant that gene disruption approaches are 

still in their early stages, but powerful newly emerging techniques such as RNA 

interference applied to roundworms, insects, and mammalian cell lines provide hope for 

new annexin mutants that could give much-needed clues towards physiological 

functions.

1.9.1 Annexin gene knockout models in mice

The first annexins to be knocked out in mice were annexins A6  [168] and A7 

[169]. Annexin A6  knockout mice are healthy, with no obvious defects in gross 

morphology, and are able to reproduce effectively. This finding alone represents an 

important step in the study of annexins, as it was previously unknown whether or not 

individual annexins might be essential genes. In addition, there is no noticeable up or 

down-regulation of annexins A l, A2 or A3, indicating that functional redundancy 

between these related proteins may be unlikely [168]. Further investigations have 

revealed significant though subtle phenotypes in the annexin A6  knockouts. This 

annexin had previously been implicated in end-stage heart failure, suggesting a role in 

the regulation of cardiomyocyte contraction. When cardiomyocytes from annexin A6  

knockout mice were analysed, they were found to have increased contractility and faster 

diastolic Câ  ̂ removal from the cytoplasm [151]. This study complements transgenic 

studies in which annexin A6  was over-expressed specifically in the heart [150]. 

Evaluation of these mice revealed a number of pathologies, the most striking of which 

included enlarged dilated hearts, acute diffuse myocarditis, lymphocytic infiltration and 

fibrosis throughout the heart and pulmonary veins. Studies on isolated cardiomyocytes 

showed that over-expression of annexin A6  reduced the basal levels of cytosolic free
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and led to smaller Câ  ̂ spikes following electrically stimulated depolarization. 

Taken together, these observations suggest a regulatory role for annexin A6  in 

cardiomyocyte function. One possible model is that annexin A6  negatively regulates the 

calcium-dependent contraction of cardiomyocytes. In the absence of annexin A6  (i.e. 

the knockout mouse) this inhibitory influence is absent; hence the contractility of 

cardiomyocytes is increased. However, when over-expressed, this inhibition is 

exaggerated, leading to the observed reduction in contractile activity.

Two laboratories have so far produced annexin A7 knockout mice. Intriguingly, 

the two studies yielded strikingly different results. In the first study, mice heterozygous 

for annexin A7 grew normally and exhibited no obvious anatomical or behavioral 

defects. However, when annexin A7 (+/-) mice were crossed, no annexin A7 knockout 

pups were found. Further analysis showed that annexin A7 knockout embryos were 

viable up to, but not beyond embryonic day ElO, and that death may have been due to 

intracranial hemorrhaging due to a loss of cardiovascular integrity [169]. Heterozygous 

annexin A7 (+/-) animals were further investigated and found to have defective insulin 

secretion, although the insulin content of islet cells was significantly higher than in wild 

type controls. Despite the observation that glucose-stimulated secretion and voltage- 

dependent Câ  ̂ channel function appeared to be normal, expression of the inositol 

1,4,5-trisphosphate (IP3 ) receptor was reduced. The resultant change in IPg-dependent 

calcium release offers an explanation for the observed phenotype, although it is unclear 

why a deletion of only one copy of the annexin A7 gene should lead to loss of the IP3 

receptor. The heterozygous annexin A7 (+/-) mice also exhibited an increased frequency 

of spontaneous tumors. This, together with the observation that the arinexin A7 gene 

suppresses the growth of certain prostate tumor cell lines, has led to the theory that 

annexin A7 may play a role in prostate cancer progression [166].

In a second study, annexin A7 knockout mice were viable and appeared normal. 

The only phenotype found was a defect in the contractile properties of cardiomyocytes. 

In wild type mice, increasing the frequency of stimulation of cardiomyocytes leads to 

increased cell shortening. However, this phenomenon was not observed in the annexin 

A7 knockout mice [170]. Although the two annexin A7 gene disruptions were created 

by slightly different strategies, these offer no obvious explanation as to why such 

dramatically different phenotypes should arise in the resultant mice. However, other 

gene disruption studies have encountered similar problems, such as the gelsolin 

knockout strain which is lethal in certain genetic backgrounds, but not in others [171].
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One possibility is that in generating a knockout strain, the expression of other genes in 

the vicinity of the integration site may have been affected, as has been demonstrated for 

the MRF4 gene [172].

Other annexin knockout mice to have been generated include those for annexin 

Al (Flower R.J., personal communication) and A5 genes (Poschl E., personal 

communication). Although analysis of the phenotypes of these mice is still ongoing, 

preliminary data suggest that both transgenic lines are essentially normal.

1.9.2 Annexin knockout studies in the DT40 ceil line

Both the annexin A5 and A2 genes were knocked out in the chicken DT40 B cell 

line [123]. No obvious phenotype was found for the annexin A2 gene knockouts. On the 

other hand, the intracellular calcium response to peroxide in the annexin A5 gene 

knockout was compromised as already discussed in Section 1.7.2. Calcium elevations in 

the knockout cells were transitory and lacked the slow decaying late phase displayed 

both by wild type and annexin A2 knockouts. Subsequent experiments performed in the 

absence of extracellular calcium showed identical behaviors in annexin A5 and A2 

knockout cells, both having small transitory calcium responses due to the release of 

calcium from intracellular stores. Taken together, these results suggest that annexin A5 

has no effect on the release of calcium from intracellular stores but has an effect on the 

influx of extracellular calcium in peroxide-treated cells. One interesting observation to 

emerge from these studies is that in the presence of peroxide, Annexin A5 inserts into 

lipid membranes at neutral pH. These results show that annexin A5 functions either as a 

calcium channel or as a signaling intermediate in the peroxide-induced calcium- 

signalling pathway.

Another phenotype has recently been reported for DT40 cells lacking annexin A5 

[173]. These were found to be resistant to a range of agonists that induce apoptosis via a 

Ca^ -̂dependent pathway, but not to Ca^ -̂independent apoptosis induced by UV light. 

The requirement for annexin A5 appeared to be downstream of an initial Câ  ̂influx, but 

upstream of early events such as cell shrinkage and caspase 3 activation. These results 

suggest a role for annexin A5 in determining apoptotic susceptibility in B cells, possibly 

by functioning as a Câ  ̂mediator in the early phase of apoptosis.

1.10 Annexin A l l

Annexin A ll was most probably identified for the first time in 1983, when, in a 

study on adrenal medulla and liver, the existence of a ‘synexin-like’ protein with a
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molecular weight of 56 kDa and sharing the Ca^^-specific membrane aggregation 

activities characteristic of annexin A7 (synexin), was reported [174]. In 1989, a 

‘synexin-like’ calcium binding protein of 54 kDa was again isolated, this time from 

human blood platelets [175], but it was not until 1992 that annexin A ll was formally 

characterised as a distinct member of the annexin family under the name of CAP-50 

(calcyclin-associated protein with an apparent molecular weight of 50 kDa) [176].

1.10.1 Purification of annexin A ll

Annexin A ll  was first purified from rabbit lung due to its ability to interact 

tightly with S100A6 (calcyclin) in the presence of Câ  ̂ [176]. The purification 

procedure included ammonium sulfate precipitation, anion and cation exchange, and 

S100A6 affinity chromatographies. Computer homology searches of partial amino acid 

sequences indicated that the purified protein was a member of the annexin family, but 

sequence analysis of a proteolytic peptide on the N-terminal region revealed only 32% 

identity with the N-terminal region of annexin A7 and no homology to any other known 

annexin, suggesting that the purified protein was a new member of the family.

1.10.2 Biochemical properties of annexin A ll

Purified annexin A ll was found to share the main biochemical properties 

described for the annexins, namely the ability to bind to anionic phospholipids in a 

Ca^ -̂dependent manner and to inhibit phospholipase A2 activity in vitro [176]. In the 

presence of ImM CaCl], annexin A ll associated with phosphatidylserine (PS), 

phosphatidylinositol (PI), phosphatidylethanolamine (PE), and phosphatidic acid, but 

not phosphatidylcholine (PC). In the absence of Câ ,̂ annexin A ll co-pelleted with 

none of the phospholipids.

1.10.3 Primary structure of annexin A ll

Annexin A ll cDNA was first cloned from bovine chondrocytes [177]. This was 

rapidly followed by its cloning from a rabbit lung cDNA library [178]. In both cases, 

the cDNA encoded a 503 amino acid protein (505 for human annexin A ll)  with a 

calculated molecular weight of 54 kDa, that could be detected as a 55-56 kDa band on 

immunoblots, this shift most probably due to the aberrant motility on SDS gels 

associated with proline-rich proteins [179]. The annexin Al 1 core domain contains four 

annexin repeats common to all annexins, and has an overall 50% identity with the core 

domains of the vertebrate annexin family, sharing the highest homology with

46



Introduction

annexin A4 core domain (60%). In contrast, the N-terminal domain of annexin Al 1 is 

the longest among all vertebrate annexins (171-212 amino acids in various species). The 

long, hydrophobic N-terminal domain of annexin A ll is rich in glycine (G), tyrosine 

(Y), and proline (P), a feature that resembles only those of vertebrate annexin A7, and 

invertebrate annexins B6 and Cl.

1.10.4 Annexin A ll gene structure as the progenitor of paralogous 

vertebrate annexins

The annexin A ll gene is believed to have emerged from the common vertebrate 

ancestor 700 Mya, closely preceded by annexin A7 [32]. Analysis of the gene structure 

of annexin A l l ’s core domain has revealed that the splicing pattern in this region 

matches identically the exon sizes and intron phases of all other vertebrate annexin 

genes, except for annexins A7 and A13, making annexin A ll the putative primary 

progenitor of the remaining nine paralogous vertebrate annexins [33]. Annexin A ll is 

therefore the structural prototype, founding member, and key functional model of the A 

family of chordate annexins.

The human annexin A ll gene is located on chromosome 10, together with 

annexins A7, A8 and A2-P3 (pseudogene 3) [180]. Structurally, its 5’ region is 

composed of the untranslated exon 1, followed by an extensive intron 1, comprising 

almost half the total gene length of >40 kb, and GC-rich exons 2-5 encoding the GYP- 

rich N-terminal domain. The annexin core domain is encoded by exons 6-15. The 

physical map of interspersed repetitive elements in the annexin A ll gene shows the 

existence of numerous SlNEs (short interspersed nuclear elements), Alu sequences, 

MIRs, LINEs, retroviral LTRs (long terminal repeats), and MER (medium reiteration 

frequency) elements. In addition, intron 7 contains a 53 bp stretch of alternating 

purine/pyrimidine (GT) region with Z-DNA-forming potential [33]. The annexin A ll  

promoter contains MyoD, Spl, and GR elements, but no proximal TATA or CAAT 

boxes, and its transcriptional activity when fused to a reporter gene is comparable to 

that of the SV40 promoter [33].

1.10.5 Tissue distribution of annexin A ll

Annexin A ll has been detected in almost all tissues examined. Bovine 

annexin A ll mRNA was detected in endothelial, kidney epithelial, fibroblast-like, 

adrenal cortical, cartilage, synovial, spleen and tendon cells [177]. Western blot analysis 

of rat tissues revealed high levels of annexin A ll in lung, heart, thymus, testis, and
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aorta, moderate levels in liver, spleen, skeletal muscle, and small intestine, and low 

levels in cerebrum, cerebellum, and kidney [181]. This widespread distribution suggests 

a fundamental role in some basic cellular process rather than a specialised function 

within a restricted number of cell types.

1.10.6 Annexin A ll protein iigands

Annexin A ll interaction with S100A6

Annexin A ll associates in vitro with S100A6 in the presence of 0.2 mM Câ  ̂

with a Kd value of 1.61 x 10'̂  M, and this interaction is preserved even when 

annexin A ll is bound to PS vesicles [176]. Although other annexins, such as 

annexin A2 and A5, are also capable of binding to S100A6 in a Ca^ -̂dependent manner, 

the affinity of these interactions is much lower than that observed for annexin A ll. The 

association of annexin A ll with S100A6 is stochiometrically equimolar and strictly 

Ca^ -̂dependent. In a separate study, annexin A ll was found to bind exclusively to 

S100A6 among nine other EF-hand proteins, suggesting that the association of 

annexin A ll with S100A6 is highly specific [182].

General properties of S100A6

S100A6 (calcyclin) exists as a homodimeric protein belonging to the SI00 

subfamily of EF-hand Ca^ -̂binding proteins, that was first identified by molecular 

cloning as the growth factor-inducible gene 2A9 [183]. Due to the presence of a growth 

factor-responsive element in its promoter region [184], the level of expression of 

S100A6 is increased in growth factor-stimulated proliferating fibroblasts [185], and it 

has been found to peak at the Gl/S phase transition in serum-stimulated smooth muscle 

cells [186]. S100A6 is over-expressed in several tumors, such as acute myeloid 

leukaemia [183] and neuroblastoma [187], and in a variety of melanoma cell lines 

[188]. A correlation between the expression of S100A6 and the metastatic behaviour of 

Ras-transformed fibroblasts has been reported [189].

In benign tissues, S100A6 is expressed in skeletal and cardiac muscle, lung, 

kidney and spleen, being specially enriched in smooth muscle and fibroblasts [190]. 

S100A6 has been localised to the sarcoplasmic reticulum of cultured smooth muscle 

cells [191], and to the plasma membrane and nuclear envelope of porcine smooth 

muscle tissue, porcine testis and human CaKi-2 cells [192].
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Several in vitro studies have revealed Ca^ -̂dependent interactions of S100A6 with 

actin binding proteins such as caldesmon [193], tropomyosin [194], and calponin [195], 

and with p30 (or calcyclin binding protein (CacyBP)) [196] , whose human ortholog 

SIP (Siah-1 interacting protein) was shown to be a component of a novel ubiquitination 

pathway that induces p-catenin degradation [197], and therefore regulates cell 

proliferation signalling pathways. In addition, two members of the annexin family apart 

from annexin A ll ,  namely annexins A2 and A6, have also been shown to interact with 

S100A6 in the presence of calcium [198].

S100A6-binding site of annexin A11

Early proteolysis studies indicated that the N-terminal domain of annexin A ll 

was required for its binding to S100A6 [199]. The S100A6-binding site was later 

located to the hydrophobic cluster formed by residues 49-62 in the N-terminal domain 

of annexin A ll [200]. Four hydrophobic residues within the S100A6-binding site, 

namely leucine 52, methionine 55, alanine 56, and methionine 59, were shown by site- 

directed mutagenesis to be critical for the binding of SI 00A6 [201]. These four essential 

residues are located on the hydrophobic surface of a predicted a-helix formed by the 

S100A6-binding site. This arrangement is reminiscent of those for the SI00 binding 

sites of annexins Al and A2, in which four conserved hydrophobic residues located in 

one side of a predicted amphipathic a-helix are proposed to mediate the interaction with 

the SI00 protein [27]. For annexins A 1 and A2, where the SI00 binding sites are 

located within the first 13 and 12 N-terminal amino acids of the protein, respectively, it 

has been reported that N-terminal acétylation is required for the binding of their SI00 

partners, probably due to the contribution of the acetyl group to the stabilisation of the 

a-helix [202, 203]. In the case of annexin A ll, this acétylation is no longer required, as 

the S100A6-binding site is buried within the N-terminal domain. Instead, it has been 

suggested that the residues surrounding this binding site might contribute to the 

stabilisation of the a-helical conformation necessary for binding to S100A6 [201].

Annexin A11 -binding site of S100A6

The three-dimensional structure of S100A6 was the first to be determined among 

the SI00 subfamily of proteins [204], revealing a new homodimeric fold that is 

fundamentally different from the prototypical Câ  ̂ sensor calmodulin. Recently, a 

refined high-resolution solution structure of Ca^ -̂bound S100A6 has been determined 

by heteronuclear NMR [205]. This study has revealed that upon Câ  ̂ binding, the
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position and orientation of helix III in the second EF-hand of S100A6 is altered, 

whereas the rest of the protein remains virtually unchanged. This structural change is 

much less dramatic than the opening of the globular EF-hand domains observed in 

classical Câ  ̂sensors such as calmodulin.

Although early competition studies located the annexin A ll binding site in the 

N-terminal half of S100A6 [206], recent NMR studies of chemical shift changes 

induced by the binding of annexin A ll and CacyBP fragments to S100A6, and 

comparative analysis and homology modelling between S100A6 and the closely related 

SI GOB protein suggest that the putative annexin A ll binding site resides in a 

hydrophobic pocket created by side-chains in helices III, IV and the linker region of 

S100A6, and that this binding site is shared with CacyBP, and follows the pattern of 

binding of SIOOB to p53 [205].

1.10.7 Other annexin A11 ligands

Annexin A ll was recently shown to interact in vitro through its N-terminal 

domain with the apoptosis-linked protein ALG-2 [207]. ALG-2 is a 22 kDa penta-EF 

hand (PEF) Ca^ -̂binding protein originally isolated in a ‘death trap’ screen in T cells 

[208]. Depletion of ALG-2 by antisense mRNA treatment promotes cell survival after 

apoptosis induction by a variety of stimuli, including T-cell receptor stimulation, 

dexamethasone, and staurosporine. Conversely, overexpression of ALG-2 in fibroblasts 

sensitises them to cell death in response to phorbol ester and calcium ionophore, 

without increasing rates of apoptosis in unstimulated cells [208]. ALG-2 has been 

suggested to work downstream or independently of caspase action, as caspases are 

activated normally in ALG-2 depleted cells [209].

ALG-2 can form homodimers or heterodimers with the closely related PEF

protein peflin [210]. Other ALG-2 known ligands include Alix/AIPl (ALG-2

interacting protein X/ALG-2 interacting protein 1) [211, 212] and the apoptosis

signal-regulating kinase 1 (ASKl) [213]. AIPl is a cytoplasmic protein that binds

ALG-2 through its C-terminal domain in a Ca^ -̂dependent manner. Overexpression of

the C-terminal domain of AIPl (containing the ALG-2 binding site) protects cells from

serum starvation, etoposide, and staurosporine-induced apoptosis [211]. Therefore, the

ALG-2-AIP1 complex has been proposed to be a component of a pro-apoptotic

signalling pathway. The C-terminal domain of AIPl displays similarities with the N-

terminal domain of Annexin A ll ,  both being rich in G, Y and P, and sharing 30%

identity [207]. The AIPl C-terminal domain also contains 10 PXXP SH3-binding
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motifs that enable it to interact with SH3 domain-containing proteins such as the 

endophilins (a family of proteins involved in the regulation of membrane shape during 

endocytosis) [214], and to form a complex with the SH3 domain-containing protein 

expressed in tumorigenic astrocytes (SETA), together with ALG-2 [215]. SETA is a 

member of a novel subfamily of adaptor molecules involved in the regulation of various 

intracellular signalling pathways. In addition to SH3 domains, SETA appears to have 

PXXP motifs and coiled-coils, suggesting involvement in a complex series of protein 

interactions. In particular, SETA (also called Ruk) interacts via its proline-rich region 

with the SH3 domain of the p85 regulatory subunit of the class LA phosphatidylinositol 

3-kinase, downregulating the lipid kinase activity of the enzyme, and therefore 

inhibiting signal transduction pathways that mediate the survival effect of growth 

factors [216]. Moreover, overexpression of SETA/Ruk in cultured primary neurons 

induces apoptosis, an effect that can be reversed by co-expression of constitutively 

activated forms of the pi 10 catalytic subunit of PI 3-kinase [216]. In addition, over

expression of the SH3 domain of SETA responsible for the binding of AIPl sensitises 

astrocytes to apoptosis in response to DNA damage [215]. Therefore, the interaction of 

ALG-2 and AIPl with SETA seems to play an important role in the regulation of 

signalling pathways leading to apoptosis.

Both the N-terminal domain of annexin A ll and the C-terminal domain of AIPl 

interact with ALG-2 in a Ca^ -̂dependent manner [207]. It has recently been shown that 

the closely related N-terminal domain of annexin A7 also shares this capacity to bind to 

ALG-2 in the presence of calcium [217]. X-ray crystallographic analysis of ALG-2 has 

revealed that a cleaved N-terminal G/P-rich segment of the protein binds tightly to a 

hydrophobic cleft formed between the helix a7 and the loop connecting EF-hands 3 and 

4, in a manner that resembles the binding of SH3 domains to PXXP motifs [218]. 

Calcium induces a conformational change in ALG-2 that leads to the exposure of this 

hydrophobic pocket, which could represent the binding site for annexin A ll  [207].

In addition to its binding to S100A6 and ALG-2, annexin A ll  has been reported 

to bind in vitro to the PEF protein sorcin in a Ca^ -̂dependent manner, probably through 

the N-terminal GYPP motifs of the annexin, albeit with lower affinity to that seen in the 

interaction between sorcin and annexin A7 [219].

1.10.8 Isoforms of annexin A ll

Genomic analysis of bovine annexin A11 revealed that alternative splicing of two

distinct exons (3a and 3b) could generate two different protein isoforms, resulting in the
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substitution of 37 residues, located in positions 20-56 of annexin A ll-A , for 39 

different amino acids. However, the predicted alternate annexin A ll-B  cDNA was 

undetectable in northern blots, indicating negligible expression levels [220]. Bovine 

annexin A ll-B  lacks part of the S100A6-binding site, and it is not able to bind to 

S100A6 in the presence of calcium, as judged by liposomal co-pelleting assays [200]. 

Further studies on the human and mouse annexin A ll genes have demonstrated that 

bovine annexin A ll exon 3b does not have a counterpart in this two species. Moreover, 

the peptide sequence corresponding to bovine exon 3b does not appear to be conserved 

in annexin A11 from nine other species, suggesting that the annexin A ll-B  isoform is 

unique to cow and therefore of dubious general significance for annexin A ll function 

[33]. Analysis of the human annexin A ll gene revealed the existence of three distinct 

isoforms corresponding to three alternative mRNA species originating from the 

retention of untranslated exons Ic or Ib+lc together with untranslated exon la in  the 5’- 

UTR. Only untranslated exon la was present in mouse, suggesting that these isoforms 

are again species-restricted and of dubious functional significance [33].

1.10.9 Annexin A ll proteolytic signais and phosphorylation sites

The physiological function of annexin A ll might be regulated by partial 

proteolysis and/or phosphorylation of its N-terminal domain. A study in lung extracts 

showed that 55 kDa annexin A ll  is degraded by intrinsic proteases into four smaller 

polypeptides of 52, 49, 47 and 42 kDa in the absence of calcium, and into just one 

proteolytic product of 52 kDa in the presence of calcium [22]. The N-terminal domain 

of annexin A ll contains a strong PEST region, believed to function as a signal for rapid 

intracellular degradation, but no KFERQ-like sequences, indicating that this annexin is 

not a target for lysosomal proteolysis [22, 221].

In rat embryonic fibroblasts transformed by the oncogene v-src, Ser/Thr 

phosphorylation of annexin A ll was found to be increased when compared to control 

untransformed cells. Phosphorylation of annexin A ll was found to affect its capacity to 

bind to PS in the presence of calcium [222]. In a separate study, annexin A11 was found 

to be tyrosine-phosphorylated in smooth muscle cells in response to PDGF, and this 

phosphorylation was enhanced by the addition of peroxovanadate to cell cultures [21].

Annexin A ll protein sequence analysis results in the prediction of eleven possible 

Ser-phosphorylation sites, seven Thr-phosphorylation sites, and eight Tyr- 

phosphorylation sites, but the annexin A11 Ser/Thr and Tyr-phosphorylation sites have 

not been mapped to date.
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1.10.10 Subcellular localisation of annexin A il

Subcellular fractionation and indirect immunofluorescence studies in the rat 

embryonic fibroblast cell line 3Y1 revealed that annexin A ll localises throughout the 

nucleoplasm but is excluded from the nucleoli [181]. Ectopic expression of 

annexin A11 constructs in COS-7 cells demonstrated that the whole N-terminal domain 

of annexin A ll acts as an atypical NLS both necessary and sufficient for the nuclear 

localisation of annexin A ll [223]. When the subcellular localisation of annexin A ll 

was examined in adult rat tissues, which are mainly in Go phase, the immunostaining 

specific for annexin A ll was no longer preferentially nuclear. In the adult rat spinal 

cord, where annexin A ll levels are low, the signal was restricted to a subpopulation of 

cells in the anterior horn, and was mainly localised to the plasma membrane and 

cytoplasm. In contrast, when rat embryos where analysed, annexin A ll was detected in 

the nuclei of immature cells at the developing spinal cord and undifferentiated 

mesenchymal cells. While the staining for annexin A ll  in rat embryonic cells was 

preferentially nuclear, the immunostaining in adult cells was mostly cytoplasmic and 

membranous. One exception to this observation was detected in rat hepatocytes, where 

annexin A11 was localised exclusively to the cytoplasm in both embryos and adult rats 

[224].

Finally, when annexin A ll was ectopically expressed in insect Sf9 and 

mammalian COS-7 cells, vesicular structures in which annexin A ll formed local 

aggregates were detected in the cytoplasm of both cell lines [225].

1.10.11 Annexin A ll Involvement in exocytosis and phagocytosis

Very little is known about the physiological role(s) of annexin A ll ,  but a few 

studies have been performed which implicate annexin A ll in Ca^ -̂dependent secretion 

and/or phagocytosis. In vitro studies in neutrophil granulocytes showed that annexin 

A ll, which was mainly found in the cytosolic fraction of these cells, was capable of 

translocating to isolated secretory vesicles and specific granules in the presence of 100 

pM Câ ,̂ while annexin A ll translocation to azurophil granules required higher 

concentrations of Câ "̂ , of around 1 mM [74]. In the same study, annexin A ll was 

reported to translocate to the periphagosomal region upon phagocytosis of yeast 

particles by neutrophils, indicating a role in events associated with the phagocytic 

process. Annexin A ll also translocates to phagosomes during FcR-mediated
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phagocytosis in human macrophage-like cells, and can be isolated in association with 

purified phagosomes [108].

Annexin A ll  has also been implicated in the regulation of insulin release fi’om 

pancreatic 6-cells. Immunoelectron microscopy of the pancreatic 6-cell line M1N6 

revealed the presence of annexin A ll on the insulin granules. Insulin secretion from 

permeabilised M1N6 cells and rat pancreatic islets was inhibited by anti-annexin A11 

antibody when the release was stimulated by Câ  ̂or GTP-yS, but not by protein kinase 

C-activating phorbol ester [226]. It is interesting to note that S100A6, a binding partner 

of annexin A ll ,  has also been implicated in earlier studies in the Ca^ -̂dependent release 

of insulin from pancreatic 6-cells [227].

1.10.12 Secretion of annexin A ll

A single study has reported the secretion of annexin A ll to the extracellular 

milieu, suggesting that this annexin could play extracellular roles such as those 

described for other annexins. Annexin A ll was detected by two-dimensional gel 

electrophoresis among proteins secreted from human neutrophils upon treatment with 

the Câ  ̂ ionophore ionomycin [134], but the role of annexin A ll in the extracellular 

environment has not been further investigated.

1.10.13 Annexin A ll as an autoantigen

Several studies have detected anti-annexin A ll autoantibodies in the sera of 

patients with a range of various autoimmune diseases, such as rheumatoid arthritis, 

systemic lupus erythematosus and Sjogren’s syndrome [228, 229]. Patients’sera were 

found to recognise preferentially the N-terminal region of annexin A ll ,  suggesting that 

the autoimmune response for annexin A ll is specific for this armexin and not shared 

with other members of the annexin family [228]. Anti-annexin A ll autoantibodies were 

relatively high titered and mostly of the IgG isotype, consistent with an antigen-driven 

mechanism of autoantibody production [229]. ELISA analysis using recombinant 

annexin A ll as an antigen to determine the presence of annexin A11 autoantibodies in 

the sera of patients with systemic rheumatic diseases revealed anti-annexin A ll  

autoantibodies in 4% of patients, the highest number being found in patients suffering 

from primary antiphospholipid syndrome and subacute lupus erythematosus. 

Autoantibodies to annexin A ll were found to correlate with thrombosis, but not with 

other clinical features, and therefore their pathophysiological significance remains 

poorly understood [230].
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Chapter 2: Materials and Methods

2.1 Cell lines and culture conditions

A number of different cell lines were cultured (see Table 2.1). A431, HeLa, and 

HEp2 cells were grown in DMEM medium (Gibco) supplemented with 10 % (v/v) PCS, 

lOOU/ml penicillin, lOOpg/ml streptomycin and 292 pg/ml L-glutamine, at 37°C in
I

5 % CO2  humidified incubators. DT40 cells were grown at 40°C in suspension in the 

same medium supplemented with 1 % CS. SL29 cells were cultured at 37“C in MEM 

(Gibco) with 2 mM L-glutamine and Earle’s BSS adjusted to contain 1.5 g/1 sodium 

bicarbonate, 0.1 mM NEAA and 1 mM sodium pyruvate, and supplemented with 5 % 

PCS, 5 % tryptose phosphate broth, 100 U/ml penicillin, and 100 pg/ml streptomycin. 

To inactivate complement, serum was heated at 56°C for 30 minutes before aliquoting. 

Cells were kept subconfluent, and the medium was changed every two to three days. 

Por passage, adherent cells were washed in PBS, harvested with 0.05 % trypsin + 

0.53 mM EDTA solution (Gibco) and replated. Por microscopy, cells were plated onto 

sterilised coverslips, or grown in 35 mm Glass Bottom microwell dishes (MatTek).

Name Organism Description
A431
DT40
HeLa
HEp2
SL29

Homo Sapiens 
Sa Hus Sal lus 
Homo Sapiens 
Homo Sapiens 
Sal lus Sal lus

epidermoid carcinoma 
ALV-induced bursal lymphoma 

cervix adenocarcinoma 
HeLa contaminant derived 

embryonic fibroblast

Table 2.1: List o f  the different cell lines utilised.

Cell stocks were frozen at 10̂  cells/ml in 90% PCS + 1 0 % DMSO (or 70% 

DMEM + 20 % PCS + 10% DMSO for DT40) in a Stratacooler-Cryo (Stratagene) at 

-80“C for 24 h and then transferred to a -150°C freezer for long-term storage.

2.2 DNA and RNA extractions from cells

2.2.1 Genomic DNA extraction from DT40 cells

About 10̂  cells were washed in PBS and resuspended in 3 ml lysis buffer 

(6.25 mM Tris-Cl pH 8.0, 1 M NaCl, 5 mM EDTA). After addition of 100 pi
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proteinase K (10 mg/ml, Sigma) for inactivation of nucleases and 30 pi SDS (20 %), the 

preparation was incubated for 3 hours at 55°C. After addition of 1 ml NaCl (6 M), the 

mixture was vortexed vigorously for 15 seconds to disrupt the cells, centrifuged for 

15 minutes at 2500 rpm, and the supernatant recuperated in a fresh tube. The DNA was 

precipitated with two volumes of ethanol, pelleted with a 10 second-spin at 2500 rpm, 

washed in 70 % ethanol, air-dried and resuspended in 200 pi MilliQ-dH20.

2.2.2 Total RNA extraction and synthesis of cDNA

Total RNA was obtained with the RNeasy MiniKit (QIAGEN), following 

manufacturer's instructions. First-strand cDNA was synthesised using the ProSTAR 

First-Strand RT-PCR Kit (Stratagene) with 5-10 pg total RNA and random primers.

2.3 DNA cloning and plasmid production

2.3.1 Polymerase chain reaction

PGR primers (Invitrogen) were designed using the Oligonucleotide Properties 

Calculator [231]. A list of the primer names and sequences, and their uses for the 

cloning of a range of different constructs is given in Table 2.2.

Nome Ortenhition S«iu*nce(5'- 3‘) Spedcs Utes
AT23
ATI

reverse
forward

agcoooattttctQgQCoaattggogg
aatgtggctggctatgcGoart'oagttoaac

chicken
chicken

5 '-RACE
annexin All RT-PCR

AT4 reverse aTttcctccogotggaggataaxcaxrtu chicken annexin All RT-PCR
annexin All gene KO disruption construct (long arm)

AT9 forward cccccogœggtggamccocmgooga: chicken annexin All coding sequence for H s fusion 
annexin All gene KO disruption construct (short arm)

ATIO reverse gngoocTgafngmaaaegoatogcooqcooarttttc chicken annexin All gene KO disruption construct (short arm)
ATll

PROBE-F
forward
forward

ggctatgccgmoQooQortaagnaDcaxiogcluart chicken
chicken

annexin All gene KO disruption construct (long orm) 
Southern Blot probe synthesis

pRoee-R
AT3

reverse
forward

oogogggtooaatcccaatgaitccgtgat
ccagtocctgmaQQcgoQggtggctttggacoqcctcco

chicken
chicken

Southern Blot probe synthesis 
Southern Blot probe cloning

PROBE-R-2 reverse atggccttcctoaagocttctgoat chicken Southern Blot probe cloning
HIS forward QccqtqaccctQcqcqtaoûcqccctcoaqQ histidinol gene primer for screening of DT40 dones

HVeRO forward ggtcgccoooitcttcttctggagg Hygromydn gene primer for screening of DT40 clones
AT5 reverse oqttggoatqiBctgctqtcctqgqtaaqg chicken screening of DT40 dones
AT6
AT8

reverse
reverse

tggotoogagggcxitagatggattoaoagc
tcaaatccooatqoatccgt’gattgtgccc

chicken
chicken

screening of DT40 dones 
screening of DT40 dones

All-START forward atgjgtcacccgggnatccccoogœggtggjtataaccogœgcccca chicken
annexin All full-length coding sequence for SFP fusions 
annexin All full-lenqth coding sequence for 6ST fusion

A lia - f forward atqqqcjactqptqoQoaqqctanata chicken annexin All Ct domain coding sequence for GFP fusions

AT14

NEW-All-F
H-All-R

reverse

forward
reverse

gtoottgcaaccQOogatctt

ccagtggcxogotctcgagtrtgagctaccctggctoT
tgnœqgotcogtoattgcoaccaoogatcttoog

consensus*

human
human

annexin All full-length coding sequence for SFP fusions 
annexin All full-length coding sequence for SST fusion 
annexin All codng sequence for his fusion 
annexin All full-length coding sequence for SFP fusions 
annexin All full-length coding sequence for SFP fusions

H-AllNt-fi reverse QMqccgqatcctttaitggccttccqoagqocctc human annexin All Nt domain coding sequence for SFP fusions
H-AllCt-F forward qtcctqctcqoqatqcqqQag!KxatqaoaqqcttcqQq human annexin All Ct domain coding sequence for SFP fusions

Table 2.2: List of PC R  prim ers utilised.

Note: A range o f primers along the chicken annexin A l l  cDNA sequence (some o f which haven’t been 
listed) was also used for the determination o f  intro 1/exon boundaries and intron sizes in the chicken 
annexin A 11 gene. * See Figure 3.2.
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Primer stocks (100 }iM) were kept at -80°C, and working solutions were used at 

10 pM. PCR was performed in the Mastercycler Gradient (Eppendorf) using the Expand 

Long Template PCR Kit (Roche) for genomic DNA and the Expand High Fidelity Kit 

(Roche) for cDNA amplifications, with the PCR Nucleotide Mix (Promega), according 

to manufacturers’ instructions.

2.3.2 DNA manipulation for the construction of plasmids

PCR products were analysed by electrophoresis on ethidium bromide-containing 

agarose gels (1 %) in TAE buffer (40 mM Tris-Acetate, 1 mM EDTA, pH 8.3), 

visualised under UV light with a Syngene Transilluminator, and gel extracted using the 

QIAquick Gel Extraction Kit (QIAGEN). GeneRuler DNA Ladder Mix (from MBI- 

Fermentas) was generally used as a molecular weight marker.

The purified fragments were either cloned directly into the appropriate TOPO 

plasmid (Invitrogen), or digested with the necessary combination of restriction enzymes 

(purchased from New England Biolabs) and ligated into the desired vector, previously 

linearised and treated with SAP (Roche) to prevent self-ligation (see Table 2.3). For 

blunt-end cloning, DNA fragments were treated with DNA Polymerase I Large 

(Klenow) Fragment (Promega) prior to cloning. Ligations were performed with the 

Rapid DNA Ligation Kit (Roche).

Plasmid Name Vector In s e r t Cloning Kit (invitrogen)

Fusion-TOPO XL pCR-XL-TOPO short+long arms fo r DT40 KO TOPO XL PCR Cloning Kit

His construct Fusion-TOPO XL Histidinol selection casse tte

Hygro construct Fusion-TOPO XL Hygromicin B selection ca sse tte

Sl(PROBE) pCR2.1 Southern Blot probe Original TA Cloning Kit

RACE- pCR4-T0P0 chicken annexin A ll 5'-UTRs TOPO TA Cloning Kit fo r Sequencing

All-Hls pTrcHis2-T0P0 chicken annexin All coding sequence pTrcHis2 TOPO TA Cloning Kit

eS T -A ll p6EX-4T-2 (Amershom) chicken annexin A ll full-length coding sequence

A ll pCR2.1 chicken annexin A ll full-length coding sequence Original TA Cloning Kit

AllCt-TOPO pCR2.1-T0P0 chicken annexin A ll Ct domain TOPO TA Cloning Kit

A ii-epp pEOFP-Nl (Clontech) chicken annexin A ll full-length coding sequence

SFP-All pESFP-Cl (Clontech) chicken annexin A ll full-length coding sequence

A llCt-6FP PEÔFP-N3 (Clontech) chicken annexin All Ct domain

SFP-AllCt pE6FP-C3 (Clontech) chicken annexin A ll Ct domain

H-A11-6FP pESFP-N3 (Clontech) human annexin A ll full-length coding sequence

ÔFP-H-All pESFP-C3 (Clontech) human annexin A ll full-length coding sequence

H -AllN t-6FP pE6FP-N3 (Clontech) human annexin A ll N t domain

SFP-H-AllNt PEÔFP-C3 (Clontech) human annexin A ll N t domain

SFP-H-AllCt PE6FP-C3 (Clontech) human annexin A ll Ct domain

T able 2.3: List o f the d ifferen t engineered plasm ids and  the vectors used fo r th e ir  cloning.

Note: The original vectors are from Invitrogen unless stated otherwise.
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The ligation products were subsequently transformed into chemically competent 

E. coli (TOP 10 or INVaF’ One shot Kits, Invitrogen) for plasmid preparations, or in 

BL21 for bacterial gene expression, and plated onto LB-agar contmning the appropriate 

antibiotic. Colonies were picked, and plasmids were prepared, screened by restriction 

analysis for the presence of the insert in the right orientation, and sequenced (MWG 

AG-Biotech).

2.3.3 Preparation of plasmids

Plasmid-containing bacteria were grown 0/N  in a 37“C shaking incubator in LB 

broth (Gibco) with the appropriate antibiotic (ampicillin or kanamycin 50 pg/ml). For 

small-scale preparations of plasmid DNA, the QIAGEN Plasmid Mini Kit was used. For 

larger scale preparations, up to 500 ml of bacteria were grown, and plasmids were 

purified using the QIAGEN Plasmid Maxi Kit or the Wizard Plus Maxipreps DNA 

Purification System (Promega).

DNA concentration was determined by absorbance measurements using the 

BioPhotometer (Eppendorf), and bacterial glycerol stocks (0.3 ml glycerol 50 % + 

0.7 ml bacterial culture) were frozen at -80°C for long-term storage.

2.4 Rapid Amplification of 5’ cDNA ends

RNA ligase-mediated rapid amplification of 5’ cDNA ends (5’-RACE) was 

performed using the GeneRacer Kit (Invitrogen). Briefly, 5 pg total RNA was isolated 

from DT40 cells and treated with CIP so that 5’-phosphates from truncated mRNA and 

non-mRNA were removed, but full-length capped mRNA was left unaffected. After 

phenoLchloroform extraction and ethanol precipitation, the mRNA was decapped vrith 

TAP, leaving a 5’-phosphate exposed in the full-length mRNA, which was subsequently 

ligated to the GeneRacer RNA Oligo (Invitrogen), that contained the sequence of the 

GeneRacer 5’-Primer. This primer (forward) and primer AT23 (reverse), located at the 

N-terminal end of the known chicken annexin A11 sequence, were used for the 

amplification of cDNA ends on the reverse-transcribed full-length mRNA previously 

ligated to the GeneRacer RNA Oligo. This RT-PCR was performed with ThermoZyme 

DNA Polymerase (Invitrogen), and all previous reactions were made in the presence of 

10 U RNase Inhibitor. The resulting PCR products were gel-purified, cloned into the 

pCR4-T0P0 plasmid, and sequenced (MWG AG Biotech).
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2.5 Annexin A11 gene disruption in the DT40 cell line

2.5.1 Engineering of the disruption constructs

The constructs for the disruption of the annexin A ll gene in DT40 cells were 

generated by a long-range fusion PCR in which both the short and long arms (that 

contain 21 nucleotides of overlapping sequence) were used as templates. The PCR 

product identity was confirmed by restriction analysis and sequencing. A Pmel 

restriction site was engineered in the middle for the cloning of the histidinol and 

hygromycin B selection cassettes [232] (see Figure 2.1).

Histidinol/Hygromycin B
o resistance  c a sse tte
6-actm

prom oter

I-
1363 bp

wt allele
Exon 2 Exon 3 Exon 4

Figure 2.1: Structure of the disruption constructs engineered for the generation o f a DT40 
annexin A l l  knockout cell line.

Two different fragments from the annexin A l l  gene including introns 2 and 3 respectively were 
amplified by genomic PCR from DT40 DNA, using primers AT9 (forward) and ATIO (reverse) for the 
first fragment, and primers ATI 1 (forward) and AT4 (reverse) for the second (see Table 2.2). These 
amplified fragments were used as templates for a fusion PCR in which a Pmel restriction site was 
introduced in the middle. This restriction site was subsequently used to subclone the histidinol and 
hygromycin B resistance cassettes for selection purposes. The resultant constructs had therefore a short 
arm o f  336 bp and a long arm o f  1363 bp, homologous to the chicken annexin A 11 gene in order to 
facilitate targeted integration and gene knockout.

2.5.2 Transfection of the disruption constructs into DT40 cells

100 pg of plasmid DNA was linearised 0/N  with 100 U of enzyme, 

phenol ichloroform-extracted, ethanol-precipitated, dried in sterile conditions and 

resuspended in 100 pi PBS. 25 pg of this preparation was used for each transfection.

DT40 cells were grown in suspension at a density of 5-8 x 10  ̂cells/ml. 10  ̂cells 

were collected, washed, resuspended in 400 pi of ice cold PBS, and transferred to a pre

chilled 0.4 cm electroporation cuvette. After addition of the linearised plasmid, the 

mixture was incubated on ice for 10 minutes and electroporated at 950 V, 25 pF, oo Q in
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a BioRad GenePulser. After 5 minutes further incubation on ice, the cells were diluted 

in 15 ml of warm medium containing 20% conditioned medium. 3 ml of this 

suspension was separated and diluted four times. Both dilutions were plated in 48-well 

plates (0.5 ml/well) and incubated at 40°C for 24 hours. Medium containing the 

appropriate selection drug (1.5 mg/ml hygromycin B (Sigma) or 0.5 mg/ml histidinol 

(Sigma)) was then added, and the plates were incubated for 10-14 days to allow the 

development of resistant colonies. These were subsequently picked and incubated for

2 days in 5 ml flasks, before reselecting the positive clones in drug for a further 2-

3 days. Clones were then amplified, and samples were frozen for storage.

2.5.3 Screening of drug-resistant ciones

DT40 drug-resistant clones were screened by two different methods: genomic

PCR and southern blot.

Screening PCR was performed as described in Section 2.3.1 on genomic DNA

extracted from the selected DT40 clones, with primers HIS or HYGRO (forward),

specific for the selection cassettes' sequences, and primers AT5, AT6 or ATS, located

downstream the construct’s long arm in the chicken annexin A11 gene.

For southern blotting, a 603 bp DIG-labelled probe located downstream from the

construct’s long arm in the chicken annexin A ll gene was generated using the PCR

DIG Probe Synthesis Kit (Roche), and primers PROBE-F (forward) and PROBE-R

(reverse). 20-30 pg of genomic DNA from the selected clones were digested 0/N  with

200 U of restriction enzyme in 100 pi total volume, and resolved in a 0.8 % agarose gel

in TBE (89 mM Tris-Borate, 2 mM EDTA, pH 8.3), using DNA Marker II for Genomic

DNA Analysis (MBI-Fermentas) as a molecular weight marker. The digested and

resolved DNA was then transferred 0/N  by capillarity onto a positively charged Nylon

membrane (Roche) using the Nytran SuperCharge TurboBlotter (Schleicher & Schuell)

in transfer buffer (0.2 M NaOH), and subsequently fixed to the membrane by UV

crosslinking with a GS Gene Linker (BioRad). The membrane was washed in 2x SSC

buffer (Sigma) + 0.1 % SDS, and pre-hybridised for 30 minutes at 37“C with 30 ml DIG

Easy Hyb (Roche). At this stage, the labelled probe was boiled for 10 minutes, chilled

on ice, and diluted in DIG Easy Hyb at a concentration of 25 ng/ml (hybridisation

solution). The membrane was then incubated 0/N  at 37°C with gentle rocking in

hybridisation solution.

The membrane was then rinsed 3 times in DIG Wash Buffer (Roche), and washed

twice for 5 minutes in 2x SSC + 0.1% SDS at room temperature, followed by two
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15 minute washes in 0.5x SSC + 0,1 % SDS at 37°C. After rinsing twice in DIG Wash 

Buffer, the membrane was blocked for 30 minutes at room temperature in DIG 

Blocking Buffer (Roche), and incubated with AP-conjugated anti-DIG antibody 

(Roche), at 1/20,000 dilution in DIG Wash Buffer for 30 minutes. After three more 

washes in DIG Wash Buffer, the membrane was incubated in DIG Detection Buffer 

(Roche) for 2 minutes, developed with AP-chemiluminiscent substrate GDP-Star 

(Roche), and exposed in a Fujifilm Intelligent Dark Box II coupled to a LAS-1000 

CCD-camera.

2.6 Generation of an affinity-purified sheep anti-chicken 

annexin A11 antibody

2.6.1 Antigen production and purification

Chicken annexin A ll coding sequence was amplified from DT40 cDNA and 

cloned into the c-myc- and 6xhis-tag-containing pTrcHis2 expression vector 

(Invitrogen). The resulting plasmid was transformed into BL21 bacteria and 

recombinant protein expression was induced 0/N  with IPTG (1 mM IPTG final 

concentration, added to bacteria in mid-log phase). Bacterial pellets were kept at -80“C 

until used.

The recombinant chicken annexin A ll-his tagged protein was purified using 

ProBond resin (Invitrogen) included in the Xpress System Protein Purification Kit 

(Invitrogen), under native conditions, as follows: bacterial pellets were resuspended in 

Native Binding Buffer (20 mM sodium phosphate, 500 mM NaCl, pH 7.8) 

supplemented with 1 mM PMSF. After addition of 100 pg/ml of egg white lysozyme 

(Sigma), the preparation was incubated for 15 minutes on ice and submitted to 3 rounds 

of sonication at medium intensity, followed by flash freezing in a methanol/dry ice 

slurry. The lysate was then thawed at 37°C, and this freeze thaw-sonication cycle was 

repeated a further 3 times. Insoluble debris was removed by centrifugation at 3,000 g for 

15 minutes.

The ProBond Resin was packed into a column, washed with distilled water and 

equilibrated in Native Binding Buffer. The lysate was then batch-bound to the resin in 

the column for 30 minutes with gentle agitation to keep the resin resuspended. The 

column was washed with Native Binding Buffer followed by a wash in Native Wash 

Buffer (20 mM sodium phosphate, 500 mM NaCl, pH 6.0), and this cycle of washes

was repeated 5 times, until the OD2 8 0  reading of the washes was less than 0.01.
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The recombinant protein was then eluted in Native Wash Buffer containing 

increasing imidazole concentrations, concentrated using a 30,000 molecular weight cut 

size centricon tube (Amicon, Millipore), and forwarded to Diagnostics Scotland for 

sheep immunisation.

2.6.2 Affinity-purification of the sheep anti-chicken antibody

The immunoglobulin fraction from the immunised sheep serum was purified by 

thiophilic adsorption chromatography with T-Gel Adsorbent (Pierce). Potassium sulfate 

was added to the serum to a final concentration of 0.5 M, and the preparation was 

cleared by centrifugation. The T-Gel was packed in a column and equilibrated in 

binding buffer (0.5 M potassium sulfate, 50 mM sodium phosphate, 0.05 % sodium 

azide, pH 8.0). The sample was then applied and allowed to enter the gel by gravity. 

The column was extensively washed in binding buffer, the immunoglobulin fraction 

was eluted in elution buffer (50 mM sodium phosphate, 0.05 % sodium azide, pH 8.0), 

and the column was regenerated with an 8 M guanidine hydrochloride solution.

In order to affmity-purify the antibody, the full-length chicken annexin A ll  

coding sequence was cloned into the expression vector pGEX-4T-2 (Amersham), and 

the resulting GST-annexin A ll fusion protein was expressed 0/N  with 1 mM IPTG in 

BL21 bacteria, and purified using the Bulk GST Purification Module (Amersham). 

Bacterial pellets were resuspended in PBS, treated with 100 pg/ml of egg white 

lysozyme, and lysed by 5 rounds of freeze thaw-sonication. The insoluble material was 

removed by centrifugation, and the lysate was batch-bound for 30 minutes to 

Glutathione Sepharose 4B resin equilibrated in PBS. The matrix was then transferred to 

a column and washed extensively with PBS. The recombinant protein was eluted in 

glutathione elution buffer (10 mM Glutathione, 50 mM Tris-Cl, pH 8.0), concentrated 

and buffer-changed into coupling buffer (0.1 M NaHCOg, 0.5 M NaCl, pH 8.3) using a 

centricon tube.

This recombinant protein preparation was coupled into CNBr-activated Sepharose 

4B (Pharmacia) for 1 hour at room temperature, and the remaining active groups in the 

resin were neutralised in 0.1 M Tris-Cl, pH 8.0 for 2 hours. After 3 cycles of washes at 

alternating pH (0.1 M sodium acetate, 0.5 M NaCl, pH 4.5 followed by 0.1 M Tris-Cl, 

0.5 M NaCl, pH 8.5), the resin was dissolved into a slurry with TBS, and incubated for 

3 hours with the sheep serum IgG fraction previously purified. The gel was extensively 

washed with TBS, and with TBS supplemented with 1 M NaCl to remove non- 

specifically adsorbed material.
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The antibody was then eluted with elution buffer (0.1 M glycine-Cl, pH 2.8) 

directly into tubes containing neutralising buffer (1 M Tris, pH 8.5), pooled, dialysed 

0/N  in TBS, and concentrated with a centricon tube.

2.7 Annexin A11-GFP fusion constructs

A series of annexin A11-GFP fusion constructs were engineered into the 

Enhanced-GFP vectors (from Clontech). A diagram with the different types of 

constructs can be seen in Figure 2.2.

A ll-G FP, GFP-A ll, AllCt-GFP and G FP-A llC t were generated with the 

chicken annexin A ll gene, while the human annexin A ll gene was used to generate 

H-Al 1-GFP, GFP-H-Al 1, H-Al INt-GFP, GFP-H-Al INt and GFP-H-Al ICt.

GFP

G F P - A l l

G F P - A l l N t

G F P - A l l C t

A l l - G F P

A l l N t - G F P

A l l C t - G F P

Figure 2.2: Schematic o f the different annexin A ll-G F P  fusion constructs engineered.

The CMV promoter is shown in red, GFP is shown in green, annexin A l l  N-terminal domain is 
represented by a continuous blue cylinder, and annexin A 1 1 C-terminus by four blue cylinders showing 
the four annexin repeats.

2.8 Transient transfection of cells with GFP fusion constructs

A431, HeLa or SL29 cells were cultured in 35 mm Glass Bottom micro well 

dishes to 90-95 % confluency, and transfected with 5 pg of plasmid DNA using 

Lipofectamine 2000 Reagent (Invitrogen). The transfected cells were then incubated for 

24 hours for gene expression before placing them in a 37°C pre-heated chamber with 

5 % CO] supply for live observation under a Bio-Rad Radiance 2000 AGR-3 (Q)
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confocal attached to a Zeiss Axiovert SIOOTV inverted microscope using 60x or lOOx 

oil immersion lenses, and images and movies were processed using Metamorph 4.6r9.

2.9 Drug treatment conditions for ceii stimuiation

A431 or SL29 cells were treated with a series of drugs to investigate their effects 

on annexin A ll localisation and phosphorylation levels. A list of the drugs utilised and 

their conditions of use is given in Table 2.1.

Name Source Concentration Stimulation Time
Thapsigargin
Ionomycin
Staurosporine
E6F
Pervanodote

Sigma
Sigma
Calbiochem
*

l^M  
2.5 pM 
1 pM 
40 ng/ml 
200 pM

15 minutes 
30 minutes 
3 hours 
15 minutes 
30 minutes

Table 2.4: List o f  the different drugs utilised for the stim ulation o f  cells and their use conditions.

* EGF was a kind gift fi-om Dr. A. Limb, loO, UCL, London.

** 0.1 g orthovanadate (Sigma) in 2.71 ml dH20 + 30 pi H2O2 (30 %, Sigma).

After stimulation, cells were either collected for immunoprécipitation and western 

blot, or fixed and analysed by immunofluorescence. For in vivo studies of annexin A ll  

localisation with GFP fusion constructs, cells were observed as described in Section 2.8 

immediately after the addition of the stimulus.

2.10 Cell synchronisation

Cells were grown to 50 % confluency and incubated in medium containing 4 mM 

thymidine (Sigma) 0/N  for block in S phase. Dishes were extensively washed in PBS 

and cultured for a further 6 hours in medium containing 0.07 pg/ml nocodazole (Sigma) 

for growth arrest at prometaphase. After that period, cells were extensively washed and 

left to recover in normal medium for 45 minutes to 1 hour to collect cells in cytokinesis, 

or incubated in the presence of 15 pg/ml BFA (Sigma) to inhibit the terminal phase of 

cytokinesis.
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2.11 Isolation of midbodies

Cells were syncronised at prometaphase and spindles were isolated as described 

in [233]. Briefly, cells were washed in PBS, harvested by gently shaking the culture 

flask with 0.5 mM EDTA in PBS, resuspended in pre-gassed medium, and left to 

recover for 45 minutes to 1 hour in a 37“C, 5 % CO2 , rotating incubator. This 

preparation was subsequently incubated for 5 minutes with 5 pg/ml taxol (Molecular 

Probes), centrifuged at 200 g for 5 minutes, washed in PBS avoiding pellet disruption, 

and resuspended in 1 ml isolation medium (2 mM PIPES, 0.25 % Triton X-100, 

20 pg/ml taxol, pH 6.8). Cells were lysed by vortexing and centrifuged at 3,000 g for 

15 minutes. The pellet was recovered, resuspended in immunofluorescence fixation 

medium, fixed for 30 minutes, loaded onto poly-lysine coated coverslips and stained 

following the immunofluorescence procedure.

2.12 Immunofluorescence analysis

A list of the primary and secondary antibodies used for immunofluorescence, and 

their concentrations is given in Table 2.5.

Cells grown on coverslips or in 35 mm Glass Bottom micro well dishes were 

washed in PBS, fixed/permeabilised on ice for 30 minutes in 2 % PEA + 0.1 % Triton 

X-100, washed 4 times in PBS and blocked for 15 minutes with 1 % BSA (Sigma). 

Fixed cells were then incubated in a moist chamber with primary antibody dissolved in 

1 % BSA for 1 hour, followed by 4 washes of 5-10 minutes each in PBS, before 

incubation with the secondary antibody dissolved in 1 % BSA for another hour. After 

four more washes in PBS, coverslips or 35 mm Glass Bottom microwell dishes were 

either observed immediately in PBS or mounted onto slides with Moviol and sealed 

with nail polish.

Stained cells were observed under a Bio-Rad Radiance 2000 AGR-3 (Q) confocal 

attached to a Zeiss Axiovert SIOOTV inverted microscope using 60x or lOOx oil 

immersion lenses, and images were processed using Metamorph 4.6r9.
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Primary antibodies Target Species Source Dilution
CACV-lOO 5100A6 (Calcyclin) Mouse anti-pig Sigma 1/100
All Annexin All Sheep anti-chicken t 1/100
Annexin XI Annexin All Mouse anti-mouse BD Transduction Lb 1/20
M-20 Lamin B Goat anti-mouse Santa Cruz Biotech 1/50
LAP2 LAP2 Mouse anti-rat BD Transduction Lb 1/100
L-19 Annexin All Goat anti-human Santa Cruz Biotech 1/50
Tubulin a-Tubulin Mouse anti-chicken Zymed Lb 1/50
Tubulin a-Tubulin Rabbit anti-human * 1/100
E18 CHOI Rabbit anti-chicken ** 1/100
LAMPl LAMPl Rabbit anti-human t t 1/100
BiP BiP (6rp78) Rabbit anti-human *** 1/50
eM iso 6M130 Mouse anti-rat BD Transduction Lb 1/50
N-19 Annexin A7 Goat anti-human Santa Cruz Biotech 1/50
1005-6 EGFR Goat anti-human Santa Cruz Biotech 1/50
Secondary antibodies Species Source Dilution
Anti sheep-FITC Donkey Sigma 1/50
Anti goat-Alexa Fluor 488 Donkey Molecular Probes 1/200
Anti mouse-Alcxo Fluor 488 Goat Molecular Probes 1/200
Anti mousc-Alcxo Fluor 488 Donkey Molecular Probes* 1/200
Anti goat-Alexa Fluor 546 Donkey Molecular Probes* 1/200
Anti mouse-Cy5 Donkey t t 1/100
Anti rabbit-Cy5 Donkey t t 1/100
Anti mouse-TRITC Donkey t t 1/100
Anti rabbit-TRITC Donkey t t 1/100

Table 2.5: Prim ary and secondary antibodies for im m unofluorescence analysis.

t  Antibody produced in the laboratory (see Study o f  Annexin A l l  in the DT40 Cell Line, Section 3.2). 

* Kind gift fi'om Dr. K. Matter, loO, UCL, London.

** Kind gift fi-om Dr. R. Kuriyama [234], University o f  Minnesota, USA.

*** Kind gift fi-om Dr. M. Cheetham, loO, UCL, London, 

t t  Kind gift fi-om Dr. C. Putter, loO, UCL, London.

2.13 Fluorescent probes and cell dyes

A number of different dyes were used for the staining of cell organelles. A list of 

these dyes, their sources, and conditions of use is given in Table 2.6.
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Name Source Target Concentration Incubation Conditions
Propidium Iodide 
DAPI
AAitoTracker Red CMXRos
SYT017
TRTTC-phalloidin
Alexa Fluor 647-phalloidin
Transfeirin-Alexa Fluor 555
Annexin A5-Alexa Fluor 555

Sigma
Sigma
Molecular Probes 
Molecular Probes 
Sigma
Molecular Probes

Nucleic Acids 
DNA
Mitochondria 
Nucleic Acids 
F-actin 
F-actin
Early endosomes 
Apoptotic cells

10 ;^/ml 
300 nM 
200 nM 
Ifj tA 
1 ^g/ml 
165 nM 
80 /jg/ml 
2.5 ^Jg/m\

5 min a t RT a fte r fixation 
1-5 min a t RT a fte r fixation 
30 min a t 37®C before fixation 
10 min a t 37* Ç, non-f ixed cells 
20 min a t RT a fte r fixation 
20 min a t RT a fte r fixation 
1 hour a t 37* C before fixation 
30 min a t 37* C, non-f ixed cells

Table 2.6: List o f  the different cell dyes utilised.

* Kind gift from Dr. C. Putter, loO, UCL, London.

** Made from purified recombinant GST-chicken annexin A5 with the Alexa Fluor 555 Protein Labelling 
Kit (Molecular Probes), following manufacturer’s instructions.

2.14 Polyacrylamide gel electrophoresis

For SDS-PAGE, discontinuous mini-gels were polymerised as described in [235], 

using Acrylogel 5 Solution (40% acrylamide, 19:1 acrylamideibisacrylamide ratio, 

BDH). The concentration of acrylamide used was 10 % in the resolving gel and 4 % in 

the stacking gel. Samples were boiled for 5 minutes in SDS-PAGE sample buffer [235] 

before loading. Mini-gels were run for 1 hour at 150 V. Full-Range Rainbow Markers 

(Amersham) or BenchMark Protein Ladder (Invitrogen) were used as molecular weight 

ladders.

Gels were either stained in Coomassie Blue solution [235] and dried in a Gel 

Dryer Model 583 (BioRad), or transferred for 45 minutes at 400 mA onto a Hybond-P 

PVDF Transfer Membrane (Amersham) for western blot.

2.15 Western Blotting

After the transfer process, membranes were treated with blocking solution (10 % 

skimmed milk (or 10 % BSA) in PBS-Tween (PBS + 0.05 % Tween 20)) for 40 minutes 

at room temperature, and incubated 0/N  at 4°C with the primary antibody solution in 

PBS-Tween (1/1,000 dilution unless stated otherwise). A list of the primary antibodies 

used for western blot is given in Table 2.7.
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Primary antibodies T arget Species Source
A-14 cAAyc tag Rabbit anti-human Santa Cruz Biotech
B-14 6 S T Mouse Santa Cruz Biotech
A ll Annexin A ll Sheep anti-chicken *

4610 Phosphotyrosine Mouse U pstate Biotech
L-19 Annexin A ll 6oa t anti-human Santa Cruz Biotech
Tubulin a-Tubulin Mouse anti-chicken Zymed Lb
E18 CHOI Rabbit anti-chicken **

p35 Annexin A1 Rabbit anti-human Prof. S . Moss lab.
p32 Annexin A5 Rabbit anti-human Prof. S. Moss lab.
N-19 Annexin A7 Goat anti-human Santa Cruz Biotech

Table 2.7: List o f  the different prim ary antibodies used for western blot.

♦ Antibody produced in the laboratory (see Study o f  Annexin A l l  in the DT40 Cell Line, Section 3,2), 
used at 1/5,000 dilution.

** Kind gift fi’om Dr. R. Kuriyama [234], University o f  Minnesota, USA,

Following three PBS-Tween washes, membranes were incubated with the 

secondary antibody solution, also in PBS-Tween (1/10,000 dilution) for 90 minutes. 

IgG-HRP conjugates from different sources were used as secondary antibodies, and the 

blots were developed after 3 further PBS-Tween washes using the ECL Plus western 

blotting detection system (Amersham), and were visualised in a Fujifilm Intelligent 

Dark Box II coupled to a LAS-1000 CCD-camera. For reprobing, membranes were kept 

in PBS-Tween, and incubated for 30 minutes at 50°C in reprobing buffer (0.7 % fi- 

mercaptoethanol, 2 % SDS, 62.5 mM Tris pH 6.7) before washing the membrane in 

PBS-Tween, and reblocking.

2.16 Immunoprécipitation

Cell samples were collected, washed in PBS, resuspended in 500 pi lysis buffer 

(50 mM Tris-Cl pH 7.4, 50 mM NaCl, 30 mM sodium pyrophosphate, 50 mM sodium 

fluoride, 100 pM sodium orthovanadate, 0.2 mM CaCl2 , 1 % Triton X-100, 0.1 % BSA, 

0.02 % sodium azide) supplemented with 10 pi of Protease Inhibitor Cocktail (Sigma) 

per 10̂  cells, and lysed by three rounds of sonication on ice. Lysates were pre-cleared 

by centrifugation at 16,000 g for 30 minutes at 4°C, followed by incubation with 30 pi 

of 50 % Protein G-Sepharose 4 Fast Flow slurry (Pharmacia) for 30 minutes, plus 

5 minutes centrifugation at 16,000 g and 4°C.

Protein G-Sepharose beads were used to immobilise the affinity-purified goat 

anti-human annexin A ll antibody. 30 pi of 50 % Protein G-Sepharose bead slurry were 

resuspended in 500 pi of ice-cold PBS and incubated 0/N  at 4°C with gentle agitation
68



Materials and Methods

with 1 pg of antibody (or with normal goat IgG fraction (Santa Cruz Biotech) as a 

negative control). The antibody-conjugated beads were then centrifuged and the 

supernatant (contaning unbound antibodies) was removed. Beads were washed twice in 

1 ml of lysis buffer and stored at 4“C.

The pre-cleared lysates were added to the beads and the mixture was incubated at 

4°C with gentle agitation for 2 hours and subsequently centrifuged and the supernatant 

was discarded. The beads were then washed 4 times in wash buffer (lysis buffer minus 

BSA) and in ice-cold PBS once. After complete removal of the supernatant, the 

immunoprecipitates were resuspended in SDS-PAGE sample buffer, boiled for 

5 minutes and analysed by polyacrylamide gel electrophoresis and western blot.

2.17 Depletion of annexin A ll  by RNA interference in human 

cells

2.17.1 Preparation of siRNA oligonucleotides

To select the siRNA duplexes from the human annexin A ll cDNA sequence, a 

search was performed for AA(N19)TT sequences with approximately 50%  G/C- 

content. One such sequence was found starting at nucleotide 727 downstream from the 

start codon (see Figure 2.3). Sense and antisense siRNA oligonucleotides with dTdT 

overhangs were purchased from Dharmacon Research, Inc.

Human annexin A ll cDNA 5'...ttcaagacggcttacggcaaggatttgat...3’
Sense siRNA sequence gacggcuuacggcaaggaudtdt
Antisense siRNA sequence dtdtcugccgaaugccguuccua

F igure 2.3: H um an annexin  A l l  siRNA duplex sequences.

The AAN19TT sequence (48 % G/C-rich) from human annexin A l l  cDNA has been represented in red, 
and the dTdT overhangs on the sense and antisense siRNA sequences are in blue.

Each oligonucleotide was diluted separately with 1 ml of RNase-free water to a 

concentration of 50 pM. For the annealing of the oligonucleotides, 30 pi of each sense 

and antisense RNA was combined with 15 pi of 5x annealing buffer (Dharmacon). The 

solution was incubated at 90°C for 1 minute followed by 1 hour at 37°C. The final 

coneentration of the siRNA duplex was 20 pM. The solution was aliquoted and stored 

frozen at -20°C.
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2.17.2 Transfection of human cells with sIRNA

A431 or HeLa cells were seeded on 24-well plates in 500 pi normal medium 

without antibiotics, and transfected the following day at 30 to 40 % confluency as 

follows: For each well, 3 pi of Oligofectamine Reagent (Invitrogen) was dissolved in 

12 pi Opti-MEM I medium (Invitrogen), and 3-5 pi of siRNA duplex was added to 

50 pi of Opti-MEM I medium. The solutions were incubated for 10 minutes at room 

temperature, combined and mixed by inversion. The mixture was then incubated for 

25 minutes at room temperature, and 30-32 pi of Opti-MEM medium was added to 

bring the final volume up to 100 pi. The complexes were then added to the cells, which 

were incubated for 1-3 days before analysis by FACS, immunofluorescence or western 

blot.

In order to further increase the level of depletion of annexin Al l ,  transfected cells 

were sometimes split after 3 days and subsequently retransfected as indicated above.

2.18 Fluorescence-Activated Cell Sorting analysis

In order to determine the level of apoptosis caused by annexin A ll depletion, 

siRNA-treated A431 or HeLa cells were analysed by FACS. Briefly, cell samples were 

collected, washed in PBS and fixed for 30 minutes in 70 % ethanol at -20“C. Fixed cells 

were centrifuged at 560 g for 5 minutes at 4°C, washed in PBS, resuspended in 100 pi 

of 1 mg/ml RNase I-A (Sigma) solution in PBS and incubated for 30 minutes. To stain 

the DNA, 150 pi of propidium iodide solution (50 pg/ml propidium iodide (Sigma), 

0.1 % sodium citrate, 0.1 % Triton X-100) was added to this preparation.

The prepared samples were processed using a FACscan Flowcytometer (BD) and 

the results were analysed with WinMDI 2.8.
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I

Chapter 3: Study of Annexin A11 in the DT40 Cell Line
Targeted gene disruption is a powerful approach to determine the function of 

proteins within a living cell. Since the late 1980s, knockout technology has been 

frequently used to selectively disable target genes in mice. However, these experiments 

are often time-consuming and expensive, and can take up the majority of a 3-year PhD 

project [236].

If the effects of gene inactivation can be studied in cell culture, the disruption of 

both gene copies in somatic cells is a valid alternative to the production of mutant 

mouse strains. The use of the chicken DT40 B-cell line for such studies is increasing in 

popularity, due to its high ratio of targeted to random DNA integration [237]. This 

ALV-induced tumor B-cell line has successfully been employed for the knockout of two 

annexins in the past within our laboratory [123, 173]. This, together with the availability 

of a short cDNA sequence for annexin A ll from an EST-database of T-cell-enriched 

activated chicken splenocytes, prompted an attempt to knock out this gene in DT40 

cells.

For this purpose, a thorough examination of the chicken annexin A ll gene 

structure and sequence was required.

3.1 Characterisation of the chicken annexin A ll  gene in DT40

The first step in the annexin A11 knockout project was to determine whether this 

annexin is expressed in DT40s. For this purpose, primers were designed within the 

available chicken annexin A ll EST cDNA sequence, and RT-PCR was performed on 

purified DT40 total RNA (see Figure 3.1). A band at the expected size was obtained, 

indicating the presence of annexin A11 mRNA in the DT40 cells.

Figure 3.1: Annexin A l l  is expressed in the chicken 
DT40 cell line.

RT-PCR was performed on total RNA extracted from 
cultured DT40 cells. A band o f  210 bp was amplified for annexin A1 cDNA
annexin A 1 1 cDNA (lanes 1 & 2). Primers ATI (forward) 
and AT4 (reverse) were designed from known cDNA 
sequence, chicken EST database, GenBank Accession annexin A ll  cDNA
number AI979825 (see Table 2.2). £10 bp

Positive Control: annexin A1 cDNA (lanes 3 & 4). Mr 1 2 3 4
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3.1.1 Chicken annexin A ll gene sequence analysis

Once it was established that annexin A ll is indeed expressed in DT40 cells, the 

next step in the chicken gene analysis was to identify the full annexin A ll coding 

sequence. The EST cDNA sequence was only 571 bp, corresponding to most of the N- 

terminal domain, but excluding the C-terminal domain, the 5’-UTR and the start codon. 

In order to clone the missing chicken annexin A ll  sequence, a ‘best guess’ primer 

AT14 (see Figure 3.2) was designed at the 3’ end of the annexin A11 coding sequence 

by consensus analysis of three different species for which the annexin A ll cDNA 

sequences were known.

Mouse aaagattctactgaogatctgtggtggcaacgodfgcbctgt 
Human gaagattctgctgaogotctgtggtggcaatgac tga acogt 

Cow gaagattctgctgaogatctgtggtggcaatgac tga jcagt
STOP

Figure 3.2: C hicken annexin  A l l  C -te rm inal p rim er sequence was based on a highly conserved 
consensus sequence a t the 3 ’ end o f the annexin A l l  gene.

Three-species alignment o f the annexin A 11 gene at the 3 ’ end showed a highly conserved region from 
which 21 bp were chosen (in red) immediately upstream o f the STOP codon (in blue) to design the C- 
terminal primer AT 14, for the amplification o f  annexin A 1 1 coding sequence.

Primers AT 14 and AT9 (located at the 5’ end of the annexin A ll  EST cDNA 

sequence) were subsequently used to amplify the coding sequence by RT-PCR (Figure 

3.3). A 1456 bp band was obtained, and confirmed as specific for annexin A ll by 

restriction analysis and sequencing.

F igure 3.3: A m plification of the chicken
annexin A l l  coding sequence. annexin A l l  coding sequence

Annexin A l l  coding sequence was amplified 1 4 5 6  bp
by RT-PCR using primer AT9 (forward) at the annexin A l l  N t
5’ end (designed from known cDNA sequence, 5 5 3  b p
chicken EST database, GenBank Accession 
number AI979825), and consensus primer AT 14  ̂ ^
(reverse) at the 3 ’ end (see Table 2.1). A band o f 1456 bp (lane 2) was obtained, and subsequently gel 
purified, subcloned, and sequenced. Chicken annexin A 1 1 N-terminal domain was amplified as positive 
control with primers AT9 (forward) and A T8 (reverse).

In order to complete the sequence at the 5’ end, and to obtain information about 

the 5’-UTR, a 5’-RACE analysis was performed on DT40 mRNA. From the population 

of clones analysed, 54.5 % contained one type of 5’-UTR, while the remaining 45.5 %
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presented a different one (see Figure 3.4). Both UTRs shared the same nine nucleotides 

located immediately upstream of the ATG, but had clearly divergent sequences 5’ of 

this domain. This result indicates the existence of a putative intron/exon boundary 9 

nucleotides upstream of the start codon, and two alternative mRNA species with 

different untranslated cassette exons. This is reminiscent of the human annexin A ll 

cDNA, which has two different isoforms resulting from the retention of untranslated 

exons Ic, or lb  and Ic together [33].

g tg a a g ca g a g tttc cg c tg g a a a ta g c ttttc g tta g g c ttg tttg c tg g a a c tc a ca g c c ttg ttg g g c ttc g t.ia tg a g tc a c
g tg aag c a g a g tttc cg c tg g a a a ta g c ttttc g tta g g c ttg tttg c tg g a a c tc a ca g c c ttg ttg g g c ttc g taa tg a g tc a c

g tttc c g c tg g aa a tag c ttt tc g ttag g c ttg tttg c tg g a a c tca c ag c c ttg ttg g g c ttc g ta a tg a g tc a c
g c ttttc g tta g g c ttg tttg c tg g a ac tc a ca g c c ttg ttg g g c ttcg taa tg a g tc ac

tt t tc g tta g g c ttg tttg c tg g a a c tc a c ag c c ttg ttg g g c ttc g ta a tg a g tc a c

g c c tcc c g cc g tg c tc tg tc ac c g c c tc a ca g c g cg a c c g g g g c  ggc  g g c g g a a c g c g g g c ttc g t a tg ag tcac  
a cc g c c tca c ag c g c g a cc g g g g c  ggc  g g c g g aa c g c g g g c ttc g ta a tg a g tca c  
a cc g c c tc a c a g c g c g a cc g g g g c  ggc  g g c g g aa c g c g g g c ttc g ta a tg ag tc a c  

a ca g c g c g a c c g g g g c  ggc  g g cg g aac x x x g g c ttcg taa tg a g tc ac  
g cg cg a c c g g g g c  ggc  g g c g g aa c g c g g g c ttc g ta a tg ag tca c  
g c g cg a c c g g g g c  ggc  g g c g g a a cx x x g g c ttcg taa tg ag tcac

F igure 3.4: 5 -R A C E analysis of the chicken annexin A t 1 gene.

Annexin A 1 1 5 ’-UTR was analysed by Rapid Amplification o f c-DNA Ends (see Materials and Methods, 
Section 2.4). Eleven clones containing the 5 ’-UTR o f the chicken annexin A l l  gene were amplified from 
chicken DT40 mRNA and sequenced. Two distinct sequences were found, both appearing in similar 
numbers within the population o f clones analysed. Comparison o f these two clone populations revealed a 
9 nucleotide shared sequence upstream o f the start codon (in pink), followed by a putative intron / exon 
boundary (in green), and two alternatively spliced exons o f >60 and > 6 8  bp in length in the 5 ’-UTR (in 
blue and red). Bases missing from some o f the clones analysed are represented by “x” .

The chicken annexin A ll C-terminal domain sequence exhibits a strong 

similitude with its human orthologue, with 78 % identity at the cDNA level and 95 % 

protein identity, confirming that the domain sequence is conserved among different 

species, as has already been shown for human, rabbit, cow and mouse annexin A ll 

[238].

The N-terminal domain of the chicken annexin A ll  is however more divergent 

when compared to the human orthologue, displaying only 64 % protein identity, while 

mammalian species display identities of about 80 %. The G/C content of the N-terminal 

sequence was 55%, while the exons encoding this domain in mammalian annexin A11 

genes are considerably more GC-rich (61-79 %) [33].
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3.1.2 Chicken annexin A11 gene structure analysis

In order to design the annexin A ll disruption constructs, a more complete 

analysis of the chicken annexin A ll gene structure was undertaken, first for the N- 

terminal domain, and then extended to the full-length coding sequence. The intron/exon 

boundaries and intron sizes were determined by successive PCRs on DT40 genomic 

DNA, using a range of exon-specific primers designed from the annexin A ll cDNA 

sequence. The intronic fragments amplified were subsequently subcloned and 

sequenced. The results reveal remarkable similarity between the structure of the chicken 

and human annexin A11 genes (see Figure 3.5), particularly with regard to conservation 

of intron-exon boundary positions.

Chick annexin A ll

Human annexin A ll 'H

I i m

Exon No.  ̂ •
l b  2 4

I I
5 I 7 I 9 | 1 1 |1 3 |  15 

6 8 10 12 14

Figure 3.5: Chicken and Human annexin A t 1 gene structure alignment.

Chicken annexin A 1 1 intron/exon boundaries and intron sizes were determined by genomic PCR from 
DNA isolated from DT4Ü cells, using a range o f primers from within the chicken annexin A ll  coding 
sequence. For comparison purposes, an alignment with the corresponding human annexin A l l  gene 
structure has been depicted. Introns are represented by vertical black lines, and exons by coloured boxes).

Only exon 4, located in the N-terminal domain of the coding sequence is 

significantly shorter in the chicken (356 bp) when compared to the human gene 

(390 bp). The intron sizes between the two species are more divergent (see Table 3.1). 

The chicken introns were found to be often shorter than the human ones, this being a 

general characteristic of avian genomes [239].

With the information obtained on the chicken annexin A ll gene structure and 

sequence, constructs to disrupt the N-terminal domain of the gene in DT40 cells were 

subsequently designed and engineered by long-range genomic fusion PCR (see Section 

2.5.1).
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Exons In tro n s
No. Chicken bp Human bp Chicken bp Human bp

la 229 22000
lb 196 4785
Ic 49 3237
2 63 63 222 1891
3 112 116 1171 1441
4 356 390 448 1655
5 88 88 378 241
6 95 95 1233 692
7 114 114 686 1940
8 91 91 100 439
9 80 80 150 128

10 57 57 787 1320
11 94 94 666 2739
12 96 96 ~ 3000 1074
13 59 59 524 203
14 123 123 - 1028
15 > 55 784

Table 3.1 : List o f Chicken and Human annexin A 11 exon and intron sizes.

3.2 Production and affinity-purification of a sheep anti-chicken 

annexin A11 specific antibody

Due to the lack of a commercially available anti-chicken annexin A11 antibody, 

and in order to confirm a possible knockout clone in DT40 cells, an affinity-purified 

antibody directed against the chicken protein was generated (for a detailed description 

of the procedure, see Section 2.6).

A recombinant his-tagged chicken annexin A11 protein was expressed in bacteria.

a
->  Annexin A ll-H is  

60 kDa

Degradation products

Annexin A ll-H is  
60 kDa 

Degradation products

BSA

Figure 3.6: Purified recombinant his-tagged chicken annexin A l l  was used âs an antigen to 
generate anti-chicken annexin A l l  antiserum.

(a) Western blot confirming the expression o f  recombinant chicken annexin A 11-his and myc tagged 
protein in total BL21 bacterial lysates using a mouse monoclonal anti-cmyc tag antibody.

(b) Coomassie Blue-stained protein gel showing recombinant chicken annexin A 11-his (lane 1) and BSA 
standards (lane 2: 1 pg; lane 3: 5 pg; lane 4: 10 pg).
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affinity-purified, and used as an antigen in sheep (see Figure 3.6). The IgG fraction 

from the immunised serum was purified with a T-gel, and the sheep polyclonal anti

chicken annexin A ll antibody was affinity-purified against recombinant GST-tagged 

chicken annexin A11 immobilised on a Sepharose gel (see Figure 3.7).

Figure 3.7: Purified recombinant GST-tagged
annexin A l l  protein was used to purify anti- -  ###* G 5 T -A n n e x in  A l l
chicken annexin A l l  antiserum by affinity 8 2  kD a
chromatography.

Coomassie Blue-stained protein gel showing *
recombinant GST-annexin A 1 1 purification 1 2 3 4 5
fractions (1-5).

The affinity-purified antibody was tested by western blot with a range of protein 

extracts prepared from different cell lines (Figure 3.8). The antibody recognised a band
I

at 55 kDa corresponding to chicken annexin A11 in DT40 and SL29 cell extracts, and it 

was found to cross-react with the human and rat orthologues. A band at 35 kDa was 

detected in some of the cell lines analysed. This could correspond to a degradation 

product resulting from the proteolysis of the N-terminal domain. A further two bands at 

approximately 52 and 47 kDa were detected in some of the extracts. The presence of 

proteolytic products resulting from degradation of the annexin A ll N-terminal domain 

in cell extracts has previously been reported, and may be linked to the existence of a 

strong PEST region in this domain [22]. On the other hand, the 52 kDa band could 

correspond to annexin A l l ’s closest relative, annexin A7 [32].

Annexin A ll
—  55 kDa

1 2 3 4 5

Degradation products 
35 kDo

Figure 3.8: Western blot for annexin A l l  to test species cross-reactivity using affinity-purified anti
chicken annexin A l l  antibody.

Whole cell lysates from a range o f cell lines were collected for SDS-PAGE and western blotted with the 
affinity-purified sheep anti-chicken annexin A l l  antibody (1/5,000 dilution). Lane 1: Chicken DT40; 
Lane 2: Chicken SL29; Lane 3: Rat ILA; Lane 4: Human A431; Lane 5: Human HeLa.
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Once the specifity of the antibody had been established, its utility as a tool for 

immunofluorescence was investigated using SL29 chicken embryonic fibroblasts 

(Figure 3.9). Annexin A ll was found predominantly in the cell nucleoplasm and 

excluded from the nucleoli, which is in agreement with previous observations on 

embryonic fibroblasts [181].

MergedAnnexin A ll

Figure 3.9: Immunofluorescence labelling o f annexin A l l  in the chicken fibroblast primary cell line 
SL29.

SL29 cells were fixed, permeabiiised, and stained for annexin A l l  with affinity-purified chicken 
annexin A 1 1 antibody (1/100 dilution), and for DNA with DAPl.

3.3 Attempt to generate a DT40 annexin A11 gene knockout cell 

line

DNA constructs specific for the disruption of the chicken annexin A11 gene were 

transfected into DT40 cells as described in Section 2.5.2. More than 100 histidinol- and 

20 hygromycin B-resistant clones were recovered from a number of different 

transfections. The presence of the disrupting construct in the clones’ genome was 

confirmed by genomic PCR, using internal primers specific for each of the transfected 

constructs (data not shown).

All the clones were screened by PCR for targeted integration of the constructs in 

the annexin A ll  locus, and 50 histidinol-resistant clones were further screened by 

southern blot as described in Section 2.5.3. As the targeted to random DNA integration 

ratio in DT40 cells is more than 1:2 [237], at least 15 out of 50 clones were anticipated 

to have integrated the disrupting construct at the correct locus. However, none of the 

clones was found to have a disrupted annexin A11 allele (see Figure 3.10).
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Wt

.......................... #

> 7 5 0 0  bp 
#  > 4 0 0 0  bp

Figure 3.10: Southern blot o f histidinol-resistant DT40 clones showed no shifted bands o f the 
expected size.

Genomic DNA from wt or histidinol-resistant DT40 clones was digested with EcoRV and southern blotted 
as described in M aterials and Methods, Section 2.5.3. A band at 4,000 bp corresponding to the wt allele 
was detected in all the clones, but no shifted bands appeared at the expected size o f  7,500 bp.

Notes: Size o f  the selection cassette: 3,500 bp; The cassette did not contain any EcoRV restriction sites.

There are several possible explanations for the failure to obtain an annexin A ll 

DT40 knockout cell line. One reason could be that the length of the homologous 

flanking regions on either side of the drug-resistance cassette (or constructs’ arms) was 

not sufficient to ensure homologous recombination at the correct locus. The 

annexin A 11 disruption constructs were engineered when only partial infonnation about 

the chicken gene sequence and structure had been obtained. At that time, the best 

possible option was to generate a long arm of 1363 bp and a short arm of 336 bp. A 

short arm of around 700 bp had been successfully employed in the past in our laboratory 

to knock out annexin A2 in DT40s [173], which suggested that a short arm of just a few 

hundred base pairs might be sufficient, albeit with a potentially reduced targeting rate, 

to achieve targeted integration. However, it has since been reported that knockout 

constructs’ arms should optimally be between 2 and 5 kb long [237].

Another possible explanation for the lack of homologous recombination is that the 

annexin A ll  gene may be located in a site where for reasons such as chromatin 

structure, physical access to the locus may be constrained.

Finally, if only one allele of the annexin A ll gene was present in the DT40 

genome, as has been previously reported for other genes [240], and if the annexin A11 

protein plays an essential role for cell survival, as subsequent results obtained in this 

PhD clearly indicate (Chapter 6), we would not in this case be able to obtain any 

targeted clones. In addition, there is also the possibility of haplo-insufficiency for 

annexin A l l ,  which would make the knockout of one allele unviable, even when a 

second allele is present in the DT40 genome.
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Chapter 4: Study of the Function of Annexin A11 in 

Cuitured Human Cells during Interphase
Given the lack of success in obtaining an annexin A ll knockout DT40 cell line, 

the study of the function of annexin A ll was next focused towards the subcellular 

localisation of the protein in human cells and its response to a range of different stimuli, 

both in fixed cells and in vivo with annexin A11 fused to OFF.

4.1 Annexin A11 immunolocallsation in fixed cells during 

interphase

The subcellular localisation of annexin A ll was first studied in 3Y1 rat 

embryonic fibroblasts, where it was found to be mainly nuclear and excluded from the 

nucleoli [181]. Further examination confirmed this nuclear localisation in other cultured 

cell lines [224, 225].

Immunofluorescence analysis of the human A431 and HeLa cell lines also 

revealed annexin A ll distributed primarily throughout the extranucleolar nucleoplasm 

(Figure 4.1, top).

Annexin A ll Microtubules erged

N egative Control I Microtubules I ' Merged

Figure 4.1: A ntibodies specific to annexin A l l  recognise the endogenous pro tein , which 
concen tra tes p rim arily  in the  nucleus of cells in cu lture.

Annexin A l l  immunofluorescence in fixed and permeabiiised HeLa cells was performed using an 
affinity-purified goat polyclonal anti-human annexin A l l  antibody (1/20 dilution, see Materials and 
Methods, Section 2.12). The annexin A 11 staining concentrates in the nucleus o f  the cell. Microtubules 
were stained with a mouse monoclonal anti-a-tubulin antibody. For the negative control, the antibody 
was pre-adsorbed with lOx concentrated GST-chicken annexin A 11 affinity-purified protein.
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The immunolocallsation of annexin A ll was proven specific by the pre

adsorption of the primary antibody with affinity-purified annexin A ll protein before 

immunostaining (Figure 4.1, bottom).

Although it is clearly established that annexin A ll is mainly nuclear in the 

majority of cultured cell lines studied, the function of annexin A ll in the nucleus is 

largely unknown. In [181] it was suggested that annexin A ll  might interact with some 

intranuclear structures in both a calcium-dependent and a calcium-independent manner. 

Again, the nature of these structures remains mysterious.

When the subcellular localisation of annexin A ll was examined in animal tissues 

rather than in cultured cell lines [224], it was discovered that the nuclear localisation of 

the protein was uncommon in adult, predominantly quiescent, cells. On the other hand, 

embryonic cells, with the exception of hepatocytes, exhibited a nuclear pattern of 

staining for annexin Al l .  Although in this paper it was concluded that the nuclear 

localisation of annexin A ll is developmental-stage dependent, it is also possible that 

this localisation is linked to cell proliferation.

One possibility is that the localisation of annexin A ll to the nuclei of interphase 

cells reflects a role of annexin A ll in the regulation of cell proliferation/apoptotic 

signalling pathways to which annexin A ll is linked via its Ca^ -̂dependent interactions 

with binding partners such as S100A6 or ALG-2. In particular, annexin A ll could be 

involved in the localisation of ALG-2 to the nucleoplasm observed in Jurkat cells [241].

In addition to its nuclear localisation, and in agreement with previous reports for 

ectopically-expressed annexin A ll in mammalian COS-7 cells [225], annexin A ll  

immunoreactivity was also associated with vesicular objects of <200nm in diameter 

distributed in the cytoplasm of both A431 and HeLa cells ( see Figure 4.2).
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Microtubules I Microtubules

Figure 4.2: Annexin A ll  is localised to vesicular structures in the cytoplasm of A431 and HeLa cell 
lines.

Immunofluorescence analysis of A431 (a) and HeLa (b) cells using an affinity-purified goat polyclonal 
anti-human annexin A ll antibody. Extensive vésiculation can be observed in the cytoplasm of both cell 
types. F-actin was stained using TRITC-phalloidin and microtubules were stained with a mouse 
monoclonal anti-a-tubulin antibody.

In an effort to determine the nature of the annexin All-containing cytoplasmic 

vesicles, cells were co-stained with a number of markers for different intracellular 

membranous organelles (Figure 4.3). Annexin A ll vesicles did not co-localise with 

transferrin-containing early endosomes, lysosomes, or mitochondria, ruling out an 

endocytic or mitochondrial origin for these vesicular structures (Figure 4.3 (a)). 

However, when co-stained with the endoplasmic reticulum resident protein BiP, partial
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co-localisation was observed, although restricted to the perinuclear region of the cell 

(Figure 4.3(b)), suggesting a transient or partial association of annexin All-containing 

vesicles with ER membranes.
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Figure 4.3: Co-localisation of annexin A ll-containing vesicles with intracellular organelle markers.

A431 cells were fixed and stained for annexin A ll with an affinity-purified goat polyclonal anti-human 
annexin A11 antibody. A number of markers for different intracellular organelles were used to determine 
possible co-localisation with annexin A 1 1-containing vesicles:

(a) Early endosomes were marked by 1 h incubation with Transferrin-Alexa Fluor 555 before fixation, 
lysosomes were stained with a rabbit polyclonal anti-LAMPl antibody, and to visualise mitochondria, 
cells were treated with Mito Tracker Red before fixation. None of these organelles showed any significant 
co-localisation with annexin A 1 1 vesicles.

(b) ER was stained with a rabbit polyclonal anti-human BiP antibody. A partial co-localisation with 
annexin A ll can be observed at a region adjacent to the nucleus.

82



Study of the Function of Annexin A ll  in Cultured Human Cells during Interphase

These results, together with previous observations of annexin A ll association 

with secretory vesicles [74, 226], point towards a possible biosynthetic or secretory 

origin for annexin A11-containing cytoplasmic vesicles.

Phylogenetically, annexin A ll is most closely related to annexin A7, both having 

diverged from a common ancestor at a similar evolutionary time, and sharing a long 

GYP-rich N-terminal domain. When annexin A11 imunoreactivity was compared to that 

of annexin A7 in HeLa cells, analogous but distinct localisation patterns were found for 

these two annexins (Figure 4.4). Although in both cases the staining was of punctate 

appearance and distributed throughout vesicular structures within the cytoplasm, 

annexin A ll was preferentially concentrated in the nucleus, and annexin A l l - 

containing cytoplasmic vesicular structures did not show any significant co-localisation
I

with annexin A7 vesicles. These results suggest that annexin A ll associates with a 

specific set of cytoplasmic vesicles, different from those that contain annexin A7.

Annexin A ll

Figure 4.4: Annexin A ll and annexin A? cytoplasmic vesicle-like staining patterns show distinct 
localisation in HeLa cells.

Annexin A11 was stained using a mouse monoclonal anti-human annexin A11 antibody. Annexin A? was 
stained with an affinity-purified goat polyclonal anti-human annexin A7 antibody.

When annexin A11 immunolocallsation in subconfluent A431 cells was compared 

to that in confluent A431 monolayers, striking differences in the distribution of 

annexin A11 were observed (Figure 4.5). Annexin A ll was highly concentrated at the 

nuclei and at cell-cell contact points along the plasma membrane of confluent 

monolayers, while in non-contact inhibited A431 cells and in cells located at the region 

of monolayer outgrowth, abundant cytoplasmic annexin All-containing vesicles were 

detected. These vesicular structures were especially concentrated at the leading edge of 

the advancing cell boundary, in a mesh that coincided with the microtubular network.
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F igure  4.5: Annexin A l l  localisation is regu lated  by cell-cell contact.

Confluent or subconfluent A431 cell cultures were fixed and stained for annexin A l l  using a mouse 
monoclonal anti-human annexin A 11 antibody. F-actin was stained with TRITC-phalloidin, microtubules 
were stained with a rabbit polyclonal anti-a-tubulin antibody, and the nuclei with PI. Note that in 
confluent A 431 cells, annexin A 11 strongly stains the plasma membrane as well as the nucleus, compared 
to the subconfluent culture, in which the cytoplasmic vesicular staining is more abundant (white arrows, 
bottom right). Annexin A l l  vesicles acummulate at the leading edge o f  the A431 monolayer and coincide 
with the microtubular network (white arrows, bottom left).
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Higher magnification images of non-contact inhibited A431 cells showed that 

annexin A11-associated vesicular structures were arranged along individual 

microtubular strands (Figure 4.6), confirming the close association of annexin A ll 

vesicles with the microtubular network.
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Figure 4.6: Annexin A l l  vesicles can be found 
along the microtubular network.

Subconfluent A431 cells were fixed, and 
annexin A 11 vesicles were subsequently 
immunostained either with a mouse monoclonal 
anti-human annexin A 11 antibody (a) or with an 
affinity-purified goat polyclonal anti-human 
annexin A l l  antibody (b). Two different 
antibodies were employed to detect the 
m icrotubular network: a rabbit polyclonal anti-a- 
tubulin antibody (a), and a mouse monoclonal 
anti-a-tubulin antibody (b). The nucleus in (a) 
was stained with PI. Individual vesicles situated 
along microtubules are highlighted with white 
arrows.

As well as being associated with individual microtubular strands in the form of 

vesicles, annexin A ll immunostaining could be detected in some cases at the 

centrosomes and around the microtubule organising centre (MTOC) (see Figure 4.7). 

However, the physiological significance of this last finding is not clear, as it could
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represent an artefact of fixation due to the high density of protein found at the 

microtubular convergence site [242].

Annexin All I Microtubules
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Figure 4.7: A nnexin A l l  concentra tes a t the centrosom e and  a ro u n d  the M TO C .

A 431 cells were fixed and stained for annexin A 11 with an affinity-purified goat anti-human annexin A 11 
antibody, and for the microtubules with a mouse monoclonal anti-a-tubulin antibody. The white arrow 
indicates the presence o f  annexin A 11 at the centrosome and around the MTOC.

The previous finding that annexin A ll localises to vesicles associated with the 

microtubular network suggests an involvement of annexin A ll in vesicle traffic on 

microtubules. A role in membrane/vesicle dynamics along micro tubules is not without 

precedent among other annexins. In particular, armexin A 13b has been shown to target 

vesicle delivery from the trans-Golgi network to the apical cell surface in a process 

involving the minus-end directed kinesin KIFC3 [96].

The abundance of annexin A11-containing vesicles in the cytoplasm of 

subconfluent cells and in cells at the region of A431 monolayer outgrowth implies a
I

relationship between annexin A11-related vesicle trafficking and membrane 

remodelling during cell growth, and the accumulation of annexin A ll  at the cell-cell 

contact sites along the plasma membrane of confluent monolayers suggests a role for 

annexin A ll in the organisation of plasma membrane cell-cell contact domains.

4.2 Annexin A11 and lipid rafts

4.2.1 Annexin A ll localises to EGFR and actin-containing 

membrane domains at the basolateral membrane of A431 cells

A detailed examination of the localisation of annexin A ll in A431 cells revealed

that this annexin also concentrates in membrane patches of about 0.5 pm in diameter

localised specifically at the basolateral membrane (Figure 4.8).
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Figure 4.8: Annexin A ll localises to membrane patches at the basolateral leaflet of A431 cells.

Immunofluorescence showing two confocal sections of the same A431 monolayer. Annexin A ll was 
stained with a mouse monoclonal anti-human annexin A ll antibody, and the nuclei with PI. Note that 
annexin A ll concentrates in patches at the basal membrane (white arrows), while at the cell centre, 
annexin A ll is localised throughout the nucleoplasm and along the cell-cell contact points.

These membrane patches are unlikely to be caveolae, as this subset of caveolin- 

containing lipid rafts is typically 50-100 nm in diameter [243], and were also shown not 

to be focal adhesions by co-imunostaining with focal adhesion kinase (data not shown).

However, they do resemble, both in size and localisation, a recently described 

new type of non-caveolar lipid rafts in A43I cells [243]. This novel low-density non- 

caveolar region of the plasma membrane of A431 cells has similar buoyant density to 

caveolae but is up to 0.5 pm in diameter, detergent-soluble, and can be separated from 

caveolae by immunoprécipitation using polyclonal anti-caveolin antiserum. Moreover, 

EGF receptors were found to be localised and activated mainly within these non- 

caveolar rafts [244], as were several cellular phosphoinositides and phosphatidylinositol
I

4-kinase activity [243], suggesting that these rafts, and not caveolae, as previously 

thought, are the main plasma membrane signalling domains in A431 cells.

In order to investigate a possible relationship between the annexin AI 1-containing 

membrane patches and the previously described rafts, these were co-stained with an 

anti-EGF receptor (EGFR) antibody (Figure 4.9).
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F igure 4.9: A nnexin A l l  patches on the baso lateral m em brane o f A431 cells con tain  E G FR  and 
actin , bu t not a -tu b u lin .

A431 cells were stained for annexin A l l  with a mouse monoclonal anti-human annexin A l l  antibody, 
for the EGFR with goat polyclonal anti-human EGFR antibody, and either for the actin cytoskeleton with 
Alexa Fluor 647-phalloidin (a), or for microtubules with a rabbit polyclonal anti-human a-tubulin 
antibody (b). Confocal sections at the basal membrane o f cells are depicted. Note that the basal 
annexin A l l  structures contain EGFR and actin (white arrows, a) but not a-tubulin  (white arrows, b). 
Annexin A 11 is also detected at the centrosomes (pink arrow, b).
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The EGFR largely co-localised with annexin A ll  at the basolateral membrane 

level and was found to be concentrated within these membrane patches, which also 

contained actin (Figure 4.9 (a)) but not a-tubulin (Figure 4.9 (b)), reinforcing the idea 

that they are lipid rafts, as these are preferred platforms for membrane-linked actin 

polymerisation [112].

4.2.2 Annexin A11- phosphoinositlde interactions

Since rafts have a specialised lipid composition, the capacity of annexin A ll to 

interact specifically with different phosphatidylinositides in vitro was analysed. An 

overlay experiment was performed in which annexin A 11 was incubated with a range of 

different phosphatidylinositol compounds that had previously been spotted onto a 

nitrocellulose membrane (Phosphatidylinositol Phosphate (or PIP) Strip). Annexin A11 

was found to interact specifically with a range of different phosphatidylinositol 

compounds in vitro, and to display different affinities for some of the PIPs in the 

presence or absence of calcium (Figure 4.10).
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Figure 4.10: Annexin A l l  is capable o f interacting with different phosphatidylinositol compounds 
in vitro.

A dot blot was performed onto a PIP Strip in which affinity-purified recombinant chicken GST- 
annexin A 11 had been overlaid. Annexin A 11 bound to the different phosphoinositides was detected with 
affinity purified sheep anti-chicken annexin A l l  antibody. The developed blot shows that annexin A l l  
can bind to a range o f  PIPs in vitro, either in a calcium-dependent or independent manner, depending on 
the kind o f PIP.

Although the interaction of annexin A11 with the different PIPs was not further 

analysed, this initial result points towards a possible association of annexin A11 with 

specific PIPs that is consistent with the localisation of annexin A ll to specific 

membrane domains discussed above.
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4.3 Study of annexin A11 function i n  v i v o  using GFP fusions

The expression of GFP chimeric constructs allows direct observation of protein 

localisation in living cells. GFP fusion constructs were generated encoding the full- 

length human annexin A 11 protein, its C-terminal core domain, or its N-terminal GYP- 

rich domain. All were cloned from human A431 cDNA and expressed under the control 

of a CMV promoter in A431 cells. Over-expressed full-length annexin A ll fused to 

GFP (H-All-GFP) was detected throughout the nucleus and the cytoplasm of 

transfected cells, similarly to GFP alone. In contrast, annexin A ll  C-terminal domain- 

GFP (GFP-H-Al ICt) was excluded from the nuclei and only detected in the cytoplasm 

of transfected cells (Figure 4.11). This last observation is in agreement with previous 

studies that showed that the N-terminal domain of annexin A11 acts as an atypical NTS 

and is required for the nuclear localisation of annexin A11 [223].

GFP

&  30

Figure 4.11: In vivo localisation o f the different annexin A ll-G F P  constructs.

The GFP, human annexin A11-GFP, and human GFP-annexin A1 IC t expression vectors were transiently 
transfected into A431 cells (see Materials and Methods, Section 2.8), and observed by confocal 
microscopy. Cells transfected with the full-length annexin A l l  gene displayed green fluorescence both in 
the nucleus and in the cytoplasm. Cells expressing just the C-terminus o f  annexin A l l  showed only 
cytoplasmic fluorescence.

Closer examination of A431 cells expressing full-length annexin A ll-G FP 

revealed the recruitment of annexin A ll-G FP to vesicles spontaneously appearing at 

numerous sites within the cell cytoplasm (Figure 4.12). The kinetics of annexin A l l -  

GFP accumulation at sites of vesicle formation were analysed for three individual 

examples by quantitation of maximal fluorescence intensity at the site of vesicle 

formation over time, normalised by the subtraction of the average local background 

fluorescence. The time from initial intensification to maximum fluorescence was 

approximately 60 seconds, and remained fairly constant for several minutes.
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Figure 4.12: Annexin A ll-G F P  accumulates at sites o f vesicle formation in transfected A431 cells.

Confocal videomicroscopy was performed on A 431 cells transfected with the expression vector human 
annexin A11-GFP. Vesicle formation can be detected over tim e at numerous sites o f  the cell. The kinetics 
o f  accumulation o f  annexin A l l  at the sites o f  vesicle formation were analysed for three cases, by 
m easuring the normalised fluorescence intensity as a function o f  time.

Some of these annexin A11-containing vesicles were detected moving in a 

saltatory manner, typical of motility on microtubules (see Figure 4.13). Vesicle 

movement was erratic, with velocities ranging from 2-40 nm/sec.

91



Study o f  the Function o f  Annexin A 1 1 in Cultured Human Cells during Interphase

a

E

1

«

80
A verage Speed= 30 nm /s

70 -

0.5 1.5

X position (urn)
50

40

30

20  !

!

10

20 40 60 80 100 120 140 160

2 5 1  

20 

15- 

10 

5

Time (s)

G aussian F it

A verage  S p e e d : 20+12 n m /se c

tZL_pq p . P  ,p
0  20 40  60 80 100 120

Speed (nm/s)

Figure 4.13: Human annexin A ll-G F P  associates with motile vesicles.

Confocal videomicroscopy was performed on A431 cells transfected with human annexin A11-GFP.

(a) The position and speed for one o f  the vesicles detected (red arrow) was analysed over time. Processive 
movements (stop and go) typical o f microtubular tracks were detected.

(b) Histogram representing the speed distribution in 120 movement events. The data were fitted to a 
Gaussian curve showing a peak at 20 nm/sec.
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Vesicles were often detected around the perinuclear region of the cell moving in 

some cases towards the cell interior, and in others towards the cell exterior (Figure 

4.14). Altough in some instances they seemed to move across the nuclear envelope, they 

were most probably located above or below the nucleus, and detected together with the 

nuclear envelope as they were contained within the depth of the focal plane.

1) out^in

2 ) in->out

Figure 4.14: Annexin A ll-G F P  vesicles are often detected in the perinuclear region moving both 
towards the interior and exterior of the cell.

Two regions o f annexin A 11-GFP transfected A431 cells were closely monitored by confocal 
videomicroscopy. In region 1, an annexin A11-GFP containing vesicle appears at the perinuclear region 
and moves towards the inside o f the cell, while in region 2 , vesicles can be observed moving towards the 
cell exterior. Regions are marked with boxes, and vesicles are highlighted using red arrows.

The observation that annexin A ll concentrates in vesicles in vivo reinforces the
I

idea that annexin A11 is involved in vesicle trafficking on microtubules (see Section 4.1 

in this Chapter).
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During the course of the in vivo experiments using annexin A11-GFP fusions, 

high levels of cell death were observed among cells expressing the different engineered 

annexin A11-GFP constructs, especially after several days post-transfection. To analyse 

the toxic effects of over-expression of the different annexin A11 constructs, these were 

transfected into A431 cells, and cells undergoing apoptosis were counted among those 

expressing the constructs 1 to 3 days post-transfection (Figure 4.15).
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Figure 4.15: Over-expression of various annexin A ll-G F P  constructs in A431 cells causes cell death 
by apoptosis.

A431 cells were transiently transfected with the expression vectors containing the different human 
annexin A 11-GFP constructs. Apoptotic cells were detected with annexin A5-Alexa Fluor 555 (see 
Materials and Methods, Section 2.13), and the percentage o f  apoptotic among the transfected cells was 
calculated by cell counts at day 1 (a) and day 3 (b) after transfection. For control purposes, cells 
transfected with GFP were analysed in a similar manner.

94



Study o f  the Function o f  Annexin A 1 1 in Cultured Human Cells during Interphase

A slight increase in cell death was observed for all of the constructs when 

compared to cells expressing GFP alone after just one day post-transfection, and this 

effect was more accentuated after three days post-transfection, especially in the case of 

cells expressing the C-terminal domain of annexin A ll  fused to GFP. These results 

suggest that over-expression of some of these constructs may have dominant negative 

effects that interfere with the normal function of annexin A11 in A431 cells.

4.4 Annexin A11 and S100A6 In resting cells

In order to investigate the relationship between annexin A ll and its binding 

partner S 100A6, co-immunostaining of these two proteins was performed in a number 

of different human cell lines. In all cell lines studied, S100A6 immunoreactivity 

strongly concentrated at a perinuclear ring-like structure that resembled the nuclear 

envelope, while annexin A ll immunostaining was mainly nuclear, but excluded from 

the nucleoli and the nuclear envelope in non-stimulated cells (Figure 4.16 shows co- 

immunostaining of annexin A ll and S100A6 in HEp2 cells, and similar results were 

obtained for A431 and HeLa cell lines, data not shown). These results indicate that, at 

least under resting conditions, annexin A ll and S100A6 do not co-localise in human 

cells, and suggest that these two proteins do not normally interact unless in response to 

some external stimulus, such as a rise in intracellular calcium concentration.

Annexin A ll 5100A 6

Figure 4.16: A nnexin A l l  and  S100A6 do not co-localise in resting cells.

HEp2 cells were immunostained for annexin A l l  with an affinity-purified goat polyclonal anti-human 
annexin A l l  antibody, and for S100A6 using a mouse monoclonal anti-pig S100A6 antibody. The 
annexin A 1 1 staining concentrates in the nuclei, while the anti-S1 0 0 A 6  antibody strongly stains for the 
nuclear envelope.

S100A6 has been previously localised to the nuclear envelope and the cell 

membrane in porcine smooth muscle tissue, porcine testis and human CaKi-2 cells
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[192]. In order to confirm SI00A6 immunolocallsation to the nuclear envelope in 

human cells, A431 cells were fixed and co-stained for S100A6 and the inner nuclear 

membrane protein lamin B, which is a component of the lamina, or meshwork of type V 

intermediate filaments that organise the nuclear envelope and determine nuclear shape 

[245] (see Figure 4.17). SI00A6 and lamin B showed clear co-localisation at the nuclear 

envelope, confirming the previous results that indicated that S100A6 is a resident 

nuclear envelope protein. The localisation of SI00A6 to the nuclear envelope in resting 

conditions (in which annexin A ll is excluded from this membrane) suggests that 

S100A6 interacts with other nuclear envelope protein/s that allow its retention at the 

nuclear envelope. In addition to the S100A6 localisation to the nuclear envelope, some 

S100A6 punctate immunostaining was observed in a region adjacent to the nuclear 

envelope (Figure 4.17).
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Figure 4.17: S100A6 is localised at the nuclear envelope o f human cells.

A431 cells were immunostained for S100A6 with a mouse monoclonal anti-pig S100A6 antibody, and for 
the inner nuclear envelope marker lamin B with a goat polyclonal anti-mouse lamin B antibody. S100A6 
and lamin B extensively co-localise at the nuclear envelope (yellow staining). Some punctate 
immunolocalisation o f  S 1 0 0 A6  at a perinuclear region adjacent to the nuclear envelope can also be 
observed.
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An immuno-electronmicroscopy analysis performed on HeLa cells with an anti- 

S100A6 antibody showed that S100A6 is indeed localised to the nuclear envelope, but 

also to some extent to ER membranes adjacent to the nuclear envelope (see Figure 

4.18). S100A6 signal was often found as pairs of gold particles, suggesting that S100A6 

exists in cells as a homodimer, in agreement with previous observations [246].

F igure 4.18: S100A6 dim ers can be detected a t the nuclear envelope and  p erin u c lea r ER 
m em branes by im m uno-EM .

Immuno-electronmicroscopy was performed on frozen sections o f  cultured HeLa cells using a mouse 
monoclonal anti-pig S100A6 antibody. Gold particles for S100A6 have been highlighted with arrows. 
Note the existence o f  pairs o f  gold particles at the nuclear envelope and ER membranes at the perinuclear 
region o f  the cell.

4.5 Effects of different agonist treatments on annexin A11 

localisation and tyrosine-phosphorylation

4.5.1 Analysis of the effect of ionomycin treatment on the 

intracellular localisation of annexin A ll

In order to investigate the capacity of annexin AH to relocate to specific 

membranes upon elevation of the intracellular Câ  ̂ level, cells were treated with the 

calcium ionophore ionomycin, a lipophilic ion carrier that permeabilises cell 

membranes to calcium. After 30 minutes of treatment with 2.5 pM ionomycin, cells
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were fixed and co-stained for annexin A11 and S100A6 (Figure 4.19). As a result of the 

rise in intracellular Câ  ̂ caused by ionomycin treatment, annexin A ll partially 

translocated to the nuclear envelope, where it co-localised with S100A6.
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Figure 4.19: A nnexin A l l  relocates to the nuclear envelope upon 
in trace llu la r calcium  rise caused by ionom ycin trea tm en t.

A 431 ceils were incubated for 30 min with 2.5 pM ionomycin (see 
Materials and Methods, Section 2.9), and subsequently fixed and stained 
for annexin A 11 with an affinity-purified goat polyclonal anti-human 
annexin A 11 antibody, and for S100A6 using a mouse monoclonal anti-pig 
S100A6 antibody. Note that annexin A 1 1 can now be detected along the 
nuclear envelope (red arrows, right), where it co-localises with S100A6 
(left).

This result is in agreement with the strictly Ca^ -̂dependent annexin A11-S100A6 

interaction observed in vitro [176], and suggests that S100A6 could act as a docking 

factor that redirects annexin A ll to the nuclear envelope in the presence of calcium via 

its interaction with the N-terminal domain of annexin Al l .

In order to confirm the previous result, and to study the in vivo capacity of 

relocalisation of annexin A ll in response to ionomycin-induced intracellular Ca^ -̂rises, 

GFP fusions containing the full-length human annexin A ll protein fused either to the 

N-terminal end of GFP (H-Al 1-GFP), or to the C-terminal end of GFP (GFP-H-All) 

were transfected into A431 cells, and cells expressing these constructs were treated with 

ionomycin and analysed by live confocal microscopy (Figure 4.20). Both H-Al 1-GFP 

and GFP-H-Al 1 constructs localise to the nuclei and the cytoplasm of untreated cells, 

but are excluded from the nucleoli and the nuclear envelope under resting conditions.
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F igure 4.20: Relocalisation o f the hum an annexin  A ll-G F P  construc ts in response to ionomycin.

Human annexin A11-GFP fusion constructs were transfected into A431 cells. Cells were stimulated with 
ionomycin and immediately visualised on a confocal miscroscope. Full-lenght annexin A 1 1 fused to GFP 
relocated mainly to the nuclear envelope, but also to the plasma membrane in discrete loci. The N- 
terminal GYP-rich domain did not show any membrane affinity after ionomycin treatment, and the C- 
terminal domain localised to ER membranes. The same results were also obtained in media without 
calcium, suggesting that calcium released from intracellular stores is sufficient for these relocalisations.

Within 30 seconds of ionomycin treatment, both constructs had totally relocated, 

mainly to the nuclear envelope but also to the plasma membrane, displaying a patchy 

pattern of localisation that suggested specific binding to certain membrane domains. 

The construct in which annexin A11 was fused to the C-terminal end of GFP (GFP-H- 

Al 1) was somewhat more efficient in binding to cell membranes than the one in which 

annexin A11 was fused to the N-terminal end of GFP (H-Al 1-GFP), suggesting that the 

positioning of GFP at the C-terminal end of the annexin might slightly interfere 

sterically with annexin A11 binding to membranes in the presence of calcium.

To analyse the capacity of the separate annexin A ll domains to relocate to 

membranes upon ionomycin treatment, these experiments were also performed using 

constructs in which the annexin A11 N-terminal GYP-rich domain (amino acids 1-214)
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was fused to the N-terminal end of GPP (H-Al INt-GFP), and the C-terminal annexin 

core domain (amino acids 208-505) was fused to the C-terminal end of GFP (GFP-H- 

AllCt) (Figure 4.20). H-Al INt-GFP fluorescence was mainly nuclear and excluded 

from the nucleoli and the nuclear envelope in untreated cells. This result is in agreement 

with previous immunolocalisation studies that showed that the N-terminal domain of 

annexin A ll localises to the cell nuclei and acts as an atypical NLS for the annexin A ll  

protein [223]. Upon ionomycin treatment, this construct did not show any relocalisation 

to membranes. This result shows that the N-terminal domain of annexin A ll has no 

capacity to bind to membranes in the presence of calcium, and that this capacity is 

conferred by the annexin’s C-terminal core domain, in which the Ca^ -̂dependent 

phospholipid binding repeats are located.

When the GFP-H-AllCt construct was expressed in A431 cells, it localised as 

expected throughout the cytoplasm and was excluded from the nucleus, as it does not 

contain the NLS located in the N-terminal domain of annexin Al l .  Within 30 seconds 

of treatment with ionomycin, this construct relocated throughout ER membranes, which 

are physically continuous with the nuclear envelope. This result indicates that the 

annexin core domain of annexin A ll is responsible for the annexin’s felocalisation to 

intracellular membranes in the presence of calcium in a non-specific manner, and that 

the N-terminal domain is required for the docking of annexin A ll to specific membrane 

domains, such as the nuclear envelope and certain domains on the cell membrane, 

possibly via its interactions with other proteins located at these membrane sites, such as 

S100A6 at the nuclear envelope.

Finally, when all these experiments were repeated in Ca^ -̂free media in order to 

eliminate the contribution of extracellular calcium (Figure 4.20, bottom row), the same 

pattern of relocalisation was found for all of the different annexin A ll constructs, 

indicating that the release of calcium from intracellular stores is sufficient to drive 

annexin A11 relocalisation to membranes.

4.5.2 Analysis of the effect of other agonist treatments on the 

intraceilular localisation of annexin A11

The relocalisation of annexin A ll in response to rises in the intracellular calcium 

level was then analysed in a separate study using the primary chicken fibroblast cell line 

SL29 and two cell agonists known to cause elevation of intracellular calcium levels, 

namely the sarco-endoplasmic reticulum Ca^ -̂ATPase inhibitor thapsigargin and the
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signalling agonist EOF. SL29 cells were transfected with chicken annexin A ll protein 

fused to the C-terminal end of GFP (GFP-Al 1), and cells expressing the construct were 

treated either with 1 pM thapsigargin or with 40 ng/ml human EGF (Figure 4.21).

Addition of thapsigargin had similar effects to ionomycin treatment on human 

A431 cells. While in resting cells GFP-Al 1 fluorescence localised throughout the cell 

body, the fusion protein rapidly relocated to the nuclear envelope and to the cell 

membrane in a very patchy pattern, again suggesting interactions with specific 

membrane subdomains.

+Thaptsigflrginf

^  20 pm

Figure 4.21: E ffects o f  thapsigargin  and EG F on the localisation o f  G F P -ch icken  annexin A l l  in 
SL 29 cells.

SL29 primary fibroblasts were transfected with the chicken GFP-annexin A l l  expression vector and 
observed on a confocal microscope after the addition o f  1 pM thapsigargin or 40 ng/ml human EGF, 
respectively. In both cases, the green fluorescence that is normally spread throughout the cell body 
relocates to intracellular membranes, such as the nuclear envelope and the plasma membrane in the case 
o f thapsigargin (red arrows, top), and the vacuolar and plasma membranes in the case o f  EGF (red arrows, 
bottom).

Treatment with EGF also caused relocalisation of annexin A ll to intracellular 

membranes, but nuclear annexin A ll did not relocate to the nuclear envelope. In 

addition, EGF caused the relocalisation of annexin A ll to numerous vacuolar 

membranes present in the cytoplasm of SL29 cells. These observations indicate that
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calcium rises induced by stimulation with different agonists can cause different 

annexin A11 relocalisation responses.

The kinetics of annexin A ll relocalisation to the cell and vacuolar membranes 

after EGF stimulation in SL29 cells was found to be slightly slower, and therefore easier 

to follow in a time-course experiment than the almost instantaneous relocalisations of 

annexin A ll to the nuclear envelope and the plasma membrane after ionomycin or 

thapsigargin treatments. A live cell experiment was therefore performed in chicken 

SL29 cells to analyse in more detail the kinetics of annexin A ll relocalisation to 

membranes after EGF treatment (Figure 4.22).
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Figure 4.22: A nalysis o f  the relocalisation k inetics o f  G F P -chicken annexin A l l  to the vacuolar and  
plasm a m em branes in chicken SL 29 cells after treatm ent w ith  EGF.

SL29 cells tranfected with GFP-chicken annexin A l l  were incubated with 40ng/ml human EGF, and 
fluorescence dynamics were analysed by confocal videomicroscopy. GFP-annexin A l l  relocalisation to 
plasma and vacuolar membranes was quantified over time. The relative fluorescence intensity at these 
membranes was calculated with respect to the average intensity o f  a region in the cytosol, and plotted 
against time (plasma membrane, blue graph; vacuolar membrane, pink graph; cytosol, green graph).
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SL29 cells were transfected with GFP-Al 1, stimulated with 40 ng/ml human 

EGF, and changes in fluorescence at the plasma and vacuolar membranes were analysed 

during two minutes by videomicroscopy. At the plasma membrane, a twofold increase 

in the relative fluorescence intensity was observed within approximately 40 seconds of 

EGF exposure, which declined gradually after 80 seconds of exposure. On the other 

hand, the relocalisation of annexin A ll at the vacuolar membrane was somewhat 

slower, peaking about 100 seconds after application of EGF. These results suggest that 

the dynamics of annexin A ll relocalisation to membranes is a tightly controlled process 

that depends both on the nature of the stimulus and on the type of membrane.

Another agonist known to cause an increase in intracellular calcium concentration 

is the protein kinase C-inhibitor and cytoskeletal modulator staurosporine. 

Staurosporine is also known to trigger cell death by apoptosis in a wide range of cell 

types. The response of annexin A ll to staurosporine exposure was investigated in A431 

cells, by treatment with 1 pM staurosporine for 3 hours followed by 

immunofluorescence analysis on fixed cells. Staurosporine treatment resulted in a 

significant reduction in the level of annexin All-specific immunofluorescence in A431 

cells (Figure 4.23a)). The nuclear pool of annexin A ll was absent, and the remaining 

fluorescent signal was associated with the microtubular network, that showed signs of 

disruption consistent with the early stages of apoptosis.

In order to investigate whether the reduction in the level of annexip A ll observed 

after staurosporine treatment was due to proteolytic degradation, A431 cells were 

treated with staurosporine, and cell samples were collected at several time points and 

analysed by western blot for annexin A ll with polyclonal anti-annexin A ll antiserum 

(Figure 4.23 (b)). After 1 hour of treatment, two bands were detected at 55 and 52 kDa, 

corresponding to the full-length annexin A ll protein and a previously described cleaved 

version of the protein [22]. After 4 hours of staurosporine treatment, two new bands 

appeared at 35 and 30 kDa, consistent with cleavage of annexin A ll  upon 

staurosporine-triggered entry into apoptosis. These two fragments could correspond to 

two different cleaved versions of the protein’s C-terminal core domain, as the 

annexin A11 N-terminal domain is known to contain a strong PEST region [22].

The specific degradation of the nuclear pool of annexin A ll  is not unexpected as 

several nuclear matrix proteins are known to be degraded upon entry into apoptosis, and 

raises the possibility that differentially regulated pools of annexin A ll operating in 

different subcellular compartments might co-exist in vivo.
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Figure 4.23: Annexin A l l  is degraded during staurosporine-induced apoptosis.

(a) A 431 cells were treated with 1 pM  staurosporine for 3 h, and subsequently fixed and stained for 
annexin AI 1 with a mouse monoclonal anti-human annexin A 1 1 antibody, for the microtubules with a 
rabbit polyclonal anti-a-tubulin antibody, and for the nuclei with PI. The nuclear fluorescence signal 
specific for annexin AI I was significantly reduced, and the remaining fluorescence was located with the 
microtubular network, which showed clear signs o f  disruption due to entry in apoptosis.

(b) A western blot for annexin AI I was performed on I pM  staurosporine-treated A43I cells. Samples 
were collected at different time points and western blotted using an affinity-purified sheep anti-chicken 
annexin A11 antibody. Bands at 30 and 35 kDa corresponding to annexin A11 degradation products 
appeared after 4 hours o f staurosporine treatment.
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4.5.3 Analysis of the effect of agonist treatments on the tyrosine- 
phosphoryiation of annexin A11

Phosphorylation by intracellular protein kinases is a common method employed 

by cells for the regulation of protein function and localisation. Different agonist 

treatments often result in distinct phosphorylation patterns for a single protein. In order 

to analyse the effects of a range of stimuli on the level of tyrosine-phosphorylation of 

annexin Al l ,  A431 cells were treated with various agonists, and annexin A ll was 

immunoprecipitated from these samples. Tyrosine-phosphorylation of annexin A11 was 

examined by western blotting the immunoprecipitates with an anti-phosphotyrosine 

antibody (see Figure 4.24).

55 kDa

Blot: pTyr

Blot: Anx A ll

Lane 1: U n tre a te d  

Lane 2: +Ionomycin 

Lane 3: + S taurosporine

Lane 4: +E6F 

Lane 5: U n tre a te d  

Lane 6: +Pervanadate

Figure 4.24: Analysis o f the effects o f different agonists on the level o f phosphorylation of 
annexin A l l .

A431 cell samples treated with a series o f  agonists were collected, and annexin A l l  was 
immunoprecipitated with an affinity-purified goat polyclonal anti-human annexin A 1 1 antibody bound to 
protein G-Sepharose beads (see Materials and Methods, Section 2.16). The resulting immunoprecipitates 
were western blotted for the presence o f  the protein with an affinity-purified sheep anti-chicken 
annexin A 1 1 antibody, and for tyrosine-phosphorylation with a mouse monoclonal anti-phosphotyrosine 
antibody. Note that the level o f phosphorylation o f  annexin A l l  is greatly enhanced upon ionomycin 
treatment. ,

Annexin AI 1 was not tyrosine-phosphorylated in A431 cells upon treatment with

staurosporine, EGF or pervanadate as compared with control untreated cells, but

tyrosine-phosphorylation of annexin A ll was greatly enhanced after ionomycin

treatment. Ionomycin is the only agonist among the stimuli tested in this experiment
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that also provoked the relocalisation of annexin A ll  to the nuclear envelope. This result 

strongly suggests that there might be a link between tyrosine-phosphorylation of 

annexin Al l ,  its relocation to the nuclear envelope, and its interaction with S100A6.
I

4.6 Summary

Annexin A ll  differs from other annexins in that it localises mainly to the nuclei 

of interphase cells. In spite of this, this annexin seems to be related to a number of 

processes in which several other members of the family play well-established roles. For 

example, the accumulation of annexin A ll in cytoplasmic vesicles that appear to be 

transported along the microtubular network links annexin A ll  function with the 

biosynthetic membrane transport pathway, in which other annexins, such as 

annexin A13b, are known to function [96]. The association of annexin A ll with 

membrane domains involved in signal transduction at the basolateral membrane of 

A431 cells, and the capacity of this annexin to relocate to certain regions of the plasma 

membrane in response to calcium indicate that this annexin could have an important 

role in membrane domain organisation. Other annexins, such as annexins A2, A6, and 

A13b are known to be involved in the organisation of lipid rafts [4, 42, 97], and the 

closely related annexin A7 is the main Ca^ -̂dependent component of lipid rafts in 

erythrocyte vesicles [117].

Other functions specific for annexin A ll have also been unveiled during this 

study. For instance, the accumulation of annexin All-containing vesicles in the 

cytoplasm of grooving cells, and in cells at the leading edge of monolayer outgroAvths, 

together with the accumulation of annexin A ll at cell-cell contact sites in confluent 

monolayers, all point towards an involvement of this annexin in membrane remodelling
I

steps during cell growth, perhaps by directly transporting either new membrane or 

specific factors required for this process. In addition, the capacity of annexin A ll  to 

relocate to the nuclear envelope in the presence of calcium, possibly via its interaction 

with S100A6, indicates that the nuclear envelope is also a site of action specific for 

annexin Al l .

Experiments in this Chapter have revealed a number of vesicle trafficking and 

membrane organisation processes in which annexin A ll seems to be implicated in cells 

during interphase. In the next chapter, this theme is developed with an examination of 

the possible functions of annexin A ll during cell division.
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Chapter 5: Study of the Function of Annexin A11 in 

Cultured Human Cells during Cell Division
Calcium is a universal signalling molecule that governs many diverse cellular 

functions. The cell division cycle is a fundamental process in the life of cells in which 

calcium signals are thought to play important regulatory roles [247].

Annexin A ll is a calcium-binding protein that interacts with S100A6 [182]. The
I

nature of this nuclear annexin, the differential expression of S100A6 during the cell 

cycle [185], and the early suggestion that annexin A ll  might have a function during 

mitosis [181] prompted a thorough examination of the protein’s subcellular localisation 

during the different stages of the cell division cycle.

5.1 Annexin A l l  distribution during the ceil cycle

Annexin A ll was tracked through the cell cycle by confocal immunofluorescence 

microscopy in A431 cells together with a-tubulin (see Figure 5.1).

The annexin showed dynamic changes in its subcellular distribution during cell 

division. From the nucleus of interphase cells (Section 4.1), the protein moved to 

discrete foci situated along the nuclear envelope during prophase, and subsequently 

became distributed throughout the cell body, with greatest intensity at the spindle poles. 

During metaphase, annexin A ll became associated with the spindle microtubules. As 

the chromosomes moved toward the poles during anaphase, annexin A ll concentrated 

at the central region of the spindle, along the overlapping antiparallel microtubules from 

opposite sides of the spindle, and eventually became focused at the midzone and 

concentrated into the midbody, located in the middle of the intercellular bridge during 

cytokinesis.

The striking localisation patterns of annexin A ll  during mitosis and cytokinesis 

strongly suggest a role for this protein in cell division. The localisation at the spindle, 

midzone and/or midbody is a shared feature of many proteins required for this essential 

process to take place.

This result encouraged us to perform a more detailed study of each of the cell 

division stages in which annexin A ll appeared to be involved, and to search for 

possible interactions with other proteins that may shed light on the function of 

annexin Al l in the process of cell division.
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Figure 5.1: Immunolocalisation o f annexin A l l  at different stages o f the cell cycle.

After synchronisation (see Materials and Methods, Section 2.10), A 431 cells were fixed at different stages 
o f mitotic progression, and stained for microtubules with a mouse monoclonal anti-a-tubulin antibody, 
and for annexin A l l  with an affinity-purified goat anti-human annexin A l l  antibody. Annexin A ll  
changes its distribution from the nucleus (interphase, see Figure 4,1) to the nuclear envelope (prophase), 
towards the centrosomes and the spindle (metaphase), to the midzone region (anaphase) and concentrates 
in the midzone (telophase) and the midbody at cytokinesis (annexin A l l  redistribution during the 
different cell division stages is indicated with white arrows).
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5.2 Annexin A11 and nuclear envelope dynamics during mitosis

Eukaryotic cell division involves the remarkably complex process of breakdown 

and subsequent reassembly of the nuclear envelope (NE) [248].

During nuclear envelope breakdown (NEB), many nuclear envelope-associated 

proteins are reversibly phosphorylated, causing a detachment of NE proteins from 

chromatin and lamina anchor points, and redistribution of these to the ER [249]. A role 

for the nascent mitotic spindle has recently been attributed to NEB [250]. In it the 

minus-end directed motor dynein attaches to the nuclear membrane and slides along the 

spindle towards the centrosomes, creating a fold and mechanical tension that causes an 

initial tearing of the NE, which rapidly expands over the nuclear surface.

Modifications of other NE components have also been shown to be essential for 

NEB [251]. In addition, evidence from several systems suggests that NEB is triggered 

by an endogenous transient of free calcium [247].

The NE reassembly process is initiated by inner nuclear membrane (INM) 

proteins that concentrate on the surface of decondensing chromatin during telophase 

[252], targeting ER-derived membrane to the chromosomes [253]. This is followed by 

the energy-driven insertion of NPCs [254] and the repolymerisation of 

dephosphorylated lamins [255]. Nuclear vesicle fusion and calcium are both essential 

for NE reassembly [256].

It has previously been shown in this thesis that annexin A l l ’s binding target 

S100A6 localises to the NE during interphase in human cells (Section 4.4), and that 

annexin A l l ,  which is normally excluded from the nuclear membranes, relocates to the 

NE and is tyrosine-phosphorylated upon treatment with the calcium ionophore 

ionomycin (Section 4.5). In this Section, the localisation of annexin A11 to the nuclear 

envelope during NEB and NE reassembly is investigated.

The initial observation that annexin A ll invades the NE at discrete points during 

prophase was further analysed by immunofluorescence on mitotic A431 cells co-stained 

for S100A6 (Figure 5.2). The annexin was detected at the NE during early prophase 

preceding NEB, as well as throughout the nucleoplasm, while in interphase, 

annexin A ll is strictly excluded from the NE.
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Annexin A ll 5100A6 DNA Merged

Figure 5.2: Annexin A l l  invades the nuclear envelope at discrete points during early prophase.

A431 cells were synchronised in mitosis, fixed and stained for annexin A 1 1 with an affinity-purified goat 
anti-human annexin A 1 1 antibody, for S 1 0 0 A6  with a mouse monoclonal anti-pig S 1 0 0 A6  antibody, and for 
DNA with PI. A cell in early prophase (showing condensing chromosom es) is depicted. Annexin A 1 1 can be 
seen at this stage invading the nuclear envelope at discrete foci that coincide with discontinuities detected in 
the S 1 0 0 A6  signal (white arrows).

Annexin A11 immunofluorescence at the NE was typically not evenly distributed, 

instead appearing punctate, and coincided with discontinuities in the S100A6 signal 

observed at this stage of the cell cycle. ,

The localisation of annexin A11 was then compared to that of the INM protein 

LAP2 during the different phases of cell division (Figure 5.3). LAP2 relocates to the ER 

after NEB, and has an important role in NE reassembly by stabilising chromatin and 

targeting ER membrane to the chromosomes [253]. Co-staining with LAP2 revealed 

annexin A ll at the NE during prophase, particularly at the invaginations created at the 

NE during NEB, where the fluorescence signal was most intense. After NEB, annexin 

A11 distributed partly to the ER in a similar manner to LAP2, but it was also detected at 

the cell membrane and the spindle poles, where it gradually concentrated during 

metaphase. In late metaphase, annexin A11 appeared along the spindle microtubules. 

During anaphase, it relocated to the central spindle and midzone, and it strongly 

decorated the midbody in telophase and cytokinesis. Residual annexin A11 remained 

distributed in the cytoplasm during the different stages of mitosis, displaying a vesicular 

pattern of staining. At late telophase and during cytokinesis, following LAP2 

relocalisation around the recently segregated chromatin and the onset of NE reassembly, 

annexin A ll was detected at the nascent nuclear envelope, where it co-localised with 

LAP2. Annexin A ll eventually disappeared from the NE and translocated to the 

nucleoplasm where it is localised during interphase.

110



Study of the Function of Annexin A11 in Cultured Human Cells during Cell Division 

/Annexin /All L/AP2 DNA M erged i

4

Figure 5.3: Annexin A l l  co-localisation with the INM protein LAP2 during cell division.

A431 cells were synchronised in mitosis, fixed and stained for annexin A l l  with an affinity-purified 
goat anti-human annexin A 11 antibody, for LAP2 with a mouse monoclonal anti-LAP2 antibody, and 
for DNA with PI. Annexin A l l  strongly decorates the invaginations formed during NEB at the NE, 
then relocates to the ER and plasma membranes, and to the centrosomes (metaphase). It later moves 
from the spindle poles to the central spindle (anaphase), and the midbody (telophase). These 
localisations are pointed out by white arrows. Annexin A l l  vesicles follow LAP2 to the newly formed 
nuclear envelope during nuclear envelope reassembly in cytokinesis (yellow arrows), and finally 
annexin A 1 1 relocates back to the nucleus (interphase).
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The localisation of annexin A ll at the nascent NE during NE reassembly was 

confirmed in a separate experiment in which A431 cells in cytokinesis were stained for 

annexin A ll and for the microtubular spindle (Figure 5.4). The antibody specific for 

annexin A11 strongly decorated the midbodies of cells in cytokinesis, and annexin A11- 

containing vesicles that appeared to fuse at the time of NE reassembly were detected 

along the newly reformed nuclear envelope.

A nnexin A l l Microtubules Merged

F igure 5.4: Annexin A l l  localises to the nuclear envelope d u rin g  NE reassem bly. '

A431 cells were synchronised, collected in cytokinesis (see Materials and Methods, Section 2.10), fixed 
and stained for the microtubules with a mouse monoclonal anti-a-tubulin  antibody, and for annexin A 1 1 
with an affinity-purified goat anti-human annexin A l l  antibody. In all three cases, annexin A l l  can be 
seen at the midbody (pink arrows) and in vesicles that subsequently fuse at the time o f  nuclear envelope 
reassembly (white arrows).

In order to determine the fate of SI00A6 during mitosis, and compare it to that of 

annexin A11, synchronised A431 cells were stained for annexin A11 and S100A6, and 

visualised at the different stages of the cell cycle (Figure 5.5).
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F igure 5.5: A nnexin A l l  co-localisation w ith S100A6 d u rin g  cell division.

A431 cells were synchronised in mitosis, fixed and stained for annexin A l l  with an affinity-purified 
goat anti-human annexin A l l  antibody, for S100A6 with a mouse m onoclonal anti-pig S100A6 
antibody, and for DNA with PI. S100A6 relocates to the ER after NEB (like annexin A l l ) ,  but not to 
the centrosomes, central spindle or midbody (white arrows). S100A6 is degraded during metaphase (red 
signal has been boosted to follow the remaining protein), and it only reappears at the nuclear envelope 
after annexin A 11 has done so during nuclear envelope reassembly (yellow arrows).
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Annexin A ll  was again observed invading the NE at focal points in prophase, and 

in the invaginations of the NE during NEB where it co-localised with S100A6. Both 

annexin A ll and S100A6 subsequently diffused out of the nucleus through the ER at 

the end of prophase. The fluorescence signal for S100A6 dropped drastically during 

metaphase, suggesting specific degradation of this protein during mitosis. This is in 

agreement with previous reports that indicate a peak of S100A6 protein levels at early 

G1 phase in serum-stimulated cells [186]. Annexin A11, but not S100A6, concentrated 

around the spindle poles, and the spindle in metaphase, and decorated strongly the 

central spindle and midzone in anaphase and telophase, and the midbody in cytokinesis. 

Annexin A ll was detected at the nascent NE during NE reassembly before S100A6 

reappeared at the NE during cytokinesis.

The significance of the localisation of annexin A ll  at the NE both at NEB and 

during NE reassembly is difficult to establish with the data available. It could simply 

reflect a mechanism by which the annexin exits the nucleus in prophase, and is recruited 

back to the nucleoplasm after completion of mitosis. However, the previous finding that

annexin A ll relocates to the NE and is tyrosine-phosphorylated following a rise in
1

intracellular calcium caused by ionomycin or thapsigargin, suggests that the NE is a site 

of action for annexin A11, where it could be implicated in membrane remodelling steps 

both during NEB and NE reassembly.

The enrichment of annexin A ll at the NE invaginations created by the 

microtubules during NEB reinforces this idea, and could indicate a role for annexin A ll  

as a link between the nuclear envelope and the microtubules at these invaginations. As 

annexins are characterised by their capacity to bind to phospholipid-containing 

membranes in a calcium-dependent manner and to mediate vesicle aggregation [4], a 

function for annexin A ll as a vesicle fusogen during NE reassembly could also be 

envisaged.

The physiological purpose of annexin A l l ’s interaction with S100A6 remains 

unclear, but a possibility emerging from the immunolocalisation of both proteins during 

cell division is that S100A6 could target annexin A ll to the NE during prophase where 

the annexin A 11-SI00A6 complex could have a role in membrane deconstruction 

during NEB. Conversely, annexin A ll could target S100A6 back to the nascent NE 

after mitosis.
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5.3 Annexin A11 function as a component of the midbody

The term Mittelkorper, or midbody, was coined in 1891 by Walther Flemming to 

describe the remnants of the spindle observed in cells just before completing cleavage 

during cytokinesis [257].

The goal of cytokinesis is to physically separate a mother cell into two daughter 

cells endowed with a complete set of chromosomes and cytoplasmic organelles. In 

animal cells, it requires the constriction of an equatorial actomyosin ring assembled 

midway between the spindle poles to form an ingressing cleavage furrow [258], the 

position of which is determined by the mitotic spindle during anaphase [259]. The 

furrow ingression continues until it meets the central spindle, a structure composed of 

antiparallel non-kinetochore spindle microtubules bundled during anaphase and 

telophase.

The final and least well understood stage in cytokinesis is the abscission, or 

resolution of the midbody. In this step, the remnants of the contractile ring must be 

disassembled, the intercellular bridge that connects the two daughter cells severed, and 

the plasma membrane released [258].

Unlike other cell cycle events, cytokinesis has been particularly resistant to in 

vitro biochemical approaches, making progress difficult. In recent years, however, the 

use of genetically manipulated model organisms has been enormously powerful in the 

molecular identification of various essential components of this process [260].

Successful completion of cytokinesis requires proteins of diverse classes that 

generally localise to the central spindle and the midbody [261]. These include kinesins 

of the CHOl/MKLPl and KLP3A families that play roles in the stabilisation of the 

microtubule bundles and in the transport of essential components to the furrow; 

chromosomal passenger proteins such as the Inner Centromere Protein (INCENP) or 

survivin, that relocate from the chromatin to the central spindle and are most likely 

involved in microtubule bundling; midzone kinases such as polo and aurora, thought to 

phosphorylate central spindle components to promote assembly of the midzone; small 

GTPases like RhoA, involved in actin filament organisation and stimulation of the 

actomyosin ring constriction; and regulators of actin polymerisation such as profilin and 

cofilin involved in the correct assembly and disassembly of the actomyosin ring [262].

Another important aspect of cytokinesis is the dynamic reorganisation and 

targeted insertion of membrane at the furrow during abscission [258]. New membrane 

addition occurs specifically at the cleavage plane, requiring microtubules and release of
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internal stores of calcium [263]. The phospholipid PE relocates from the inner to the 

outer leaflet of the cell membrane at the cleavage furrow, and its immobilisation causes 

cytokinesis blockage [264]. The plasma membrane t-SNARE syntaxinl has been shown 

to be required for cytokinesis [265, 266], revealing that membrane fusion events are 

mediated at least in part by the same machinery that participates in intracellular vesicle 

trafficking. Syntaxin’s localisation to the plasma membrane is however not restricted to 

the cleavage plane, and its function is believed to be spatially regulated by other 

proteins that concentrate at the furrow, such as the septins [267].

Membrane vesicles are thought to reach the midbody by being transported along 

the central spindle, in an analogous way to the plant phragmoplast [268]. The origin of 

these vesicles is unclear. The requirement of several Rab proteins for cytokinesis [269] 

argues for the secretory or recycling pathways as potential sources of membrane. Recent 

evidence suggests that the membrane required for furrowing is provided by Golgi- 

derived vesicles [270]. The Golgi inhibitor Brefeldin A (BFA) inhibited the terminal 

stage of cytokinesis and impaired the accumulation of new membrane at the furrow of 

C. Elegans embryos [269]. However, it is difficult to establish the specificity of action 

of BFA, and therefore to define the nature of the membrane transported to the furrow 

and required for completion of cytokinesis, as BFA is also known to disrupt endosomes 

and lysosomes. Alternatively, more than one kind of membrane might be required to 

complete the distinct processes of furrow ingression and abscission during cell division 

[258].

To investigate whether annexin A ll associates with the newly transported 

membrane at the furrow of cells undergoing cytokinesis, synchronised human A431 

cells were treated with BFA (Figure 5.6). After one hour of release from nocodazole 

block and incubation with BFA, approximately 20 % of the cells were in late anaphase 

or telophase. However, three hours after the addition of BFA, a high proportion of 

binucleate cells were detected, indicating that BFA treatment results in the inhibition of 

cytokinesis, furrow regression and binucleation in human cells, and has therefore 

similar effects to those reported in C. Elegans embryos [269].
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Figure 5.6: BFA treatment inhibits the terminal phase o f cytokinesis in human A431 cells.

A431 cells were synchronised in mitosis with nocodazole, followed by treatment with BFA for 1-3 hours. 
Cells were subsequently fixed and stained for the microtubules with a mouse monoclonal anti-a-tubulin 
antibody and for DNA with PI, After 1 hour o f BFA treatment (left), approximately 20 o f  the cells were 
in late anaphase or telophase (yellow arrowheads). After 3 hours o f  treatment (right), numerous binucleate 
cells were detected am ong the recently divided cells (white arrows).

To determine the immunolocalisation of annexin A ll in BFA-treated cells, 

synchronised A431 cells were incubated for one hour with BFA, fixed and analysed by 

immunofluorescence. The antibody specific for annexin A ll strongly decorated the 

midbody in BFA-treated cells (Figure 5.7 (a)). The immunostaining was proven specific 

for annexin A ll by pre-adsorption of the antibody with 1 Ox concentrated GST- 

annexin A ll affinity-purified protein before immunostaining. Annexin A ll signal was 

generally more intense than that detected in non-BFA treated cells, indicating an 

increased accumulation of annexin A ll at the midbody in BFA-treated cells. The 

localisation of annexin A ll to the midbody proved therefore to be BFA-insensitive, 

implying that the annexin is not likely to be transported with the membrane vesicles 

targeted to the midbody, but a component of the midbody matrix itself.

This idea was further supported by the observation that cells in cytokinesis co

stained for annexin A ll and the Golgi marker GM130 exhibited no co-localisation of 

annexin A ll and Golgi vesicles, which are thought to be the source of membrane for 

furrow ingression and abscission during cytokinesis (see Figure 5.7 (b)).
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Figure 5.7: Annexin A l l  strongly decorates the midbody in cells treated with BFA.

(a) Immunolocalisation o f  annexin A l l  in A431 cells during cytokinesis after BFA treatment. Cells were 
synchronised, treated with BFA for 1 hour, fixed and stained for annexin A l l  with an affinity-purified 
goat anti-human annexin A l l  antibody. Microtubules were stained with a mouse monoclonal anti-a- 
tubulin antibody. For the negative control, the antibody was pre-adsorbed with 1 Ox concentrated GST- 
annexin A l l  affinity-purified protein before immunostaining. Note that annexin A 11 concentrates in the 
midbody, located at the middle o f  the central spindle, but is absent in the negative controls (white 
arrows).

(b) Cells were treated as above and stained for annexin A 1 1 with an affinity-purified goat anti-human 
annexin A 1 1 antibody, for the microtubules with a rabbit polyclonal anti-a-tubulin  antibody, and for the 
Golgi apparatus with a mouse monoclonal anti-GM130 antibody. Annexin A l l  concentrates at the 
midbody (pink arrow), and in vesicular structures along the cytoplasm that are negative for GM130 
(white arrows).
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The localisation of annexin A ll at the midbody was compared to that of the 

actomyosin ring in A431 cells in cytokinesis (Figure 5.8). Annexin A11 concentrated in 

a disc concentric to the actomyosin ring and spanning its internal diameter.

/Annexin A ll

Actin Actin

. Merged Merged

Figure 5.8: Annexin A l l  localises in a disc at the center o f the actom yosin constriction ring 
assembled along the septum of cells in cytokinesis.

Synchronised and BFA-treated A431 cells were fixed and stained for annexin A l l  with an affinity- 
purified goat polyclonal anti-human annexin A 11 antibody, and for F-actin with TRITC-phalloidin. The 
picture shows a cell in cytokinesis (left) and a zoom-in across the cleavage furrow (right). Annexin A 1 1 is 
located in the center o f  the actomyosin contraction ring (pink arrow) formed along the furrow plane 
(white arrows).

Both in higher resolution images and in more advanced midbodies, it was possible 

to resolve annexin A ll into two parallel discs positioned at the centre of, and 

perpendicular to the central spindle, with the microtubule bundles seemingly emerging 

from the distal sides of the annexin discs (Figure 5.9).
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b
Annexin A ll

Microtubules

Figure 5.9: Annexin A l l  forms two parallel 
discs located at both sides o f the midbody, 
perpendicular to the central spindle.

A431 cells in cytokinesis were fixed and stained 
for annexin A l l  with an affinity-purified goat 
polyclonal anti-human annexin A l l  antibody (a 
and b), and for the microtubules with a mouse 
monoclonal anti-a-tubulin antibody (b only). In 
both pictures, the structure o f the two annexin A 1 1 
discs at the midbody is clearly visible (black and 
white arrows, respectively).

Merged

Annexin A ll was also observed as forming part of the midbody remnants that 

were found to connect two daughter cells even after they had undergone complete 

nuclear reassembly (Figure 5.10), and that lasted well into interphase. The annexin discs 

could be clearly seen capping the facing ends of the remaining microtubule bundles at 

the midbody remnants.

The existence of midbody remnants that form cytoplasmic bridges linking 

daughter cells after furrow ingression has previously been documented [271]. These 

links are thought to last from 1.5 to 5 hours before cell separation or abscission is 

completed.
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Annexin A ll Microtubules Merged

Figure 5.10: Annexin A l l  remains attached to the late midbody that connects two daughter cells 
after their nuclei have reassembled.

Synchronised A431 cells were fixed and stained for annexin A 1 1 with an affinity-purified goat polyclonal 
anti-human annexin A l l  antibody and for the microtubules with a mouse monoclonal anti-a-tubulin 
antibody. Two examples o f cells that have undergone complete nuclear reassembly after mitosis have 
been chosen. The annexin A 11 midbody discs, highlighted by white arrows, are still present at the 
midbody remnant.

To exclude the possibility that annexin A l l ’s localisation at the midbody was a 

peculiarity of A431 cells, immunofluorescence analysis of annexin A11 was performed 

in two other human cell lines, HeLa and HEp2 (Figure 5.11).

In both cases, the immunolocalisation of annexin A11 was very similar to that of 

A431 cells in cytokinesis, with the annexin signal concentrating strongly at the 

midbody, and displaying a vesicular pattern of staining along the cell body (Figure 

5.11 (a)). Also in agreement with previous observations in A431 cells (see Section 5.2), 

annexin A11 was detected at the regenerating nuclear envelope during NE reassembly 

in HEp2 cells during cytokinesis. Annexin A ll is apparent in these two cell lines, as in 

A431 cells, as two parallel discs at the centre of late midbody remnants in cells that had 

undergone reassembly of their nuclei but before final separation or abscission is 

completed (Figure 5.11 (b)). These observations prove that the localisation of annexin
I

A11 in cytokinesis is a conserved feature of different human cell lines.
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Figure 5.11: Annexin A l l  localisation at the midbody is conserved am ong different cell lines.

(a) HeLa and HEp2 human cell lines were collected in cytokinesis, fixed and stained for annexin A l l  
with an affinity-purified goat anti-human annexin A l l  antibody. The red arrows point to the protein 
localisation at the midbody, while the yellow arrows on the HEp2 cell indicate the annexin A l l  
localisation at the nuclear envelope during NE reassembly.

(b) Synchronised A431 cells were fixed and stained for annexin A l l  with an affinity-purified goat 
polyclonal anti-human annexin A 1 1 antibody and for the microtubules with a mouse monoclonal anti-a- 
tubulin antibody. Annexin A l l  can be detected in late midbodies o f  HeLa and HEp2 cell lines (white 
arrows) after the cells have undergone nuclear envelope reassembly but prior to abscission.
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5.4 Annexin A11 interaction with the mitotic kinesin CH01

CHOI is a member of the Mitotic Kinesin-Like Protein 1 (MKLPl) family of 

plus-end directed motor proteins known to localise to the spindle midzone and midbody, 

and to be capable of cross-linking and sliding antiparallel microtubules in vitro [272]. 

Members of this family include human MKLPl [272], C elegans ZEN4/CeMKLPl 

[273], and Drosophilapavarotti [274].

The MKLPl family of kinesins are involved in the formation/stabilisation of the 

midzone microtubules and in the transport of components essentia,l for midbody 

formation and for cytokinesis [261]. They are known to interact with microtubules and 

with several proteins required for cytokinesis, such as the aurora kinase AIR-2 [275], 

the Rbo GAP cyk-4 [276] and the small G-protein Arf3 [277]. CHOI and MKLPl are 

two simultaneously co-expressed isoforms of the same gene. Full-length CHOI contains 

the alternatively spliced F-actin-binding exon 18 [234] and has an essential role in the 

organisation of the midbody matrix and in the completion of cytokinesis [278].

The staining pattern of annexin A ll during cell division bears striking similarities 

to that reported for CHOI [278]. To investigate a possible relationship between these 

two proteins, we compared the localisation of annexin A ll with that of CHOI during 

the cell cycle, using an antibody specific for the full-length CHOI isoform [234] 

(Figure 5.12).

Both annexin A ll and CHOI are predominantly nuclear in interphase and 

prophase cells, and excluded from the nucleoli. In metaphase, CHOI localised along the 

microtubular spindle, while annexin A ll was initially distributed throughout the cell 

body, although with greater intensity along the spindle. The diffuse annexin A ll 

staining eventually concentrated together with CHOI at the spindle during late 

metaphase, and from anaphase through to cytokinesis, a marked co-localisation of both 

proteins along the central spindle microtubules and the midbody could be observed.
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Annexin A ll CHOI DNA Merged

Figure 5.12: Annexin A l l  co-iocaiises w ith C H O I d u ring  d iffe ren t stages o f  cell division.

A431 cells were synchronised in mitosis, fixed and stained for annexin A l l  with a mouse monoclonal 
annexin A 1 1 antibody, for CHOI with an affinity-purified rabbit anti-chicken CHOI antibody, and for 
DNA with PI. Cells at different stages o f the cell cycle are depicted. Both annexin A 1 1 and CHOI are 
located inside the nucleus and excluded from the nucleoli during interphase. During metaphase, CHOI 
rapidly relocates along the spindle, while annexin A l l  is dispersed within the cell body, with some 
enrichment around the spindle poles. Annexin A 11 eventually relocates to the spindle, and from that point 
onwards, both proteins extensively co-localise at the central spindle, concentrating at the midzone and 
localising to the midbody during cytokinesis (white arrows).
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Attempts to identify the components of the electron-dense midbody matrix located 

at the central spindle equator by midbody isolations and SDS-PAGE analysis have been 

carried out in the past [233, 279]. CHOI is so far the only protein characterised as a 

component of this matrix [280].

To investigate whether annexin A ll associates in a stable fashion with the 

midbody, A431 cells were synchronised, collected in cytokinesis, and midbodies were 

isolated. Immunofluorescence analysis of the isolated midbodies revealed the presence 

of both annexin A11 and CHOI at the midbody centre (Figure 5.13), indicating that the 

annexin is also a component of the midbody matrix.

Isolated Midbody

Figure 5.13: M idbodies isolated from  A431 cells contain  both annexin  A l l  and  C H O I.

A 431 cells were synchronised and collected in cytokinesis. An in vitro midbody isolation was prepared 
(see Materials and Methods, Section 2.11), adsorbed onto poly-lysine coated coverslips, and stained for 
annexin A 1 1 (green) with an affinity-purified goat polyclonal anti-human annexin A 1 1 antibody, for the 
spindles (blue) with a mouse monoclonal anti-a-tubulin antibody, and for CHOI (red) with an affinity- 
purified rabbit anti-chicken CHOI antibody. CHOI and annexin A l l  are clearly co-localising at the 
isolated midbody.

To examine whether annexin A ll and CHOI directly interact with one another, 

annexin A ll was immunoprecipitated from A431 cells that had either been 

synchronised in prometaphase after nocodazole treatment, or collected in cytokinesis. 

The immunoprecipitates were then resolved by SDS-PAGE and western blotted for 

CHOI and for annexin A11 to confirm approximately equal loadings (Figure 5.14).
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Figure 5.14: Annexin A l l  interacts with CHOI in cells during cytokinesis.

A431 cells were synchronised at proinetaphase with thymidine + nocodazole treatments, and 
subsequently collected or further incubated for 1 hour for an enrichment o f  cells in cytokinesis. Samples 
were lysed and annexin A l l  was immunoprecipitated with an affinity-purified goat polyclonal anti
human annexin A l l  antibody bound to protein G-Sepharose beads (see Materials and Methods, 
Section 2.16). A western blot was performed for the presence o f  the protein with an affinity-purified 
sheep anti-chicken annexin A l l  antibody, and for CHOI with an affinity-purified rabbit anti-chicken 
CHOI antibody. A band indicating that CHOI had been co-immunoprecipitated with annexin A l l  was 
observed in cells in cytokinesis, and was absent in cells blocked in prometaphase.

A band specific for CHOI was detected in cells in cytokinesis, but was absent in 

cells blocked in prometaphase, confirming a stable association of annexin A ll with 

CHOI during cytokinesis.

In a parallel experiment, annexin A ll was immunoprecipitated from A431 cells 

blocked in prometaphase, from cells in cytokinesis, and from untreated control cells. 

After SDS-PAGE, the immunoprecipitates were western blotted ,with an anti- 

phosphotyrosine antibody to detect any changes in the level of phosphorylation of 

annexin A ll, and with an antibody for annexin A11 to confirm equal loadings. Annexin 

A ll phosphorylation was found to be enhanced in cells in cytokinesis, raising the 

possibility that tyrosine-phosphorylation of the annexin contributes to the regulation of 

its function in the midbody and/or its interaction with CHOI.
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Figure 5.15: Annexin A l l  level o f phosphorylation is enhanced during cytokinesis.'

A 431 cells were synchronised in prometaphase with thymidine + nocodazole, and subsequently collected 
or further incubated for 1 hour for an enrichment o f  cells in cytokinesis. Collected cells were lysed and 
annexin A 1 1 was immunoprecipitated with an affinity-purified goat polyclonal anti-human annexin A 1 1 
antibody bound to protein G-Sepharose beads. A western blot was performed for the presence o f  the 
protein with an affinity-purified sheep anti-chicken annexin A l l  antibody, and for tyrosine- 
phosphorylation with a mouse monoclonal anti-phosphotyrosine antibody. The band corresponding to the 
phosphorylated form o f annexin A 1 1 is enhanced in cells in cytokinesis, compared with cells blocked in 
prometaphase, or left untreated.

We have shown in this Chapter that annexin A11, a predominantly nuclear protein 

in interphase cells, exhibits a tightly regulated pattern of localisation during cell 

division. This pattern tracks closely with that of the mitotic kinesin CHOI. Indeed, both 

proteins are found in isolated midbodies, indicating that both are components of the 

dense midbody matrix located at the equator of the central spindle during telophase and 

cytokinesis. Annexin A ll displays a distinctive morphology at the midbody, where it 

forms two parallel discs concentric to the actomyosin ring and perpendicular to the 

microtubule bundles. These appear to remain at the midbody as part of a remnant that 

connects two daughter cells after entry into interphase.

These experiments also showed that annexin A ll and CHOI associate during 

cytokinesis. The temporal specificity of this association could be explained by the 

tyrosine-phosphorylation of annexin A ll during this stage of the cell cycle. However, 

the interaction between annexin A11 and CHOI may not be direct. Indeed, the presence 

of several phosphotyrosine bands not corresponding to annexin A ll in the sample 

collected at cytokinesis of Figure 5.15, suggests the existence of a protein complex.

To further investigate the role of annexin A ll during cell division, RNA 

interference was used to depress the levels of annexin A11 in human cells.
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Chapter 6: Analysis of the Function of Annexin A11 in 

Human Ceils by RNA interference
RNA interference (or RNAi) is the process of sequence-specific post- 

transcriptional gene silencing, initiated by double-stranded RNA (dsRNA) [281]. It was 

first discovered in C. elegans, where dsRNAs were found to be at least ten times more 

potent at inhibiting gene expression than antisense RNA treatment [282]. The molecular 

mechanism of RNAi action remains a mystery, but the biological pathways underlying 

dsRNA gene silencing are likely to exist in many, if not all, eukaryotic organisms, from 

plants to mammals [283], where they are thought to act as a defence system protecting 

the cellular genome against foreign genetic elements.

The working model of action is that dsRNAs are recognised by an intrinsic
I

molecular machinery and processed by the RNase III family of enzymes into -22- 

nucleotide RNAs. These small interfering RNAs (siRNAs) lead an effector RNA- 

induced silencing complex (RISC) to homologous mRNA targets that are subsequently 

destroyed [283]. The use of RNAi technology was initially viewed as unworkable in 

mammals because of non-specific responses observed after dsRNA treatment. However, 

transfection of 21-nucleotide siRNA duplexes has now been shown to specifically 

suppress the expression of endogenous genes without the global effects of dsRNAs in 

mammalian cells [281].

The technology has now advanced where it is possible to permanently suppress 

the expression of a gene in mammalian cells, using vectors containing RNA polymerase 

III promoters [284]. Thus, RNAi not only constitutes a powerful tool for testing the 

function of individual genes, but may eventually become a highly specific treatment for 

an array of conditions such as cancer [285] and HIV [286].

In this Chapter, RNAi was performed into HeLa and A431 cell lines to transiently 

knockdown annexin A ll as a strategy to investigate the role/s of this protein in human 

cells. Cells were incubated with a 21 base pair RNA duplex corresponding to 

nucleotides 5’-Æ4gACggCTTACggCAAggATrr-3’ of the annexin A ll gene (see 

Materials and Methods, Section 2.17 for details on the experimental procedure).
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6.1 Annexin A ll  knockdown in HeLa cells

6.1.1 Annexin A ll is specifically depleted from HeLa cells upon 

treatment with siRNA

HeLa cells were exposed to siRNA specific for amiexin A ll for three days, 

followed by a second round of transfection and a further three days incubation in 

siRNA. This was established empirically as the optimal method of achieving maximal 

depletion of annexin A11 in this cell line.

To monitor the depletion of annexin A ll mRNA and evaluate the specificity of 

the treatment, samples were collected from cells treated with siRNA for five and six 

days, as well as for untreated cells. Total RNA was prepared from the samples, and RT- 

PCRs for annexin A11 and the closely related annexin A5 were performed (Figure 6.1). 

The level of annexin A ll mRNA was significantly reduced after 5-6 days RNAi 

treatment compared with the untreated cells. In addition, the level of annexin A3 mRNA 

remained unaffected. This result showed the effectiveness and specificity of the RNAi 

treatment for the depletion of annexin Al l .

annexin A ll

annexin A5

Untreated Day 5 Day 6

Figure 6.1: Annexin A l l  mRNA levels are specifically and significantly decreased in HeLa cells 
after treatment with siRNA.

HeLa cells were cultured in 24-well plates and treated with siRNA (see M aterials and Methods, 
Section 2.17). After 3 days o f incubation, cells were split and retransfected. Total RNA was extracted 
from samples taken after 5 and 6  days o f treatment, or for untreated cells. RT-PCR was subsequently 
performed for the amplification o f a 6 6 6  bp fragment corresponding to the N-terminus o f the human 
annexin A 11 gene, using primers H-Al 1-F (forward) and H-Al INt-R (reverse). Full length annexin A5 
coding sequence was amplified for control purposes. Note that the levels o f  annexin A l l  mRNA are 
significantly reduced by day 5, while the levels o f annexin A5 mRNA remained unchanged.

To confirm the above result at the translational level, cells were treated with 

annexin A ll siRNA, and samples were collected and analysed by SDS-PAGE and 

western blot (Figure 6.2). The level of annexin A11 decreased from day one in RNAi 

compared to the control untreated cells (wt), and this reduction continued during the
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following three days of treatment (Figure 6.2 (a)). By day four, the level of annexin A11 

was barely detectable.

Û
Days 1 2  3

^  Annexin A ll

a-Tubulin

Annexin A ll  

I-> a-Tubulin 

Annexin A1 

Annexin A5
I
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Figure 6.2: Western blots showing specific annexin A l l  depletion in HeLa cells after treatment with 
SiRNA.

(a) HeLa cells were cultured in 24-well plates and treated with siRNA (see Materials and Methods, 
Section 2.17). Samples were collected after 1 to 4 days o f  treatment, as well as for untreated cells, and 
analysed by western blot for annexin A l l  with an affinity-purified sheep anti-chicken annexin A ll  
antibody, and for a-tubulin to confirm equal loadings. The level o f  annexin A l l  was significantly 
reduced from day 1 compared to the untreated sample, and a further decrease can be observed during the 
following days.

(b) HeLa cells were treated with siRNA as above but after 3 days o f  incubation, cells were split and 
retransfected. Samples were taken for treated cells at 5 and 6  days, as well as for untreated cells, and 
analysed by western blot for annexin A 11 with affinity-purified sheep anti-chicken annexin A l l ,  for a -  
tubulin to confirm equal loadings, and for annexin A1 and annexin A5 to check for specificity o f  the 
annexin depletion. The level o f  annexin A 1 1 was significantly reduced com pared to the untreated sample, 
while the level o f annexin A 1 remained unchanged. The level o f  annexin A5 diminished slightly, 
probably due to effect o f annexin A 1 1 depletion on the cells.

To check for the specificity of RNAi treatment, samples from a parallel RNAi 

experiment were western blotted for annexin A11 and for two other annexins, annexin 

A1 and annexin A5 (Figure 6.2 (b)). The level of annexin A11 dropped drastically after
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six days of treatment, while the level of annexin A1 remained unaffected and the level 

of amiexin A5 exhibited a slight reduction, probably due to the effect of annexin A11 

depletion on the cells, as the level of annexin A5 mRNA did not change during the 

treatment (Figure 6.1).

Immunofluorescence analysis of cells after five days in annexin A ll siRNA 

(Figure 6.3 (a)) revealed a dramatic decrease in the fluorescence intensity for
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Figure 6.3: Immunofluorescence analysis o f annexin A l l  siRNA-treated HeLa cells.

HeLa cells were treated for 5 days with siRNA specific for annexin A 1 1 or annexin A5 (control), fixed 
and stained for annexin A 11 with a mouse monoclonal anti-human annexin A 11 antibody, and for DNA 
with PI (a), or for CHOI with an affinity-purified rabbit polyclonal anti-chicken CHOI antibody (b). Note 
that the green fluorescence corresponding to annexin A l l  is still present in cells treated with annexin A5 
siRNA, but has nearly disappeared in cells treated with annexin A 1 1 siRNA (a). Annexin A l l  is absent 
from the nucleus while CHOI localisation remains unaffected (b).
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annexin Al l ,  while control cells treated for five days with siRNA specific for annexin 

A5 did not display any reduction in the level of annexin A11 staining.

In Figure 6.3 (b), cells treated for five days with annexin A11 siRNA were fixed 

and stained for both annexin A ll and CHOI. While the fluorescence signal for 

annexin A11 was clearly reduced and virtually absent from the nucleus, the signal 

specific for CHOI remained unaltered.

A more detailed observation of the residual annexin A11 staining after five days 

siRNA treatment revealed that the remaining annexin A ll was located on the 

microtubular network (Figure 6.4). A similar result was obtained in cells treated with 

the apoptotic drug staurosporine (see Figure 4.23). Annexin A ll degradation was also 

observed under those conditions, and the residual immunofluorescence signal was 

located coincident with the microtubules.

Annexin A ll I Mlcrdtubules
f

Figure 6.4: R esidual annexin A l l  is located w ith the m icrotubules in siR N A -treated  H eL a cells.

HeLa cells were treated with annexin A l l  siRNA for 5 days and subsequently fixed and stained for 
annexin A 1 1 with a mouse monoclonal anti-human annexin A 1 1 antibody, for m icrotubules with a rabbit 
polyclonal anti-a-tubulin antibody, and for DNA with PI. A cell with a moderate decrease in annexin A ll  
levels is depicted. Note that the signal for annexin A l l  is nearly absent from the nucleus, and the 
remaining annexin A l l  fluorescence concentrates in vesicles that co-localise with the microtubules 
(white arrows).
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6.1.2 Depletion of annexin A ll by siRNA in HeLa cells causes death 

by apoptosis

In performing these experiments, it became clear from simply observing the 

cultures, that prolonged exposure to annexin A ll siRNA was apparently leading to a 

loss of cell viability. Indeed, by two morphological criteria, HeLa cells treated with 

annexin A11 specific siRNA were displaying clear signs of entry into apoptosis (see 

Figure 6,5).

. Annexin All  I Microtubules
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Figure 6.5: A nnexin A l l  siR N A -treated  H eLa cells show ed clear signs o f  entry in apoptosis.

(a) HeLa cells treated for 5 days with annexin A l l  specific siRNAs were fixed and stained for 
annexin A 1 1 with a mouse monoclonal anti-human annexin A 1 1 antibody, for m icrotubules with a rabbit 
polyclonal anti-a-tubulin antibody, and for DNA with PI. Condensed nuclei indicating early entry into 
apoptosis can be observed (white arrows).

(b) Day 6  siRNA-treated HeLa cells were trypsinised and stained with the cell dye S Y T 017. Extensive 
apoptotic blebbing (red arrows) was detected among these cells.
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After five days of treatment cells exhibited condensed nuclei (Figure 6.5 (a)), and 

after six days extensive blebbling was detected (Figure 6.5 (b)).

To investigate the apoptotic phenotype in greater detail, flow cytometry was 

performed on cells stained with propidium iodide (see Figure 6.6).
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F igure 6 .6 : FACS analysis of apopto tic  levels in annexin A l l  siR N A -depleted H eLa cells.

Samples o f HeLa cells treated with annexin A 1 1 siRNA were collected at regular intervals, and submitted 
to Fluorescence-Activated Cell Sorting analysis (see Materials and Methods, Section 2.18). Histograms 
corresponding to 0, 3, 5, and 6  days o f  treatment are shown in (a), both for annexin A 1 1 and annexin A5 
siRNA-treated cells (control). Note that the apoptotic hypodiploid peak increases notably during days 5 and 
6  for annexin A l l  siRNA-treated cells compared to the controls, (b) Graph showing the percentage o f 
apoptotic cells measured by FACS for annexin A 11 (red) and annexin A5 siRNA-treated cells (blue).
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A decrease in the 2n and 4n peaks in siRNA-treated cells was observed through 

day three to five post-transfection, together with a concomitant increase in the sub-2n 

hypodiploid pool, a diagnostic feature of apoptosis. Cells cultured in siRNA specific for 

annexin A5 showed no such changes (Figure 6.6 (a)). Quantification of the flow 

cytometry data revealed a time-dependent increase in the levels of apoptosis, that 

reached >70 % by day six in RNAi, by which time the cells were depleted of most of 

the annexin (Figure 6.6 (b)).

The high level of apoptosis detected in annexin All-depleted cells seems to 

indicate that this protein has an essential role in HeLa cells. Based on this discovery and 

the previous findings regarding the immunolocalisation of annexin A11 during cell 

division (Chapter 5), the effect of annexin A ll depletion on cell division was 

investigated in more detail.

6.1.3 Analysis of the effect of annexin A ll siRNA-depletion on cell 
division in HeLa celis

I
HeLa cells were fixed and analysed by immunofluorescence after two days of 

annexin A11 siRNA treatment, before entry into apoptosis. A large number of cells with 

abnormal multilobed nuclei were detected within the population of annexin Al l -  

depleted cells (Figure 6.7). The abnormal nuclei often consisted of two interconnected 

lobes of different sizes.

Lamin B DNA M erged

Figure 6.7: Defects linked with an abnormal mitosis can be detected in annexin A ll-d ep leted  HeLa 
cells.

HeLa cells were treated with annexin A 11 specific siRNAs. After 2 days, cells were fixed and stained for 
the nuclear envelope marker lamin B with a goat polyclonal anti-mouse lamin B antibody, and for DNA 
with PI. Cells with more than one nucleus showing disrupted nuclear morphology and abnormal nuclear 
sizes can be detected among the transfected cells.
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This phenotype could reflect defects in chromosome segregation, or a failure to 

re-establish a normal nuclear architecture and NE reassembly after cell division.

In addition, when cells undergoing cytokinesis were detected, they appeared to 

furrow normally but lacked the dense material located at the middle of the central 

spindle corresponding to the midbody matrix (Figure 6.8). The absence of the midbody 

matrix is clear when contrasted against control cells, in which immunostaining for 

a-tubulin is completely absent from the equator of the central spindle due to the 

inability of the antibody to access the microtubules through the matrix [278].

Lamm B I Microtubules

r icrotubules Merged

5pm

Figure 6.8: Annexin A l l  siRNA-depleted HeLa cells enter cytokinesis and furrow normally, but 
have abnormal central spindles lacking the mid body matrix.

(a) HeLa cells were treated with annexin A 1 1 specific siRNAs. After 2 days, cells were fixed and stained 
for the nuclear envelope marker lamin B with a goat polyclonal anti-mouse lamin B antibody, for 
microtubules with a mouse monoclonal anti-a-tubulin antibody, and for DNA with PI. Cells in 
cytokinesis that seem to furrow normally but do not have midbody matrix at the middle o f  the central 
spindle (white arrow) were observed in the transfected dish.

(b) Control untreated HeLa cells were fixed and stained for microtubules with a mouse monoclonal anti- 
a-tubulin antibody, and for DNA with PL A narrow band, corresponding to the midbody matrix, from 
which the a-tubulin  staining is absent, is a characteristic feature o f cells undergoing cytokinesis (white 
arrow).

These results indicate an essential role for annexin A11 in cytokinesis and perhaps

also reassembly of the nucleus after mitosis. To assess the generality of these

observations, and to eliminate the possibility that the effect of annexin A11 was specific

to HeLa cells, the same experiments were undertaken in the A431 cell line.
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6.2 Annexin A11 knockdown in A431 cells

6.2.1 Annexin A ll can be effectively depleted in the A431 cell line by 

siRNA treatment

A431 cells were transfected with siRNA specific for annexin Al l .  After three 

days of treatment, cells were displaying visible signs of entry into apoptosis; therefore, 

re-transfection of siRNA and further incubation were judged unnecessary.

Cell samples were collected after two and tliree days in siRNA, as well as for 

untreated wt cells and cells incubated for three days in oligofectamine reagent 

(controls). These were resolved by SDS-PAGE and analysed by western blot (Figure 

6.9).

wt +oligofect. d a y 2 RNAi d a y 3 RNAi

^ Annexin A ll

a-Tubulln

Figure 6.9: Western blot showing specific annexin A l l  depletion in A431 cells after treatment with 
SiRNA.

A431 cells were cultured in 24-well plates and treated with siRNA (see M aterials and Methods, 
Section 2.17). Samples were collected after 2 and 3 days for treated cells, as well as for untreated cells 
and control o 1 igofectamine-treated cells, and analysed by western blot for annexin A l l with an affinity- 
purified goat anti-human annexin A l l  antibody, and for a-tubulin to confirm  equal loadings. The level o f 
annexin A l l  was extensively reduced compared to the controls after 2 days o f  treatment confirming 
effective knockdown o f the protein.

The level of annexin A ll decreased notably compared to the controls after two 

days of treatment, and after three days, it was barely detectable. The kinetics of annexin 

A ll depletion appeared therefore more rapid in A431 than in HeLa cells. No reports 

have been published to date about the use of the A431 cell line for RNAi depletion 

studies, however, based on the results obtained for annexin A11, this cell line appears to 

be an excellent tool for this kind of experiment.
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6.2.2 Analysis of the phenotype of annexin A11-depleted A431 cells

Annexin A11-depleted A431 cells die by apoptosis

Consistent with previous observations in HeLa cells, depletion of annexin A ll in 

A431 cells caused death by apoptosis. This was investigated in more detail by FACS 

analysis of A431 samples collected from days one to four in annexin A ll siRNA, as 

well as for control oligofectamine-treated cells (Figure 6.10).
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Figure 6.10: Annexin A l l  siR N A -treated  A431 cells die by apoptosis.

A431 cells treated with annexin A 11 siRNA were collected at regular intervals, and submitted to FACS 
analysis. Histograms corresponding to 1-4 days o f treatment are shown in (a), together with 
oligofectamine-treated cells (control). The sub-2n peak specific for apoptotis increases substantially after 
3 days o f treatment, (b) Graph representing the relative percentage o f apoptotic cells measured by FACS 
for annexin A 11 siRNA-treated A431 cells.
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A decrease in the 4n mitotic peak was observed accompanied by a concomitant 

increase in the sub-2n peak specific for apoptosis (Figure 6.10 (a)). This indicates cell 

cycle arrest and cell death by apoptosis. Quantification of the hypodiploid apoptotic 

peak revealed that the cells reached -70 % apoptosis by day four of RNAi treatment, 

coinciding with maximal depletion of annexin A ll (Figure 6.10(b)). Eventual cell 

death by apoptosis is a shared characteristic of many depletion studies of proteins with 

roles in mitosis and cytokinesis [287-289].

Changes in cell morphology in annexin A11-depleted A431 cells

After two days of siRNA treatment, cells displayed a highly abnormal 

morphology characterised by cell bodies connected by long cytoplasmic extensions. 

This morphology was specific for annexin A11-depleted cells, and was not detected in 

control oligofectamine-treated cells, which formed ordered monolayers typical of 

untreated A431 cells (Figure 6.11).

Control Annexin All-depleted

F igure 6.11: Annexin A l l  siRNA trea tm en t induces profound m orphological changes in A431 cells.

A431 cells were treated with annexin A l l  specific siRNA (right), or with oligofectamine reagent 
(control, left). Transmission images o f  cells were taken after 2 days o f treatment. Contrbl A 431 cells form 
an ordered monolayer, while annexin A 11 -depleted cells remain linked by cytoplasm ic bridges (black 
arrows) and have a highly disturbed morphology.

To quantify the morphological changes observed in annexin A ll siRNA-treated 

cells, samples were collected after two to four days of treatment as well as for untreated 

and oligofectamine-treated cells, and analysed by FACS.
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Representation of the Forward Scatter (FSC) measured revealed that cells 

collected after two and three days of siRNA treatment were substantially larger than the 

controls (Figure 6.12). After four days in siRNA, the cell sizes detected were overall 

smaller than the controls, presumably the result of cell shrinkage due to the elevated rate 

of apoptosis at this time (Figure 6.10). '
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U n tre a te d  

I I Control (+oligofectamine)

□  Day 2 RNAi

□  Day 3 RNAi

□  Day 4  RNAi
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Figure 6.12: Measurement o f cell size variations on annexin A l l  siRNA-treated A431 cells by 
FACS.

Changes in forward scatter, indicating that siRNA-treated cells are substantially larger than the control 
cells, were detected by FACS analysis o f annexin A 1 1-depleted A 431 cells.

These results indicate that completion of cytokinesis is strongly impaired in

annexin A11-depleted cells, such that daughter cells clearly enter interphase while still

connected by abnormal cytoplasmic bridges that they are unable to resolve.

Abortive cytokinesis often results in furrow regression and cell binucleation.

However, cases in which daughter cells remain connected by bridge-like cytoplasmic

structures have previously been reported in [278] for cells transfected with mutant

CHOI lacking the ATP binding site and unable to concentrate in the midbody during

cytokinesis; in [290] for cells over-expressing the Rho inhibitory domain of Nir2, a

RhoA-binding protein that associates with the small GTPase in the cleavage furrow and

the midbody; in [291] for cells transfected with mutant glial fibrillary acidic protein

(GFAP), a type 111 IF protein that has to be phosphorylated in the furrow by Rho-kinase
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to ensure correct segregation of glial filaments; and in [264], by the blockage of the 

lipid PE with a PE-binding peptide and subsequent inhibition of the actomyosin 

contractile ring disassembly.

Immunofluorescence analysis of annexin A11-depleted A431 cells in 
cytokinesis

Annexin A11-depleted cells were fixed after two days of incubation with siRNA, 

and cells undergoing cytokinesis were analysed by immunofluorescence (Figure 6.13).

F igure 6.13: Annexin A ll-d ep le te d  A431 ceils in cytokinesis d isplay non-functional m idbodies w ith 
absen t m idbody m atrix .

A431 cells were treated with annexin A l l  specific siRNA (a), or with oligofectamine reagent alone 
(control, b), fixed and stained for the microtubules with a mouse monoclonal anti-a-tubulin antibody, and 
for DNA with PI. Annexin A 11-depleted cells have an abnormal accumulation o f  bundled microtubules at 
the middle o f  the central spindle (white arrow, top) and do not have intercellular dark bands 
corresponding to the midbody matrix (white arrow, bottom). On the other hand, control A431 cells 
always display a narrow dark gap in the central spindle between daughter cells in cytokinesis.

141



Analysis of the Function of Annexin A ll in Human Cells by RNA interference

Central spindle microtubule bundling and cleavage furrow ingression occurred 

normally in siRNA-treated cells, but the gap in the a-tubulin staining between daughter 

cells corresponding to the midbody matrix was completely absent in these cells when 

compared with the control oligofectamine-treated A431 cells. There also seemed to be 

an abnormal accumulation of microtubular bundles at the site where the midbody matrix 

would normally have been located. This result is very similar to one of the phenotypes 

identified in annexin A ll -depleted HeLa cells (Figure 6.8). The conclusion from these 

studies is that in distinct cell types, annexin A ll is required for the formation of the 

midbody matrix.

Another protein required for the formation of this matrix is CHOI. In [278], CHO 

cells treated with CHOI-specific siRNA that displayed a significant reduction in the 

level of CHOI, and cells over-expressing a mutant form of CHOI lacking its ATP 

binding site, were both found to furrow normally and form bundles of midzone 

microtubules, but the midbody matrix was absent during telophase and cytokinesis.

However, complete depletion of CHOI by RNAi did cause disorganisation of the 

midzone microtubule bundles in CHO cells, showing that CHOI is also involved in the 

maintenance of the central spindle organisation, as well as in the qiidbody matrix 

formation. This last phenotype was never observed in annexin A11-depleted cells, 

indicating that the function of annexin A ll is likely to be linked exclusively to the 

formation of the midbody matrix and completion of the terminal phase of cytokinesis.

6.3 Model of action of annexin A11 during cytokinesis

Based on the above results, it can be concluded that the depletion of annexin A ll  

in human cells leads to the absence of a midbody matrix, abortive cytokinesis leading to 

cells being linked by cytoplasmic bridges, and eventual cell death by apoptosis. This 

points towards an important role for the midbody, and not only the central spindle, in 

the completion of cytokinesis.

Based on the findings of this thesis, and work elsewhere, a molecular model of the 

last stage of cytokinesis is depicted in Figure 6.14. In this model, the microtubule 

bundles of the central spindle are maintained by the MKLPl family of kinesins, which 

are in turn regulated by midzone kinases such as polo and AIR-2 [261]. Kinesin-like 

proteins such as MKLPl/CHOI and Rab6-KIFL are also required for the microtubule- 

dependent transport of components essential for the completion of cytokinesis. These 

include the Rho GAP cyk-4 and the small G-protein Arf3, both of which interact with
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MKLPl/CHOI [276, 277], annexin Al l ,  which interacts with CHOI, and the small 

GTPase Rab6, which interacts with Rab6-KIFL [292].
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Figure 6.14: M odel of action o f annexin A l l  in the last phase of cytokinesis.
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Before the process of abscission can occur, the actomyosin ring, attached to the 

plasma membrane by anillin [293] and totally constricted by the action of RhoA and its 

downstream effectors [294], needs to be disassembled. The coordinate action of Rho- 

inhibitory proteins such as Nir2 [290], Rho GAPs such as cyk-4 [276], and actin- 

remodelling proteins such as cofilin [295] could mediate this disassembly.

New membrane deposition is also required for completion of cytokinesis [261]. 

This membrane could arise from Golgi-derived vesicles targeted to the furrow through a 

microtubule-dependent transport mediated by Arf3/CH01 [277] and Rab6/Rab6-KIFL 

[292], which can be disrupted by BFA. These vesicles would then fuse with the plasma 

membrane via a t-SNARE/v-SNARE interaction, the t-SNARE having been identified 

as syntaxinl [265]. The fusion process would be spatially constrained to the furrow by 

the regulatory action of molecules such as the septins, capable of interacting with the 

Sec6/8 or exocyst complex [261, 267].

After actomyosin ring disassembly, the plasma membrane must be tightly 

attached to the midbody for abscission to occur. CHOI has previously been suggested 

to be involved in establishing this connection [234], but it is not known how this kinesin 

is capable to bind to the cell membrane. The annexins are known to be Ca^ -̂dependent 

membrane-binding proteins [4]. Annexin A ll could therefore bind the plasma 

membrane and link it to both sides of the central spindle via its interaction with CHOI. 

The central spindle must then be pulled apart if both sides of the plasma membrane are 

to contact one another, in a process apparently controlled by the repositioning of one of 

the cell’s mother centrioles near the midbody and back to the cell centre [271]. This 

repositioning, which is dependent on the remodelling of the microtubule network, could 

also provide the necessary force for separating the two sides of the central spindle and 

for the final separation of the cell membrane. In the absence of annexin Al l ,  the central 

spindle formation and the actomyosin ring constriction are not affected, however, the 

two sides of the plasma membrane are not sufficiently closely apposed to fuse and the 

final abscission is impaired. This leads to cells being connected by intercellular bridges 

that stretch but cannot be severed.

Other functions of annexin A ll in the last phase of cytokinesis can also be 

envisaged, such as a direct involvement in the vesicle fusion process that integrates the 

necessary membrane for abscission, or a role in the rearrangement of the lipid 

components of the plasma membrane, which is known to be required for the 

disassembly of the actomyosin ring [264].
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Chapter 7: Conclusion
Annexins A7 and A il are structurally and evolutionarily closely related members 

of the annexin family, both sharing similar long GYP-rich N-terminal domains. This 

fact has contributed to the relatively late discovery of annexin A ll  as an individual 

family member, and has made annexin A11 one of the least studied members of the 

family to date. However, annexin A ll is of special interest among the vertebrate 

annexins because it is the common ancestor that gave rise to nine other annexins, and 

was only preceded in evolutionary terms by annexins A7 and A13, the letter of which is 

highly restricted in its pattern of expression, and is therefore likely to perform a very 

specialised function. Therefore, the physiological roles performed by this ubiquitously 

expressed annexin lie at the root of annexin function, and are likely to be of importance 

for the understanding of the cellular functions of other vertebrate annexins.

During this study, evidence has been discovered that links annexin A ll with a 

series of important cellular processes. While some of these activities are already 

associated with other annexins, others represent novel functions not previously 

described for any member of the annexin family. Immunofluorescence and 

immunoprécipitation techniques, in vivo localisation studies using GFP fusions, and the 

specific depletion of annexin A ll by RNA interference have all been successfully 

applied to the study of annexin A ll function in cultured cells.

A general pattern to emerge from this investigation is the close association of 

annexin A ll with the microtubular cytoskeleton and with different membranous entities 

in response to different stimuli or cellular states. This capacity is likely to be ultimately 

responsible for all the different possible functions proposed for annexin A ll in this 

thesis.

The recruitment of annexin A ll to cytoplasmic vesicle-like structures along 

microtubular strands suggests a role for this annexin in membrane trafficking steps that 

could be related to a possible role in membrane remodelling upon cell growth. 

Annexin A ll may contribute to the recruitment of specific factors to the vicinity of 

their site of action, or may be recruited itself to the cell membrane, where it could 

perform roles in the organisation of membrane domains, such as the establishment of 

links between the membrane and the microtubular cytoskeleton, perhaps involving 

interactions with specific phospholipids and signalling pathway effectors. The 

localisation of annexin A ll to specific membrane domains at the basolateral face of
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A431 cells, and the tendency of this annexin to relocate to plasma membrane patches 

upon elevation of intracellular calcium concentration reinforces the previous idea, and 

connects annexin A ll function with the regulation of signalling pathway cascades by 

calcium.

The long GYP-rich N-terminal domain of annexin A ll is most probably 

responsible for the interaction of annexin A ll with a number of protein ligands, of 

which S100A6, ALG-2 and, during this study, the kinesin-like protein CHOI, have now 

been identified. A detailed study of this domain, its three-dimensional structure and all 

its possible cellular ligands is therefore essential if we are to fully understand the 

physiological function of annexin A ll. The discovery of the localisation of S100A6 to 

the nuclear envelope of cells in culture, and the specific relocalisation of annexin A ll to 

the nuclear envelope under certain conditions, such as during NEB and NE reassembly 

or after elevation of the intracellular calcium levels, strongly suggest that annexin A ll  

plays important roles in nuclear envelope remodelling steps. These roles are likely to be 

tightly regulated by phosphorylation and could possibly be performed in conjunction 

with S100A6. The idea that annexin A ll has an important function in the NE is 

reinforced by the nuclear envelope defects detected among cells in which annexin A ll  

was specifically depleted.

Perhaps the most unexpected role of annexin A ll identified in this study has been 

its function in the terminal phase of cytokinesis. No other annexin has been 

demonstrated to function during cell division. However, the execution of abscission 

shares many characteristics with other processes involving membrane transport and 

remodelling steps. New membrane incorporation and a dynamic membrane 

rearrangement at the site of cell separation are both essential steps, with the 

microtubular central spindle being an instrumental factor for this fundamental process to 

occur.

The interaction of annexin A ll with the mitotic spindle, the midzone and the 

midbody, perhaps via its association with the kinesin-like protein CHOI, could 

represent a specialised form of annexin A ll recruitment to the microtubular network 

that would ensure the positioning of annexin A ll at the midbody during cytokinesis. At 

this location, annexin A11 may perform its general role in the process of membrane 

rearrangement at the cleavage furrow, or act as a link between the plasma membrane 

and the microtubular midbody. The discovery that annexin A ll has a role in the process 

of cell division during cytokinesis is consistent with the nuclear localisation of
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annexin A ll during interphase. Thus, it may be necessary to sequester the protein away 

from the cytoplasm once it has completed its role in cytokinesis, as has previously been 

suggested for other cytokinesis factors, such as pebble and anillin [296].

The studies performed in this thesis show that annexin A ll  is implicated in 

fundamental processes that lie at the heart of cellular physiology. It is therefore not 

surprising that depletion of annexin A ll in cultured cells by RNA interference leads to 

cell death by apoptosis. Depletion and knockout studies on other annexins have so far 

failed to identify essential roles for any member of the family, with the possible but 

controversial exception of annexin A7. The finding of an essential function for 

annexin A ll contrasts therefore with the generality of the previous observations for the 

rest of the members of the family.

With hindsight, the failure to generate a DT40 knockout cell line for annexin A ll ,  

described in the first part of this thesis, may be attributed directly to the essential 

function of annexin A ll later unveiled by the RNA interference depletion studies. 

While it might have been expected that at least one of the two annexin A ll alleles could 

be disrupted by targeted integration without affecting cell viability, the frequency or 

likelihood of targeted disruption might be severely reduced if haploinsufficiency meant 

that low levels of annexin A ll provoked serious problems with regard to cell growth 

and cell division.

While this thesis has underlined the importance of the roles performed by 

annexin A ll in the cell, and has provided new insight into the physiological functions 

of annexin A ll ,  numerous questions remain to be answered about the exact molecular 

nature and mechanisms of regulation of the interactions of annexin A ll  with its 

intracellular ligands and the microtubular cytoskeleton, and its functions in membrane 

transport and organisation during cell growth and cell division. For example, the 

association of annexin A ll with the microtubules during interphase could be explained 

if an interaction between annexin A ll and a motor protein distinct from the mitotic 

kinesin CHOI was discovered. The nature, and indeed the existence of such a molecule 

remain hypothetical.

The accumulation of annexin A ll in membrane domains at the basolateral face of 

A431 cells could also be further investigated by the biochemical isolation of non- 

caveolar rafts and immuno-electronmicroscopy with annexin A ll antiserum. The ability 

of annexin A ll to relocate to membrane patches in the presence of calcium could be 

due to the recognition by annexin A ll of phosphatidylinositol compounds or other
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molecules concentrated in specific membrane domains at the plasma membrane. A 

thorough investigation of the capacity of annexin A ll  to bind to phosphatidylinositides 

and lipid rafts in vitro, and in vivo using annexin A11-GFP fusion constructs, could help 

clarify the relationship between annexin A ll and membrane subdomains.

Another point to be addressed is the function of annexin A ll at the nuclear 

envelope. While the re-localisation of annexin A ll  to the nuclear envelope has been 

observed after ionomycin and thapsigargin treatment, and during NEB and NE 

reassembly, the purpose of this re-localisation is unknown. The identification of other 

annexin A ll and/or S100A6 ligands at the nuclear envelope could give clues towards 

the understanding of the role of annexin A ll at this membranous compartment.

The molecular mechanism of annexin A ll  action during the latter stages of 

cytokinesis is also in need of further investigation. The use of annexin A11-GFP fusions 

for live imaging of annexin A ll localisation during the process of cell division, together 

with a thorough investigation of the nature of the annexin A11-CHOl interaction during 

cytokinesis, and the possible discovery of other annexin A11 protein and lipid ligands at 

the midbody, are all necessary steps to address this questions.

Finally, the technique of RNA interference for the depletion of annexin A ll in 

cultured cells, together with the possible use of some of the annexin All-GFP 

constructs as dominant negative factors to block annexin A ll function, represent 

powerful tools for testing the different physiological functions for annexin A ll, that 

arise as a consequence of work in this thesis.
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