
Regulation of Sphingosine Kinase 1 Signalling by 
Calcium- and Integrin-binding Proteins

Kate E. Jarman

Discipline of Biochemistry, School of Molecular and Biomedical Science

University of Adelaide

Presented for the degree of Doctor of Philosophy

June, 2010



ii

Table of Contents

Title Page…………………………………………………………………………….. i

Table of Contents……………………………………………………………………..ii

Table of Figures……………………………………………………………………… vi

Abbreviations ………………………………………………………………………...x

Abstract……………………………………………………………………………….xii

Declaration…………………………………………………………………………....xiv

Acknowledgements………………………………………………………………….. xv

Chapter 1: Introduction……………………………………………………………. 1

1.1 Sphingosine 1-Phosphate as a Signalling Molecule……………………….. 1

1.2 The Sphingolipid Metabolic Pathway………………………………………2

1.3 Enzymology of SKs………………………………………………………... 4

1.4 S1P Signalling …………………………………………………………….. 6

1.5 SK1 and S1P in Platelet Aggregation……………………………………… 9

1.6 SK1 and Disease…………………………………………………………… 10

1.7 Activation of SK1 in Cells………………………………………………….14

1.8 SK1 Activation and Oncogenic Signalling…………………………………15

1.9 SK1 Translocation ………………………………………………………… 16

1.10 Translocation Mechanism of SK1 to the Plasma Membrane……………….16

1.11 CIB1, a CaM-like Molecule, also Interacts with SK1……………………... 19

1.11.1 CIB1 …………………………………………………………………………… 19

1.11.2 Structural Characterisation of CIB1………………………………………. 20

1.11.3 The Function of CIB1 in Platelet Activation……………………………… 22

1.11.4 Other CIB1 Interacting Proteins…………………………………………… 23

1.11.5 CIB1 Knock-out Mice………………………………………………………… 27

1.11.6 CIB1 may Function as a Calcium-Myristoyl Switch Protein……………. 27

1.11.7 Does CIB1 Function to Translocate SK1 to the Plasma Membrane?.... 28

1.11.8 CIB1 Homologs……………………………………………………………….. 29

1.12 Hypothesis…………………………………………………………………. 31

1.13 Aims……………………………………………………………………….. 31



iii

Chapter 2: General Materials and Methods……………………………………….32

2.1 Cell Culture…………………………………………………………………32

2.2 Generation of Pooled Stable Cell Lines…………………………………… 32

2.3 Generation of Expression Constructs……………………………………….33

2.3.1 CIB1 Expression Constructs………………………………………………... 33

2.3.2 CIB2 Expression Construct…………………………………………………. 34

2.3.3 CIB3 Expression Constructs………………………………………………… 34

2.3.4 CIB4 Expression Constructs………………………………………………....35

2.4 Generation of Recombinant GST-CIB1, GST-CIB2, GST-CIB3 

and GST-CIB4 …………………………………………………………….. 35

2.5 Pull-Down Analyses……………………………………………………….. 36

2.6 Western Blotting…………………………………………………………… 36

2.7 Antibodies…………………………………………………………………..37

2.8 Affinity Purification of CIB1 Antibodies…………………………………. 37

2.9 Immunoprecipitation………………………………………………………..38

2.10 Detection of CIB Myristoylation…………………………………………... 38

2.11 Immunofluorescence………………………………………………………..39

2.12 siRNA Knock-Down of CIB1………………………………………………40

2.13 Quantitation of S1P…………………………………………………………40

2.14 ����-Induced Apoptosis………………………………………………….. 41

2.15 �����	
���
��ssay………………………………………………………41

2.16 Focus Formation…………………………………………………………… 41

Chapter 3: Translocation of Sphingosine Kinase 1 to the Plasma Membrane is 

Mediated by Calcium- and Integrin-Binding Protein 1…………………………..43

3.1 Abstract……………………………………………………………………..43

3.2 Introduction…………………………………………………………………44

3.3 Results and Discussion…………………………………………………….. 45

3.3.1 CIB1 is a SK1-Interacting Protein…………………………………………..45

3.3.2 CIB1 Interacts at the ‘CaM-binding site’ of SK1………………………… 48

3.3.3 CIB1 Acts like a Ca2+

3.3.4 CIB1 Mediates Translocation of SK1 to the Plasma Membrane……….. 50

-Myristoyl Switch Protein…………………………..49

3.3.5 Expression of Non-Myristoylated CIB1 Prevents SK1 Translocation…. 51



iv

3.3.6 Knock-Down of CIB1 or Expression of Dominant-Negative CIB1

��������	
���	�������������	��	����-Induced Apoptosis……………….52

3.3.7 CIB1 Expression Induces Neoplastic Transformation of NIH3T3 

Cells in an SK1-dependent Manner………………………………………… 53

3.3.8 Dominant-Negative CIB1 Inhibits Ras-Induced Neoplastic 

Transformation of NIH3T3 Cells…………………………………………… 53

3.4 Conclusions and Implications of this Study………………………………...54

Chapter 4: The CIB1 Isoform, CIB2, Acts as an Endogenous Inhibitor of SK1 

Translocation…………………………………………………………………………56

4.1 Abstract……………………………………………………………………. 56

4.2 Introduction…………………………………………………………………57

4.3 Results and Discussion…………………………………………………….. 58

4.3.1 CIB2 Interacts with SK1………………………………………………………58

4.3.2 CIB2 Interacts with both Phosphorylated and Non-Phosphorylated 

SK1……………………………………………………………………………… 59

4.3.3 CIB2 Interacts in the CaM/ CIB1 Binding Site of SK1…………………...59

4.3.4 CIB2 is Myristoylated…………………………………………………………60

4.3.5 CIB2 Does Not Act Like a Ca2+

4.3.6 Overexpression of CIB2 Inhibits Agonist-Induced Translocation 

-Myristoyl Switch……………………….. 60

of SK1 to the Plasma Membrane…………………………………………… 61

4.3.7 Overexpression of CIB2 Enhances Cell Susceptibility to 

����-Induced Apoptosis……………………………………………………. 62

4.3.8 Expression of CIB2 Inhibits Ras-Induced Neoplastic Transformation 

of NIH3T3 Cells………………………………………………………………. 62

4.4 Conclusions ……………………………………………………………….. 63

Chapter 5: Characterisation of CIB3 and CIB4 and their Interactions 

with SK1………………………………………………………………………………65

5.1 Abstract……………………………………………………………………..65

5.2 Introduction…………………………………………………………………66

5.3 Results and Discussion…………………………………………………….. 67

5.3.1 CIB3 and CIB4 Interact with SK1………………………………………….. 67



v

5.3.2 CIB3 and CIB4 Interact with both Phosphorylated and 

Non-Phosphorylated SK1……………………………………………………. 68

5.3.3 CIB3 and CIB4 Interact in the CaM/ CIB1 Binding Site of SK1………. 69

5.3.4 CIB3 and CIB4 are Myristoylated…………………………………………. 69

5.3.5 CIB3 and CIB4 do not appear to Act Like Ca2+

5.3.6 Expression of CIB4 Inhibits Agonist-Induced Translocation of SK1

-Myristoyl Switches….. 70

to the Plasma Membrane…………………………………………………… 71

5.3.7 Expression of CIB4 Enhances Cell Susceptibility to TNF-�-Induced 

Apoptosis………………………………………………………………………. 72

5.3.8 CIB4 Transforms Cells in an SK1-Independent Fashion ………………. 73

5.4 Conclusions ……………………………………………………………….. 74

Chapter 6: Sphingosine Kinase is Critical in Collagen-Induced Platelet 

Aggregation………………………………………………………………………….77

6.1 Abstract……………………………………………………………………..77

6.2 Introduction…………………………………………………………………78

6.3 Specific Materials and Methods…………………………………………….81

6.3.1 Preparation of Platelets from Human Whole Blood………………………81

6.3.1a Buffers………………………………………………………………………81

6.3.1b Procedure…………………………………………………………………. 82

6.3.2 Platelet Aggregation ………………………………………………………… 82

6.3.3 Fibrinogen Binding Assay…………………………………………………... 83

6.4 Results …………………………………………………………………….. 83

6.4.1 SK Inhibitors Attenuate Collagen-Induced Platelet Aggregation……… 83

6.4.2 SK Inhibitors do not affect ADP-Induced Platelet Aggregation ………. 84

6.4.3 Inhibition of the S1P Receptor S1P2

Platelet Aggregation………………………………………………………… 84

Inhibits Collagen-Specific

6.4.4 Evaluation of Fibrinogen Binding upon SK Inhibition…………………...85

6.4.5 Evaluation of Fibrinogen Binding upon S1P2

6.5 Discussion…………………………………………………………………..86

Antagonism………………86

Chapter 7: General Discussion……………………………………………………..90

7.1 Aims of this Study…………………………………………………………. 90

7.2 CIB1 Mediates SK1 Translocation and Oncogenic Signalling……………. 90



vi

7.3 Does CIB1 Mediate Other Signalling Events Associated with S1P 

Production?.................................................................................................... 97

7.4 CIB2 Acts as an Endogenous Inhibitor of SK1 Translocation……………. 99

7.5 Potential Therapeutic Applications…………………………………………101

7.5.1 SK1 Inhibitors and cancer…………………………………………………… 101

7.5.2 Targeting SK1 Translocation as a cancer Therapeutic…………………..102

7.6 Functions of CIB3 and CIB4 with Respect to SK1………………………... 103

7.7 SK1, S1P2

7.7.1 Do SK1 and CIB1 Together regulate Platelet Aggregation?.................. 107

and Platelet Activation………………………………………… 105

7.8 Concluding Remarks………………………………………………………..109

Appendix 1……………………………………………………………………….111

References………………………………………………………………………..124









vii

List of Figures

Chapter 1: Introduction

Figure 1.1 The Sphingomyelin Cycle regulates intracellular levels of S1P....... 2a

Figure 1.2 Two isoforms, SK1 and SK2 exist for human sphingosine

kinase.............................................................................................. 4a

Figure 1.3 G protein-based pathways of transduction utilised by S1P 

receptors........................................................................................... 7a

Figure 1.4 S1P is thought to have dual actions, potentially acting both 

inside and outside of cells..................................................................8a

Figure 1.5 Proposed models for Ca2+

Figure 1.6 Model for the SK1-mediated anti-apoptotic signalling through 

mobilisation upon activation of SK1.......9a

the TNF-� receptor............................................................................ 15a

Figure 1.7 Mechanism for SK1 oncogenic signalling.........................................16a

Figure 1.8 Structural characterisation of CIB1.................................................. 21a

Figure 1.9 The proposed Ca2+

Figure 1.10 Multiple sequence alignment of the CIB isoforms with CnB........... 29a

-myristoyl switch mechanism..............................28a

Chapter 3: Translocation of Sphingosine Kinase 1 to the Plasma Membrane is 

Mediated by Calcium- and Integrin-Binding Protein 1

Figure 3.1 CIB1 interacts with SK1................................................................... 46a

Figure 3.2 Effect of metal ions and SK1 phosphorylation on the 

CIB1-SK1 interaction........................................................................ 47a

Figure 3.3 CIB1 interacts with SK1 in its ‘CaM’ binding site........................... 48a

Figure 3.4 CIB1 is myristoylated........................................................................50a

Figure 3.5 CIB1 translocates to the plasma membrane upon induction 

of a Ca2+

Figure 3.6 CIB1 acts like a Ca

flux..................................................................................... 50b
2+

Figure 3.7 CIB1 and SK1 co-localize at the plasma membrane following 

-myristoyl switch............................................. 50c

agonist stimulation.............................................................................51a

Figure 3.8 CIB1 mediates the agonist-dependent translocation of SK1 

to the plasma membrane.................................................................... 51b

Figure 3.9 Knock-down of CIB1 does not affect ERK activation ..................... 51c



viii

Figure 3.10 CIB1 knock-down inhibits agonist-induced S1P generation.............51d

Figure 3.11 Non-myristoylated CIB1 blocks endogenous SK1 translocation...... 51e

Figure 3.12 CIB1 knock-down 
�����
���
�������
�����������������-induced 

apoptosis........................................................................................... 52a

Figure 3.13 Use of a dominant-negative CIB1 enhances cell susceptibility 

�������-induced apoptosis............................................................... 52b

Figure 3.14 Enhanced cell s���
�����������������-induced apoptosis in 

CIB1 knock-down cells is mediated through the ���� pathway..... 53a

Figure 3.15 CIB1 induces neoplastic transformation of NIH3T3 cells in an 

SK dependent manner........................................................................53b

Figure 3.16 Expression of a non-myristoylated dominant-negative CIB1 

blocks Ras-induced neoplastic transformation of NIH3T3 cells.......54a

Figure 3.17 Proposed model of phosphorylation- and CIB1-dependant 

translocation of SK1 to the plasma membrane..................................54b

Chapter 4: CIB2 Acts as an Endogenous Inhibitor of SK1 Translocation

Figure 4.1 CIB2 interacts with SK1....................................................................58a

Figure 4.2 CIB2 interacts with SK1 independent of metal ions......................... 58b

Figure 4.3 Further characterisation of the CIB2-SK1 interaction.......................60a

Figure 4.4 CIB2 is myristoylated........................................................................60b

Figure 4.5 CIB2 does not act like a Ca2+

Figure 4.6 Expression of CIB2 blocks agonist-induced translocation 

-myristoyl switch................................ 61a

of endogenous SK1........................................................................... 61b

Figure 4.7 �����
�����
���
�������
�����������������-induced apoptosis.........62a

Figure 4.8 CIB2 blocks the Ras oncogenic pathway.......................................... 63a

Chapter 5: Characterisation of CIB3 and CIB4 and their interactions with SK1

Figure 5.1 CIB3 and CIB4 interact with SK1.....................................................68a

Figure 5.2 CIB3 and CIB4 interact with SK1 independent of metal ions.......... 68b

Figure 5.3 Further characterisation of the CIB3- and CIB4-SK1 interactions... 69a

Figure 5.4 CIB3 and CIB4 are myristoylated..................................................... 69b

Figure 5.5 CIB3 and CIB4 do not act like Ca2+-myristoyl switches...................70a



ix

Figure 5.6 Expression of CIB4, but not CIB3 blocks agonist-induced 

translocation of endogenous SK1...................................................... 71a

Figure 5.7 CIB4, but not CIB3, enhances cell susceptibility to 

����-induced apoptosis................................................................... 73a

Figure 5.8 CIB4 transforms cells independent of the SK signalling pathway.... 73b

Figure 5.9 Neither CIB3 nor CIB4 affect the Ras oncogenic pathway...............74a

Chapter 6: Sphingosine Kinase is Critical in Collagen-Induced Platelet Aggregation

Figure 6.1 Platelet aggregation upon increasing concentrations of agonist 

stimulation......................................................................................... 83a

Figure 6.2 SK1 inhibition prevents collagen-mediated platelet aggregation......84a

Figure 6.3 SK1 inhibition has no effect on ADP-mediated platelet 

aggregation........................................................................................ 84b

Figure 6.4 S1P2

Figure 6.5 The effects of DMS, SK-I and JTE-013 on Oregon-green

prevents collagen-mediated platelet aggregation......................

85a

Fibronogen binding following high and low agonist stimulations...85b

Chapter 7: General Discussion

Figure 7.1 Amino acid residues in CaM required for W7 binding, conserved 

in CIB1.............................................................................................. 92a

Figure 7.2 CIB1 gene expression is elevated in some naturally occurring

tumours............................................................................................ 95a

Figure 7.3 Proposed model for the concerted regulation of SK1 translocation 

by CIB1 and CIB2............................................................................. 100a



x

Abbreviations

ABC; ATP Binding Cassette
AC; Adenylate Cyclase
ACD; Acid Citrate Dextrose
ADP; Adenosine diphosphate
ATP; Adenosine triphosphate
AML; Acute myeloid leukaemia
BAL; Broncho-alveolar lavage
BAPTA/AM; 1,2-bis(2-aminophenoxy)ethane-N,N,N��N

BSA; Bovine serum albumin

�-tetraacetic acid 
tetra(acetoxymethyl) ester

CaM; Calmodulin
Cdc42; Cell Division Cycle 42 (GTP binding protein)
CHX; Cycloheximide
CIB; Calcium-and-integrin binding protein 
CML; Chronic myeloid leukaemia
CRP; Collagen-related peptide
DNA-PKCS; 
DMS; ���-dimethylsphingosine

DNA-dependent protein kinase

DTT; Dithiothreitol
EGF; Epithelial growth factor
ER; Endoplasmic reticulum
ERK1/2; Extracellular Signal Regulated Kinase 1/ 2
ESTs; Expressed sequence tags
FAK; Focal Adhesion Kinase
FLNa; Filamin A
GFP; Green Fluorescent Protein
GPVI; Plycoprotein VI
GSH; Glutathione-sepharose
GST; Glutathione S-transferase
HA; Hemaglutanin
HDL; High density lipoproteins
HEK293; Human Embryonic Kidney 293 cells
Hrg; Heregulin
HRP; Horseradish Peroxidase
ICAM; Intercellular Adhesion Molecule
ICRAC; Intracellular Calcium Release-activated Calcium Current
InsP3;
IPTG; Isopropyl 1-thio-�-D-galactopyranoside

Inositol 1,4,5-triphosphate

JNK; Jun N-terminal Kinase
KIP; Kinase Interacting Protein
LDL; Low density lipoproteins
LPA; Lysophosphatidic acid
LPP; Lipid Phosphate Phosphatase
MAPK; Mitogen-activated Protein Kinase
MEFs; Mouse embryonic fibroblasts
NBR1; Next to BRCA1
NCS; Neuronal calcium sensor



xi

NGF; Nerve Growth Factor
NMR; Nuclear magnetic resonance
OG-FNG; Oregon-green fibrinogen
OVA; Ovalbumin
PA; Phosphatidic acid
PBS; Phosphate-buffered saline
PAK; P21-activated kinase
PCR; Polymerase chain reaction
PDGF; Platelet-derived Growth Factor
PI3K; Phosphatidyl inositol-3-kinase
PLC; Phospholipase C
PMA; Phorbol 12-myristate 13-acetate
PPP; Platelet poor plasma
PRP; Platelet rich plasma
PS; Phosphatidylserine
PS2; Presenilin 2
PWB; Platelet wash buffer
RT-PCR; Reverse transcriptase PCR
TNF-� � Tumour Necrosis Factor-�
TRAF2; Tumour Necrosis Factor-� Receptor-associated Factor 2
TRAP; Thrombin Receptor-activating Protein
siRNA; Small interfering RNA
SDS; Sodium dodecyl sulfate
SDS-PAGE; Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SH3; Src homology 3
SK1/2; Sphingosine Kinase 1/2
S1P; Sphingosine-1-phosphate
S1P1-5
SPP1/2; S1P phosphatases 1/ 2

; Sphingosine-1-phosphate receptors 1-5

VEGF; Vascular Endothelial Growth Factor
VCAM; Vascular Cell Adhesion Molecule
WASP; Wiskott-Aldrich Syndrome Protein
W7; N-(6-Aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride



xii

Abstract

Sphingosine kinase 1 (SK1) catalyses the conversion of sphingosine to sphingosine-1-

phosphate (S1P).  Since elevated levels of cellular S1P have a well characterised pro-

survival, pro-proliferative and oncogenic effect in cells, the regulation of SK1 activity is the 

subject of much current focus.  Cells typically have low basal levels of SK1 activity, which 

appears to have a 'housekeeping’ role in the sphingomyelin cycle.  However, the catalytic 

activity of this enzyme can be increased by a number of growth factors, cytokines and other 

agonists, generating a greater pool of S1P, which then appears to be involved in its cellular 

signalling. 

The Pitson group have previously demonstrated that the agonist-induced activation of 

human SK1 is mediated through phosphorylation of this enzyme at Ser225. Following this 

phosphorylation, SK1 translocates from the cytosol to the plasma membrane, with both of 

these events critical for the pro-survival, anti-apoptotic and oncogenic effects of this 

enzyme.  Prior to the current study, the mechanism for the rapid, agonist-induced 

translocation of SK1 to the plasma membrane remained undetermined.  Previous studies 

have demonstrated the requirement of the calmodulin binding site in SK1 for this 

translocation event, however a direct requirement for calmodulin itself has yet to be shown.

In this study, we show that calcium- and integrin-binding protein 1 (CIB1), a calmodulin-

like molecule, mediates the agonist-induced translocation of SK1 to the plasma membrane.  

We also demonstrate the ability of CIB1 to act as calcium-myristoyl switch, providing a 

functional mechanism by which it can mediate SK1 localisation to the plasma membrane.  

In addition, CIB1 was shown to be critical for the agonist-induced production of S1P and 

also the anti-apoptotic signalling associated with SK1.  Furthermore, CIB1 itself was shown 

to be potentially oncogenic, and a dominant-negative version of CIB1 was also able to 

inhibit H-Ras-induced oncogenesis. 

These studies have also investigated the three other members of the CIB family of proteins, 

CIB2, CIB3 and CIB4 and their roles in regulating SK1 localisation and subsequent 

signalling events.  While CIB1 was critical for the agonist-induced translocation of SK1 to 

the plasma membrane, CIB2 acted in an opposite manner, blocking the translocation of this 



xiii

enzyme.  Furthermore, expression of CIB2 enhanced cellular apoptosis, presumably through 

its inhibitory effects on the SK1 survival pathway.  In addition, CIB2 blocked H-Ras 

mediated oncogenesis.  Hence, CIB1 and CIB2 appear to have opposing roles in the cell in 

relation to the regulation of SK1 signalling.  CIB3 and CIB4 also appeared to interact with 

SK1 in vitro, however the cellular function of these interactions was not elucidated in this 

study.  Interestingly, despite having considerable sequence similarity to CIB1 and CIB2, 

neither protein acted in a similar manner to either CIB1 or CIB2 with respect to SK1 

function.  While CIB3 did not appear to have any role in the SK1 signalling pathway, 

studies suggested CIB4 likely to have additional binding partners in the cell masking the 

ability to determine the biological function of the CIB4-SK1 interaction.

Overall, this study identified both the translocation mechanism of SK1, in addition to a 

natural suppressor of this event.  As the localisation of SK1 at the plasma membrane is 

critical in the oncogenic signalling of this enzyme, these findings may represent potential 

new directions for anti-cancer therapeutics.
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