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Abstract

Eukaryotic cells are characterized by the presence of membrane-bound organelles. Close proximity

between organelles has been observed for decades, but only recently we have really started to un-

derstand the importance of these contacts for cellular function. These contacts consist of areas of

close apposition between the membranes of two organelles, and are the platform for the exchange of

metabolites and signals which are essential for the normal function of the organelles. One of the most

prominent inter-organelle contact is the one established between the endoplasmic reticulum (ER) and

mitochondria. ER-mitochondria contacts are formed in a specialized region in the ER membranes

known as Mitochondria-Associated Membranes (MAM), which mediates the exchange of lipids and

Ca2+ between the two organelles. Mitochondrial Ca2+ activates several metabolic enzymes in the

mitochondrial matrix, therefore the flux of Ca2+ from ER to mitochondria is essential to maintain a

normal mitochondrial metabolism and oxidative phosphorylation. Reducing Ca2+ flux to mitochon-

dria by increasing ER-mitochondria distance or blocking Ca2+ channels at the MAM compromises

cellular metabolism due to reduced mitochondrial energy production. However, if mitochondria are

overloaded with Ca2+, cell death pathways are activated. To regulate this exchange, the MAM is pop-

ulated by proteins that control its structure and function. Some of them are tethers that form physical

proteinaceous bridges between ER and mitochondria membranes; others participate in the transfer of

lipids or Ca2+, like Ca2+ channels. One notable group ofMAM regulatory proteins are ER chaperones

and oxidoreductases, the proteins responsible for one of the main functions of the ER: the folding

and maturation of newly synthesized proteins. Chaperones like BiP and Calnexin bind to recently

synthesized peptides imported to the ER to assist on the folding and assembly of mature proteins,
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and prevent the aggregation of misfolded proteins. Oxidoreductases like ERp57 and TMX1 assist

chaperones by catalyzing the formation, reduction and isomerization of disulfide bonds by oxidizing

and reducing cysteines in the target protein. These chaperones and oxidoreductases regulate MAM

function by binding and/or chemically modifying tethers and Ca2+ channels, regulating the extent and

distance of ER-mitochondria contacts, and the intensity of the release of Ca2+ from the ER.

In this work, we describe the role of the chaperone Calnexin and the oxidoreductase TMX1 in the reg-

ulation of MAM function. We found that Calnexin and TMX1 regulate the ER Ca2+ pump SERCA,

responsible for the loading of Ca2+ in the ER, therefore controlling the amount of Ca2+ available

for Ca2+ flux at the MAM. In addition, they regulate MAM formation, controlling the extent and

distance of ER-mitochondria contacts. The effect of Calnexin and TMX1 in ER Ca2+ loading and

ER-mitochondria distance results in the regulation of Ca2+ flux to mitochondria, mitochondrial Ca2+

content, and mitochondrial metabolism.

We also explored the role of the ER-mitochondria tether Mitofusin-2 in the regulation of MAM func-

tion. Mitofusin-2 connects ER and mitochondria together, but the loss of Mitofusin-2 activates an

adaptive rescue mechanism that results in increased ER-mitochondria contacts and enhanced mito-

chondrial metabolism. These adaptations are characterized by the activation of ER stress signalling

pathways and rearrangement of MAM protein composition.

Taken together, this doctoral thesis provides new knowledge about the role of Calnexin, TMX1 and

Mitofusin-2 in the regulation of MAM tethers and Ca2+ channels, their impact on ER-mitochondria

contact formation and Ca2+ flux to mitochondria, and ultimately their role in the regulation of mito-

chondrial function. These results provide new links between ER protein folding and energy production

in the cell.

iii



Preface

Chapter 3 of this thesis has been published in Raturi, A.; Gutiérrez, T.; Ortiz-Sandoval, C.; Ruangkit-

tisakul, A.; Herrera-Cruz, M. S.; Rockley, J. P.; Gesson, K.; Ourdev, D.; Lou, PH.; Lucchinetti,

E.; Tahbaz, N.; Zaugg, M.; Baksh, S.; Ballanyi, K. & Simmen, T. “TMX1 determines cancer cell

metabolism as a thiol-based modulator of ER-mitochondria Ca2+ flux”. The Journal of Cell Biology,

2016; 214:433-444. A. Raturi and I were responsible for the experimental design, data collection,

data analysis, and manuscript writing, and contributed equally to the work. C. Ortiz-Sandoval assisted

with the co-immunoprecipitation experiments and electron microscopy data analysis. N. Tahbaz as-

sisted with the electron microscopy experiments and data collection. E. Lucchinetti, PH. Lou and M.

Zaugg assisted with the oxygen consumption rate experiments, data collection and analysis. K. Bal-

lanyi assisted with the fluorescent microscopy experiments, data collection and analysis. T. Simmen

was the supervisory author and was involved with concept formation and manuscript composition.

The specific contributions are indicated in the figure legends, all other components of this chapter are

my original work conducted under the guidance and supervision of Dr. Thomas Simmen.

Chapter 4 of this thesis has been published in Gutiérrez, T.; Qi, H.; Yap, M. C.; Tahbaz, N.; Milburn,

L. A.; Lucchinetti, E.; Lou, PH.; Zaugg, M.; LaPointe, P. G.; Mercier, P.; Overduin, M.; Bischof, H.;

Burgstaller, S.; Malli, R.; Ballanyi, K.; Shuai, J. & Simmen, T. “The ER chaperone calnexin controls

mitochondrial positioning and respiration”. Science Signaling. 2020; 13 eaax6660. I was responsible

for the experimental design, data collection, data analysis, and manuscript writing. M. Yap assisted

with the SERCA redox state and subcellular fractionation experiments and data collection. N. Tahbaz

iv



assisted with the electron microscopy experiments and data collection. LA. Milburn assisted with the

cellular ATP experiments and data collection. E. Lucchinetti, PH. Lou and M. Zaugg assisted with

the oxygen consumption rate experiments, data collection and analysis. P. LaPointe assisted with

the SERCA ATPase experiments and data analysis. P. Mercier and M. Overduin assisted with the

metabolomics experiments and data collection. K. Ballanyi assisted with the fluorescent microscopy

experiments, data collection and analysis. T. Simmen was the supervisory author and was involved

with concept formation and manuscript composition. The specific contributions are indicated in the

figure legends, all other components of this chapter are my original work conducted under the guid-

ance and supervision of Dr. Thomas Simmen.

Chapter 5 is part of a collaborative work. M. Yap assisted with the subcellular fractionation exper-

iments and data collection. N. Tahbaz assisted with the electron microscopy experiments and data

collection. PH. Lou and M. Zaugg assisted with the oxygen consumption rate experiments, data col-

lection and analysis. S. Lingrell and JE. Vance assisted with the phospholipid transfer to mitochondria

experiments, data collection and analysis. K. Ballanyi assisted with the fluorescent microscopy ex-

periments, data collection and analysis. P. Mercier and M. Overduin assisted with the metabolomics

experiments and data collection. The specific contributions are indicated in the figure legends, all

other components of this chapter are my original work conducted under the guidance and supervision

of Dr. Thomas Simmen.

v



Acknowledgements

Thanks to Dr. Simmen for receiving me in his lab. I still remember my first day in Canada (January

2014) and my first contact with the freezing Edmontonian cold. Dr. Simmen kindly was waiting for

me at the airport and showed me the city. I’m honored to have been able to work with Dr. Simmen

and learned so much in our scientific discussions.

A special thanks to my lab mates. Especially Sol and Carolina. It was really easy for me to adapt

to a new country when I could talk sometimes in my mother language. I enormously appreciate the

opportunity to share our homesickness about latin food.

Thanks to Arun for allowing me to continue your research.

Thanks to Megan for helping me with some experiments during the last two years of my PhD.

I’ll be always grateful to our collaborators, nationals and internationals. They helped us to increase

the quality of my work.

The administrative staff of the Cell Biology department deserves all the thanks I can possibly bestow

for their invaluable help.

Thanks to my committee members for all your helpful advice through the years.

Last, but not least, my direct family and Fran’s family. Even though they lived in Chile, I always felt

their support. Thanks to my wife Fran, for being always with me. Thanks for allowing me to work

hard and encourage me to do so.

vi



Contents

1 Introduction 1

1.1 ER-mitochondria contacts and Mitochondria-Associated Membranes . . . . . . . . 1

1.1.1 Lipid exchange at the Mitochondria-Associated Membranes . . . . . . . . 2

1.1.2 Ca2+ transfer at the Mitochondria-Associated Membranes . . . . . . . . . 4

1.1.3 Structural features and protein composition of ER-mitochondria contact sites 10

1.1.4 ER-mitochondria contacts are dynamic structures that change depending on

cellular conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.2 MAM regulation by ER chaperones and oxidoreductases . . . . . . . . . . . . . . 15

1.2.1 Protein folding and maturation in the ER . . . . . . . . . . . . . . . . . . 16

1.2.2 ER chaperones and oxidoreductases are targeted to the MAM and regulate

Ca2+ flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.3 Thesis objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2 Material and Methods 26

2.1 Reagents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2 Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.2.1 Maintenance of cell lines . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.2.2 Plasmid-based transfection . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.2.3 siRNA mediated knockdown . . . . . . . . . . . . . . . . . . . . . . . . 33

2.2.4 Generation of stable transfection overexpressing and knockdown cell lines . 33

vii



2.2.5 Generation of CRISPR knockout cell lines . . . . . . . . . . . . . . . . . 34

2.3 Ca2+ measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3.1 Confocal fluorescence microscopy . . . . . . . . . . . . . . . . . . . . . 36

2.3.2 Fluorometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.4 Protein quantification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.5 Subcellular fractionation and Mitochondria-Associated Membranes isolation . . . . 46

2.5.1 Differential centrifugation fractionation . . . . . . . . . . . . . . . . . . . 46

2.5.2 Mitochondria-Associated Membrane separation with Percoll . . . . . . . . 47

2.6 SERCA ATPase activity assay . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.6.1 Light membranes separation . . . . . . . . . . . . . . . . . . . . . . . . 50

2.6.2 ATPase assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.7 Cell lysates preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.8 Western blotting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.8.1 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 53

2.8.2 Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.8.3 Antibody incubation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.9 Mitochondrial membrane potential . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.10 Quantification of ER-mitochondria contact formation . . . . . . . . . . . . . . . 56

2.10.1 Electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.10.2 SPLICS fluorescent probes . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.11 Total ATP determination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

2.12 Oxygen consumption rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2.13 Mitochondrial dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.14 Extracellular metabolomics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

2.15 SERCA redox state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

2.16 Reactive oxygen species . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

2.17 Cell viability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

viii



2.18 Phospholipid transfer to mitochondria . . . . . . . . . . . . . . . . . . . . . . . 65

2.19 Data analysis and statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.20 Other software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3 TMX1 determines cancer cell metabolism as a modulator of ER-mitochondria Ca2+

flux 67

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.1.1 Mitochondrial Ca2+ and Mitochondria-Associated Membranes in cancer . . 68

3.1.2 TMX1 is an ER oxidoreductase involved in protein maturation and folding . 69

3.1.3 TMX1 is enriched in the Mitochondria-Associated Membranes . . . . . . 70

3.1.4 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.2.1 TMX1 binds to SERCA . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.2.2 TMX1 inhibits SERCA and Ca2+ import to the ER . . . . . . . . . . . . 74

3.2.3 TMX1 promotes Ca2+ release from the ER and prevents cytoplasmic Ca2+

clearance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.2.4 TMX1 promotes Ca2+ transfer from ER to mitochondria and mitochondrial

respiration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.2.5 TMX1 palmitoylation and oxidoreductase activity are required for its MAM

localization and Ca2+ regulatory effect . . . . . . . . . . . . . . . . . . . 80

3.2.6 TMX1 increases ER-mitochondria contacts . . . . . . . . . . . . . . . . 82

3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.3.1 TMX1 regulates SERCA activity and ER Ca2+ content from the MAM . . 85

3.3.2 TMX1 regulates SERCA activity probably through redox modifications . . 87

3.3.3 TMX1 is a regulator of Ca2+ flux and mitochondrial metabolism . . . . . . 90

3.3.4 TMX1 is a tumor suppressor that regulates cancer cell metabolism . . . . . 91

4 Calnexin regulates ER-mitochondria contact formation and Ca2+ flux 93

ix



4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.1.1 Calnexin is an ER chaperone that binds glycoproteins during protein folding 93

4.1.2 Calnexin beyond protein folding: Mitochondria-Associated Membranes and

the regulation of Ca2+ signalling . . . . . . . . . . . . . . . . . . . . . . 94

4.1.3 Calnexin beyond protein folding: regulation of reactive oxygen species . . . 95

4.1.4 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.2.1 Calnexin regulates SERCA activity by redox modifications . . . . . . . . . 97

4.2.2 Calnexin activates SERCA and regulates ER and cytosolic Ca2+ . . . . . . 97

4.2.3 Calnexin inhibits ER-mitochondria contact formation . . . . . . . . . . . 101

4.2.4 CNX increases mitochondrial Ca2+ content . . . . . . . . . . . . . . . . . 106

4.2.5 CNX increases mitochondrial metabolism . . . . . . . . . . . . . . . . . 109

4.2.6 CNX increases mitochondrial respiration by maintaining Ca2+ flux . . . . . 112

4.2.7 Oxidizing conditions are necessary for the metabolic roles of CNX . . . . . 116

4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.3.1 Calnexin is necessary to maintain SERCA oxidation and activity . . . . . . 122

4.3.2 Calnexin activates mitochondrial metabolism by activating SERCA and

maintaining ER Ca2+ levels . . . . . . . . . . . . . . . . . . . . . . . . . 124

5 ER stress compensates for the loss of Mitofusin-2 ER-mitochondria tethers 128

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.1.1 Mitofusin structure and mitochondrial fusion . . . . . . . . . . . . . . . . 128

5.1.2 Mitofusin-2 is an ER-mitochondria tether with controversial functions in ER-

mitochondria contact formation . . . . . . . . . . . . . . . . . . . . . . 129

5.1.3 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.2.1 Mitofusin-2 reduces mitochondrial metabolism . . . . . . . . . . . . . . . 132

5.2.2 Mitofusin-2 inhibits ROS production and ER stress signalling . . . . . . . 134

x



5.2.3 PERK and Ero1α/β increase mitochondrial metabolism in cells that lack Mfn2135

5.2.4 Mfn2 prevents normal ER-mitochondria contact formation . . . . . . . . . 137

5.2.5 PERK and Ero1α localize to the Mitochondria-Associated Membranes dur-

ing ER stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.3.1 Mitofusin-2. A tether or a spacer? . . . . . . . . . . . . . . . . . . . . . 146

5.3.2 Possible spacing mechanisms of Mfn2 . . . . . . . . . . . . . . . . . . . 147

5.3.3 PERK and Ero1α might form a novel complex that promotes ER-

mitochondria contacts . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6 Discussion 152

6.1 Redox regulation of SERCA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.2 ER-mitochondria contact regulation . . . . . . . . . . . . . . . . . . . . . . . . 154

6.3 Keeping the balance between calcium flux, contact formation, and metabolism in a

dynamic ER-mitochondria interaction . . . . . . . . . . . . . . . . . . . . . . . 156

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

xi



List of Tables

2.1 Chemicals and reagents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2 Buffers and solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3 Inhibitors and drugs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4 Commercial kits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.5 Cell lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.6 Stable transfections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.7 Primary antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.8 Secondary antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

xii



List of Figures

1.1 Schematic of the localization and function of the main Ca2+ pumps and channels in

the cell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Schematic of the disulfide bond exchange reaction by PDI proteins during protein

folding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1 TMX1 interacts with SERCA2b. . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.2 TMX1 reduces ER Ca2+ content. . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.3 TMX1 increases Ca2+ release from the ER. . . . . . . . . . . . . . . . . . . . . . 76

3.4 TMX1 reduces cytoplasmic Ca2+ clearance. . . . . . . . . . . . . . . . . . . . . 76

3.5 TMX1 increases Ca2+ transfer from ER to mitochondria. . . . . . . . . . . . . . . 78

3.6 TMX1 overexpression increases Ca2+ transfer from ER to mitochondria and mito-

chondrial respiration in A375p melanoma cells. . . . . . . . . . . . . . . . . . . . 79

3.7 Palmitoylation and thioredoxin domains are necessary for TMX1 effect on Ca2+ reg-

ulation and MAM localization. . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.8 TMX1 increases ER-mitochondria contact formation. . . . . . . . . . . . . . . . 83

3.9 Schematic representation of the proposed effect of TMX1 in the MAM. . . . . . . 84

4.1 CNX increases oxidation in SERCA cysteines. . . . . . . . . . . . . . . . . . . . 98

4.2 CNX activates SERCA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.3 CNX increases ER Ca2+ content. . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.4 CNX prevents the formation of ER-mitochondria contacts. . . . . . . . . . . . . . 104

xiii



4.5 ROS is required for the regulatory effect of CNX in ER-mitochondria contacts. . . 105

4.6 CNX increases mitochondrial Ca2+ content. . . . . . . . . . . . . . . . . . . . . 107

4.7 Mitochondria are more responsive to Ca2+ delivered from the ER in CNX knockout

cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.8 CNX increases mitochondrial ATP production. . . . . . . . . . . . . . . . . . . . 110

4.9 CNX does not regulate mitochondrial mass, number or size. . . . . . . . . . . . . 111

4.10 CNX increases mitochondrial respiration. . . . . . . . . . . . . . . . . . . . . . 113

4.11 CNX effect on ER and MAM protein levels. . . . . . . . . . . . . . . . . . . . . 115

4.12 CNX increases mitochondrial respiration by maintaining Ca2+ flux. . . . . . . . . . 116

4.13 CNX activation of mitochondrial respiration depends on SERCA oxidation. . . . . 118

4.14 CNX oxidizes and activates SERCA through Ero1 and NOX4. . . . . . . . . . . . 120

4.15 Schematic representation of the proposed effect of CNX in the MAM. . . . . . . . 121

5.1 Cells that lack Mfn2 have increased mitochondrial metabolism. . . . . . . . . . . . 134

5.2 Cells that lack Mfn2 have activated ER stress and ROS production. . . . . . . . . . 135

5.3 Cells that lack Mfn2 have activated ER stress and ROS production. . . . . . . . . . 138

5.4 Mfn2 does not regulate lipid transfer between ER and mitochondria. . . . . . . . . 139

5.5 Electron microscopy images of ER-mitochondria contacts in Mfn2 knockout cells. . 140

5.6 PERK increases ER-mitochondria contacts in Mfn2 knockout cells. . . . . . . . . 141

5.7 PERK and Ero1α form a complex that is targeted to the MAM in cells that lack Mfn2.144

5.8 Schematic representation of the proposed effect of Mfn2 in the MAM. . . . . . . . 145

6.1 Proposed model of MAM changes during ER stress. . . . . . . . . . . . . . . . . 157

xiv



Chapter 1

Introduction

One of the characteristics of eukaryotic cells is that they contain membrane-bound organelles, like

the nucleus, mitochondria and Endoplasmic Reticulum (ER). Even though these are independent

structures, they do not perform their function in isolation. They are constantly interacting with each

other to perform their functions. These interactions can occur on membrane contact sites: close

contacts between the organelles membranes, where they physically interact and exchange molecules

and metabolites [1]. One of the most prominent inter-organellar contact site is the one between ER

and mitochondria.

1.1 ER-mitochondria contacts and Mitochondria-Associated Mem-

branes

Mitochondria-Associated Membranes (MAM) are a subdomain of the ER membranes that is in close

association with mitochondria. This close association is required for the exchange of Ca2+, lipids,

and other signalling molecules between the two organelles [2,3]. The first observations of interaction

between ER and mitochondria were made in early electron microscopy studies in the 1950s [4,5].

Nevertheless, these reports only showed morphological data, and the role of these contacts was un-
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known since no physiological function was associated with them. This changed during the 1990s,

when two breakthrough discoveries took place: the exchange of phospholipids and the transfer of

Ca2+ at the MAM. The structure and function of the MAM will be discussed in the following sec-

tions.

1.1.1 Lipid exchange at the Mitochondria-Associated Membranes

Phospholipid synthesis and exchange was the first physiological function attributed to ER-

mitochondria contacts [2]. Phospholipids are one of the major components of cellular membranes,

and are comprised of a glycerol molecule that joins two hydrophobic fatty acid chains with a hy-

drophilic phosphate group. The phosphate in the hydrophilic head can be modified by the attachment

of an additional group, giving origin to the different forms of phospholipids. For example, the ad-

dition of ethanolamine, choline and serine to the phosphate group makes phosphatidylethanolamine

(PE), phosphatidylcholine (PC) and phosphatidylserine (PS) respectively [6]. In particular, MAM

works as a platform for the synthesis of PE and PC from PS, where mitochondria also play an im-

portant role. PS is first synthesized in the ER by Phosphatidylserine Synthase 1 (PSS1) or 2 (PSS2).

Newly made PS is preferentially transferred to the mitochondria [7,8], where it is decarboxylated into

PE by PS Decarboxylase (PSD) in the inner mitochondrial membrane [9]. Since PS is synthesized

in the ER and PSD is exclusively found in the mitochondria, the transfer of PS is essential for PE

synthesis. The loss of PSD disrupts mitochondrial morphology resulting in round and fragmented

mitochondria and is embryonically lethal [10]. Then, PC is synthesized from mitochondria-derived

PE back in the ER by PE-N-methyltransferase. Since neither ER nor mitochondria contain the entire

biosynthetic pathway required for the synthesis of these phospholipids, an exchange of phospholipids

between the two organelles is required for the complete process. The critical understanding of this

lipid transfer mechanism was achieved with the preparation of highly purified mitochondria, which

showed that there was a fraction of the ER membranes that was tightly associated with mitochondria

[2]. These membranes, named Mitochondria-Associated Membranes (MAM), were biochemically

different from the rest of the ER; in particular, they were enriched in lipid synthesis enzymes like
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PSS1 and PSS2, Diacylglycerol Acyltransferase (DGAT) and Acyl-CoA:cholesterol acyltransferase

(ACAT) [11–13]. This close association was the platform for the transfer of PS to mitochondria and

PE back to the ER for PC synthesis [7]. Experiments in permeabilized cells where the cytosol was

diluted, suggest that this transfer does not require soluble elements like vesicles or transport proteins,

only a close attachment between the two organelles is needed, in addition to ATP [14–16]. These

findings not only demonstrated that MAMwas a biochemically distinct domain of the ER membrane,

they also showed that it had a specific function: the synthesis and transfer of lipids between ER and

mitochondria.

The transfer of phospholipids between ER and mitochondria is mediated by proteins present in the

ER and mitochondria membranes, even though their identity and mechanism of action has not been

completely elucidated. In a reconstituted system of isolated organelles in vitro, protease treatment of

mitochondria surface decreases PS transfer, suggesting the participation of some ER or mitochon-

drial membrane protein in the process [17]. But the identity of these PS-transferring proteins is not

completely clear. In yeast, such function is attributed to the ER-Mitochondria Encounter Structure

(ERMES) complex, a tether localized in the ER-mitochondria interface [18,19]. Three proteins in

ERMES, Mmm1, Mdm12, and Mdm34, contain Synaptotagmin-like Mitochondrial-lipid binding

Protein (SMP) domains, a lipid-binding domain proposed to participate in lipid transfer [20–22].

Mammalian cells do not have an ERMES complex homolog, but the protein PDZD8 is a paralog of

Mmm1 and also contains a SMP domain [23]. PDZD8 also localizes in the MAM and tethers ER

and mitochondria, increasing their contacts. The loss of PDZD8 results in reduced ER-mitochondria

contacts and disruption of Ca2+ transfer to mitochondria, but its role in phospholipid transport has

not been tested [23]. Another candidate are the Oxysterol-Binding Protein (OSBP)-Related Proteins

(ORP), a family of lipid binding proteins that participate in the transport of lipids between mem-

branes, mostly sterols and PI4P [24]. ORP5 and ORP8 are two ER anchored ORPs that mediate

the exchange of PS and PI4P between ER and the plasma membrane [25]. ORP5 and ORP8 also

localize at theMAM, were they interact with themitochondrial protein Protein Tyrosine Phosphatase-

Interacting Protein 51 (PTPIP51), suggesting that they could also participate in PS transfer to mito-
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chondria. Knockdown of ORP5 or ORP8 does not affect the formation of ER-mitochondria contacts,

but it disrupts mitochondrial morphology and function [26]. Nevertheless, the effect of ORP5 or

ORP8 in PS transport to mitochondria was not tested. Thus, the identity of the ER and mitochon-

drial membrane proteins responsible for the transfer of phospholipids is still unknown.

1.1.2 Ca2+ transfer at the Mitochondria-Associated Membranes

Ca2+ is a versatile and ubiquitous second messenger used by all mammalian cells for a wide range of

cellular processes. The basic components of the Ca2+ signalling machinery are shown in Figure 1.1.

This machinery is composed of a series of Ca2+ pumps, channels and exchangers responsible for the

transport and release of Ca2+ to and from different cellular compartments. Ca2+ signals consist of

a transient increase of Ca2+ levels in the cytosol generated by the opening of Ca2+ channels. These

Ca2+ channels are located either in the plasma membrane, generating an influx of Ca2+ from the

extracellular medium; or in the ER membrane, generating a release of Ca2+ from the intracellular

ER Ca2+ stores [27]. ER Ca2+ stores maintain a Ca2+ concentration that ranges between 500 and

1000 μM, around three orders of magnitude bigger than in the cytosol [28]. The steep gradient of

Ca2+ concentration is maintained by Sarco/Endoplasmic Reticulum Ca2+ ATPase (SERCA), a Ca2+

pump located in the ER membranes that transport Ca2+ from the cytosol to the ER lumen at the

expense of ATP hydrolysis [29]. Vertebrates have three SERCA gene paralogs, each with multiple

splice variants. The major SERCA isoforms are the ubiquitous SERCA2b, and the more specialized

SERCA2a, present in muscle tissue [30]. ER Ca2+ stores can also be refilled by Store Operated Ca2+

Entry (SOCE), a Ca2+ influx mechanism activated upon ER Ca2+ depletion. SOCE is composed by

the Ca2+ sensing protein Stromal Interaction Molecule 1 (STIM1), located in the ER membrane [31–

33]; and the ORAI Ca2+ channels located in the plasmamembrane [34–36]. Upon ER store depletion,

STIM1 moves to ER regions closely associated with the plasma membrane [37], where it binds and

opens the ORAI channel triggering the influx of Ca2+ [38]. Ca2+ can be released from the ER Ca2+

through the ubiquitous Inositol Trisphosphate Receptor (IP3R), a Ca2+ channel located in the ER

membrane. IP3R is activated by binding IP3, which is generated from extracellular ligands that bind
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to G-protein coupled receptors, like histamine [39] and ATP [40]. Excitable cells like muscle and

neurons also have Ryanodine Receptor (RyR), an ERCa2+ channel that release Ca2+ from intracellular

stores in response to an influx of Ca2+ from the extracellular medium during muscle contraction and

synaptic transmission [41]. An additional form of Ca2+ release is the passive Ca2+ leak, a slow but

constitutive form of release mediated by different channels including the translocon, the channel that

transport nascent proteins from the cytosol to the ER lumen during proteins synthesis [42].

Mitochondria also play an important role in the regulation of Ca2+ signals in the cell. They have been

recognized as a Ca2+ storing organelle for a long time [43]. Yet, it was not clear how Ca2+ crossed

the two mitochondrial membranes to reach the mitochondrial matrix, and what was the function of

mitochondrial Ca2+. Breakthrough discoveries in the 90s demonstrated that the close proximity be-

tween ER and mitochondria is essential for the efficient transfer of Ca2+ to the mitochondria [44].

When Ca2+ is released from ER Ca2+ stores through IP3R, a transient microdomain of high Ca2+

concentration is generated in the proximity of the channel. For this reason, mitochondria that are

forming contacts with the ER at the MAM are exposed to Ca2+ at a concentration much higher than

the concentration reached in the bulk of the cytoplasm [3,45]. After IP3R opening, Ca2+ concentra-

tion measurements at the ER-mitochondria interface show that these Ca2+ microdomains can reach

tenfold higher concentrations than the bulk of the cytoplasm, at least 10 to 20 μM [46,47]. In turn,

mitochondria are also equipped with a series of Ca2+ channels that allow the transport of Ca2+ from

the ER-mitochondria interface to the mitochondrial matrix (Figure 1.1). The mitochondrial surface

is populated by the pore-forming Voltage-Dependent Anion Channel (VDAC), whichmakes the outer

mitochondrial membrane highly permeable to Ca2+ ions and other metabolites [48]. VDAC can be in

open or closed states, but in both cases is highly permeable to Ca2+ [49]. When Ca2+ reaches the inner

mitochondrial membrane it can cross into the mitochondrial matrix through the Mitochondrial Ca2+

Uniporter (MCU) complex, whose uptake capacity is driven by the inner mitochondrial membrane

potential generated by the electron transport chain [50–52]. MCU complex is composed of the pore

forming protein MCU [53,54], and other regulatory proteins that modulate its activity. Two of these

regulatory proteins are MICU1 andMICU2, which form a heterodimer located in the intermembrane
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space that acts as a gatekeeper of mitochondrial Ca2+ uptake. They set a threshold that inhibits Ca2+

uptake at low cytoplasmic Ca2+ concentration, but opens the channel at high Ca2+ concentrations [55].

This gating mechanism prevents mitochondrial overload by small changes in Ca2+ concentration in

the cytoplasm, and allows for efficient Ca2+ entry exclusively in the high concentration microdomains

at the MAM [56]. Ca2+ is extruded from mitochondria via two main mechanisms, the mitochondrial

Na+/Ca2+ exchanger (NCLX) and the mitochondrial H+/Ca2+ exchanger (mHCX), that release Ca2+

from the matrix in exchange of Na+ and H+ respectively [57,58].

The accumulation of Ca2+ in the mitochondrial matrix has two functions: the induction of apoptotic

cell death, and the activation of themitochondrial metabolism. They will be described in the following

sections.

1.1.2.1 Mitochondrial Ca2+ and cell death

Excessive accumulation of Ca2+ in the mitochondria is an important inducer of cell death [59]. In-

deed, many apoptotic stimuli, like ceramide [60], adriamycin [61], photodynamic therapy [62] and

H2O2 [63] trigger a release of Ca2+ through the IP3R resulting in mitochondrial Ca2+ accumula-

tion and cell death. Mitochondrial Ca2+ uptake during this signal depends on VDAC isoform 1,

which forms a complex with IP3R that is strengthened during apoptosis [64]. In the inner mitochon-

drial membrane, overexpression of MCU also correlates with mitochondrial Ca2+ accumulation and

increased susceptibility to apoptosis induction by ceramide and H2O2 [53]. Similarly, the loss of

the MCU gatekeeper MICU1 results in mitochondria constitutively loaded with Ca2+, and enhanced

susceptibility to cell death [56]. This excessive accumulation of Ca2+ initiates a process known as

Mitochondrial Permeability Transition (MPT), which consists on the permeabilization of the inner

mitochondrial membrane, loss of mitochondrial potential, disruption of mitochondrial morphology,

and loss ATP production [65]. Mechanistically, MPT requires the formation of the mitochondrial

Permeability Transition Pore (mPTP), the pore responsible for the permeabilization of the inner mi-

tochondrial membrane. The mPTP is composed of the prolyl isomerase Cyclophilin D, located in the

mitochondrial matrix [66], and possibly the ATP synthase [67], even though its precise composition
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Figure 1.1 – Schematic of the localization and function of the main Ca2+ pumps and channels
in the cell. ER is the main Ca2+ store in the cell, and maintains a Ca2+ concentration that ranges 500
to 1000 μM, around three orders of magnitude higher than the cytosol. (A) This steep Ca2+ concentra-
tion difference is maintained by the Ca2+ pump Sarco/Endoplasmic Reticulum Ca2+ ATPase (SERCA),
which takes Ca2+ from the cytosol into the ER lumen and maintains ER Ca2+ stores. (B) To prevent
ER Ca2+ depletion, ER Ca2+ stores can also be filled from the extracellular medium by Store Operated
Ca2+ Entry (SOCE), composed of the ER Ca2+ sensor Stromal Interaction Molecule 1 (STIM1) and the
plasma membrane Ca2+ channel ORAI. (C) Ca2+ signals are generated by the release of Ca2+ from
the ER to the cytosol through the Ca2+ channels Inositol Trisphosphate Receptor (IP3R, ubiquitously
expressed) and Ryanodine Receptor (RyR, specific for muscle and neurons). IP3R are opened by In-
ositol Trisphosphate (IP3), which is generated in response to extracellular stimuli like histamine and
ATP. When these Ca2+ channels are opened, a high Ca2+ concentration microdomain forms in their
immediate vicinity. (D) These Ca2+ microdomains are detected by neighboring mitochondria in ER-
mitochondria contact sites. The released Ca2+ can cross the outer and inner mitochondrial membranes
through Voltage-Dependent Anion Channel (VDAC) and the Mitochondrial Ca2+ Uniporter (MCU) com-
plex respectively. Inside mitochondria, Ca2+ activates mitochondrial respiration and ATP production,
but if mitochondria are overloaded with Ca2+, a cell death signalling cascade is activated. Ca2+ is
extruded from mitochondria through the mitochondrial Na+ /Ca2+ exchanger (NCLX) and the H+/Ca2+
exchanger (mHCX). Once in the cytosol, Ca2+ is quickly cleared by SERCA, which takes Ca2+ back
into the ER lumen.
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and mechanism of action is still mater of debate. High levels of Ca2+ in the mitochondrial matrix

triggers the switch of the mPTP to an open conformation that allows the diffusion of ions, dissipates

mitochondrial potential, and releases pro-apoptotic factors to the cytosol [68], making mitochondrial

Ca2+ a critical component of mPTP mediated cell death. Accordingly, blocking mitochondrial Ca2+

entry prevents mPTP opening, even in the presence of an apoptotic stimuli [69]. The permeabiliza-

tion of the mitochondrial membranes by mPTP also elicits the release of pro-apoptotic factors like

Cytochrome C, which binds and activates IP3R in a feed forward loop that amplifies the apoptotic

signal [70]. ER Ca2+ stores play an important role in the apoptotic Ca2+ signal, and many pro- and

anti-apoptotic proteins modulate the Ca2+ availability at the ER to regulate cell death. For exam-

ple, the pro-apoptotic protein p53 promotes the accumulation of Ca2+ in the ER, increasing Ca2+

availability and Ca2+ flux to mitochondria, which results in an enhanced apoptosis induction by adri-

amycin [61]. Similarly, the anti-apoptotic protein Bcl-2 increases passive ER Ca2+ leak and prevents

ER Ca2+ uptake, resulting in a depletion of ER Ca2+ stores, and a reduction of apoptotic Ca2+ flux to

mitochondria and apoptosis induction by ceramide [60]. Thus, the excessive accumulation of mito-

chondrial Ca2+, induced either by increased mitochondrial Ca2+ uptake or ER Ca2+ release, can result

in mPTP opening and cell death.

MAM, as the platform for ER-mitochondria Ca2+ flux, is also connected to apoptosis signalling.

During stress conditions, like nutrient deprivation and ER stress, ER-mitochondria contacts become

tighter and more abundant, a condition that favors apoptotic Ca2+ flux to mitochondria [71]. In later

stages of ER stress, the oxidoreductase Endoplasmic Reticulum Oxidoreductase 1 α (Ero1α) medi-

ates the induction of apoptosis by activating IP3R and increasing Ca2+ flux to mitochondria [72]. Car-

diac ischemia/reperfusion is another example of a stressful condition that increases ER-mitochondria

contacts. The aforementioned MAM tether PTPIP51 is increased during ischemia/reperfusion, pro-

moting ER-mitochondria contacts, Ca2+ flux to mitochondria and apoptosis [73]. Indeed, many pro-

teins localized in theMAM regulate cell death by interacting with IP3R andmodulating its activity and

Ca2+ flux to mitochondria, such as Promyelocytic Leukemia (PML) [74], Breast and Ovarian Cancer

Susceptibility Gene 1 (BRCA1) [75], BRCA1-Associated Protein 1 (BAP1) [76], Phosphatase and
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Tensin Homolog Deleted on Chromosome 10 (PTEN) [77], Bcl-XL [78] and mammalian Target of

Rapamycin Complex 2 (mTORC2) [79].

1.1.2.2 Mitochondrial Ca2+ and metabolism

A basal level of Ca2+ transfer to the mitochondria is required for the maintenance of mitochondrial

oxidative phosphorylation [80]. More specifically, Ca2+ regulates mitochondrial enzymes involved in

the Krebs cycle and ATP production. One of these enzymes is themitochondrial ATP synthase, which

is activated by Ca2+, increasing ATP production [81]. In addition, Ca2+ activates some mitochon-

drial dehydrogenases that participate in the supply of NADH and FADH2 to the electron transport

chain, increasing the substrates required for mitochondrial ATP production. The first one discovered

was glycerol-3-phosphate dehydrogenase, located in the inner mitochondrial membrane, that trans-

fers electrons from cytoplasmic NADH produced in glycolysis to the electron transport chain in the

mitochondria in the form of FADH2 [82]. Pyruvate Dehydrogenase (PDH) is part of the pyruvate

dehydrogenase complex, the group of enzymes that converts pyruvate in acetyl-CoA, the “point of no

return” that links glycolysis with the Krebs cycle and glucose oxidation. PDH is indirectly activated

by Ca2+ through PDH phosphatase, which is activated by Ca2+ and removes an inhibitory phosphory-

lation in PDH [83]. The last two Ca2+ regulated mitochondrial proteins are isocitrate dehydrogenase

and oxoglutarate dehydrogenase, two enzymes that catalyze the third and fourth steps of the Krebs

cycle respectively [84,85]. Thus, Ca2+ can regulate mitochondrial ATP production at two stages; it

activates the Krebs cycle and production of reducing agents in the mitochondrial matrix for electron

transport chain, and it activates ATP synthase to increase ATP output.

The metabolic control of Ca2+ is, in turn, tightly linked to Ca2+ signals in the cytosol; the release of

Ca2+ from the ER is closely followed by an increase in mitochondrial Ca2+ and mitochondrial en-

ergization [86]. For example, fertilization of mammalian oocytes initiates Ca2+ oscillations in the

cytoplasm that are required for the activation of development signalling pathways. The cytoplasmic

signal is closely mimicked by mitochondrial Ca2+ oscillations that stimulate mitochondrial ATP pro-

duction [87]. This coupling is particularly important for tissues with large energy demands like the
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cardiac muscle. In the heart, each contraction is triggered by a release of Ca2+ from the ER, a process

that can consume a large amount of ATP per contraction, which is mostly provided by mitochondrial

respiration [88]. Yet, despite the high ATP turnover, ATP levels remain stable during increased

workload, suggesting a coupled signalling between consumption and production of ATP [89]. Ca2+

measurements show that mitochondrial Ca2+ increases beat by beat following cytoplasmic Ca2+, sug-

gesting that Ca2+ used for contraction signalling is also linked to increased mitochondrial respiration

[90,91]. Accordingly, preventing the flux of Ca2+ to mitochondria after the release of Ca2+ through

IP3R results in a reduction in mitochondrial respiration and ATP production. The reduction in mito-

chondrial energy output reduces cellular energy levels, and activates signalling pathways that aim to

restore the energetic balance in the cell [80]. The metabolic sensor AMP-protein Kinase (AMPK)

detects low levels of ATP and activates glucose and fatty acid catabolism to restore energy levels [92];

and autophagy is induced to recycle cellular components to synthesise new macromolecules and as

fuel for energy production [93]. Similarly, disruption of Ca2+ entry to the mitochondria by reducing

the expression of the MCU complex gatekeeper MICU1 also results in reduced Ca2+ uptake after

IP3R release and impaired mitochondrial respiration, as well as activation of AMPK and autophagy

[94]. In skeletal muscle tissue, the deletion of the pore forming unit MCU reduces mitochondrial

Ca2+ uptake and PDH activity, and shifts the metabolism from glucose oxidation to glycolysis. As a

result, the muscle fibres have reduced force generation and impaired exercise performance [95]. In

summary, mitochondrial Ca2+ activates mitochondrial metabolism and energy production, and this

regulation is tightly linked to the flow of Ca2+ from ER to mitochondria at the MAM.

1.1.3 Structural features and protein composition of ER-mitochondria contact

sites

When observed under the electron microscope, the ER-mitochondria contact sites look like a juxtapo-

sition of the ER membrane with the mitochondrial outer membrane, with the two running in parallel

for lengths that can reach several hundreds of nanometers [96]. The distance between organelles is

relatively constant along the extension of the contact, but it depends on the type of ER membrane
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associated with mitochondria. For smooth ER, the cleft width varies between 10 to 25 nanometers;

while in the rough ER, because of the presence of ribosomes, the distance reaches 50 to 80 nanome-

ters [96]. The functional differences between these two forms of ER contacts is unknown, but they

are regulated by distinct mechanisms, suggesting specific functions for each one [97]. In general,

closer contacts correlates with increased MAM functions like Ca2+ and lipids transfer. Nevertheless,

there is a limit to the optimal ER-mitochondria distance determined by the size of the Ca2+ channels

themselves. Using ER-mitochondria spacers with fixed sizes, it was shown that distances of 10 nm

were more efficient than 5 nm in terms of Ca2+ transfer, probably because there is not enough room

to fit IP3R [46]. Because of the spatial limitations, and the diffusion properties of Ca2+, it has been

suggested that the ideal distance for ER-mitochondria Ca2+ transfer is between 12 and 24 nm, while

shorter distances would be more appropriate for lipid transfer [98].

ER-mitochondria contact sites are not formed simply by the chance of the two organelles lying close.

Electron microscopy images show the presence of structures that physically connect the membranes

of the two organelles [71]. These structures are protein complexes that tether ER and mitochon-

dria together at the contact sites. Interestingly, there is no master tethering complex that can turn

the contacts on or off. Nevertheless, there is a diverse set of tethers that can regulate the extent

of ER-mitochondria contact sites in the cell. Perhaps the most studied ER-mitochondria tether is

Mitofusin-2 (Mfn2), a GTPase that, together with Mitofusin-1 (Mfn1), mediate mitochondrial fusion

[99]. Mitofusins are tail-anchored proteins that are targeted to the mitochondrial surface, where they

tether and fuse mitochondria outer membranes by forming homo and heterodimers [99]. But Mfn2,

unlike Mfn1, can also be found in the surface of the ER, and can form homodimers tethering ER and

mitochondria [100]. The loss of Mfn2 results in alterations in ER and mitochondrial morphology,

and also in a reduction of ER-mitochondria juxtaposition and Ca2+ transfer from the ER [100]. More

details about the Mfn2 function in the MAM will be discussed in chapter 5.

Another example of a MAM tether is the ER protein Vesicle-Associated Membrane Protein-

Associated Protein B (VAPB), which binds to the outer mitochondrial membrane Protein Tyrosine
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Phosphatase-Interacting Protein 51 (PTPIP51). This interaction is required for normal Ca2+ transfer

to mitochondria; if any of the two proteins is knocked down, Ca2+ flux triggered by a release of

Ca2+ from the ER is disrupted [101]. Notably, a mutation in the gene encoding VAPB (VAPBP56S)

causes Amyotrophic Lateral Sclerosis (ALS). This mutated form of VAPB shows enhanced PTPIP51

binding and induces the clustering of mitochondria in the perinuclear area. As a result, VAPBP56S

improves Ca2+ transfer to mitochondria, suggesting that an excessive mitochondrial Ca2+ accumula-

tion, and increased apoptosis susceptibility, could be responsible for the neurodegenerative effects

of this mutant [101].

Some tethers have specific functions in addition to forming physical links. The complex formed by the

Ca2+ channel IP3R in the ER surface, VDAC1 on the mitochondrial surface, and the cytosolic chaper-

one Grp75 is perhaps the tethering complex that better represents the functional and mechanistic link

betweenMAM tethering and Ca2+ flux [102]. Both IP3R and VDAC1 are part of the Ca2+ machinery

responsible for the transfer of Ca2+ to the mitochondria, while GRP75 is a cytosolic member of the

HSP70 family of chaperones with a close association with the mitochondrial outer membrane [103].

Mechanistically, IP3R interacts with VDAC1 increasing mitochondrial Ca2+ uptake and Ca2+ flux,

and GRP75 is required for this interaction [102]. Later studies show that other proteins can regulate

the IP3R-GRP75-VDAC1 complex, modulating its function. The obesity-induced PDK4 also local-

izes in the MAM and interacts with IP3R, GRP75 and VDAC1 [104]. Obesity induces an increase in

PDK4 levels, stabilizing the IP3R-GRP75-VDAC1 complex and increasing ER-mitochondria con-

tacts in muscle cells. As a result, these cells showmitochondrial Ca2+ overload, reducedmitochondrial

ATP production, and are more resistant to insulin signalling. But the inhibition of PDK4 prevented

the increased IP3R-GRP75-VDAC1 complex formation induced by obesity, normalizing mitochon-

drial Ca2+ levels and insulin signalling [104]. Similarly, the Parkinson’s Disease (PD)-related protein

DJ-1 is also localized in the MAM and interacts with the IP3R-GRP75-VDAC1 complex. Loss of

DJ-1 results in destabilization of IP3R-GRP75-VDAC1, reduction of mitochondrial Ca2+ flux, and

disruption of ER-mitochondria contacts [105]. Interestingly, PD-associated DJ-1 mutations are un-

able to restore normal ER-mitochondria contacts, suggesting that loss of IP3R-GRP75-VDAC1 could
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be associated with PD pathogenesis [105].

Many proteins localized in the MAM regulate the tethering between ER and mitochondria. Because

of the close relation between ER-mitochondria distance and MAM function, most tethers also cor-

relate with increased Ca2+ and/or lipid transfer. Other examples of tethers and MAM regulators

are Apolipoprotein E (ApoE) [106], Mitochondrial antiviral-signalling protein (MAVS) [107,108],

Nogo-B [109], Phosphofurin acidic cluster sorting protein 2 (PACS-2) [110] and Thymocyte ex-

pressed, positive selection associated 1 (Tespa1) [111].

1.1.4 ER-mitochondria contacts are dynamic structures that change depending

on cellular conditions

The dynamic nature of energy requirement suggests that MAM formation could be regulated in order

to mediate specific functions. This idea has been explored in previous works that show that ER-

mitochondria contacts are dynamic structures. The first observation was that ER and mitochondria

contacts became closer and more abundant with apoptosis triggers like removal of growth factors

and ER stress. This suggests that increasing ER-mitochondria contacts might be an important step

to generate an apoptotic mitochondrial Ca2+ signal and ensure the progress of the cell death program

[71]. But ER-mitochondria contact dynamics can also be used to boost mitochondrial metabolism.

For example, early stages of ER stress promote the movement of mitochondria to the perinuclear area,

increasing ER-mitochondria contacts and Ca2+ transfer. These adaptations increase mitochondrial

respiration and ATP production. This suggests that ER stress induces an early metabolic adaptation

that provides the energy required to adapt to the stress [112]. The dynamic nature of MAM has

also been observed in vivo. In postprandial liver (6 hours after feeding), the hepatocytes show an

increased length of ER-mitochondria contacts. The extended contacts are controlled by the inhibition

of mTORC1, a master regulator of cell metabolism, suggesting that these changes are part of the

hepatocyte metabolic adaptation during the fasting period [96]. Indeed, many metabolic and stress

signalling pathways converge at the MAM to regulate MAM protein functions and ER-mitochondria
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contact formation, as will be explained below.

We are just beginning to understand how the metabolic and stress sensing systems in the cell commu-

nicate with MAM regulatory proteins. Perhaps the most studied condition is ER stress, when there is

a change in contact formation and MAM protein composition. ER stress is a cellular stress response

triggered by the accumulation of unfolded proteins in the ER or the disruption of the protein folding

capacity. During ER stress, the cell aims to recover the ER function by increasing folding capacity

and inhibiting protein synthesis, but ER stress results in cell death if homeostasis is not recovered

[113]. One of the adaptive mechanisms during ER stress is the change in MAM protein composition.

Cellular fractionation experiments show that the ER chaperone CNX usually resides at the MAM, but

during ER stress it moves from the MAM to the bulk ER [114]. This change in CNX localization is

an adaptive mechanism that increases CNX folding capacity, in order to cope with the accumulation

of unfolded proteins, and also increases the transfer of Ca2+ to mitochondria, providing the increased

energy production required to alleviate the stress [114]. The increase in ER-mitochondria contacts

during early ER stress [112] requires the activation of Protein Kinase A (PKA), which also contributes

to the improved Ca2+ transfer and mitochondrial respiration [115]. PKA acts through the phospho-

rylation and inhibition of Dynamin-Related Protein 1 (DRP1), a protein involved in mitochondria

and ER structure remodelling [115]. Interestingly, PKA activation is shared by early ER stress and

the aforementioned mTORC1 inhibition. Nevertheless, these two conditions generate distinctive pat-

terns of ER-mitochondria contacts. mTORC1 inhibition increases ER-mitochondria contacts in the

entire cell, with more colocalization of the MAM regulator PACS-2 with mitochondria [116]. On the

other hand, during early ER stress, ER-mitochondria contacts increase specifically in the perinuclear

region, driven by Mfn2 tethering and a loss of CNX colocalization with mitochondria specifically in

the peripheral areas [116]. PACS-2 also regulates the changes to MAM induced by growth factors,

like insulin and serum. mTORC2 and Akt are activated and targeted to the MAM in the presence

of growth factors. Active Akt at the MAM phosphorylates PACS2. This results in increased ER-

mitochondria contacts, Ca2+ flux, and mitochondrial function [79]. These works highlight the diverse

signalling networks that are integrated in MAM function.
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There is an additional layer of control for mitochondria proximity to the ER, and this is Ca2+ it-

self. Mitochondria are connected to the microtubule network, which drives mitochondrial movement

around the cell. Mitochondria connect to microtubules through the Ca2+ sensitive proteins Miro1 and

Miro2, that bind to motor proteins at low Ca2+ levels but detach from them at high Ca2+ concentration

[117]. When Ca2+ levels are elevated in the cytoplasm, for example around open ER Ca2+channels,

mitochondria stop moving, parking themselves close to the ER [118]. During ER stress there is also

an increased leak of Ca2+ from the ER to the cytosol. This increased leak is a consequence of the

expression of a truncated form of SERCA1, S1T. SERCA1 normally pumps Ca2+ from the cytosol

to the ER lumen, but S1T cannot pump Ca2+ like normal SERCA1. On the contrary, it is a leak

channel that releases Ca2+ into the cytosol. This leak results in increased ER-mitochondria juxtapo-

sition and improved Ca2+ flux [119]. The movement through the microtubular network driven by the

increased Ca2+ leak is required for the rearrangement of mitochondria in early stages of ER stress

[112]. Thus, ER-mitochondria contacts are increased during ER stress by triggering the movement

of mitochondria towards the ER through the microtubule network driven by ER Ca2+ leak.

In summary, ER-mitochondria contacts are not a static set of tethers and Ca2+ channels, they are

dynamic structures that change depending on cellular conditions. Contact formation can increase en-

ergy production as an adaptive mechanism to cope with stress or as a metabolic adaptation. Different

tethers, MAM regulators and Ca2+ channels coordinate their function to adjust MAM to the cellular

needs. It is important to gain a better understanding on howMAM tethers and regulators are targeted

by cellular signals in order to dynamically mold MAM in response to the cell requirements.

1.2 MAM regulation by ER chaperones and oxidoreductases

Protein folding is one of the main functions of the ER. The ER contains a diverse set of chaperones,

oxidoreductases and folding assistants that participate in the correct folding of newly synthesized

proteins. Notably, many of these proteins are also localized in the MAM. The following section will

describe the function of someMAM localized chaperones and oxidoreductases, and how they regulate
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ER-mitochondria contacts and/or Ca2+ signalling at the MAM.

1.2.1 Protein folding and maturation in the ER

Protein folding is one of the most studied activities of the ER. The successful folding of newly syn-

thesized proteins depends on three critical steps: import of proteins to the ER, folding by chaperones,

and addition of secondary modifications. A series of chaperones, lectins and oxidoreductases work-

ing in close association take the bulk of the enzymatic work required for functionally folded proteins

[120]. ER-targeted proteins are co-translationally imported into the ER lumen through the translocon,

a pore-forming protein complex in the ER membrane that is associated to the ribosomes on the cy-

tosol and to chaperones on the ER lumen. One of the main ER chaperones is BiP, which is associated

with the translocon and binds to hydrophobic residues in the nascent peptide as soon as it enters the

ER, preventing protein aggregation and assisting the protein to reach its mature conformation [121].

One of the secondary modifications during protein folding is N-glycosylation, the addition of a

branched oligosaccharide to the peptide. The oligosaccharide consists on three glucoses, nine man-

noses, and two N-acetylglucosamines, and is transferred to the target protein by Oligosaccharyltrans-

ferase in a specific sequence in the target protein, usually Asn-Xaa-Ser/Thr (Xaa can be any amino

acid except for proline) [122]. The three glucoses in the tip of one of its branches function as a

code that indicates the folding stage of the protein. ER glucosidases trim the top two glucoses form-

ing the mono-glucosylated oligosaccharide that is recognized by the lectins Calreticulin (CRT) and

Calnexin (CNX) [123]. These lectins are chaperones that assist in glycosylated protein folding and

prevent aggregation and degradation of unfolded intermediates [124,125]. The destiny of CRT/CNX

client glycoproteins depends on the interplay between α-glucosidase II and UDP-glucose:glycoprotein

glucosyltransferase 1 (UGGT1). α-glucosidase II trims the last glucose in the mono-glucosylated

oligosaccharide, preventing CRT/CNX binding [126]. Then, UGGT1 can detect if the glycoprotein

is misfolded and re-mono-glucosylate the glycan, returning the protein back for another CRT/CNX

folding cycle [127]. If the protein is properly folded, it proceeds to the Golgi apparatus. Glycopro-

teins that are retained in the CNX cycle for prolonged periods of time have a mannose from another
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branch trimmed by ER mannosidase I. This reduces UGGT1 affinity and glucosylation, preventing

further reentry to the cycle and targeting the glycoprotein for degradation [128].

The second form of secondary modification during protein folding is the formation of disulfide bonds,

a covalent bond between the free thiol groups of two cysteines. This modification is catalyzed by the

Protein Disulfide Isomerase (PDI) family proteins, a diverse group of oxidoreductases characterized

by the presence of a thioredoxin-like domain, the catalytic domain that contains two critical cysteines

in a CXXC motif [129]. A schematic of the reaction of PDI family oxidoreductases with their tar-

get protein is shown in Figure 1.2. When the thioredoxin domain is in its oxidized state, the two

cysteines in the catalytic site form a disulfide bond. In this oxidized state, PDI oxidoreductases can

catalyze the formation of disulfide bonds by taking the electrons from the reduced cysteines in the

target protein, transferring its disulfide bond to the cysteines in the target protein, and leaving the

thioredoxin domain in a reduced state. Some members of the PDI family reduce or isomerize the

disulfide bonds in the target protein, breaking or reorganizing the bonds; these oxidoreductases main-

tain their thioredoxin domain in its reduced state and transfer electrons to the oxidized cysteines in

the target protein in order to reduce the disulfide bond. This isomerization of disulfide bonds is a

process required for the correct folding of some proteins [130]. Thus, some PDIs oxidize and others

reduce target proteins, depending on their oxidation state and the redox environment. An equilibrium

between oxidized and reduced forms must be maintained to balance oxidation and isomerization re-

actions during the folding process. The maintenance of an oxidative environment inside the ER is

required for disulfide bond formation by PDIs, and the addition of reducing agents like dithiothreitol

(DTT) stops this process [131]. ERp57 is an ER oxidoreductase of the PDI family that links disulfide

bond formation with glycosylation; it interacts with the chaperones CNX and CRT, which allows it to

target preferentially glycoproteins for disulfide bond formation [132]. Other oxidoreductases of the

PDI family have a preferential reductase function, and act mostly by reducing disulfide bonds. One

example is Thioredoxin-related Transmembrane Protein 1 (TMX1), one of the four members of the

TMX subgroup of PDI oxidoreductases, a group characterized by the presence of a transmembrane

domain [133]. As other ER oxidoreductases, TMX1 assists in protein folding but with a preference
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Figure 1.2 – Schematic of the disulfide bond exchange reaction by PDI proteins during protein
folding. ER oxidoreductases of the PDI family catalyze the formation of disulfide bonds in newly syn-
thesized proteins when the two cysteines in their active site are oxidized (left). The PDI oxidoreductase
forms a transient mixed disulfide with the target protein (center) before completing the transfer of the
disulfide bond (right). This results with the PDI oxidoreductase in its reduced state, and the target pro-
tein in its oxidized state and mature conformation. To start a new oxidation cycle, the cysteines in the
catalytic site of the PDI oxidoreductase must be re-oxidized. There are two proteins that catalyze this
re-oxidation: the Endoplasmic Reticulum Oxidoreductase 1 (Ero1) proteins Ero1α and Ero1β, which
transfer the electrons from the reduced PDI to O2, producing H2O2 as a result (top); and Peroxiredoxin
IV (PRDX4), which transfer the electrons from reduced PDI to H2O2, producing H2O as a result (bot-
tom). Some oxidoreductases of the PDI family, like TMX1, catalyze the reduction of disulfide bonds.
The reaction of these reductases proceed from right to left in the schematic; they start in a reduced
state, and transfer electrons to the target protein to remove the disulfide bond.
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for transmembrane proteins, and is also closely associated with CNX [134,135]. TMX1 participates

more in later stages of protein folding, like retention and isomerization of disulfide bonds of misfolded

proteins rather than early stages of disulfide bond formation, and its thioredoxin domain is mostly in

its reduced form [134,136]. TMX1 also reduces disulfide bonds of terminally misfolded proteins for

their export in ER-Associated Degradation (ERAD), the process of translocating misfolded proteins

in the ER lumen to the cytosol for their proteasomal degradation [137,138].

Once the thioredoxin domain transfers the disulfide bond, it is left in its reduced state. In order to

continue forming disulfide bonds, the thioredoxin domain has to be recycled to its oxidized state. The

reoxidation is catalyzed by Endoplasmic ReticulumOxidoreductase 1 (Ero1) proteins, which transfers

electrons from reduced oxidoreductases to O2, forming H2O2 as a product [139,140]. Mammals have

two Ero1 paralogs: Ero1α and Ero1β. Both have similar function, but Ero1α is ubiquitously expressed

while Ero1β is mostly expressed in secretory cells in gut, pancreas, testis, liver, appendix, thyroid,

and pituitary gland [141,142]. An additional reoxidation mechanism parallel to the Ero1 system is

catalyzed by antioxidant enzyme Peroxiredoxin IV (PRDX4) [143]. PRDX4 transfers electrons from

reduced oxidoreductases to H2O2 generated by Ero1 or other ER H2O2 sources, and produces H2O

[144].

1.2.2 ER chaperones and oxidoreductases are targeted to the MAM and regulate

Ca2+ flux

Many of these chaperones and oxidoreductases are targeted to the MAM, and have secondary func-

tions in addition to protein folding. Some of them can move between the MAM and the bulk of the

ER in response to cellular signals, with specific functions depending on the location [145].

CNX is one of the ER chaperones targeted to the MAM. The two lectin chaperones, CRT and CNX,

share their activity as folding assistants of glycoproteins and have a similar structure; the main dif-

ference between them is that CRT is a soluble protein inside the ER lumen, while CNX is a trans-

membrane protein. The short cytosolic domain of CNX is a target for different post-translational
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modifications that control CNX function, interaction with other proteins, and distribution in the ER.

CNX cytosolic domain harbours two cysteines that form part of a palmitoylation site near the trans-

membrane domain; the palmitoylation of CNX in these cysteines is the switch that targets CNX

to the MAM. If the palmitoylation sites are mutated, CNX does not localize to the MAM and is

redistributed to the bulk of the ER membranes [146]. Interestingly, non-palmitoylated CNX partic-

ipates more actively in protein folding and maturation, suggesting that palmitoylation also controls

CNX chaperoning activity [114]. In addition, palmitoylation regulates CNX interaction with other

proteins. In the MAM, palmitoylated CNX interacts with the ER Ca2+ pump SERCA2b, while non-

palmitoylated CNX interacts with its folding partner the oxidoreductase ERp57, accordingly with

its increased folding activity [114]. The palmitoylation of CNX also increases the interaction with

and stabilization of the ribosome-translocon complex, and moves CNX to the ribosome-decorated

rough ER [147]. Since MAM can be formed by either rough or smooth ER, this interaction suggests

that palmitoylation leads CNX to a type of MAM enriched in ribosomes [97,98]. Similar to palmi-

toylation, the cytoplasmic domain of CNX can also be modified by phosphorylation in three serines

[148]. The phosphorylation in CNX cytoplasmic region in serine 583 by ERK-1 promotes the in-

teraction with ribosomes [149] and SERCA2b [150]. The two other phosphorylation sites in serines

554 and 564, controlled by CK2, also promote interaction with ribosomes, presumably increasing

CNX glycoprotein folding activity [149]. Notably, the CK2 phosphorylation controls the interaction

of CNX with the sorting protein PACS-2, a regulator of ER-mitochondria contact formation [110].

The non-phosphorilated CK2 sites interact with PACS-2 and promotes the retention of CNX in the

MAM [151]. The palmitoylation of CNX is a reversible modification, and it can change depend-

ing on cellular conditions, with the corresponding change in CNX localization. For example, during

ER stress CNX palmitoylation is lost and CNX moves from the MAM to the ER to support protein

folding [114].

The dynamic regulation of CNX location and interacting partners points at the multiple roles of CNX

in the ER. In addition to its glycoprotein folding duties, CNX also regulates Ca2+ signalling through its

interaction with SERCA2b. This was first studied in Xenopus oocytes, where SERCA2b interaction
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with CNX reduced intracellular Ca2+ oscillations, suggesting a lower SERCA2b activity [150]. A

later report showed that CNX silencing reduced ER Ca2+ uptake in cardiomyocytes, suggesting that

CNX increases SERCA activity [152]. Similarly, a previous work from our lab shows that CNX

interacts with SERCA2b and increases ER Ca2+ content, suggesting that CNX activates SERCA2b.

The loss of CNX not only results in a decrease in ERCa2+ content, it also increases the transfer of Ca2+

from the ER to mitochondria, but not the release of Ca2+ from the ER to the cytoplasm [114]. This

suggests that the loss of CNX increases ER mitochondria contacts making Ca2+ flux to mitochondria

more efficient. The mechanism that CNX uses to regulate SERCA2b activity is still unclear, but it is

associated with CNX palmitoylation and MAM targeting [114].

The ER oxidoreductase of the PDI family ERp57 can also modulate SERCA activity. This was

demonstrated by measuring cytosolic Ca2+ oscillations in Xenopus oocytes, whose frequency depends

on SERCA activity [153]. The co-expression of ERp57 and SERCA2b resulted in a reduction in

the frequency of Ca2+ oscillations compared to the expression of SERCA2b alone, suggesting that

ERp57 have an inhibitory effect on SERCA activity [154]. Two lumenal cysteines in one of the loops

in SERCA2b were required for the inhibitory effect of ERp57; if these cysteines were mutated, the

effect of ERp57 on SERCA was lost. Similarly, a mutant ERp57 without oxidoreductase activity was

also unable to inhibit SERCA2b, suggesting that ERp57 inhibits SERCA2b by forming an inhibitory

disulfide bond in one of SERCA2b lumenal loops [154]. This inhibitory mechanism is counteracted

by another member of the PDI family proteins, the ER reductase ERdj5, which targets SERCA2b

when ER Ca2+ content is low to reduce the lumenal disulfide bond resulting in SERCA2b activation

[155]. TMX1 is another oxidoreductase that could potentially regulate SERCA2b, but its effects are

currently unknown. TMX1 localizes in the MAM with a mechanism very similar to CNX, a palmi-

toylation on its cytosolic domain, close to the transmembrane domain. The loss of this palmitoylation

site results in a relocation of TMX1 to the bulk of the ER [146]. Its MAM targeting and close inter-

action with CNX suggest that it might also regulate ER Ca2+ content through SERCA2b regulation,

but this remains to be tested.
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In addition to the disulfide bond on the lumenal side, other forms of oxidative modifications also

regulate SERCA2b activity. For example, the apoptosis inducer adriamycin activates SERCA2b, re-

sulting in increased ER Ca2+ content, and improved apoptotic Ca2+ transfer to the mitochondria that

results in cell death [61]. During this process, the tumor suppressor p53 is targeted to the MAM and

also interacts with SERCA2b, increasing its activity and promoting apoptosis. Cells that lack p53,

like cancer cells, show reduced SERCA2b activity and apoptotic Ca2+ signalling during apoptosis in-

duction by adriamycin. This apoptosis resistance is a consequence of an increased level of SERCA2b

S-sulfenylation, an oxidative modification that inhibits SERCA2b activity and prevents apoptotic Ca2+

signalling. Thus, by acting as a reducing agent, p53 prevents the inhibitory SERCA2b oxidation and

maintains SERCA2b activity during apoptosis [61]. In general, the addition of oxidizing agents re-

sult in the inactivation of SERCA, most likely due to oxidative modifications in some of its cysteines

[156–158]. However, oxidative modifications can also increase SERCA activity under certain condi-

tions. Nitric Oxide (NO) seems to play an important role in increasing SERCA activity. For example,

in vascular smooth muscle cells, NO induces a reduction in cytosolic Ca2+ levels and muscle relax-

ation that depends on SERCA activity [159]. The key modification is a S-glutathionylation in Cys674

induced by NO, which has been associated with increased SERCA activity [160,161]. But the type of

oxidative modification is critical for activity induction. If the same Cys674 is sulfonylated, SERCA

is inhibited and the activating effect of S-glutathiolation is lost [162].

Another ER oxidoreductase that regulates Ca2+ signalling is Ero1α, which also localizes in the MAM

under normal conditions, but loses its MAM localization upon the reduction of the ER environment

[163]. In particular, Ero1α increases the passive leak of Ca2+ from the ER, and also the release

through IP3R and Ca2+ flux to mitochondria [164]. Ero1α plays an important role in apoptosis in-

duction activated by the pro-apoptotic transcription factor CHOP during later stages of ER stress

[165]. CHOP increases the expression of Ero1α, which activates IP3R resulting in an increase of

Ca2+ release from the ER and apoptotic Ca2+ flux [72]. Opposing the activatory effects of Ero1α is

the oxidoreductase ERp44, which binds to IP3R and inhibits Ca2+ release [166]. ERp44 inhibition

depends on the binding of reduced cysteines in the third lumenal loop found in IP3R isoform 1, but
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not in isoforms 2 or 3. This inhibitory effect is not related to ERp44 oxidoreductase activity, but it

does require a reducing redox environment in the ER [166]. The requirement of reduced cysteines

inside the ER indicates that the lumenal redox environment regulates the inhibitory effect of ERp44.

Accordingly, lumenal ROS production from Ero1α has an activatory effect on IP3R, in part due to

reduced IP3R1-ERp44 interaction [164]. The activatory effect of Ero1α can also be observed in

the heart, where Ero1α knockout mice have reduced Ca2+ signal amplitude in cardiomyocytes. As

a result, mutant Ero1α mice hearts have impaired contractility, but are also protected against heart

failure generated by sustained workload stress [167].

Other oxidative modifications on the cytosolic loops in IP3R also have an activatory effect on Ca2+

release. Exposure of IP3R to different forms of ROS species causes oxidation of cytosolic cysteines

and sensitization of the receptor to IP3, leading to an increase in the release of Ca2+ from the ER

[156,168–170]. This is also observed in the regulatory effect of mitochondrial ROS on IP3R. When

Ca2+ is released from the ER through IP3R and enters themitochondrial matrix, there is a concomitant

influx of K+ and H2O to the mitochondria. This causes a swelling of mitochondrial matrix and a

decrease in mitochondrial cristae volume that provokes a release of H2O2 contained within the cristae.

This creates a microdomain of high H2O2 concentration in the ER-mitochondria interface, similar

to the Ca2+ microdomain in the proximity of Ca2+ channels. This results in an activation of IP3Rs

located close to mitochondria [171]. Thus, both Ca2+ and ROS microdomains are used at the ER-

mitochondria contact sites to communicate signals.

In summary, some ER chaperones and oxidoreductases are localized in theMAM,where they regulate

Ca2+ channels like IP3R and SERCA by protein-protein interactions or oxidative modifications. As

a result, these chaperones and oxidoreductases modulate the flux of Ca2+ from ER to mitochondria,

regulating mitochondrial metabolism and cell death.
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1.3 Thesis objective

Given the role of MAM in the regulation of cellular metabolism and apoptosis induction, it is im-

portant to have a better understanding of how it is regulated. Many proteins located at the ER-

mitochondria interface are known regulators of MAM function. Some of them are tethers that con-

nect ER and mitochondria, others regulate Ca2+ channels localized in the MAM. As a consequence,

these MAM regulators can control the flux of Ca2+ from ER to mitochondria, the critical step that

controls mitochondrial metabolism and apoptosis induction. Interestingly, many ER chaperones and

oxidoreductases, usually associated with oxidative protein folding, are located at the MAM and regu-

late Ca2+ flux. The goal of my work is to gain a better understanding of these diverseMAM regulatory

proteins, with a focus on TMX1, CNX and Mfn2.

TMX1 is an ER oxidoreductase that is localized in the MAM, but its MAM functions have not been

characterized. In chapter 3, TMX1 determines cancer cell metabolism as a modulator of ER-

mitochondria Ca2+ flux, I will study how TMX1 regulates SERCA2b activity, ER Ca2+ content,

Ca2+ flux to mitochondria, and the formation of ER-mitochondria contacts. Then, I will evaluate the

effects of these Ca2+ regulation in mitochondrial function, particularly in cancer cells.

CNX is an ER chaperone that is also localized in the MAM. It can bind to SERCA2b and regulate ER

Ca2+ content and flux to mitochondria, suggesting a regulation of SERCA2b Ca2+ pumping activity.

Nevertheless, the mechanism of SERCA2b regulation, and the consequences for ER-mitochondria

contact formation and mitochondrial function by CNX are unknown. In chapter 4, Calnexin regu-

lates ER-mitochondria contact formation andCa2+ flux, I will study themechanism of SERCA2b

regulation by CNX, and the effect of CNX in ER-mitochondria contacts, Ca2+ flux to mitochondria,

and mitochondrial function.

Mfn2 participates inmitochondrial fusion, but is also localized in the ER. It was originally described as

aMAM tether, forming dimers that connect ER and mitochondria. Nevertheless, there are conflicting

results regarding the effect of Mfn2 in the formation of ER-mitochondria contacts. In chapter 5, ER

stress compensates for the loss of Mitofusin-2 ER-mitochondria tethers, I will study the role
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of Mfn2 in ER-mitochondria contact formation. Even though Mfn2 was characterized as a tether

between ER and mitochondria, cells that lack Mfn2 have more ER-mitochondria contacts. I will

investigate the adaptive mechanisms activated by the loss of Mfn2, including the formation of a novel

MAM protein complex that promotes ER-mitochondria contacts during ER stress.

Together, this work will provide new knowledge about the MAM regulatory functions of TMX1,

CNX andMfn2, and a better understanding of the complex interplay between tethers, chaperones and

oxidoreductases in the regulation of MAM function. These results will provide new links between

ER protein folding and the regulation of ER-mitochondria contacts and mitochondrial function.
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Chapter 2

Material and Methods

2.1 Reagents

Table 2.1 – Chemicals and reagents

Reagent Supplier

10x Phosphate Buffered Saline Cellgro Mediatech, Inc.

25x Complete Protease Inhibitors Roche

Acetone BDH Chemicals

Acrylamide BioRad

Ammonium Persulfate BioRad

Ampicillin Sigma

Bovine Serum Albumin Sigma

Bromophenol Blue BioRad

CellROX Thermo Fisher Scientific

CHAPS Sigma-Aldrich

Dulbecco’s modified eagle medium Gibco
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Table 2.1 – Chemicals and reagents (continued)

Reagent Supplier

EDTA EMD

EGTA Sigma-Aldrich

EMbed 812 Electron Microscopy Sciences

Fetal Bovine Serum Gibco

Fluo-8 AAT Bioquest

Geneticin Thermo Fisher Scientific

Hanks’ Balanced Salt solution, no calcium, no magnesium,

no phenol red

Gibco

Hanks’ Balanced Salt solution, with calcium, with

magnesium, no phenol red

Gibco

HEPES Sigma

Hygromycin B Invitrogen

Metafectene Pro Biontex

MitoSOX Thermo Fisher Scientific

MitoTracker Deep Red FM Invitrogen

MitoTracker Green FM Invitrogen

Oligofectamine Invitrogen

OptiMEM Gibco

Percoll GE Healthcare

PhosSTOP Roche

poly-L-lysine Sigma

Precision Plus Protein Dual Colour Standards BioRad

Propylene Oxide Electron Microscopy Sciences
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Table 2.1 – Chemicals and reagents (continued)

Reagent Supplier

Protein A Sepharose Beads CL-4B GE Healthcare

Puromycin Thermo Fisher Scientific

Pyruvate Kinase / Lactate Dehydrogenase Sigma

Sodium azide ICN Biomedical Inc.

Sodium dodecyl sulphate (SDS) J.T. Baker

Tetramethylethylenediamine (TEMED) OmniPur/EMD

TMRM Sigma

Trans-blot nitrocellulose BioRad

Tris Bio Basic Inc.

Triton X-100 Sigma

Trypsin 2.5% Gibco

Β-Mercaptoethanol BioShop

Table 2.2 – Buffers and solutions

Buffer Methodology Composition

ATPase Reaction

buffer

ATPase assay 50 mM HEPES pH 7.2, 125 mM NaCl, 1

mM MgCl2, 0.1 mM CaCl2, 1 mM DTT,

0.6 mM NADH, 2 mM ATP, 1 mM

phosphoenol pyruvate, 2.5 μL of pyruvate

kinase/lactate dehydrogenase, 0.02% DMSO

Membrane

Resuspension Buffer

(MRB)

ATPase assay 50 mM HEPES pH 7.2, 125 mM NaCl, 1

mM MgCl2
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Table 2.2 – Buffers and solutions (continued)

Buffer Methodology Composition

CHAPS lysis buffer Cell lysates preparation 1% CHAPS, 10 mM Tris pH 7.4, 150 mM

NaCl, 1 mM EDTA

Sample buffer Cell lysates preparation 60 mM Tris-HCL pH 6.8, 2% SDS, 10%

glycerol, 10% β-mercaptoethanol, 0.004%

bromophenol blue

PBS Cell lysates preparation, Lipid

transfer, Subcellular

fractionation, SPLICS,

SERCA redox

137 mM NaCl, 2.7 mM KCl, 10 mM

Na2HPO4, 1.8 mM KH2PO4 pH 7.4

Hanks’ Balanced Salt

Solution with

Calcium (HBSS/Ca)

Confocal fluorescence

microscopy Calcium

measurements, Mitochondrial

membrane potential,

Mitochondrial dynamics

0.34 mM Na2HPO4 pH 7.4, 137.93 mM

NaCl, 4.17 mM NaHCO3, 0.44 mM

KH2PO4, 5.33 mM KCl, 0.41 mM MgSO4,

0.49 mM MgCl2, 1.26 mM CaCl2, 5.55

mM Glucose

Hanks’ Balanced Salt

Solution without

Calcium

(HBSS/noCa)

Confocal microscopy

Calcium measurements

0.34 mM Na2HPO4 pH 7.4, 137.93 mM

NaCl, 4.17 mM NaHCO3, 0.44 mM

KH2PO4, 5.33 mM KCl, 0.41 mM MgSO4,

1.75 mM MgCl2, 5.55 mM Glucose, 0.1 M

EGTA

Electron Microscopy

fixation buffer

Electron microscopy 2% paraformaldehyde, 2% glutharaldehyde

and 100 mM Sodium Cocadylate pH 7.4

Sodium Cocadylate

(Cacod) buffer

Electron microscopy 100 mM Sodium Cocadylate pH 7.4
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Table 2.2 – Buffers and solutions (continued)

Buffer Methodology Composition

Hanks’ Balanced Salt

Solution with

Calcium and BSA

(HBSS/Ca/BSA)

Fluorometer Calcium

measurements, Reactive

oxygen species

0.1% BSA, 0.34 mM Na2HPO4 pH 7.4,

137.93 mM NaCl, 4.17 mM NaHCO3, 0.44

mM KH2PO4, 5.33 mM KCl, 0.41 mM

MgSO4, 0.49 mM MgCl2, 1.26 mM CaCl2,

5.55 mM Glucose

Mitochondria

Homogenization

Buffer (MHB)

Subcellular fractionation,

ATPase assay

10 mM HEPES-OH pH 7.4, 1 mM EDTA,

1 mM EGTA, 250 mM Sucrose

4x Separating Gel

buffer

Western blot 1.5 M Tris pH 8.8, 0.4% SDS

4x Stacking Gel

buffer

Western blot 0.5 M Tris pH 6.8, 0.4% SDS

Gel Running buffer

(SDS-PAGE)

Western blot 25 mM Tris, 200 mM Glycine, 0.1% SDS

Membrane Blocking

buffer

Western blot 10 mM Tris pH 8.0, 150 mM NaCl, 0.05%

Triton X-100, 2% BSA

TBS-T Western blot 10 mM Tris pH 8.0, 0.15 M NaCl, 0.05%

Triton X-100
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Table 2.3 – Inhibitors and drugs

Inhibitor or drug Effect Concentration Supplier
2-Deoxy-D-glucose (2-DG) Inhibits glycolysis 25 mM Tocris
ATP Activates IP3R 600 μM

(MEF) and 50
μM (HeLa and
A375p)

Sigma

BAPTA-AM Chelates intracellular calcium 10 μM Thermo
Fisher
Scientific

EN460 Inhibits Ero1α and Ero1β 25 μM Sigma
FCCP Dissipates mitochondrial

potential
10 μM Sigma

GKT-137831 (GKT) Inhibits NOX4 5 μM Focus
Biomolecules

GSK-2606414 (GSK) Inhibits PERK 10 μM Tocris
Histamine Activates IP3R 50 μM Sigma
N-Acetyl-L-cysteine Antioxidant 5 mM Sigma
Oligomycin Inhibits mitochondrial ATP

synthase
1 μM Sigma

Rotenone Inhibits mitochondrial Complex I 1 μM Sigma
tert-Butylhydroquinone
(TBHQ)

Inhibits SERCA 60 μM Sigma

Thapsigargin Inhibits SERCA 10 μM Alexis
Biochemicals

Tunicamycin Inhibits protein glycosylation,
activates ER stress

1 μg/mL Alexis
Biochemicals

Table 2.4 – Commercial kits

Kit Supplier
ATP Determination kit Molecular Probes
EZ-Link Iodoacetyl-PEG2-Biotin (BIAM) kit Thermo Fisher Scientific
Mouse Embryonic Fibroblast Nucleofector Kit 1 Lonza
Pierce BCA Protein Assay Kit Thermo Fisher Scientific
QIAGEN plasmid midi kit QIAGEN
TXNDC (TMX1) Human Gene Knockout Kit (CRISPR) OriGene
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2.2 Cell culture

2.2.1 Maintenance of cell lines

Cell lines were cultured at 37°C with 5% CO2 and humidified air. They were passaged every two

to three days to a maximum passage number of 50. The regular culture media consisted of DMEM

with 10% FBS. The cell lines used in this work are listed in Table 2.5.

2.2.2 Plasmid-based transfection

Transfection of exogenous plasmids was used to express specific genes in the cells. Two different

transfection methods were used depending on the cell line and experiment, as described in each ex-

periment. The method used depended on the transfection efficiency for each cell line. In general,

MEF cells had better efficiency with electroporation, and HeLa and A375p cells had better efficiency

with lipid base transfection.

2.2.2.1 Electroporation-based transfection

Electroporation was applied on MEF cells using a Amaxa Nucleofector 2b Device (Lonza) and the

MEF 1 Nucleofector kit. Following manufacturer’s instructions, 2×106 MEF cells were transfected

with 5 μg of plasmid using the A-023 program. For microscopy experiments, the transfected cells

were seeded in poly-L-lysine coated 12 mm glass coverslips in 24-well plates at a concentration of

3×105 cells per well and kept them growing for 24 hours before the experiments. For other experi-

Table 2.5 – Cell lines

Cell line Source
A375P Wellcome Trust Functional Genomics Cell Bank
HeLa European Collection of Authenticated Cell Cultures (ECACC)
HeLa TMX1 wild type Made with CRISPR
HeLa TMX1 knockout Made with CRISPR
MEF CNX wild type Dr. Marek Michalak, Department of Biochemistry, University of Alberta
MEF CNX knockout Dr. Marek Michalak, Department of Biochemistry, University of Alberta
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ments, cells were seeded as described in each experiment.

2.2.2.2 Lipid based transfections

Cells were seeded in 6-well plates at a concentration of 5×105 cells per well. For each well, 3 μg

of plasmid and 9 μL of Metafectene Pro (Biontex) were mixed in 200 μL of Opti-MEM (Thermo

Fisher Scientific), and incubated for 20 minutes at room temperature. Then, this solution was added

to the cells (on top of 2 mL of regular medium) and incubated for 4 hours. After the incubation,

the medium was changed to fresh culture media. Cells were grown for another 24 to 48 hours, as

described in each experiment.

2.2.3 siRNA mediated knockdown

Cells were seeded in 6-well plates at a concentration of 1×106 cells per well. A solution containing

10 μL of 20 μM siRNA (scrambled siRNA for controls) and 4 μL of Oligofectamine (Thermo Fisher

Scientific) mixed in 200 μL of Opti-MEM (Thermo Fisher Scientific) was prepared for each well. The

mix was incubated for 30 minutes at room temperature. Then, the cell culture media was replaced

with 800 μL of Opti-MEM, and the 200 μL of siRNA mix were added. Finally, the cells were

incubated for 4 hours. When the incubation was finished, the medium was replaced with fresh culture

media.

2.2.4 Generation of stable transfection overexpressing and knockdown cell lines

Cells were transfected with the plasmids indicated in Table 2.6 following the directions in section

2.2.2.2 about lipid-based transfections. After 24 hours of transfection, cells were trypsinized, trans-

ferred to a 15 cm dish, and mixed with 20 mL of culture media with Puromycin (Thermo Fisher

Scientific) 1 μg/mL, Geneticin (Thermo Fisher Scientific) 500 μg/mL or Hygromycin B (Invitrogen)

50 μg/mL, depending on the plasmid. After 2 to 3 weeks, growing colonies were picked and trans-

ferred to a 24-well plate with 1 mL of culture media with the corresponding antibiotic. When the

clones grew confluent, they were transferred to a 6-well plate. After the cells grew confluent, they
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Table 2.6 – Stable transfections

Cell line Expression Backbone vector Selection antibiotic
HeLa Small hairpin control (shCtrl) pSIH1 Puromycin
HeLa Small hairpin TMX1 (shTMX1) pSIH1 Puromycin
A375p Empty vector pIRES2-EGFP Geneticin
A375p FLAG-TMX1 pIRES2-EGFP Geneticin
MEF CNX knock out Empty vector pcDNA5 Hygromycin
MEF CNX knock out CNX-WT-FLAG pcDNA5 Hygromycin

were tested for the protein levels of the protein of interest using western blot (see section 2.8). The

clones that showed the phenotype of interest were selected for further experiments.

Stably transfected cell lines used in this work are listed in Table 2.6.

2.2.5 Generation of CRISPR knockout cell lines

Hela TMX1 KO cells lines were generated using the TXNDC (TMX1) Human Gene Knockout Kit

(CRISPR) (OriGene). First, cells were co-transfected with two plasmids: a pCas-Guide plasmid

containing the Cas-9 gene and the guiding RNA sequence targeted to the TMX1 gene; and a pUC

plasmid containing a cassette with GFP and Puromycin resistance genes flanked by homologous arms

to the cutting site. After transfection, cells were passaged nine times and transferred to a 15 cm

dish with 20 mL of culture media and 1 μg/mL Puromycin (Thermo Fisher Scientific). After 2 to 3

weeks, growing colonies were picked and transferred to a 96-well plate. The insertion of the cassette

was confirmed by the presence of GFP using flow cytometry, and the absence of TMX1 protein with

western blot. Further validation was performed by sequencing of the target region in the TMX1 gene

to identify the presence of the GFP insertion.

2.3 Ca2+ measurement

The measurement of Ca2+ signals is a central part of this thesis. Ca2+ measurements were used for

three main objectives. First, to determine the activity of specific Ca2+ channels and pumps like IP3R,
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SERCA and SOCE. Second, to measure the amount of Ca2+ in different subcellular compartments

like ER and mitochondria. Third, as an indirect estimation of ER-mitochondria contact formation by

measuring the transfer of Ca2+ from ER to mitochondria. Ca2+ was measured in living cells using dif-

ferent fluorescent Ca2+ probes. These probes bind Ca2+ and have a fluorescence that is proportional

to the amount of Ca2+ they bind. Some of these probes are targeted to specific subcellular compart-

ments, specifically the ER and mitochondria. These are protein probes that have targeting sequences

to the specific organelles. Chemical probes were used for cytoplasmic Ca2+ measurements.

All Ca2+ experiments were performed in living cells using fluorescencemicroscopy, and the changes in

Ca2+ concentration was recorded over time effectively making “movies” of Ca2+ signals. A variety of

drugs were used in order to determine the activity of specific Ca2+ channels. These drugs open or close

these Ca2+ channels and induce changes in intracellular Ca2+ levels. By analyzing the characteristics

of these Ca2+ signals, it is possible to determine if the activity of the channel is altered.

To evaluate the activity of IP3R, cells were loaded with the cytoplasmic Ca2+ probe Fura-2, and

treated with ATP, which triggers the opening of the IP3R. Fura-2 fluorescence over time will show

a flat baseline at the beginning of the measurement. Then, when ATP is added, the fluorescence

increases indicating that Ca2+ was released into the cytoplasm. Finally, the Ca2+ is cleared from the

cytosol and the fluorescence goes back down. The size of the peak will be proportional to the activity

of IP3R.

A similar approach was used for the quantification of Ca2+ content in ER and mitochondria. In this

case, probes that are specifically targeted to the ER and mitochondrial (ER-LAR-GECO1 and mito-

LAR-GECO1.2) were used as Ca2+ indicators. The GECO probes are single-wavelength indicators

that cannot determine Ca2+ concentration precisely, because their fluorescence can change depending

on differences in retention and loading of the probe between samples. But they are good at determin-

ing changes in Ca2+ levels over time within one sample, as described before. For this reason, Ca2+

content in ER and mitochondria was measured by recording Ca2+ levels under normal conditions for

a few minutes, and then depleting the Ca2+ from the organelles. Then, the fluorescence value of the
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starting baseline was compared to the fluorescence value at zero Ca2+. The drop in fluorescence after

depleting Ca2+ was used as an indirect measurement of Ca2+ content.

2.3.1 Confocal fluorescence microscopy

Ca2+ experiments were performed on an FV1000 laser-scanning confocal microscope (Olympus) us-

ing a 20× objective (XLUMPLANFL, NA 1.0; Olympus), equipped with a PL-A686 6.6 megapixel

camera (Capture-se software; PixeLINK), and a perfusion system with a peristaltic pump (for the

FV1000 system, Watson-Marlow Alitea-AB; Sin-Can). The perfusion medium was either Hanks’

Balanced Salt Solution (HBSS) with Ca2+ (HBSS/Ca) or HBSS without Ca2+ and 0.1 M EGTA

(HBSS/noCa), and the flow speed was set at 5 mL/minute. The laser and filters settings depended

on the Ca2+ probe used during the measurement. A 559 nm excitation laser with a 575-675 nm

band-pass emission filter was used for ER-LAR-GECO1 and mito-LAR-GECO1.2; and a 473 nm

excitation laser with a 490-540 nm band-pass emission filter for Fluo-8. All measurements were

made at room temperature. The images have a size of 512×512 pixels, and it takes approximately 1

second to take each picture. Acquisition was performed with the Olympus Fluoview software.

2.3.1.1 ER Ca2+ content

The probe used to measure ER Ca2+ was the low affinity ER-LAR-GECO1 [172]. This is a protein

probe that was expressed in the cells by transfection with a plasmid containing the probe. For MEF

cells, 2×106 cells were transfected with 5 μg of plasmid containing the ER-LAR-GECO1 probe fol-

lowing the instructions in section 2.2.2.1 about electroporation-based transfections. Transfected cells

were then seeded in poly-L-lysine coated 12 mm glass coverslips in 24-well plates at a concentration

of 3×105 cells per well and kept growing for 24 hours before the experiment. For Hela and A375P

cells, cells were seeded in poly-L-lysine coated 12 mm glass coverslips in 24-well plates at a concen-

tration of 5×104 cells per well. Next day, cells were transfected with 0.5 μg of plasmid and 2.5 μL of

Metafectene per well. After 4 hours of incubation, the cell culture medium was replaced with fresh

media, and the cells were incubated for an extra 24 to 48 hours before the experiment.
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For the experiment, cells were incubated in regular culture medium with the drugs indicated in each

experiment or the vehicle for the controls. Then, the coverslips containing the treated cells were

transferred to the perfusion chamber in the microscope and perfused with HBSS/Ca. Cells were

kept under the perfusion flow for 5 to 10 minutes, while searching and focusing the cells before the

measurements started. Between 10 and 20 cells were captured in each coverslip per measurement.

After the cells were selected and the focus adjusted, a 1 minute recording was performed, taking

images every 5 seconds. The objective of this short capture is to detect drifting coverslips or cells

with unstable signal. Drifting coverslips happens when there is small debris under the coverslip (for

example, small shards of a broken coverslips) or because the perfusion flow moves the coverslip.

This results in a slow movement of the coverslip inside the perfusion chamber. This drift causes

serious problems for the measurement, like cells moving out of focus or out of the recorded field.

Even slight movements can render the cells impossible to quantify and analyze in later stages of the

experiment. Cells with unstable signal are cells that, for unknown reasons, have a fluorescent signal

that goes constantly up or down without any stimulus. Since a stable baseline is required to perform

the analysis of this experiment, the unstable cells cannot be used. Even though these events are rare,

they are, due to their slow nature, almost impossible to detect while focusing. Hence, this 1 minute

recording is used to quickly assess whether any of these problems is present. If the measurement is

fine, the experiment continues; if not, the coverslip is adjusted and new cells are selected.

At the beginning of each experiment, cells are recorded for 30 seconds to establish a baseline, taking

images every 5 seconds. Then, the perfusion medium was changed to HBSS/noCa with the SERCA

inhibitors TBHQ 60 μM or thapsigargin 3 μM for 10 minutes, followed by 5 minutes of HBSS/noCa.

This combination removes the availability of extracellular Ca2+ and stops the SERCA pump, depleting

the ER Ca2+ stores. The ER Ca2+ content was estimated by calculating the average fluorescence of the

first 100 seconds (the media take approximately 90 second to reach the perfusion chamber, resulting

in a real measured baseline of 120 seconds) and the last 100 seconds of measurement, after the signals

reached a stable baseline. The difference between the starting and the ending baselines is the total
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drop of the Ca2+ signal and is proportional to the Ca2+ content of the ER. In addition, the speed at

which Ca2+ escapes the ER was also calculated. This represents the speed of passive ER Ca2+ leak.

The leak was estimated by calculating the slope of the Ca2+ fluorescence signal for the first 30 seconds

of ER Ca2+ depletion.

2.3.1.2 Mitochondrial Ca2+ content

The measurement of mitochondrial Ca2+ content shares many similarities with the measurement of

ER Ca2+ content. The probe used to measure mitochondrial Ca2+ was mito-LAR-GECO1.2 [172].

This is a protein probe that was expressed in the cells by transfection with a plasmid containing the

probe. For MEF cells, 2×106 cells were transfected with 5 μg of plasmid containing the mito-LAR-

GECO1.2 probe following the instructions in section 2.2.2.1 about electroporation-based transfec-

tions. Transfected cells were then seeded in poly-L-lysine coated 12 mm glass coverslips in 24-well

plates at a concentration of 3×105 cells per well and kept growing for 24 hours before the experiment.

For Hela and A375P cells, cells were seeded in poly-L-lysine coated 12 mm glass coverslips in 24-

well plates at a concentration of 5×104 cells per well. Next day, cells were transfected with 0.5 μg of

plasmid and 2.5 μL of Metafectene per well. After 4 hours of incubation, the cell culture medium

was replaced with fresh media, and the cells were incubated for an extra 24 to 48 hours before the

experiment.

For the experiment, cells were incubated in regular culture medium with the drugs indicated in each

experiment or the vehicle for the controls. Then, the coverslips containing the treated cells were

transferred to the perfusion chamber in the microscope and perfused with HBSS/Ca. Cells were

kept under the perfusion flow for 5 to 10 minutes, while searching and focusing the cells before the

measurements started. Between 10 and 20 cells were captured in each coverslip per measurement.

After the cells were selected and the focus adjusted, a 1 minute recording was performed, taking

images every 5 seconds. The objective of this short capture is to detect drifting coverslips or cells with

unstable signal (see section 2.3.1.1 about ER Ca2+ for more details).
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At the beginning of each experiment, cells are recorded for 30 seconds to establish a baseline, taking

images every 5 seconds. Then, the perfusion medium was changed to HBSS/noCa with FCCP 10 μM

for 10 minutes, followed by 5 minutes of HBSS/noCa. This combination removes the availability of

extracellular Ca2+ and dissipates mitochondrial potential. Since mitochondrial potential is essential

to retain Ca2+ in the mitochondrial matrix, the dissipation of this electrochemical gradient results in a

quick depletion of mitochondrial Ca2+. The mitochondrial Ca2+ content was estimated by calculating

the average fluorescence of the first 100 seconds (the media take approximately 90 second to reach

the perfusion chamber, resulting in a real measured baseline of 120 seconds) and the last 100 seconds

of measurement, after the signals reached a stable baseline. The difference between the starting and

the ending baselines is the total drop of the Ca2+ signal and is proportional to the Ca2+ content inside

mitochondria.

2.3.1.3 Store Operated Ca2+ Entry

Store Operated Ca2+ Entry (SOCE) is a mechanism that allows Ca2+ to flow from the extracellular

medium in order to reestablish Ca2+ balance after Ca2+ stores depletion. The procedure to measure

SOCE has two steps. First, cellular ER Ca2+ stores are depleted using a combination of SERCA

inhibition and removal of extracellular Ca2+. Then, extracellular Ca2+ is added back, generating a

flow of Ca2+ into the cell mediated by SOCE. The amount of Ca2+ going into the cells is proportional

to SOCE activity.

SOCE was determined using the cytoplasmic Ca2+ probe Fluo-8. Unlike the GECO probes, Fluo-8

is a chemical Ca2+ indicator. Thus, cells are loaded with Fluo-8 by incubating them with the probe

for some time. No transfections are necessary. The day before the experiment, cells were seeded in

poly-L-lysine coated 12 mm coverslips in 24-well plates at a concentration of 5×104 cells per well.

For the experiment, cells were incubated in regular culture medium with the drugs indicated in each

experiment or the vehicle for the controls. Then, the cells were incubated with Fluo-8 1 μM for 30

minutes in regular culture medium at 37°C. Then, the coverslips containing the Fluo-8 loaded cells
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were transferred to the perfusion chamber in the microscope and perfused with HBSS/Ca. Cells were

kept under the perfusion flow for 5 to 10 minutes, while searching and focusing the cells before the

measurements started. Between 30 and 50 cells were captured in each coverslip per measurement.

After the cells were selected and the focus adjusted, a 1 minute recording was performed, taking

images every 5 seconds. The objective of this short capture is to detect drifting coverslips or cells with

unstable signal (see section 2.3.1.1 about ER Ca2+ for more details).

At the beginning of each experiment, cells are recorded for 30 seconds to establish a baseline, taking

images every 5 seconds. Then, the perfusion medium was changed to HBSS/noCa with 10 μM thap-

sigargin for 10 minutes. This combination removes the availability of extracellular Ca2+ and stops

the SERCA pump, depleting the ER Ca2+ stores. Finally, the medium is changed back to HBSS/Ca

for 10 minutes, inducing an influx of Ca2+ from the extracellular medium through SOCE.

SOCE activity was estimated by calculating the average fluorescence of the last 100 seconds before

the reintroduction of Ca2+, and the fluorescence value of the peak after the reintroduction of Ca2+.

The difference between the baseline and the Ca2+ peak is proportional to SOCE activity.

2.3.1.4 Ca2+ transfer from ER to mitochondria

Ca2+ transfer from the ER tomitochondria was used as a functional measurement of ER-mitochondria

contacts. The probe used to measure mitochondrial Ca2+ was mito-LAR-GECO1.2 [172]. This is a

protein probe that was expressed in the cells by transfection with a plasmid containing the probe. For

MEF cells, 2×106 cells were transfected with 5 μg of plasmid containing the mito-LAR-GECO1.2

probe following the instructions in section 2.2.2.1 about electroporation-based transfections. Trans-

fected cells were then seeded in poly-L-lysine coated 12 mm glass coverslips in 24-well plates at a

concentration of 3×105 cells per well and kept growing for 24 hours before the experiment. For Hela

and A375P cells, cells were seeded in poly-L-lysine coated 12 mm glass coverslips in 24-well plates

at a concentration of 5×104 cells per well. Next day, cells were transfected with 0.5 μg of plasmid and

2.5 μL of Metafectene per well. After 4 hours of incubation, the cell culture medium was replaced
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with fresh media, and the cells were incubated for an extra 24 to 48 hours before the experiment.

For the experiment, cells were incubated in regular culture medium with the drugs indicated in each

experiment or the vehicle for the controls. Then, the coverslips containing the treated cells were

transferred to the perfusion chamber in the microscope and perfused with HBSS/Ca. Cells were

kept under the perfusion flow for 5 to 10 minutes, while searching and focusing the cells before the

measurements started. Between 10 and 20 cells were captured in each coverslip per measurement.

After the cells were selected and the focus adjusted, a 1 minute recording was performed, taking

images every 5 seconds. The objective of this short capture is to detect drifting coverslips or cells with

unstable signal (see section 2.3.1.1 about ER Ca2+ for more details).

At the beginning of each experiment, cells are recorded for 30 seconds to establish a baseline, taking

images every 5 seconds. Then, the perfusion medium was changed to HBSS/Ca with ATP 600 μM

for 5 minutes for MEF cells, and ATP 50 μM for 5 minutes for Hela and A375P cells. ATP triggers

a release of Ca2+ from the ER by opening the IP3Rs. Once Ca2+ is released, it is transferred to

the mitochondria. Under normal conditions, this results in an increase in the mitochondrial Ca2+

fluorescent signal, which represents an increase in mitochondrial Ca2+ levels. If ER-mitochondria

contacts are disrupted, the transfer is less efficient and the increase in mitochondrial Ca2+ is smaller.

On the other hand, if ER-mitochondria contacts are augmented, the transfer is more efficient and the

increase in mitochondrial Ca2+ is bigger.

2.3.1.5 Image processing, quantification and analysis

The result of the microscopy experiments is a stack of images for each condition. Each image in the

stack is a time point during the measurement. It is similar to a movie where changes in fluorescence

intensity represents changes in Ca2+ levels in the cell over time. The objective of the analysis is to

quantify the fluorescent Ca2+ signal of each cell over time, and compare these signals between the

different conditions. All Ca2+ experiments were analyzed in a similar way. The processing of image

data obtained from the microscope can be broken down into the following steps:
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All fluorescent microscopy measurements and analysis was performed in the Fiji1 [173] distribution

of ImageJ2 [174]. The images are in .oib format, a proprietary format from Olympus, and were

imported into Fiji using the Bio-Formats3 plugin [175]. Each image contains between 10 and 50

cells depending on the size, confluency and efficiency of transfection of the experiment. Fluorescence

intensity over time was measured in each individual cell using one Region Of Interest (ROI) per cell.

This ROI is a circular selection of 310 μm2, big enough to fit a considerable area of the cytosol without

extending into the nucleus or the extracellular space. The fluorescent signal inside each ROI was

quantified using the Fiji plug-in Time Series Analyzer v3.4 Because of the high variability between

individual cells, this step of the processing can be particularly subjective. For this reason, the following

criteria was followed to select the cells that would be incorporated into the analysis:

• Always measure every cell in the captured field.

• If a cell does not have a positive signal for the probe (for example not transfected), the cell is

discarded.

• The ROI is placed in an area of the cytoplasm where the signal is the strongest. This is partic-

ularly important in probes with a specific cellular localization like ER or mitochondria.

• The cell has to remain stationary and not move out of the ROI. It also cannot have dramatic

changes of shape during the measurement. These movements will introduce drops, peaks or

other artifacts in the fluorescence signal that should not be included in the data. The amount

of movement varies with the cell type used. For example, MEF cells are particularly prone to

movement. That is why experiments are always performed in coated coverslips, which prevents

this movement. Sometimes cells move in response to the drug added, like thapsigargin or

FCCP. If the change in the fluorescence signal is due to cell movement, and not in response to

the drug added, the cell is discarded.

• The baseline (the fluorescence signal during the first 100 seconds), has to be stable. If the
1https://fiji.sc/
2https://imagej.net/
3https://www.openmicroscopy.org/bio-formats/
4https://imagej.nih.gov/ij/plugins/time-series.html
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baseline fluorescence is going up or down, the cell is discarded. Stable baselines are essential

for the next steps in the quantification procedure. Most of the time an unstable baseline is a

consequence of the cell moving out of the ROI. Moving cells are impossible to measure, so

they have to be discarded.

• The cell has to respond to the added drug. If the fluorescence signal remains stable and flat

for the entire measurement, the cell is discarded. It is important to note that the question of

the experiment is never whether thapsigargin/TBHQ/histamine/ATP/FCCP is able to move

Ca2+ between compartments. They are used because they are strong stimuli that will trigger a

specificmovement of Ca2+. Hence, unresponsive cells are dysfunctional and are not considered.

They introduce an irrelevant variable to the experiment and make data harder to quantify and

interpret.

When the cell selection is complete, the mean fluorescence intensity inside each of the ROIs is quan-

tified for each time point. The resulting data is stored in a .csv or .xlsx file.

After the quantification is completed, the signal at each time point is normalized against the base-

line value of each of the cells. The objective of this normalization is to make the measurements

comparable between cells. The raw fluorescence values cannot be used because differences in probe

transfection/loading and differences in cell size introduce a great variability between individual cel-

lular fluorescence values. With the normalization is possible to focus on the behavior of the cells

independent of the raw value of the signal. In order to do the normalization, the average fluorescence

intensity of the first 100 seconds is calculated, this is the starting baseline value. Then, each time point

is divided by the starting baseline value. This results in all cells having a starting baseline of 1 and

then the signal goes up or down in relation to this starting point. This normalization is represented as

F1/F0 in the figures.

Alternatively, in experiments to measure ER or mitochondria Ca2+ content, the baseline is not calcu-

lated from the first 100 seconds. Instead, it is calculated when the signal reached a stable minimum

in the last 100 seconds of measurement, this is the ending baseline value. Then, each time point is
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divided by the ending baseline value. As a result, all cells finish their measurement at a value of 1,

but they start their measurement at a higher value. This normalization is represented as F1/Ffinal in

the figures.

After each individual cell is normalized, the values of all single cells are averaged. The resulting

average of normalized fluorescence signals over time is the basic data element of the experiment.

This is the data reported in graphs, and from were Ca2+ peaks and slopes are calculated.

The analysis of the Ca2+ signal curves depends on the experiment. Peaks are calculated Ca2+ transfer

to mitochondria and SOCE by measuring the difference between the starting baseline (which corre-

sponds to a value of 1) and the maximum fluorescence value of the signal. ER and mitochondrial Ca2+

content are calculated by measuring the difference between the end baseline (which corresponds to a

value of 1) and the average of the first 100 seconds. Slopes are calculated by doing a linear regression

of a segment of the fluorescence signal of approximately 30 seconds.

2.3.2 Fluorometer

The fluorometer was used to measure cytosolic Ca2+, in particular, the activity of the IP3R. Cells were

seeded in 60 mm dishes at a concentration of 2×106 cells per dish. Next day, cells were incubated in

regular culture medium with the drugs indicated in each experiment or the vehicle for the controls.

For Fura-2 loading, cells were washed with HBSS/Ca buffer with 0.1% BSA (HBSS/Ca/BSA) and

incubated in 1.5 mL of HBSS/Ca/BSA with 1 μM Fura-2 for 30 minutes at room temperature in the

dark. Then, the buffer was replaced with fresh HBSS/Ca/BSA and incubated for a further 15 minutes

at room temperature in the dark. After the cells were loaded with Fura-2, they were transferred to

the cuvette used in the fluorometer. To transfer the cells, they were lifted from the dish by removing

the HBSS/Ca/BSA and incubating them with 0.5 mL trypsin for 3 minutes. Then, the trypsin was

quenched with 1 mLDMEM10% FBS, and the cells were transferred to an epp tube. Next, cells were

washed by spinning them at 0.1 rcp for 5 minutes and resuspending them in 1 mL of HBSS/Ca/BSA

twice. Finally, the resuspended cells were transferred to the cuvette in a final volume of 1.5 mL of
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HBSS/Ca/BSA.

For the measurement, the cuvette was loaded in the fluorometer while maintaining the cells in suspen-

sion using a magnetic stirring bar. Fura-2 fluorescent signal was detected at 505 nm emission from

340 and 380 nm excitation wavelength using a PTI 814 Photomultiplier Detection System. First, a

200 seconds baseline was established. Then, 50 μM histamine was added as 100 μL of a 200× stock

solution prepared in HBSS/Ca/BSA. The measurement ended 400 seconds after histamine.

Cytoplasmic Ca2+ levels were estimated by calculating the ratio between the 505 nm emission at 340

and 380 nm excitations (340/380 ratio) at each time point. This ratiometric measurement corrects

for different loading of Fura-2 or different amount of cells inside the cuvette.

Ca2+ release through the IP3R was calculated by comparing the average 340/380 ratio of the starting

baseline, and the 340/380 ratio of the peak after the addition of histamine. The difference between

the baseline and the Ca2+ peak is proportional to IP3R activity. In addition, the speed at which Ca2+

levels go down after the peak was also calculated. This cytoplasmic Ca2+ clearance speed was used as

a measurement of SERCA activity, since SERCA mediates the removal of Ca2+ from the cytoplasm.

The clearance speed was calculated bymeasuring the slope of the 340/380 ratio for the first 20 seconds

after the histamine peak.

2.4 Protein quantification

Protein quantification was used to measure the amount of protein in the samples for the ATPase

assay described in section 2.6. Proteins were quantified using the Pierce BCA Protein Assay Kit

(Thermofisher).

Albumin protein standards of 0, 0.025, 0.125, 0.25, 0.5, 0.75, 1, 1.5 μg/μL were prepared for a stan-

dard concentration curve, 10 μL of each sample and protein standard were used for themeasurements.

Next, a solution of Reagents A and B from the kit were mixed in a 50:1 ratio, with a final volume of

200 μL × the number of samples (including the standard concentration curve). Then, each 10 μL of
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sample was mixed with 200 μL of the reagents A and B solution in an epp tube, and incubated in a

thermoregulated water bath at 37°C for 30 minutes. Finally, the BCA absorbance was measured at

562 nm using a NanoDrop 2000c spectrophotometer (Thermo Scientific).

2.5 Subcellular fractionation and Mitochondria-Associated Mem-

branes isolation

Subcellular fractionation techniques were used to separate the different cellular components and an-

alyze their protein composition. These techniques are used to identify the presence of proteins in the

Mitochondria-Associated Membranes (MAM), and the distribution of proteins between MAM and

the bulk of the ER. In addition, they were used to isolate ER membranes in order to measure SERCA

ATPase activity (see section 2.6 for more details on SERCA ATPase assay).

2.5.1 Differential centrifugation fractionation

Cytosol, Heavy membranes, and Light membranes were separated by differential centrifugation. In

this protocol, Light membranes are composed mainly by ER and other organelles membranes; while

Heavy membranes are composed mainly by mitochondria, but they also contain the ER membranes

that are closely associated to mitochondria, theMAM. So ER proteins found in the Heavy membranes

are considered to be present in the MAM, since this is the only ER subdomain present in this fraction.

Whereas ER proteins found in the Light membranes are proteins that are non-MAM proteins and are

not closely associated with mitochondria.

Cells were seeded in 10 cm dishes and cultured until they reached 80% confluence. Then, they were

incubated in regular culture medium with the drugs indicated in each experiment, or the vehicle

for the controls. When the drug incubation was complete, the dishes were transferred to ice and

the cells were washed with cold PBS. Then, 600 μL of Mitochondria Homogenization Buffer (250

mM Sucrose, 10 mM HEPES-OH pH 7.4, 1 mM EDTA, 1 mM EGTA) with protease inhibitors
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(cOmplete, Roche) were added to each dish, and the cells were scraped and transferred to an epp

tube. Cells were homogenized by passing them 7 times through a 26½ G needle. Then, the resulting

lysates were centrifuged at 800 rcf for 10 minutes to remove nuclei and unbroken cells, and the pellet

was discarded.

To obtain the Heavy membranes, the post-nuclear supernatant was centrifuged at 10,000 rcf for 10

minutes, and the pellet was resuspended in 60 μL of 2× Sample buffer (1× Sample buffer: 60 mM

Tris-HCL pH 6.8, 2% SDS, 10% glycerol, 10% β-mercaptoethanol, and 0.004% bromophenol blue).

To obtain the Light membranes, the remaining supernatant of the Heavy membranes separation was

centrifuged at 60,000 rpm (100,000 rcf) for 1 hour at 4°C in a Beckman tabletop ultracentrifuge

using a TLA 120.2 rotor (Beckman Coulter), and the pellet was resuspended in 60 μL of 2× Sample

buffer.

To obtain the Cytosol proteins, the remaining supernatant after the 100,000 rcf centrifugation was

divided in two epp tubes, and the proteins were precipitated by adding 1 mL acetone to each tube and

incubating overnight at -20°C. Next day, the precipitated proteins were centrifuged at 16,000 rcf for

20 minutes at 4°C. The acetone supernatant was discarded, and the proteins were resuspended in 30

μL of 2× Sample buffer (60 μL total per sample).

The protein composition of each fraction was analyzed using western blot (described in 2.8).

2.5.2 Mitochondria-Associated Membrane separation with Percoll

Percoll fractionation is a separation of cellular components by differential centrifugation with an ad-

ditional step to separate the Heavy membranes into MAM and pure mitochondria.

Cells were seeded in 15 20-centimetre dishes and cultured until they reached 80% confluence. Then,

they were incubated in regular culture medium with the drugs indicated in each experiment or the

vehicle for the controls. When the drug incubation was completed, the dishes were transferred to

ice and the cells were washed with cold PBS. Then, each set of 15 dishes was scraped with 5 mL
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of Mitochondria Homogenization Buffer (250 mM Sucrose, 10 mM HEPES-OH pH 7.4, 1 mM

EDTA, 1 mM EGTA) with protease inhibitors (cOmplete, Roche), and the resuspended cells were

transferred to a 50 mL conical tube. The cells were centrifuged at 300 rcf for 5 minutes at 4°C, the

supernatant was discarded, and the cells were resuspended in 5 mL of Mitochondria Homogenization

Buffer with protease inhibitors. The cells were homogenized in a ball-bearing homogenizer (Isobiotec,

Heidelberg, Germany) with a ball clearance of 18 μm; the cells were passed through the homogenizer

7 times. Then, the resulting homogenate was centrifuged at 600 rcf for 10 minutes at 4°C to remove

unbroken cells and nuclei.

To obtain the Crude Mitochondria fraction (equivalent to the Heavy membranes), the post-nuclear

lysates were centrifuged at 10,000 rcf for 10 minutes. Then, the pellet (Crude Mitochondria fraction)

was resuspended in 1 mL of Mitochondria Homogenization Buffer with protease inhibitors. 40 μL

of the Crude Mitochondria fraction were separated and mixed with 5× Sample buffer (1× Sample

buffer: 60 mM Tris-HCL pH 6.8, 2% SDS, 10% glycerol, 10% β-mercaptoethanol, and 0.004%

bromophenol blue) for analysis.

To obtain the Microsomes fraction (equivalent to the Light membranes), the Crude Mitochondria

suspension was transferred to four 1.4 mL ultracentrifuge tubes and spun at 60.000 rpm for 1 hour at

4°C in a Beckman tabletop ultracentrifuge using a TLA 120.2 rotor (Beckman Coulter). The pellets,

which correspond to the Microsomes fraction, were resuspended in a final volume of 1.2 mL with 1×

Sample buffer.

To obtain the Cytosol proteins, the remaining supernatant was divided in twelve epp tubes, and the

proteins were precipitated by adding 1 mL acetone to each tube and incubating overnight at -20°C.

Next day, the precipitated proteins were centrifuged at 16,000 rcf for 20 minutes at 4°C. The acetone

supernatant was discarded, and the proteins were resuspended in 1.2 mL of 1× Sample buffer.

To separate the Crude Mitochondria into Pure Mitochondria and MAM, the remainder 950 μL of

resuspended Crude Mitochondria were carefully layered on top of 7.9 mL of 18% Percoll in a poly-

carbonate ultracentrifuge tube (also prepared with Mitochondria Homogenization Buffer). Then, the
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Crude Mitochondria suspension was centrifuged at 95,000 rcf for 30 minutes at 4°C in a Type 90

Ti rotor (Beckman Coulter). After the centrifugation, the sample separated into two bands, a heavy

and cloudy band near the bottom of the tube corresponding to Pure Mitochondria, and a lighter and

thinner band above it corresponding to MAM. 2 mL of the MAM band were extracted and trans-

ferred it to two 1.4 mL ultracentrifuge tubes. To clean the MAM fraction of the Percoll, the MAM

suspension was centrifuged at 60.000 rpm for 1 hour at 4°C in a TLA 120.2 rotor (Beckman Coul-

ter). Then, 200 μL of the MAM pellet were extracted and transferred to an epp tube, mixed it with

50 μL of 5× Sample buffer, and the final volume was adjusted to 300 μL with 1× Sample buffer.

In parallel, 2 mL of the Pure Mitochondria band were extracted and transferred to 4 epp tubes, and

1 mL of Mitochondria Homogenization Buffer was added to each of the tubes. To clean the Pure

Mitochondria fraction of the Percoll, the Pure Mitochondria suspension was centrifuged at 10,000

rcf for 10 minutes at 4°C. Then, the supernatant was discarded and the pellet was resuspended with 1

mL of fresh Mitochondria Homogenization Buffer, and the centrifugation was repeated. Finally, the

supernatant was discarded and the Pure Mitochondria pellets were resuspended in a final volume of

300 μL of 1× Sample buffer.

The protein composition of each fraction was analyzed using western blot (described in 2.8).

2.6 SERCA ATPase activity assay

The enzymatic ATPase activity assay was used to measure the ATPase activity of the Ca2+ pump

SERCA. Since the Ca2+ pumping activity of SERCA depends on the hydrolysis of ATP, the ATPase

activity is a direct measurement of SERCA Ca2+ pumping activity. The ATPase assay consisted of

an enzyme coupled reaction where the regeneration of ATP is coupled to the oxidation of NADH

[176]. The ATPase activity was measured as a decrease in NADH absorbance at 340 nm over time.

It is important to note that this assay will measure all ATPase activity present on the sample, not only

from SERCA. Two adjustments were made to obtain specifically SERCA ATPase activity. The first

one was to remove fractions of the cell where we know that SERCA is not present, like cytosol and
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nuclei, by subcellular fractionation. The second is to use a specific SERCA inhibitor, to determine

specifically the ATPase activity from SERCA.

The preparation and seeding of cells depended on the experimental conditions. Cells were seeded in

10 cm dishes at a concentration of 4×106 cells per dish. Next day, cells were incubated in regular

culture medium with the drugs indicated in each experiment or the vehicle for the controls.

If cells were transfected with a plasmid (for example, for the CNX rescue experiment in CNX knock-

out cells), they were seeded in 6-well plates at a concentration of 1×106 cells per well. Next day, cells

were transfected using Metafectene, following the procedure described in section 2.2.2 about plasmid

transfections. After 24 hours of transfection, cells were trypsinized and transferred to a 10 cm dish.

Next day, cells were incubated in regular culture medium with the drugs indicated in each experiment

or the vehicle for the controls.

If cells were treated with a siRNA for a knockdown experiment, they were seeded in 6-well plates

at a concentration of 1×106 cells per well. Next day, cells were incubated with siRNA following the

procedure described in section 2.2.3 about siRNA mediated knockdown. After 24 hours, cells were

trypsinized and transferred to a 10 cm dish. Next day, cells were incubated in regular culture medium

with the drugs indicated in each experiment or the vehicle for the controls.

2.6.1 Light membranes separation

The first step of the ATPase assay is the separation of the Light membranes by differential cen-

trifugation (see section 2.5.1). Light membranes are composed mainly by ER and other organelles

membranes, and most SERCA can be found in this fraction. The objective is to concentrate SERCA

by separating it from other ATPases found in other fractions of the cell. This helps to obtain a cleaner

measurement without the interference of ATPases present in the discarded fractions.

First, cells were put in ice and washed with cold PBS. Then, 600 μL ofMitochondria Homogenization

Buffer (250 mM Sucrose, 10 mM HEPES-OH pH 7.4, 1 mM EDTA, 1 mM EGTA) with protease

inhibitors (cOmplete, Roche) were added to each dish, and the cells were scraped and transferred to
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an epp tube. Cells were homogenized by passing them 7 times through a 26½ G needle. Then, the

resulting lysates were centrifuged at 800 rcf for 10 minutes to remove nuclei and unbroken cells, and

the pellet was discarded. The post-nuclear lysate was centrifuged at 10,000 rcf for 10 minutes and

the pellet was discarded. To obtain the Light membranes, the remaining supernatant was centrifuged

at 60,000 rcf for 1 hour, and the pellet was resuspended in 300 μL of Membrane Resuspension Buffer

(MRB) (50 mM HEPES pH 7.2, 125 mM NaCl, 1 mM MgCl2). Then, the protein concentration in

each sample was quantified using the Pierce BCA Protein Assay Kit described in section 2.4 about

protein quantification.

2.6.2 ATPase assay

All samples were measured in triplicate, in a 96-well plate with a final volume of 100 μL. The final

conditions for all the reactions were 50 mM HEPES pH 7.2, 125 mM NaCl, 1 mM MgCl2, 0.1 mM

CaCl2, 1 mM DTT, 0.6 mM NADH, 2 mM ATP, 1 mM phosphoenol pyruvate, 2.5 μL of pyruvate

kinase/lactate dehydrogenase (Sigma), and 0.02% DMSO. In order to obtain the specific SERCA

ATPase activity, each sample had an identical parallel reaction treated with 10 μM thapsigargin, a

specific SERCA inhibitor. The specific SERCA activity was obtained by subtracting the thapsigargin-

treated reaction from the untreated reactions.

The concentration of each sample was set to 0.05 mg/mL by adjusting the volume with MRB. 20 μL

(1 μg) of each sample was added to 6 wells in the 96-well plate, a set of triplicates with thapsigargin

and a set of triplicates without thapsigargin. Then, the reaction was started by adding 80 μL of

a solution containing CaCl2, DTT, NADH, ATP, phosphoenol pyruvate and pyruvate kinase/lactate

dehydrogenase either with or without thapsigargin, adjusted to reach the final concentration in 100 μL.

NADH absorbance was measured at 340 nm every one minute for 120 minutes using a microplate

reader (Synergy, BioTek) and the path-length correction function. Then, NADH absorbance was

converted to micromoles of ATP using Beer’s law, and expressed as a function of time with the

equation [ATP]μM = ((Absorbance0/6220)-(Absorbancei/6220)) × 1000000). The result was a curve

showing the reduction of ATP concentration over time. From this data, a linear regression was fitted
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and the slope was used as a measurement of ATPase activity. Finally, the difference in ATPase

activity from the samples with and without thapsigargin is the specific SERCA ATPase activity per

μg of protein.

2.7 Cell lysates preparation

Whole cell lysates were used to measure protein levels and also to detect protein phosphorylation.

Cells were seeded in 60 mm dishes and cultured until they reached 80% confluence. Then, the dishes

were transferred to ice and the cells were washed with cold PBS. Next, 300 μL of cold CHAPS buffer

(10 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, and 1% CHAPS) with

protease inhibitors (cOmplete, Roche) and phosphatase inhibitors (PhosSTOP, Roche) were added

to each dish, and the cells were scraped and transferred to an epp tube. The resulting lysates were

centrifuged at 800 rcf for 10 minutes to remove nuclei and unbroken cells. To denature the protein

samples, the post nuclear lysate was mixed with 5× Sample buffer (1× Sample buffer: 60 mM Tris-

HCL pH 6.8, 2% SDS, 10% glycerol, 10% β-mercaptoethanol, and 0.004% bromophenol blue) and

boiled for 5 minutes. Finally, equal amounts of protein per sample were analyzed using Wester blot

(see section 2.8).

2.8 Western blotting

Western blot was used to measure protein levels and phosphorylation in whole cell lysates preparation

(see section 2.7) and for subcellular fractionation (see sections 2.5.1 for Simple Fractionation and

section 2.5.2 for Percoll protocols).

Western blotting consists of the separation of the proteins by molecular weight using gel electrophore-

sis, followed by a transfer of the proteins to a membrane, and detection of these proteins using specific

antibodies.
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2.8.1 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was used to separate the proteins by molecular weight. Samples were loaded into a poly-

acrylamide gel composed by a stacking section of 4% acrylamide, 125 mM Tris pH 6.8, 0.1% SDS

0.1% TEMED and 0.2% ammonium persulfate; and a separating section of 8, 10 or 12% acrylamide,

375 mM Tris pH 8.8, 0.1% SDS, 0.1% TEMED, and 0.1% ammonium persulfate. The acrylamide

concentration of the separating section depended on the molecular weight of the proteins analyzed.

Proteins of 100 or more kDa were separated with 8% acrylamide gels, and proteins of 40 or less kDa

were separated using 12% acrylamide gels. Proteins between 100 and 40 kDa were separated with

10% gels. The samples were run at 150 V for 60-70 minutes using a Mighty Small II gel running

system (Amersham).

2.8.2 Transfer

Proteins were transferred from the polyacrylamide gel to a nitrocellulose membrane in Carbonate

transfer buffer (10 mM NaHCO3, 3 mM Na2CO3 and 20% Methanol), at 400 mA for 120 minutes

at 4°C using a Mini Transblot Cell apparatus (BioRad).

2.8.3 Antibody incubation

To prevent nonspecific binding of the antibodies to the nitrocellulose membrane and other proteins,

the membranes were blocked with Blocking buffer (10 mM Tris pH 8, 150 mM NaCl, 0.05% Triton

X-100, and 2% BSA) for 30 minutes at room temperature. Then, the membranes were incubated

with the primary antibodies prepared in TBS-T 2% milk overnight at 4°C. The concentration used

for each primary antibody can be found in table Table 2.7.

When the primary antibody incubation was finished, the membrane was washed with TBS-T for 5

minutes 3 times, and the corresponding secondary antibody prepared TBS-T 2% milk was added

and incubated for 1 hour at room temperature, and washed again. The concentration used for each

secondary antibody can be found in table Table 2.8. Then, the secondary antibodies were visualized
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Table 2.7 – Primary antibodies

Protein Host Dilution (use) Supplier
Actin Rabbit 1:10000 (WB) Thermo Fisher Scientific
AMPK Rabbit 1:1000 (WB) Millipore
BiP Mouse 1:5000 (WB) BD Biosciences
Calnexin Rabbit 1:5000 (WB) Serum
CHOP Mouse 1:1000 (WB) Thermo Fisher Scientific
Complex 2 (SDHB) Mouse 1:5000 (WB) Abcam
Ero1α Mouse 1:1000 (WB) Serum
ERp57 Mouse 1:2500 (WB) StressMarq
FLAG tag Mouse 1:1000 (WB) Rockland
GAPDH Rabbit 1:5000 (WB) Cell Signaling
GLUT4 Rabbit 1:1000 (WB) Abcam
Hexokinase 1 Rabbit 1:1000 (WB) Cell Signaling
Hexokinase 2 Rabbit 1:1000 (WB) Cell Signaling
IP3 Receptor type 1 Rabbit 1:1000 (WB) MD
IP3 Receptor type 2 Rabbit 1:1000 (WB) Alomone
IP3 Receptor type 3 Mouse 1:1000 (WB) BD Biosciences
MCU Rabbit 1:1000 (WB) Sigma
Mfn2 Rabbit 1:1000 (WB) Sigma
myc tag Mouse 1:1000 (WB) Millipore
NOX4 Rabbit 1:1000 (WB) Abcam
p62 Mouse 1:2000 (WB) BD Biosciences
PDH Rabbit 1:1000 (WB) Cell Signaling
PERK Rabbit 1:1000 (WB) Cell Signaling
phospho AMPK Rabbit 1:1000 (WB) Millipore
phospho PERK Rabbit 1:1000 (WB) Cell Signaling
PKM2 Rabbit 1:1000 (WB) Cell Signaling
SERCA2b Mouse 1:1000 (WB) Millipore
TMX1 Rabbit 1:1000 (WB) Serum
Tubulin Mouse 1:10000 (WB) Sigma
VDAC1 Mouse 1:5000 (WB) Abcam
XBP1 Rabbit 1:1000 (WB) Abcam
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Table 2.8 – Secondary antibodies

Antibody Dilution (use) Supplier
Goat anti mouse AlexaFluor 680 1:10000 (WB) Invitrogen
Goat anti rabbit Alexa Fluor 750 1:10000 (WB) Invitrogen

using a LI-COR imaging system (Biosciences). The quantification of the bands was performed using

the Gel Analyzer function in the Fiji5 [173] distribution of ImageJ6 [174].

2.9 Mitochondrial membrane potential

Mitochondrial membrane potential measurements were used to evaluate mitochondrial function. The

mitochondrial potential is the electrochemical gradient formed in the inner mitochondrial membrane

as a result of the proton pumping out of the mitochondrial matrix due to the electron transport chain.

Mitochondrial potential was measured in living cells using the mitochondrial potential probe Tetram-

ethylrhodamine (TMRM) and fluorescence microscopy.

TMRM experiments were performed on an FV1000 laser-scanning confocal microscope (Olympus)

using a 20× objective (XLUMPLANFL, NA 1.0; Olympus), equipped with a PL-A686 6.6 megapixel

camera (Capture-se software; PixeLINK), and a perfusion system with a peristaltic pump (for the

FV1000 system, Watson-Marlow Alitea-AB; Sin-Can). The perfusion medium was Hanks’ Balanced

Salt Solution (HBSS) with Ca2+ (HBSS/Ca) and the flow speed was set at 5 mL/minute. Images of

the live cells were taken every 5 seconds, with the 559 nm laser excitation and a 575–675 nm band-

pass emission filter using a PL-A686 6.6 megapixel camera (Capture-se software; PixeLINK). All

measurements were made at room temperature. The images have a size of 512×512 pixels, and it

takes approximately 1 second to take each picture. Acquisition was performed with the Olympus

Fluoview software.

Cells were seeded in poly-L-lysine coated 12 mm glass coverslips in 24-well plates at a concentration
5https://fiji.sc/
6https://imagej.net/
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of 5×104 cells per well. For the experiment, cells were incubated in regular culture medium with the

drugs indicated in each experiment or the vehicle for the controls. Then, the cells were incubated with

TMRM 40 nM for 30 minutes in regular culture medium at 37°C. Then, the coverslips containing

the TMRM loaded cells were transferred to the perfusion chamber in the microscope and perfused

with HBSS/Ca. Cells were kept under the perfusion flow for 5 to 10 minutes, while searching and

focusing the cells before the measurements started. Between 30 and 50 cells were captured in each

coverslip per measurement.

After the cells were selected and the focus adjusted, a 1 minute recording was performed, taking

images every 5 seconds. The objective of this short capture is to detect drifting coverslips or cells with

unstable signal (see section 2.3.1.1 about ER Ca2+ for more details).

At the beginning of each experiment, cells are recorded for 30 seconds to establish a baseline, taking

images every 5 seconds. Then, the perfusion medium was changed to HBSS/Ca with 10 μM FCCP

for 10 minutes. FCCP is a protonophore that dissipates mitochondrial potential, generating a steep

drop in TMRM fluorescence. The mitochondrial potential was estimated by calculating the average

fluorescence of the first 100 seconds (the media take approximately 90 second to reach the perfusion

chamber, resulting in a real measured baseline of 120 seconds) and the last 100 seconds of measure-

ment, after the signals reached a stable baseline.The difference between the starting and the ending

baselines is proportional to the mitochondrial potential.

TMRM measurements were analyzed with the same methodology used for ER and mitochondrial

Ca2+ content described in section 2.3.1.5.

2.10 Quantification of ER-mitochondria contact formation

The distance between ER and mitochondria is the essential measurement of ER mitochondria contact

formation. Two different approaches were used to measure the distance between ER and mitochon-

dria: electron microscopy and the SPLICS fluorescent probes.
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2.10.1 Electron microscopy

Cells were seeded in 10 cm dishes and cultured until they reached 80% confluence. For the exper-

iment, cells were incubated in regular culture medium with the drugs indicated in each experiment

or the vehicle for the controls. When the incubation with the indicated drugs was completed, cells

were fixed with a fixation buffer (2% paraformaldehyde, 2% glutharaldehyde and 100 mM Sodium

Cocadylate at pH 7.4) for 30 minutes at room temperature. After the fixation, cells were washed with

100 mM Sodium Cocadylate at pH 7.4 (Cacod buffer) three times, scraped, and transferred to an epp

tube in 1 mL of Cacod buffer. Then, a hard and compact cell pellet was made by applying a series of

centrifugations:

• 1,000 rcf for 5 minutes

• 3,000 rcf for 5 minutes

• 6,000 rcf for 5 minutes

• 12,000 rcf for 5 minutes

For the secondary fixation, the supernatant was discarded and the pellets were incubated with 1%

osmium tetroxide in Cacod buffer for 1 hour in ice and protected from light. Then, the pellets were

washed with water and stained with 1% uranyl acetate in water overnight at 4°C and protected from

light.

Next day, the pellets were dehydrated through a series of incubations in graded ethanol solutions:

• 2× wash with water to remove uranyl acetate

• 3× 70% ethanol for 5 minutes in ice

• 3× 90% ethanol for 5 minutes in ice

• 4× 100% ethanol for 5 minutes in ice

For resin infiltration, the pellets were incubated two times with propylene oxide for 10 minutes, fol-

lowed by a 2 hours incubation with a 50:50 mix of propylene oxide and EMbed 812 resin under

vacuum, and then a 1 hour incubation in 100% EMbed 812 resin also under vacuum. Then, the
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pellets were transferred to a beam filled with 100% EMbed 812 resin and incubated at 60°C for 48

hours for polymerization.

An Ultracut E (Reichert-Jung) was used for sample sectioning, and imaging was done with a CCD

camera (iTEM, Olympus Soft Imaging Solutions) mounted on a Philips 410 TEM.

ER tubules and mitochondria were visually identified in each of the images. When these structures

were closer than 50 nm, the length of the contact and the distance between the two organelles was

measured. The Fiji7 [173] distribution of ImageJ8 [174] was used for image analysis and quantifica-

tion.

2.10.2 SPLICS fluorescent probes

SPLICS are split-GFP-based contact site sensors designed to emit fluorescence when they are under

a certain distance. It consists of two non-fluorescent portions of a GFP protein that can restore their

fluorescence upon self assembly. One portion is targeted to the ER and the other to the mitochon-

dria as membrane proteins facing the cytosol. Only when they are close enough, their fluorescence

is restored. There are two versions of SPLICS: SPLICS-short measures ER-mitochondria contacts

between 8 and 10 nm wide, and SPLICS-long, which measures distances between 40 and 50 nm

[177].

2.10.2.1 Sample preparation

Cells were electroporated with SPLICS-short or SPLICS-long following the procedure described in

section 2.2.2.1 about plasmid transfection. Once transfected, 3×105 cells were seeded in 12 mm

coverslips coated with poly-L-lysine and cultured for 48 hours. Then, cells were incubated in regular

culture medium with the drugs indicated in each experiment or the vehicle for the controls. When the

incubation with the indicated drugs was completed, cells were stained with 1 μMMitoTracker Red for

30 minutes at 37°C also in regular culture medium. Then, cells were fixed with 4% paraformaldehyde
7https://fiji.sc
8https://imagej.net
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for 20 minutes at room temperature and protected from light. Finally, cells were washed with cold

PBS and kept in PBS at 4°C protected from light.

2.10.2.2 SPLICS imaging

SPLICS imaging was performed on an FV1000 laser-scanning confocal microscope (Olympus) using

a 60× objective (XLUMPLANFL, NA 1.0; Olympus), equipped with a PL-A686 6.6 megapixel

camera (Capture-se software; PixeLINK). A 559 nm excitation laser and a 575–675 nm band-pass

emission filter was used to capture MitoTracker Red fluorescence, and a 473 nm laser excitation with

a 490-540 nm band-pass emission filter was used for the SPLICS probes. Acquisition was performed

with the Olympus Fluoview software.

2.10.2.3 Image processing and analysis

The images were processed following the procedure described by the designers of the probe [177].

All image processing and analysis was perfrmed in the Fiji9 [173] distribution of ImageJ10 [174].

Images were convoluted, filtered with a Gaussian blur (sigma = 3), the background was subtracted

with the Rolling Ball plugin (radius = 60), and an Auto Local Threshold (MidGrey method,

radius = 30) was applied.

The number of SPLICS puncta, which corresponds to the number of ER-mitochondria contacts in

the cells, was counted by drawing a mask for each cell, and then using the Analyze Particles plugin

with a lower size threshold of 20.

2.11 Total ATP determination

To measure cellular ATP levels, an ATP determination kit (Molecular Probes) based on a Luciferase

enzymatic reaction was used.
9https://fiji.sc/
10https://imagej.net
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Cells were seeded in 6-well plates at a concentration of 5×105 cells per well. Next day, cells were

incubated in regular culture medium with the drugs indicated in each experiment or the vehicle for

the controls. When the incubation was completed, cells were lifted by incubating them with 0.3 mL

trypsin for 3 minutes, trypsin was quenched with 1 mL DMEM 10% FBS, and cells were transferred

to an epp tube. Then, 6×105 viable cells were counted and separated. These cells were spun at 100

rcf for 5 minutes, and resuspended in 500 μL of CHAPS buffer (10 mM Tris pH 7.4, NaCl 150 mM,

1 mM EDTA, 1% CHAPS) with protease inhibitors (cOmplete, Roche).

For the luminescence measurement, 50 μL of the resuspended cells were mixed with 500 μL of

Standard Reaction Solution (0.5mMD-luciferin, 1.25 μg/mL firefly Luciferase, 25mMTricine buffer

pH 7.8, 5 mM MgSO4, 100 μM EDTA and 1 mM DTT) from the kit. Then, the luminescence was

measured at 560 nm using a Lumat LB 9507 (Berthold Technologies) luminometer. All samples were

measured in sextuplicate.

2.12 Oxygen consumption rate

Oxygen consumption rate was used as a direct measurement of mitochondrial respiration. Oxygen is

consumed by mitochondria in the final step of the electron transport chain in the inner mitochondrial

membrane, where it is reduced into H2O. A high-resolution Oxygraph-2K (Oroboros) respirometer

was used for all respiratory measurements.

Cells were seeded in 60 mm dishes at a concentration of 2×106 cells per dish. Next day, cells were

incubated in regular culture medium with the drugs indicated in each experiment or the vehicle for

the controls. When the incubation was completed, cells were lifted with 0.5 mL trypsin for 3 min-

utes, the trypsin was quenched with 4 mL DMEM 10% FBS, the cells were transferred to an 15 mL

conical tube, and viable cells were counted. Then, cells were centrifuged at 100 rcf for 5 minutes, and

resuspended in regular culture medium adjusting the final volume to reach a concentration of 1×106

cells/mL. For the measurements, 2 mL of resuspended cells were transferred to the oxygraph cham-

ber maintained at 37°C. Basal respiration; ATP turnover and proton leak (after addition of the ATP
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synthase inhibitor oligomycin); and maximal respiration capacity (after addition of the protonophoric

uncoupler FCCP) were measured for each sample. To discard non-mitochondrial respiration, all mea-

surements were corrected by blocking mitochondrial respiration with 2.5 μM antimycin A. Oxygen

consumption rate is expressed as pmol O2/s/Citrate Synthase activity.

2.13 Mitochondrial dynamics

Mitochondrial size and number per cell were quantified to evaluate if the mitochondrial network

connectivity. The mitochondrial fluorescent probe MitoTracker Green was used to observe mito-

chondria with fluorescence microscopy. MitoTracker Green imaging was performed on an FV1000

laser-scanning confocal microscope (Olympus) using a 60× objective (XLUMPLANFL, NA 1.0;

Olympus), equipped with a PL-A686 6.6 megapixel camera (Capture-se software; PixeLINK). A 473

nm laser excitation with a 490-540 nm band-pass emission filter was used to capture MitoTracker

Green fluorescence. Acquisition was performed with the Olympus Fluoview software.

Cells were seeded in poly-L-lysine coated 12 mm coverslips in 24-well plates at a concentration of

5×104 cells per well. For the experiment, cells were incubated in regular culture medium with the

drugs indicated in each experiment or the vehicle for the controls. Then, cells were incubated with 1

μMMitoTracker Green for 30 minutes in regular culture medium at 37°C. The coverslips containing

the MitoTracker Green loaded cells were transferred to the perfusion chamber in the microscope and

maintained in HBSS/Ca. Between 10 and 30 cells were captured in each coverslip per measurement.

For the image processing, the background was subtracted with the Rolling Ball plugin (radius = 20),

and a Local Threshold (Huang dark method) was applied. The size and number of mitochondrial

particles using was measured using the Analyze Particles plugin in the Fiji11 [173] distribution of

ImageJ12 [174].
11https://fiji.sc/
12https://imagej.net/
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2.14 Extracellular metabolomics

Extracellular metabolomics was used to measure the glucose consumption and lactate secretion of

cells. These metabolites were measured using Nuclear Magnetic Resonance (NMR) on the extracel-

lular medium.

Cells were seeded in 10 cm dishes at a concentration of 2×106 cells per dish. Next day, cell media was

replaced with 7 mL of fresh culture media with the indicated inhibitors or vehicle for the controls.

After 24 hours, the culture media was extracted, filtered with 0.2 μm filters, and mixed with the DSS

reference solution. For the spectroscopy, a 2.2‐K pumped 800‐MHz Oxford magnet updated to a

Bruker Neo‐Advance IV console equipped with a 5‐mm cryoprobe was used, at the NANUC Na-

tional High Field NMR Facility.13 The one-dimensional NMR spectra was collected at 25°C using

the standard noesypr1d pulse sequence with a transmitter presaturation delay of 990 ms for water

suppression, a 100 ms mixing time, 8 steady-state scans, and a spectral width of 12 ppm. The total

acquisition time was 4 seconds per transient, with 128 transients acquired per sample. The data was

processed with the Chenomx Processor module from the Chenomx NMR suite. The free induction

decays (fids) were apodized with an exponential window function corresponding to a line broadening

of 0.1 Hz, zero-filled to 128K complex points, Fourier-transformed, phased, and baseline-corrected

for further analysis. The methyl peak of DSS was used as the reference peak for reference decon-

volution to correct for line shapes. The metabolites were quantified using the Chenomx NMR Suite

software version 8.4 (Chenomx, Inc.)14 and normalized by the number of viable cells at the time of

the experiment.

2.15 SERCA redox state

SERCA oxidation state was measured to find oxidative secondary modifications on SERCA. To detect

SERCA redox state, the EZ-Link Iodoacetyl-PEG2-Biotin (BIAM) kit (Thermo Fisher Scientific)
13http://www.nanuc.ca/
14https://www.chenomx.com/
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was used. The detection is based on the reaction of the iodoacetyl group of the BIAM molecule

with reduced sulfhydryl groups (–SH) in the target protein. Sulfhydryl groups are the main site of

oxidative modifications, If sulfhydryl groups are oxidized, the iodoacetyl group cannot react with

it and the protein is not labelled. If the sulfhydryl group is reduced, BIAM will bind to the target

protein. The iodoacetyl group forms a strong bond with the sulfhydryl group during the labelling.

Then, BIAM is detected by its biotin group.

But the BIAM will label all reduced proteins. To specifically detect the oxidation state of SERCA,

cells were transfected with myc tagged SERCA (myc-SERCA). Then, myc-SERCA was immuno-

precipitated and the biotin group on the BIAM molecule was detected using western blot.

Cells were seeded in 10 cm dishes at a concentration of 1×106 cells per dish. Next day, cells were

transfected with a plasmid containing myc-SERCA using Metafectene, following the procedure de-

scribed in section 2.2.2 about plasmid transfections. After 24 hours of transfection, cells were treated

with 10 mM DTT for 10 min, 5 mM Diamide for 5 min, or vehicle for the controls. Then, cells were

rinsed with warm PBS twice, and lysed with the BIAM reaction buffer (50 mM Tris-HCl pH 8, 50

mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% IGEPAL CA-630 and 200 μM BIAM) with pro-

tease inhibitors (cOmplete, Roche). The resulting lysates were centrifuged at 800 rcf for 10 minutes

to remove nuclei and unbroken cells. Then, samples were incubated at 25°C for 90 minutes and

protected from light to allow the iodoacetyl reaction with the sulfhydryl groups. The reaction was

stopped and the free BIAM molecules were washed out with Bio-Spin P-6 columns (Bio-Rad), and

the buffer was changed to CHAPS (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1%

Triton X-100, and 1% CHAPS) with protease inhibitors (cOmplete, Roche).

myc-SERCA was immunoprecipitated by incubating the protein lysates with a mouse anti-c-Myc

antibody (Thermo Fisher Scientific) at 4°C rocking overnight. Next day, Protein G Sepharose beads

(GE Healthcare) were added to the lysates, and the samples were incubated at 4°C rocking for 1

hour. Then, the sepharose beads were separated from lysate by spinning the samples, the supernatant

was discarded, and the beads were resuspended in 500 μL of CHAPS buffer. This washing was
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repeated four times, and then the beads were resuspended in 2× Sample buffer containing 50 mM

DTT and boiled for 10 minutes. The samples were analyzed using western blot (see section 2.8).

Biotinylated SERCA was detected with a goat anti-biotin (Sigma), and the myc tag with rabbit anti-

Myc (Millipore).

2.16 Reactive oxygen species

Cellular ROS levels were determined using two different probes: MitoSOX (excitation 510 nm,

emission 580 nm, Thermo Fisher Scientific), which is targeted to the mitochondria; and CellROX

Orange (excitation 545 nm, emission 565 nm, Thermo Fisher Scientific), which measures ROS in the

whole cell. The fluorescence signal of MitoSOX and CellROX was measured with a flow cytometer

(LSRFortessa, BD).

Cells were seeded in 6-well plates at a concentration of 5×105 cells per well. Next day, cells were

incubated with 5 μM MitoSOX for 10 minutes or 5 μM CellROX for 30 minutes in regular culture

medium at 37°C. When the incubation was completed, cells were lifted with 0.3 mL trypsin for 3

minutes. Then, trypsin was quenched with 1 mL DMEM 10% FBS, and cells were transferred to an

epp tube. Next, cells were washed by spinning them at 100 rcf for 5 minutes and resuspending them

in 1 mL of HBSS/Ca/BSA twice. Finally, the resuspended cells were transferred to a flow cytometry

tube in a final volume of 1 mL of HBSS/Ca/BSA and measured in the flow cytometer.

2.17 Cell viability

Viable cells were counted using the Trypan Blue exclusion method. After cells were trypsinized and

resuspended, 20 μL of cell solution were mixed with 20 μL of 0.4% Trypan Blue, and the stained

cells were counted with an hemocytometer. Viable cells exclude Trypan Blue, while dead cells are

stained blue.

64



2.18 Phospholipid transfer to mitochondria

Lipid transfer between ER and mitochondria was used as a functional measurement of ER-

mitochondria contacts. Lipid transfer was measured by analyzing phosphatidylethanolamine (PE)

synthesis from phosphatidylserine (PS). PS is synthesized in the ER and then transferred to mito-

chondria at the MAM, where it is decarboxylated into PE. To quantify PE and PS levels, cells are

incubated with radio-labeled serine, which is incorporated into PS and, from there, into PE.

Cells were seeded in 15×60 mm dishes at a concentration of 1.7×106 cells per well. Next day, cells

were labelled with 1 mL of serum-free DMEMwith 2.5 μCu/mL of 3H-labelled serine. The labelling

was done in triplicate, and at 0, 2, 4, 6 and 8 hours time points. After the labelling was completed,

cells were washed with 2 mL cold PBS, and stored at -20°C for 10 minutes. Then, 1 mL of cold PBS

was added to each dish, and the cells were scraped and transferred to an epp tube. Finally, samples

were sonicated and their protein content was quantified.

To extract the lipids, a mixture of CHCl3 and MeOH (2:1 v/v ratio) was added to the samples. This

generates two phases, aqueous on top andCHCl3 at the bottom. Then, the bottom phasewas extracted,

where the lipids, including PS and PE, are located.

PS and PE were separated using thin-layer chromatography (TLC). The samples were run with a

solvent mix composed of CHCl3, MeOH, acetic acid, 98% formic acid and H2O in a 70:30:12:4:1

v/v ratio. The samples were dried out, resuspended in 50 μL of CHCl3, and spotted in silica TLC

plates. Then, the plates were loaded into a running tank filled with the solvent mix and run for 30

minutes. When the run was completed, the silica plates were taken out of the tank, dried out, and

stained with iodine to label the lipids.

To quantify radio-labelled phospholipids, the bands corresponding to PS and PE were scrapped from

the silica plates, and the collected silica scrapes were transferred to a scintillation tube. 5 mL of

scintillating solution was added to each tube, and the tubes were loaded in a scintillating counter

programmed to measure 3H.
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Counts were normalized by the protein concentration in each sample, and the lipid transfer was ex-

pressed as PE/(PE+PS) vs Time.

2.19 Data analysis and statistics

Data was analyzed with LibreOffice Calc 6.215 and R 3.616 [178] (with RStudio 1.217) using the

tidyverse 1.3 package18 [179]. Student’s t-test was used to compare the differences between two

samples. To compare the differences between more than two samples, Student’s t-test was used with

the Holm adjustment method for multiple comparisons.

2.20 Other software

Figures were made with a combination of the ggplot2 3.2 package (from tidyverse 1.3 [179]) and

Inkscape 0.92.19

This thesis was written using Atom 1.4320 and the R package Bookdown 0.17.21 References were

managed with JabRef 4.3.22

All the computer work was performed in MX Linux 1823 and Manjaro24 GNU/Linux operating sys-

tem distributions.25 All the software used was free (as in freedom) or open source, unless no alterna-

tives existed. Free software was preferred to ensure reproducibility, long-term preservation and easy

distribution of all data and analyses, and for educational purposes.

15https://www.libreoffice.org/
16https://www.r-project.org/
17https://rstudio.com/
18https://www.tidyverse.org/
19https://inkscape.org/
20https://atom.io/
21https://bookdown.org/
22https://www.jabref.org/
23https://mxlinux.org/
24https://manjaro.org/
25https://www.gnu.org/
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Chapter 3

TMX1 determines cancer cell metabolism as a

modulator of ER-mitochondria Ca2+ flux

3.1 Introduction

Ca2+ transfer from the ER to mitochondria activates mitochondrial metabolism and respiration [80].

Ca2+ can be released through Ca2+ channels located in the ER membrane, the most ubiquitous being

the Inositol Trisphosphate Receptor (IP3R). Once Ca2+ is released to the cytoplasm, it can reenter the

ER through the SERCA pump, also located in the ER membrane [30]. Alternatively, it can be trans-

ferred to the mitochondria [3,44]. This transfer of Ca2+ occurs at a specialized ER region where ER

andmitochondria are in close proximity, known as theMitochondria-AssociatedMembranes (MAM)

[2,46]. While this flow of Ca2+ to the mitochondria is required to maintain normal energy levels [80],

sustained elevated mitochondrial Ca2+ results in cell death by opening of the mitochondrial Perme-

ability Transition Pore [67,69]. The flow of Ca2+ to mitochondria and the control of mitochondrial

function can be altered in different pathophysiological conditions, including cancer.
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3.1.1 Mitochondrial Ca2+ and Mitochondria-Associated Membranes in cancer

Energy metabolism and cell death are intimately related to cancer and tumorigenesis. In fact, the

reprogramming of energy metabolism and resistance to cell death are hallmarks of cancer cells [180].

Mitochondrial Ca2+ accumulation, and in particular the flow of Ca2+ from ER to mitochondria, is

disrupted in some cancer cells, preventing the normal induction of apoptosis. The first indication

of the relevance of Ca2+ signalling in cancer was the discovery that the oncoprotein Bcl-2 has Ca2+

regulatory functions at the ER that control the sensitivity to cell death. Bcl-2 lowers the amount of

ER Ca2+, resulting in a reduction of available Ca2+ for Ca2+ release [181,182]. It lowers the ER

Ca2+ levels by two mechanisms: increasing the leak through IP3R leading to a depletion of ER Ca2+

stores [183,184]; and inhibiting the refill of ER Ca2+ stores by destabilizing SERCA protein structure

and inactivating its ATPase activity [185]. As a result, Bcl-2 increases the resistance to cell death in

cancer cells [60]. This reduced Ca2+ transfer to mitochondria also correlated with the inhibition of

mitochondrial metabolism in tumors. Early studies on cancer metabolism revealed that cancer cells

limit their energy production mostly to glycolysis, even under normoxic conditions where normal cells

would largely rely on mitochondrial respiration [186]. The maintenance of this accelerated glycolysis

is sustained by the upregulation of glucose transporters and other glycolytic enzymes [187]. But the

altered metabolism in cancer is not limited to aerobic glycolysis, as originally observed. Increased

glutamine metabolism, and activation of nucleotide, amino acid, and lipid biosynthetic pathways are

also commonly found in cancer [188–191]. The combination of these metabolic alterations provide

the required building blocks for biosynthetic pathways, and results in a reprogrammed metabolism

that supports the increased anabolic needs of proliferating cancer cells in early stages of tumorigenesis

[192].

In spite of these metabolic adaptations and the close relation between mitochondrial Ca2+ and apop-

tosis, cancer cells still need a basal mitochondrial metabolic activity. The inhibition of Ca2+ flux to

mitochondria results in cancer cell death due to compromised mitochondrial energy production, sug-

gesting that cancer cells still require a basal mitochondrial function to survive and proliferate [193].
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Other recent reports indicate that accumulation of mitochondrial Ca2+ can be beneficial for cancer

cells, as long as cell death is avoided. For example, upon pharmacological inhibition of cell death,

increased mitochondrial Ca2+ confers cancer cells improved proliferation, migration and invasion

[194]. The beneficial effects of mitochondrial Ca2+ are associated with the increased ROS produc-

tion by mitochondria. Similar to mitochondrial Ca2+, high ROS levels can also trigger cell death.

Nevertheless, ROS produced by mitochondria has been shown to contribute to tumor progression by

increasing the metastatic potential of cancer cells, as long as cell death is avoided. [195]. Accord-

ingly, some oncoproteins are associated with the flux of Ca2+ to mitochondria, like Mcl-1, which

promotes Ca2+ transfer to mitochondria by binding to VDAC, resulting in increased ROS generation

and migration [196]. Thus, mitochondrial Ca2+ flux can be detrimental for cancer cells by promoting

cells death, or beneficial by promoting migration and metastasis.

3.1.2 TMX1 is an ER oxidoreductase involved in protein maturation and folding

Thioredoxin-related transmembrane protein 1 (TMX1) is a member of the Protein Disulfide Iso-

merase (PDI) family proteins. These proteins are the responsible for disulfide bond formation during

protein synthesis, and are mostly expressed in the ER, where they perform their folding duties [133].

TMX1 forms part of the TMX subgroup of PDI proteins; as other members of the TMX subgroup,

TMX1 contains a transmembrane domain, and one thioredoxin domain [197]. The thioredoxin do-

main is the catalytic domain that confers PDI proteins their oxidoreductase activity. This domain

contains two cysteines in its active site that are critical for the oxidoreductase activity and disulfide

bond formation, in a CXXC sequence [129].

Similar to other oxidoreductases, TMX1 is found in the ER, where it participates in the folding of

newly synthesized proteins, and degradation of misfolded proteins. Its membrane localization gives

TMX1 a high selectivity for other transmembrane proteins [134,135]. While other ER oxidoreduc-

tases like ERp57 catalyze the formation of disulfide bonds by oxidizing cysteines in the target protein,

it is proposed that TMX1 has mostly a reductase activity in the ER. It catalyzes the disulfide bond

reduction of terminally misfolded proteins, breaking their disulfide bonds for their translocation to
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the cytosol and proteasomal degradation [137,138]. This is also supported by the observation that it

is found mostly in its reduced form in cells [136], and that it has reductase activity in vitro [197]. In

addition, TMX1 participates in the folding and maturation of glycosylated proteins through the coop-

erative interaction with the lectin chaperone Calnexin (CNX), and its preferential reductase activity

suggest that it acts as an isomerase that assists in the reorganization of disulfide bonds in misfolded

proteins, rather than catalyzing the formation of new disulfide bonds [135,136].

3.1.3 TMX1 is enriched in the Mitochondria-Associated Membranes

There is a strong link between ER protein folding, andMitochondria-AssociatedMembranes (MAM).

This functional link is mediated by the interaction between ER chaperones and oxidoreductases with

ER Ca2+ channels. The latter are essential for an efficient Ca2+ transfer to mitochondria, which

regulates mitochondrial metabolism and ATP production [80]. The prime example of the interplay

between ER protein folding and ER-mitochondria communication is ER stress. During ER stress, the

accumulation of misfolded proteins in the ER results in an enhanced Ca2+ flux to mitochondria, this

increases mitochondrial ATP production and provides the required energy to cope with the misfolded

proteins [112]. Some oxidoreductases and chaperones that exemplify this link are ERp44, an oxi-

doreductase that binds and inhibits IP3R Ca2+ channels [198]; Ero1α, which oxidizes and activates

IP3R promoting Ca2+ flux to mitochondria [164]; and CNX, a chaperone that binds and activates the

ER Ca2+ pump SERCA and inhibits Ca2+ transfer to mitochondria [114]. Thus, ER chaperones and

oxidoreductases can regulate MAM and mitochondrial function.

Unsurprisingly, these MAM regulatory proteins also localize to this ER membrane domain. Ero1α,

for example, is particularly enriched at the MAM, while ERp44 can be found at the MAM and also

in the bulk ER and Golgi [163]. CNX is also enriched in the MAM fraction; this enrichment is

controlled by a reversible palmitoylation. As mentioned previously, palmitoylated CNX is targeted

to the MAM, where it interacts with SERCA and regulates its activity. But when this palmitoylation

is lost, CNX moves from the MAM to the ER, stops interacting with SERCA, and is more active in

its protein folding role [114]. Interestingly, TMX1 can also be found in the MAM, and shares the
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palmitoylation MAM-targeting mechanism with CNX. Thus, only palmitoylated TMX1 can be found

in the MAM; if the palmitoylation is lost, TMX1 loses its MAM targeting [146]. Nevertheless, the

effect of TMX1 on MAM function has not been explored. Its MAM targeting suggests that TMX1

might be regulating Ca2+ channels and Ca2+ flux to mitochondria. Since CNX palmitoylation also

mediates its SERCA interaction and regulation, it is possible that TMX1 shares the palmitoylation-

dependent SERCA binding and regulation [114]. Nevertheless, whether TMX1 interacts with or

regulates SERCA, or any other MAM function, is unknown.

3.1.4 Aims

In this chapter, the role of TMX1 in the regulation of SERCA and mitochondrial Ca2+ flux, and its

impact on mitochondrial metabolism will be investigated. In order to do this, the following aims are

proposed: (i) determine if TMX1 regulates SERCA activity and ER Ca2+ loading; (ii) evaluate if

TMX1 regulates ER-mitochondria contacts and Ca2+ flux; (iii) measure the effects of TMX1 on mi-

tochondrial function and metabolism; and (iv) evaluate if TMX1 regulates tumor growth. These aims

were evaluated in TMX1 knockout HeLa cells, HeLa cells stably transfected with a plasmid contain-

ing a small hairpin RNA for TMX1 knockdown, and A375p melanoma cells (low TMX1 expressing

cells [146]) stably transfected with a plasmid encoding a TMX1 gene for TMX1 overexpression, in

addition to other molecular tools to overexpress different TMX1 mutants.

The results show that TMX1 binds to SERCA and inhibits its function, resulting in a reduction in Ca2+

import to the ER. This reduced ER Ca2+ retention is accompanied with increased ER-mitochondria

contacts and Ca2+ flux to mitochondria, resulting in increased mitochondrial metabolism. Accord-

ingly, TMX1 shows a tumor suppressing effect on cancer cells, shifting their metabolism towards

mitochondrial respiration and away from their characteristic aerobic glycolysis. Together, this work

expands the functions of TMX1, and demonstrates that it is a critical regulator of Ca2+ flux at the

MAM and mitochondrial metabolism, with a regulatory effect on tumor growth.
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3.2 Results

3.2.1 TMX1 binds to SERCA

TMX1 is a MAM targeted protein, suggesting that it may regulate ER-mitochondria communication.

Its MAM targeting is regulated by palmitoylation; palmitoylated TMX1 is targeted to the MAM, and

non-palmitoylated TMX1 is relocated to the bulk ER [146]. Since Ca2+ flux to the mitochondria takes

place at the MAM, the effect of TMX1 on Ca2+ signalling was explored. CNX is an ER chaperone

localized in the MAM and whose MAM targeting also depends on palmitoylation. Palmitoylated

CNX also interacts with SERCA2b, and regulates Ca2+ loading in the ER [114]. Therefore, the

interaction and regulation of SERCA2b by TMX1 was evaluated. To measure TMX1-SERCA2b in-

teraction, A375p melanoma cells were transfected with a plasmid containing myc tagged SERCA2b;

then, myc-SERCA2b was immunoprecipitated using an anti-myc antibody. The result shows that

TMX1 co-immunoprecipitated with myc-SERCA2b (Figure 3.1A). As expected, CNX also co-

immunoprecipitated with myc-SERCA2b [146]. Since TMX1 and CNX interact with SERCA2b and

are located at the MAM, the results suggest that they are interacting at the same time. To evaluate

the cross-interaction between TMX1, CNX and SERCA, the interaction of TMX1 and SERCA was

evaluated in the absence of CNX. In order to do this, CNX knockout MEF cells were co-transfected

with FLAG tagged TMX1, and myc tagged SERCA2b. Just like endogenous TMX1, FLAG-TMX1

co-immunoprecipitated with myc-SERCA2b. In addition, the interaction between FLAG-TMX1

and myc-SERCA2b was significantly increased in CNX knockout cells (Figure 3.1B). Then, the co-

immunoprecipitation of CNX with myc-SERCA2b was tested in TMX1 knockout HeLa cells. As

expected, CNX co-immunoprecipitated with myc-SERCA2b, and the interaction was increased in

cells that lack TMX1 (Figure 3.1C). Taken together, these results suggest that TMX1 interacts with

SERCA. In addition, TMX1 and CNX interact with SERCA2b in a competitive way, so that the

presence of one interferes with the other. But under normal conditions both proteins can be found

interacting with SERCA, even though possibly only one can interact with SERCA at a time.
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Figure 3.1 – TMX1 interacts with SERCA2b. A: Co-immunoprecipitation of endogenous TMX1 and
CNXwithmyc tagged SERCA2b from protein extracts of A375p cells transfected with amyc-SERCA2b
plasmid. n = 3; p = 0.001. B: Co-immunoprecipitation of FLAG tagged TMX1 with myc tagged
SERCA2b from protein extracts of CNX wild type and knockout MEF cells transfected with both a
myc-SERCA2b plasmid and a FLAG-TMX1 plasmid. n = 4; p = 0.0114. C: Co-immunoprecipitation of
endogenous CNX with myc tagged SERCA2b from protein extracts of TMX1 wild type and knockout
HeLa cells transfected with a myc-SERCA2b plasmid. n = 3; p = 0.005. All experiments in this figure
were performed by Carolina Ortiz-Sandoval.
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3.2.2 TMX1 inhibits SERCA and Ca2+ import to the ER

The interaction between TMX1 and SERCA2b suggests that TMX1 might influence SERCA func-

tion. SERCA activity was estimated by measuring the ER Ca2+ content, which depends on SERCA

function. To measure ER Ca2+ content, ER Ca2+ stores were depleted with a combination of the

SERCA inhibitor tert-Butylhydroquinone (TBHQ) and medium without Ca2+; then, ER Ca2+ stores

were refilled by the removal of TBHQ and the addition of extracellular Ca2+ back. To measure

ER Ca2+, cells were transfected with a plasmid containing the ER-targeted fluorescent Ca2+ probe

ER-LAR-GECO1. Cells that lack TMX1 had a greater ER Ca2+ refill than TMX1 wild type cells,

suggesting that the absence of TMX1 increases SERCA activity (Figure 3.2A). At the same time, the

drop in the ER Ca2+ signal after Ca2+ depletion was bigger in TMX1 knockout cells (Figure 3.2B).

These results suggest that TMX1 inhibits SERCA and reduces ER Ca2+ content.
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Figure 3.2 – TMX1 reduces ER Ca2+ content. A: ER Ca2+ content was measured in TMX1 wild type
and knockout HeLa cells transfectedwith ER-LAR-GECO1. ERCa2+ storeswere depleted by removing
extracellular Ca2+ and treating the cells with 60 μM of the the reversible SERCA inhibitor TBHQ, then
TBHQ was removed and extracellular Ca2+ was added back. The size of the peak after adding Ca2+
was measured. n = 4; p = 0.029. B: ER Ca2+ content was measured in TMX1 wild type and knockout
HeLa cells transfected with ER-LAR-GECO1. ER Ca2+ stores were depleted by removing extracellular
Ca2+ and treating the cells with 60 μM TBHQ. The drop in ER Ca2+ was measured. n = 7; p = 0.018.
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3.2.3 TMX1 promotes Ca2+ release from the ER and prevents cytoplasmic Ca2+

clearance

The interaction of TMX1 with SERCA2b, and its effects on ER Ca2+ loading, suggest that TMX1

regulates Ca2+ signalling. To evaluate if TMX1 regulates the release of Ca2+ from the ER, TMX1

wild type and knockout cells were loaded with the fluorescent indicator Fura-2, and Ca2+ release

was triggered through the IP3R using histamine. In the presence of extracellular Ca2+, cells that lack

TMX1 have significantly smaller peaks of cytosolic Ca2+ than TMX1 wild type cells after histamine

treatment (Figure 3.3A). A similar result was found for TMX1 knockdownHeLa cells (Figure 3.3B).

This indicates that TMX1 increases the release of Ca2+ from the ER through the IP3R. Then, the ex-

periment was repeated but keeping the cells in mediumwithout Ca2+. This eliminates the contribution

of Ca2+ influx from the extracellular medium to the cytosolic Ca2+ signals by reducing the refilling

of the ER Ca2+ stores. Under these conditions there was no statistically significant difference in the

cytoplasmic Ca2+ peaks between TMX1 wild type and knockout cells after histamine, suggesting that

the influx of Ca2+ from the extracellular medium could contribute to the Ca2+ release in TMX1 wild

type cells, resulting in an equilibration in Ca2+ release. In addition, the equilibrated cytoplasmic Ca2+

signals allow for a better comparison of the Ca2+ peak shape between TMX1 wild type and knockout

cells. The analysis of the clearance slope after the peak shows that TMX1 knockout cells cleared

the Ca2+ from the cytoplasm faster than their wild type counterparts (Figure 3.4). Since SERCA

is responsible for cytoplasmic Ca2+ clearance, this result suggests that TMX1 is inhibiting SERCA

Ca2+ pumping activity. Together, the results show that TMX1 inhibits SERCA and reduces ER Ca2+

content, but promotes Ca2+ release from the ER.

3.2.4 TMX1 promotes Ca2+ transfer from ER to mitochondria and mitochondrial

respiration

To further understand the role of TMX1 in Ca2+ signalling, the effect of TMX1 in Ca2+ transfer from

the ER to mitochondria was also explored. The reduced release of Ca2+ to the cytoplasm observed in
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Figure 3.3 – TMX1 increases Ca2+ release from the ER. A: Cytoplasmic Ca2+ was quantified using
the Fura-2 fluorescent Ca2+ probe in TMX1 wild type and knockout HeLa cells. 50 μM histamine was
added to trigger a Ca2+ release through the IP3Rs. Peak height was measured as release of Ca2+. n
= 8; p = 0.013. B: Cytoplasmic Ca2+ was quantified using the Fura-2 fluorescent Ca2+ probe in HeLa
cells stably transfected with a shTMX1 expressing plasmid for TMX1 knockdown. 50 μM histamine
was added to trigger a Ca2+ release through the IP3Rs. Peak height was measured as release of Ca2+.
n = 3; p = 0.023.
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Figure 3.4 – TMX1 reduces cytoplasmic Ca2+ clearance. Cytoplasmic Ca2+ was quantified using
the Fura-2 fluorescent Ca2+ probe in TMX1 wild type and knockout HeLa cells in medium without ex-
tracellular Ca2. 50 μM histamine was added to trigger a Ca2+ release through the IP3Rs. Peak height
was measured as release of Ca2+ (n = 3; p = 0.15) and cytoplasmic Ca2+ clearance was determined
by the decay slope after the peak (n = 4; p = 0.0022).
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the previous result suggests that cells that lack TMX1 will also have reduced Ca2+ transfer from the

ER to mitochondria. Mitochondrial Ca2+ flux was measured by transfecting the cells with a plasmid

containing the mitochondrial targeted fluorescent Ca2+ probe mito-LAR-GECO1.2, and triggering

a release of Ca2+ from the ER through the IP3R using histamine. Consistent with previous results,

TMX1 knockout cells have impaired Ca2+ flux to mitochondria upon histamine treatment compared

to TMX1wild type cells, regardless of the presence of Ca2+ in the extracellular medium (Figure 3.5A

and B). Similarly, TMX1 knockdown cells also showed a reduction in Ca2+ transfer to mitochondria

compared to control cells (Figure 3.5C and D). These results show that TMX1 promotes the transfer

of Ca2+ from the ER to mitochondria, consistent with the reduced retention of Ca2+ in the ER and

the increased release of Ca2+ to the cytosol.

To confirm the effect of TMX1 in the transfer of Ca2+ to mitochondria, the experiment was re-

peated in TMX1 overexpressing cells. The naturally low TMX1-expressing A375p cells [146] were

used, stably transfected with a plasmid expressing TMX1 (Figure 3.6A). Consistent with the previ-

ous results, TMX1 overexpressing cells have better transfer of Ca2+ to mitochondria after histamine

treatment than cells transfected with an empty vector, even though the difference was not statisti-

cally significant (Figure 3.6B). The same result was observed when Ca2+ transfer was measured in

medium without extracellular Ca2+, where the transfer Ca2+ was significantly increased in TMX1

overexpressing A375p cells (Figure 3.6C). These results confirm that TMX1 promotes the transfer

of Ca2+ from the ER to mitochondria. Since Ca2+ flux to mitochondria is an important regulator of

mitochondrial metabolism [80], the effect of TMX1 on mitochondrial respiration was also evaluated.

A375p cells transfected with a shTMX1 expressing plasmid for TMX1 knockdown show a reduced

mitochondrial respiration, while TMX1 overexpression have an increased respiration compared to

the mock transfection (Figure 3.6D). Taken together, these results indicate that TMX1 promotes

mitochondrial metabolism and respiration, suggesting that the improved Ca2+ flux induced by TMX1

results in an activation of mitochondrial function.
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Figure 3.5 – TMX1 increases Ca2+ transfer from ER to mitochondria. A: Mitochondrial Ca2+ was
measured in TMX1 wild type and knockout HeLa cells transfected with the mitochondrial Ca2+ indica-
tor mito-LAR-GECO1.2. In the presence of extracellular Ca2+, 50 μM histamine was added to trigger
a Ca2+ release through the IP3Rs. Peak height was measured as transfer of Ca2+ to the mitochondria.
n = 6; p = 0.005. B: Mitochondrial Ca2+ was measured in TMX1 wild type and knockout HeLa cells
transfected with the mitochondrial Ca2+ indicator mito-LAR-GECO1.2. In the absence of extracellular
Ca2+, 50 μM histamine was added to trigger a Ca2+ release through the IP3Rs. Peak height was mea-
sured as transfer of Ca2+ to the mitochondria. n = 3; p = 0.043. C: Mitochondrial Ca2+ was measured
in HeLa cells stably transfected with a shTMX1 expressing plasmid for TMX1 knockdown, and trans-
fected with the mitochondrial Ca2+ indicator mito-LAR-GECO1.2. In the presence of extracellular Ca2+,
50 μM histamine was added to trigger a Ca2+ release through the IP3Rs. Peak height was measured as
transfer of Ca2+ to the mitochondria. n = 4; p = 0.0019. D: Mitochondrial Ca2+ was measured in HeLa
cells stably transfected with a shTMX1 expressing plasmid for TMX1 knockdown, and transfected with
the mitochondrial Ca2+ indicator mito-LAR-GECO1.2. In the absence of extracellular Ca2+, 50 μM his-
tamine was added to trigger a Ca2+ release through the IP3Rs. Peak height was measured as transfer
of Ca2+ to the mitochondria. n = 3; p = 0.016.
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Figure 3.6 – TMX1 overexpression increases Ca2+ transfer from ER to mitochondria and mi-
tochondrial respiration in A375p melanoma cells. A: A375p cells stably transfected with a FLAG-
TMX1 expressing plasmid for TMX1 overexpression and immunoblotted for TMX1 and Actin as a load-
ing control. B:Mitochondrial Ca2+ was measured in A375p cells stably transfected with a FLAG-TMX1
expressing plasmid for TMX1 overexpression, and transfected with the mitochondrial Ca2+ indicator
mito-LAR-GECO1.2. In the presence of extracellular Ca2+, 50 μM histamine was added to trigger a
Ca2+ release through the IP3Rs. Peak height was measured as transfer of Ca2+ to the mitochondria.
n = 4. C: Mitochondrial Ca2+ was measured in A375p cells stably transfected with a FLAG-TMX1
expressing plasmid for TMX1 overexpression, and transfected with the mitochondrial Ca2+ indicator
mito-LAR-GECO1.2. In the absence of extracellular Ca2+, 50 μM histamine was added to trigger a
Ca2+ release through the IP3Rs. Peak height was measured as transfer of Ca2+ to the mitochondria.
n = 4; p = 0.01. D: Mitochondrial respiration was measured in A375p cells stably transfected with a
shTMX1 expressing plasmid for TMX1 knockdown or a FLAG-TMX1 expressing plasmid for TMX1
overexpression. n = 3; Control vs shTMX1: p = 0.018. Experiments in panels A and D were performed
by Carolina Ortiz-Sandoval and Arun Raturi respectively.
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3.2.5 TMX1 palmitoylation and oxidoreductase activity are required for its MAM

localization and Ca2+ regulatory effect

Next, the effect of palmitoylation and oxidoreductase activity on TMX1 Ca2+ regulation was evalu-

ated. In order to test this, A375p melanoma cells and TMX1 knockout HeLa cells were transfected

with FLAG tagged TMX1. In addition, to evaluate the dependence on palmitoylation, cells were

transfected with a TMX1 mutant with altered palmitoylation site (FLAG-TMX1-CCAA); this muta-

tion prevents TMX1 MAM targeting [146]. Furthermore, to address the role of the oxidoreductase

activity, cells were transfected with a TMX1 mutant with a modification in the two cysteines in the

active site of its thioredoxin domain (FLAG-TMX1-SXXS). As expected, subcellular fractionation

shows that wild type TMX1 is distributed between MAM and microsomes. In contrast, the palmitoy-

lation mutant FLAG-TMX1-CCAA is not targeted to the MAM, and is restricted to the microsomes

fraction, were the bulk ER is located. Surprisingly, the oxidoreductase mutant FLAG-TMX1-SXXS

also loses its MAM targeting, suggesting that an active thioredoxin domain is required for normal

TMX1 localization (Figure 3.7A). A similar result was observed when the interaction of SERCA

with the TMX1 mutants was evaluated. In this case, both FLAG-TMX1-CCAA and FLAG-TMX1-

SXXS co-immunoprecipitated less with SERCA2b than wild type TMX1. This result suggest that

both the palmitoylation and an active thioredoxin domain are required for TMX1-SERCA2b in-

teraction (Figure 3.7B). In terms of ER Ca2+ loading ability, consistent with previous results, the

expression of wild type TMX1 reduced the amount of Ca2+ in the ER. On the other hand, FLAG-

TMX1-SXXS had a small effect reducing ER Ca2+ content, while FLAG-TMX1-CCAA reached

an intermediate effect between wild type and FLAG-TMX1-SXXS (Figure 3.7C). Consistent with

previous results, TMX1 knockout HeLa cells rescued with FLAG-TMX1 have a significantly better

Ca2+ transfer to mitochondria after histamine treatment than mock transfected cells. In addition the

thioredoxin mutant FLAG-TMX1-SXXS and the palmitoylation mutant FLAG-TMX1-CCAA were

unable to rescue the Ca2+ transfer (Figure 3.7D). These results indicate that both palmitoylation and

thioredoxin domains are necessary for TMX1 effect on Ca2+ regulation and MAM localization; and

that some oxidative modification of SERCA might be involved in TMX1 function.
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Figure 3.7 – Palmitoylation and thioredoxin domains are necessary for TMX1 effect on Ca2+ reg-
ulation andMAM localization. A:Western blot of a Percoll fractionation showing the Homogenate and
Cytosol, Microsomes, MAM and Mitochondria subcellular fractions from A375p melanoma cells trans-
fected with a FLAG-TMX1, FLAG-TMX1-SXXS (thioredoxin mutant) or FLAG-TMX1-CCAA (palmitoy-
lation mutant) expressing plasmid. CNX was used as a MAM marker and Complex 2 was used as a
mitochondrial marker. B: Co-immunoprecipitation of FLAG tagged TMX1 mutants with myc tagged
SERCA2b from protein extracts of A375p melanoma cells transfected with a FLAG-TMX1, FLAG-
TMX1-SXXS (thioredoxin mutant) or FLAG-TMX1-CCAA (palmitoylation mutant), and myc-SERCA2b
expressing plasmids. n = 3. FLAG-TMX1 vs FLAG-TMX1-CCAA: p = 0.000013. FLAG-TMX1 vs
FLAG-TMX1-SXXS: p = 0.000197. C: ER Ca2+ content measured in A375p melanoma cells trans-
fected with a FLAG-TMX1, FLAG-TMX1-SXXS (thioredoxin mutant) or FLAG-TMX1-CCAA (palmi-
toylation mutant) expressing plasmid. n = 3. FLAG-TMX1 vs FLAG-TMX1-SXXS: p = 0.01. D: Mito-
chondrial Ca2+ was measured in TMX1 knockout HeLa cells transfected with a FLAG-TMX1, FLAG-
TMX1-SXXS (thioredoxin mutant) or FLAG-TMX1-CCAA (palmitoylation mutant) expressing plasmid,
and transfected with the mitochondrial Ca2+ indicator mito-LAR-GECO1.2. In the presence of extracel-
lular Ca2+, 50 μM histamine was added to trigger a Ca2+ release through the IP3Rs. Peak height was
measured as transfer of Ca2+ to the mitochondria. n = 10 for Mock, n = 11 for FLAG-TMX1, n = 14 for
FLAG-TMX1-SXXS, n = 6 for FLAG-TMX1-CCAA. Mock vs FLAG-TMX1: p = 0.03. Experiments in
panels A, B and C were performed by Arun Raturi.

81



3.2.6 TMX1 increases ER-mitochondria contacts

In addition to alterations in Ca2+ signalling, changes in Ca2+ transfer to the mitochondria can be

explained by changes in ER-mitochondria contact formation. TMX1 promotes the transfer of Ca2+

to mitochondria from the ER, suggesting that it also increases ER-mitochondria contact formation.

To test the effect of TMX1, ER-mitochondria contacts were observed using electron microscopy,

and the distance and extent of ER-mitochondria contacts was measured (Figure 3.8A). Cells that

lack TMX1 have the same ER-mitochondria distance than cells that have TMX1 (Figure 3.8B).

Nevertheless, the length of the contacts was significantly shorter in TMX1 knockout cells, suggesting

that TMX1 promotes interaction between ER and mitochondria (Figure 3.8C). Accordingly, there

is a significant reduction in the coefficient contact length / distance in cells that lack TMX1 (Figure

3.8D). These results suggest that TMX1 participates in the formation of ER-mitochondria contacts,

but it controls the extent of the contacts and not the distance between the two organelles. Consistently,

the frequency of different ER-mitochondria distances, classified as Super tight (0 to 12 nm), Tight (12

to 24 nm), and Loose (24 to 50 nm), was unchanged between TMX1 wild type and knockout cells

(Figure 3.8E). Taken together, TMX1 increases ER-mitochondria contact formation, suggesting that

the increased Ca2+ transfer to mitochondria is due to the increased organelle proximity. The increased

release of Ca2+ from the ER through the IP3Rs could also play a role in the improved Ca2+ transfer

to the mitochondria promoted by TMX1. However, when the release of Ca2+ to the cytosol through

IP3Rwas equalized by removing extracellular Ca2+ (Figure 3.4), TMX1wild type cells still had better

transfer of Ca2+ to the mitochondria (Figure 3.5A and B). This suggests that the ER-mitochondria

contacts maintained by TMX1 are required to keep a normal Ca2+ flux to mitochondria.
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Figure 3.8 – TMX1 increases ER-mitochondria contact formation. A: Electron microscopy images
of TMX1 wild type and knockout HeLa cells. Regions of ER-mitochondria contacts are indicated with
white arrowheads. Scale bar = 150 nm. B: ER-mitochondria distance. n = 593 for HeLa TMX1WT, n =
648 for HeLa TMX1 KO; p = 0.9. C: ER-mitochondria contact length. n = 593 for HeLa TMX1 WT, n =
648 for HeLa TMX1 KO; p = 0.00064. D:Contact length / distance ratio. n = 593 for HeLa TMX1WT, n
= 648 for HeLa TMX1 KO; p = 0.012. E: Frequency of ER-mitochondria contacts classified by distance
into Super tight (0 to 12 nm), Tight (12 to 24 nm), and Loose (24 to 50 nm). n = 593 for HeLa TMX1
WT, n = 648 for HeLa TMX1 KO. The images were analyzed with the help of Carolina Ortiz-Sandoval.
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Figure 3.9 – Schematic representation of the proposed effect of TMX1 in the MAM. TMX1 binds
and inhibits SERCA, resulting in the depletion of ER Ca2+ stores. It also promotes the release of
Ca2+ from the ER through IP3R and the formation of ER-mitochondria contacts. As a result, TMX1
increases mitochondrial Ca2+ flux and mitochondrial respiration and energy production. In the absence
of TMX1, SERCA is more active and the ER Ca2+ stores are augmented. There is also a reduction
in ER-mitochondria length (depicted as a change in distance) and Ca2+ release from the ER through
IP3R. This results in impaired Ca2+ flux to mitochondria and reduced mitochondrial metabolism. Solid
black arrows represent normal activity; dashed black arrows represent reduced activity.
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3.3 Discussion

3.3.1 TMX1 regulates SERCA activity and ER Ca2+ content from the MAM

TMX1 controls ER Ca2+ content as a result of an inhibition of SERCA activity, as summarized in

Figure 3.9. Indeed, the results show that TMX1 interacts with SERCA2b (Figure 3.1A), reducing

ER Ca2+ levels to half of cells that lack TMX1 (Figure 3.2). In addition, the MAM localization of

TMX1 is also important for its Ca2+ signalling regulation. The TMX1 mutant TMX1-CCAA that

lacks the palmitoylation site, the critical switch for MAM targeting [146], is unable to interact with

SERCA, and cannot regulate ERCa2+ content; this suggests that palmitoylation and/orMAM location

are critical for the Ca2+ regulatory functions of TMX1 (Figure 3.7). Nevertheless, unlike TMX1,

SERCA is not MAM targeted. It can be found in the MAM, but it is also abundant in the bulk ER.

This means that TMX1 MAM targeting is not enough to explain its regulatory effect on SERCA.

Some mechanism must be in place that prevents non-MAM TMX1 to inhibit SERCA.

One alternative that could explain why TMX1 inhibits SERCA only at the MAM is if TMX1 has an

unidentified binding partner exclusively found at the MAM that is required for TMX1-SERCA inter-

action and inhibition. There are other oxidoreductases that have binding partners that give specificity

to their redox targets. For instance, is well known that the oxidoreductase ERp57 binds the lectin

chaperones CNX and CRT and targets preferentially glycosylated proteins for disulfide bond for-

mation [132]. Similarly, the oxidoreductase P5 binds to the chaperone BiP, and targets BiP client

proteins [199]. TMX1 also forms a functional complex with CNX for disulfide bond formation, sim-

ilar to ERp57 [135]. Since both TMX1 and CNX are MAM-targeted proteins, it is possible that they

are interacting at the MAM. Accordingly, the result shows that both TMX1 and CNX interact with

SERCA2b (Figure 3.1A), suggesting a possible functional complex between TMX1 and CNX with

SERCA as a target. Nevertheless, TMX1 and CNX compete for SERCA interaction, and the absence

of one of them increases SERCA interaction for the other (Figure 3.1B and C). These results suggest

that SERCA is not a target of a functional TMX1-CNX complex, but forms independent complexes

with either TMX1 or CNX. Whether the presence of SERCA interferes with TMX1-CNX interac-
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tion is not known, and would have to be explored in future experiments. Regardless, this interplay

between TMX1, CNX and SERCA discards CNX as a third member of a MAM-exclusive TMX1-

SERCA complex. So far, the existence of a binding partner for TMX1 and SERCA at the MAM

cannot be discarded. But the identification of this protein would require future experiments.

Another option for the MAM-specific SERCA inhibition by TMX1 is the presence of other binding

partners exclusively found outside theMAM that compete with SERCA for TMX1 interaction. In this

scenario, CNXwould be an excellent candidate, because it competes with TMX1 for SERCA binding

(Figure 3.1). Nevertheless, both TMX1 and CNX are located in the MAM, making this interference

unlikely in the bulk ER. But there is a fraction of CNX, approximately 10%, that localizes in the bulk

ER, and is found in the light membranes under normal conditions after cellular fractionation [114].

This non-MAMCNX could be able to prevent the interaction and inhibition of SERCA by TMX1 by

competing with TMX1 for SERCA interaction. But even the overexpression of the non-palmitoylable

TMX1-CCAA mutant was unable to rescue the normal Ca2+ flux to mitochondria. Whether 10% of

CNX is enough to completely block the effect of TMX1-CCAA overexpression remains to be tested,

but it seems unlikely.

Finally, it is possible that palmitoylation itself is the signal required for SERCA interaction. Thus,

non-palmitoylated TMX1 and TMX1-CCAA would be unable to interact with SERCA, regardless of

their location. This suggests that TMX1 palmitoylation has two separate functions. One is two target

TMX1 to the MAM, and the other is to regulate its interacting partners. With the results presented

here, it is not possible to discard that palmitoylation is required for the inhibitory effect of TMX1.

However, demonstrating that palmitoylation has an effect on TMX1 activity independent of MAM

targeting would be quite complicated from an experimental point of view. It would require a non-

palmitoylable MAM-targeted and/or a palmitoylated non-MAM-targeted TMX1. Both options seem

unlikely with our current understanding of TMX1 MAM targeting. Regardless, palmitoylation is a

modification that can change protein-protein interactions by steric hindrance and/or changes in protein

conformation, in addition to changes in protein localization [200]. For instance, CNX palmitoylation
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also regulates its protein interactions. CNX depalmitoylation by ER stress increases its interaction

with ERp57 and decreases the interaction with SERCA, despite the increased co-fractionation of

CNX and SERCA in the rough ER [114]. In the future, it would be interesting to explore protein

interactions of palmitoylated and non-palmitoylated TMX1. The interplay between TMX1 and other

SERCA regulators like CNX and ERp57 would clarify the mechanism by which TMX1 regulates

Ca2+ signalling and whether other proteins are involved.

3.3.2 TMX1 regulates SERCA activity probably through redox modifications

The results show that TMX1 knockout cells have increased ER Ca2+ levels compared to TMX1 wild

type cells, suggesting that TMX1 has an inhibitory effect on SERCA (Figure 3.2). Since TMX1 inter-

acts with SERCA, as found by co-immunoprecipitation, the inhibitory effect on SERCA is probably

through their proximity or interaction (Figure 3.1A). While re-expression of TMX1 is able to res-

cue the defects observed in TMX1 knockout cells, the thioredoxin mutant TMX1-SXXS is unable to

rescue Ca2+ transfer to mitochondria, and only partially able to rescue ER Ca2+ content (Figure 3.7).

These results suggest that TMX1 regulates SERCA in part through its oxidoreductase activity, even

through SERCA activity was not directly measured. The first step to further understand the regulation

of Ca2+ signalling by TMX1 would be to measure SERCA activity. This measurement can be done

in future experiments using the SERCA ATPase measurement, described in section 2.6, in TMX1

wild type and knockout cells.

Assuming that TMX1 regulates SERCA activity, the mechanism of SERCA inhibition by TMX1 is

not clear. More experiments are needed to understand this mechanism, but the results show that the

oxidoreductase activity of TMX1 is partially required. SERCA2b contains two cysteines in positions

875 and 887 in the L4 lumenal loop that form an inhibitory disulfide bond [154]. Since TMX1 and

SERCA interact, the most likely scenario is that TMX1 acts on SERCA2b lumenal disulfide bonds

to regulate its activity. In addition, TMX1 preferentially targets membrane proteins [135], making

SERCA2b a likely target for its oxidoreductase activity. There are two experiments that can clar-

ify the effect of TMX1 in SERCA2b disulfide bond formation. One is to directly measure SERCA
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redox state. This can be done using the BIAM labelling of reduced cysteines, as described in sec-

tion 2.15. This would indicate, for example, if SERCA is more reduced in TMX1 knockout cells.

But this method is not specific for disulfide bonds or other forms of oxidative modification. In or-

der to test if SERCA is a specific target for TMX1 oxidoreductase activity, it is possible to use a

TMX1 trapping mutant. During disulfide bond oxidation or reduction, the cysteines at the thiore-

doxin domain catalytic site (CXXC) form a transient mixed disulfide with the target protein. By

mutating the C-terminal cysteine of the active site, it is possible to trap the mixed disulfide effec-

tively linking the oxidoreductase with its target. A TMX1 trapping mutant, TMX1C/A, was used

in a previous publication to find folding targets of TMX1 (SERCA was not mentioned as a TMX1

target, but the list provided is not exhaustive) [135]. By using this TMX1 mutant it would be possi-

ble to test if TMX1 specifically targets SERCA2b lumenal disulfide bond. If this is the case, there

are two possible mechanisms for SERCA2b inhibition by TMX1. One possible mechanism is that

TMX1 has the same activity as ERp57, an oxidoreductase that catalyzes the formation of SERCA2b

disulfide bond [154]. So when TMX1 and SERCA2b interact, TMX1 oxidizes SERCA2b form-

ing the disulfide bond that results in SERCA2b inhibition. But if TMX1 is inactive or if it cannot

interact with SERCA2b, then the inhibitory disulfide bond gets reduced and SERCA2b activity is

increased. The problem with this mechanism is that it requires TMX1 to act as an oxidase, while

the literature indicates that TMX1 acts as a reductase, breaking disulfide bonds rather than forming

them [136–138,197]. The second possible mechanism is that TMX1 acts as a reductase, targeting the

same inhibitory disulfide bond on SERCA2b but instead of reducing it completely, it forms a mixed

disulfide with SERCA2b; rather than reducing both cysteines in the disulfide bond, it forms a bond

between one of the cysteines in SERCA2b and one of the cysteines on its thioredoxin active site. This

mixed disulfide is a intermediary step between complete oxidation and reduction of disulfide bonds

(Figure 1.2), but some oxidoreductases form stable interactions with their targets through a mixed

disulfide. For example, ERdj5 is an ER oxidoreductase with reducing activity, similar to TMX1; it

can reduce the inhibitory disulfide bond in SERCA2b forming a stable mixed disulfide that can be

detected as a high molecular weight protein complex using Western blot in non-denaturing conditions
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[155]. TMX1 could act in a similar way, forming a stable complex with SERCA2b that results in

SERCA2b inhibition. This fits with TMX1 acting as a reductase and having an inhibitory effect on

SERCA2b, but the formation of a stable mixed disulfide between these two proteins would have to

be demonstrated using non-denaturing Western blot. To test if TMX1 is targeting cysteines 875 and

887, SERCA2b mutants with these cysteines modified can be used; for example, a cysteine to serine

mutation (SERCA-CCSS). This SERCAmutant should be permanently active and immune to ERp57

inhibition. If TMX1 and ERp57 have the same target, it should be immune to TMX1 regulation too.

This can be tested by expressing SERCA-CCSS in TMX1 knockout cells, and then co-express TMX1

to see if there is an increase in SERCA activity.

Interestingly, the thioredoxin mutant TMX1-SXXS loses MAM targeting, in addition to SERCA in-

teraction (Figure 3.7). This raises the question whether oxidoreductase activity is involved in TMX1

MAM targeting. Unfortunately, the palmitoylation state of TMX1-SXXS was not evaluated, so it

is unknown if losing oxidoreductase activity is enough to lose MAM targeting, or if oxidoreductase

activity is required for the palmitoylation. It is possible that the thioredoxin domain itself is required

for TMX1 MAM targeting. There is one other protein whose MAM-targeting depends on its redox

activity: Ero1α. Under normal conditions, Ero1α localization depends on the formation of a mixed

disulfide bond with the oxidoreductase ERp44; this interaction retains Ero1α in the ER [201]. How-

ever, the formation of this mixed disulfide bond requires an oxidizing environment in the ER; under

reducing conditions the Ero1α–ERp44 disulfide bond is lost, and Ero1α leaves the MAM [163]. It is

possible that a similar mechanism operates for TMX1 retention at the ER, with ERp44 acting as an

anchor for Ero1α and TMX1. Since TMX1-SXXS is unable to form disulfide bonds, it cannot be re-

tained by ERp44 and relocates to the bulk ER. If TMX1 forms a mixed disulfide with SERCA2b, then

this bond could also work as an anchor for TMX1 in the MAM, as long as this specific mixed disulfide

is formed only at the MAM. However, future experiments would be needed to determine if TMX1

forms mixed disulfide bonds with ERp44 or SERCA2b in order to retain its MAM localization, or if

the oxidation state of TMX1 is actually regulating its palmitoylation.
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3.3.3 TMX1 is a regulator of Ca2+ flux and mitochondrial metabolism

A previous report from our lab showed that TMX1 is localized at the MAM, suggesting that it could

have an additional function in addition to protein folding [146]. The present work shows that MAM

located TMX1 is a regulator of Ca2+ signalling. TMX1 increases Ca2+ flux from ER to mitochondria

(Figure 3.5 and Figure 3.6), which then activates mitochondrial respiration (Figure 3.6D). TMX1

exerts its regulatory effect on Ca2+ signalling through the interaction with SERCA2b (Figure 3.1 and

Figure 3.7). Cells that lack TMX1 have improved Ca2+ clearance from the cytosol (Figure 3.4),

and accumulate more Ca2+ in the ER (Figure 3.2). These results are consistent with TMX1 acting

as a SERCA inhibitor. Thus, when Ca2+ is released from the ER, the inhibitory effect of TMX1

on SERCA2b prevents the clearance of the released Ca2+, resulting in an improved Ca2+ transfer

to mitochondria. TMX1 acts like a switch that changes the balance of Ca2+ in the cell from ER to

mitochondria.

TMX1 has an additional layer of control of Ca2+ flux to mitochondria, the regulation of ER-

mitochondria contacts, which have a reduced length in cells that lack TMX1 (Figure 3.8).

Thus, TMX1 promotes Ca2+ flux to mitochondria by two parallel mechanisms, by promoting

ER-mitochondria contact formation, and by inhibiting SERCA and preventing Ca2+ uptake at the

ER-mitochondria interface. But the mechanism that TMX1 uses to promote contact formation was

not explored in this work. Since TMX1 has a transmembrane and cytosolic domain, it is possible that

it acts as a tether, establishing a physical link between ER and mitochondria, even though no potential

partner on the mitochondrial side has been described. It is more likely that TMX1 modulates the

function of other MAM proteins similar to its effect on SERCA. It is interesting that the length

of the ER-mitochondria was altered but not the distance between organelles (Figure 3.8). This

suggests that TMX1 acts by recruiting or stabilizing existing tethers at the MAM. The loss of TMX1

prevents the formation of these tethers, reducing the extent of MAM. However, the overall structure

of the contacts must remains the same, since the distance is unchanged. As mentioned before, the

regulatory effect of TMX1 on SERCA depends on its thioredoxin domain, probably by reducing
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SERCA disulfide bonds (Figure 3.7). Finding new TMX1 binding partners using the TMX1C/A
trapping mutant would be helpful to discover new MAM proteins regulated by TMX1. In addition,

it would be interesting to know what is the effect of TMX1-CCAA and TMX1-SXXS mutants on

ER-mitochondria contacts using electron microscopy. These mutants were unable to rescue Ca2+

flux to mitochondria and are not targeted to the MAM (Figure 3.7). With this experiment it would

be possible to determine if the effect of TMX1 on Ca2+ signalling and ER-mitochondria contacts

share a similar mechanism.

3.3.4 TMX1 is a tumor suppressor that regulates cancer cell metabolism

Mitochondrial Ca2+ can have positive or negative effects on cancer progression. The accumulation of

mitochondrial Ca2+ can increase mitochondrial ROS production, promoting cell migration, metasta-

sis and cancer progression [195,202,203]. Yet, many cancer types present an anomalous metabolism

that consists of relying primarily on glycolysis for energy production, and reducing the requirement

of mitochondrial respiration [180]. Since mitochondrial Ca2+ is required to maintain a basal level

of mitochondrial respiration [80], this phenotype is consistent with cancer cells having reduced ER-

mitochondria Ca2+ flux. In addition, preventing mitochondrial Ca2+ accumulation also has the ad-

vantage of preventing cell death through mitochondrial Ca2+ overload [67,69], another hallmark of

cancer [180]. Similar to TMX1, the tumor suppressor p53 is targeted to the MAM and increases

Ca2+ flux to mitochondria [61]. Interestingly, p53 has the opposite effect than TMX1 on SERCA

activity and Ca2+ loading. p53 activates SERCA and increases ER Ca2+ stores, increasing Ca2+ avail-

ability for apoptotic Ca2+ signalling towards mitochondria [61]. TMX1 decreases the amount of ER

Ca2+ through its inhibitory effect on SERCA (Figure 3.2), but it also increases the extent of ER-

mitochondria contacts (Figure 3.8), thus promoting the flux of Ca2+ (Figure 3.5 and Figure 3.6).

These results suggest that TMX1 could act as a tumor suppressor, increasing Ca2+ flux and prevent-

ing cancer progression. Indeed, results from our lab show that TMX1 slows down tumor growth in

vivo, suggesting that the critical factor in tumor suppressor MAM proteins is the induction of ER-

mitochondria contacts and Ca2+ flux, rather than the available Ca2+ in the ER [204]. TMX1 has the
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opposite effect of FATE1, an oncoprotein that reduces Ca2+ flux to mitochondria by decreasing the

number of ER-mitochondria contacts [205]. Again, a better understanding of TMX1 interactome is

essential to find the critical mediators of TMX1 MAM regulation. This will help us understand the

MAM changes during tumorigenesis and, potentially, design better treatments. Interestingly, a recent

work confirmed our findings on the role of TMX1 in MAM formation, showing that loss of TMX1

results in reduced ER-mitochondria contacts in a melanoma cancer model [206]. Nevertheless, loss

of TMX1 also resulted in increased plasma membrane-mitochondria contacts. As a consequence, re-

duced expression of TMX1 still results in mitochondrial Ca2+ accumulation and elevated ROS levels,

despite their reduced MAM formation [206]. However, in this model the elevated ROS production

was not tumorigenic. On the contrary, ROS inhibited the phosphatase Calcineurin and the transcrip-

tion factor NFAT1, reducing proliferation and migration in melanoma cells [206]. This highlights the

interconnected signalling pathways and regulatory mechanisms that take place at the MAM in cancer.
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Chapter 4

Calnexin regulates ER-mitochondria contact

formation and Ca2+ flux

4.1 Introduction

4.1.1 Calnexin is an ER chaperone that binds glycoproteins during protein folding

Calnexin (CNX) is transmembrane ER protein that participates in quality control of N-glycosylated

protein folding in the ER. It binds to newly synthesized glycosylated proteins after they enter the ER

through the translocon [207]. The binding of CNX results in retention of folding intermediates in the

ER, slowing down the folding process; but at the same time, the maturation process is more efficient

and there is less misfolded protein aggregation [124,125].

CNX binds to glycoproteins through a carbohydrate-binding lectin domain in its N-terminal region.

Next is the P domain, a flexible arm that extends from the lectin domain. The P domain is followed

by a transmembrane region and a short cytoplasmic domain [208]. The P domain functions as an

adapter for other protein folding assistants. So far, three assistants have been identified: the disulfide

isomerases ERp57 and ERp29, and the prolyl cis-trans isomerase Cyclophilin B [209–211]. Thus,
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CNX guides these accessory folding assistants to target preferentially glycoproteins. The best char-

acterized of the CNX folding assistants is ERp57. CNX association with ERp57 results in a greater

interaction of ERp57 with newly synthesized glycoproteins [212,213]. This CNX guiding mecha-

nism is required for an efficient disulfide bond formation and isomerization by ERp57, increasing the

correct folding of CNX targeted proteins and preventing protein aggregation [132,214,215]. CNX

interaction with ERp57 increases during ER stress, boosting CNX folding capacity [146]. Thus,

CNX is a versatile and dynamic chaperone, able to adapt to different requirements depending on its

protein-protein interactions.

4.1.2 Calnexin beyond protein folding: Mitochondria-Associated Membranes and

the regulation of Ca2+ signalling

CNX interacting partners are not limited to chaperones and folding assistants. It also interacts with

proteins at the MAM, extending the repertoire of regulatory functions from protein folding to Ca2+

signalling and apoptosis. Indeed, an important portion of CNX can be found in the MAM [146,216–

218]. The key for CNX enrichment in the MAM is the palmitoylation of two cysteines close to

the transmembrane region, cysteines 502 and 503, by the palmitoyl transferase DHHC6 [147]. The

inhibition of CNX palmitoylation moves it away from the MAM, and distributes CNX in the bulk

ER [146]. This suggests that CNX is normally found in its palmitoylated form. Palmitoylation also

regulates CNX interaction with other proteins. Palmitoylated CNX forms part of the translocon,

the protein complex responsible for the co-translational translocation of newly synthesized proteins

into the ER [147]. This interaction stabilizes the translocon, improving the folding of glycoproteins

[147]. Palmitoylated CNX also interacts with the ER Ca2+ pump SERCA isoform 2b (SERCA2b).

It is not clear whether CNX regulates SERCA2b activity directly, but loss of CNX or loss of CNX

palmitoylation results in a reduction in ER Ca2+ content [114]. This suggest that CNX activates

SERCA2b pumping function, promoting the loading of Ca2+ in the ER. An additional function of

CNX at the MAM is the regulation of Ca2+ flux to the mitochondria. CNX prevents the transfer of

Ca2+ from ER to mitochondria, but only when it is palmitoylated. Non-palmitoylated CNX or the
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loss of CNX makes Ca2+ transfer to mitochondria more efficient [114]. How CNX regulates Ca2+

transfer to mitochondria, and the consequences for mitochondrial function, is currently unknown.

4.1.3 Calnexin beyond protein folding: regulation of reactive oxygen species

An additional function of CNX is the regulation of reactive oxygen species (ROS) production at the

ER, specifically through the regulation of NADPH oxidase 4 (NOX4). CNX interacts and stabilizes

NOX4, increasing NOX4 H2O2 production [219]. Unlike other NOX proteins, NOX4 is constitu-

tively active [220]; this property allows NOX4 to act as a O2 sensor, increasing H2O2 production at

high O2 levels [221]. NOX4 protein expression and activity also increase during ER stress, promoting

the expression of apoptotic transcription factors like CHOP and inducing apoptosis [222,223]. Thus,

NOX4 behaves similarly to Ero1α, since the latter is also upregulated during ER stress and induce

apoptosis via ROS production [72]; although NOX4 activity has not been linked to oxidative protein

folding. On the other hand, unlike Ero1α, NOX4 overexpression is not always associated with cell

death. NOX4 is abundantly expressed in some forms of cancer, where it enhances proliferation and

survival [224]. The protective and growth promoting effects of NOX4 in cancer are associated to

an accelerated glutamine metabolism and increased production of glutathione, which provides resis-

tance to H2O2-induced oxidative damage [225]. At the same time, NOX4 activates the Akt/HIF1α

signalling pathway, which increases survival, proliferation and invasion in cancer cells, and also shifts

the metabolism towards glycolysis [226,227]. Finally, NOX4 also regulates ER Ca2+ channels. It

oxidizes and activates ryanodine receptors (RyR) channels, increasing Ca2+ release from the ER and

the contractile function of muscle cells [228]. NOX4 can also oxidize and regulate the ER Ca2+

pump SERCA, but the effect on SERCA activity depends on other pathophysiological conditions,

and possibly the cell type. The key difference is the type of oxidative modification in cysteine 674;

sulfonylation inhibits SERCA, while glutathionylation increases SERCA activity, but it also requires

the presence of nitric oxide [162,229,230]. Under stressful and damaging conditions like obesity or

high glucose, upregulation of NOX4 is responsible for the sulfonylation and inactivation of SERCA in

rat smoothmuscle cells [231,232]. On the other hand, NOX4 is also activated by VEGF in endothelial
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cells under normal physiological conditions, resulting in an increased SERCA glutathionylation and

activity, promoting cell migration and angiogenesis [233]. Even though CNX stabilizes and increases

NOX4 H2O2 production [219], it is not known if NOX4 activity is involved in CNX regulation of

SERCA, or if CNX regulates the apoptotic or metabolic effects of NOX4.

4.1.4 Aims

In this chapter, the role of CNX in the regulation of SERCA, and its consequences for ER-

mitochondria Ca2+ communication will be investigated. In order to do this, the following aims

are proposed: (i) measure the effect of CNX on SERCA ATPase activity and ER Ca2+ content;

(ii) evaluate the consequences of SERCA regulation by CNX on Ca2+ signalling; (iii) evaluate the

role of CNX on ER-mitochondria contact formation, Ca2+ flux and mitochondrial function; and

(iv) investigate whether CNX regulates SERCA activity by redox modifications, and the possible

participation of Ero1α and NOX4 as ER ROS sources responsible for SERCA oxidation. These

aims were evaluated in a CNX knockout Mouse Embryonic Fibroblast (MEF) cell line, in addition

to other molecular tools to knockdown or overexpress CNX.

The results show that CNX increases ER Ca2+ content by activating SERCA. Mechanistically,

SERCA activation is a result of oxidative modifications mediated by Ero1α and NOX4 ROS

production. In addition, CNX reduces ER-mitochondria contacts, increasing the distance between

the two organelles. Notably, CNX is also required to maintain mitochondrial Ca2+ content and

respiration, suggesting that CNX promotes Ca2+ flux to mitochondria, in spite of the increased

ER-mitochondria distance. Together, the results show that CNX is a critical regulator of SERCA

activity, ER-mitochondria contacts, and mitochondrial metabolism.
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4.2 Results

4.2.1 Calnexin regulates SERCA activity by redox modifications

In a previous work our lab found that CNX promotes the accumulation of Ca2+ in the ER and also

interacts with SERCA, suggesting that CNX activates SERCA [114]. Since oxidative modification is

an important mechanism to regulate SERCA activity, the role of CNX on oxidative modifications in

SERCA was evaluated. The BIAM assay was used to determine if cysteines were in their oxidized or

reduced state. The oxidative agent Diamide and the reducing agent dithiothreitol (DTT) were used

as controls to see the minimum and maximum reduced states of SERCA cysteines. The result shows

that SERCA is partially oxidized in cells that have CNX; in the absence of CNX, SERCA cysteines

are in their reduced state (Figure 4.1A). The effect of CNX on SERCA oxidation was also tested in

cells with a transient CNX knockdown (Figure 4.1B). Similar to CNX knockout, CNX knockdown

cells also showmore SERCA cysteines in their reduced state compared to control cells (Figure 4.1C).

These results indicate that CNX is necessary to maintain SERCA oxidation, and suggest that CNX

maintains SERCA activity by promoting an activating oxidative modification in some cysteines.

4.2.2 Calnexin activates SERCA and regulates ER and cytosolic Ca2+

To understand the regulation of SERCA by CNX, SERCA ATPase activity was measured in CNX

wild type and knockout cells. The result shows that cells that lack CNX have significantly reduced

SERCA ATPase activity (Figure 4.2A). To confirm the role of CNX in the regulation of SERCA,

CNX expression was rescued in knockout cells by a stable transfection using a plasmid that express

CNX (CNX-WT-FLAG stable) (Figure 4.2B). The rescue experiment shows that the reintroduction

of CNX in the knockout cells increases SERCA ATPase activity, even though the increase is not

statistically significant (Figure 4.2C). SERCA ATPase activity was also tested in HeLa cells with a

transient CNX knockdown using siRNA. The result shows that CNX knockdown reduces SERCA

ATPase activity, but to a lesser extent that CNX knockout (Figure 4.2D).
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Figure 4.1 – CNX increases oxidation in SERCA2b cysteines. A: CNX wild type and knockout
MEFs were transfected with myc-SERCA2b and treated with the oxidative agent Diamide and the re-
ducing agent DTT. Cells were lysed and reduced cysteines were labelled using a biotinylated iodoac-
etamide (BIAM) assay. The specific SERCA2b BIAM labeling was detected by immunoprecipitating
myc-SERCA2b and detecting the BIAM labeling probing the proteins with Streptavidin. n = 4; p =
0.0011. B: HeLa cells transfected with siCNX and immunoblotted for CNX and Tubulin as a loading
control. n = 2. C: BIAM assay of SERCA2b in HeLa cells transfected with siCNX and analyzed by
Western blot for the myc-SERCA2b and BIAM signals. n = 2. BIAM assays were performed by Megan
Yap.
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SERCA activity was also indirectly evaluated by measuring the speed at which Ca2+ is cleared from

the cytosol after triggering a release of Ca2+ from the ER. Since the function of SERCA is to clear

Ca2+ from the cytosol, it is expected that the speed at which Ca2+ is removed is proportional to SERCA

activity. The fluorescent Ca2+ probe Fura-2 was used to measure cytosolic Ca2+, and Ca2+ release

from the ER through IP3R was triggered by adding 600 μM ATP to the cells. The result shows that

the cytosolic Ca2+ clearance was faster in cells that have CNX compared to knockout cells (Figure

4.2E). This suggests that cells that lack CNX have reduced SERCA activity. In contrast, CNX had

no effect on the amplitude of the Ca2+ signal in the cytoplasm (Figure 4.2F). Taken together, these

results indicate that CNX activates SERCA.

The activation of SERCA by CNX was also evaluated by measuring the accumulation of Ca2+ in

the ER in CNX wild type and knockout cells. ER Ca2+ content was measured with the ER-targeted

fluorescent Ca2+ probe ER-LAR-GECO1 and fluorescent microscopy. The amount of Ca2+ in the ER

was estimated by depleting ER Ca2+ stores with a combination of the SERCA inhibitor TBHQ, and

the removal of extracellular Ca2+. The result shows that cells that lack CNX have less Ca2+ in their

ER (Figure 4.3A). This indicates that the increased SERCA activity induced by CNX correlates with

more accumulation of Ca2+ in the ER.

In addition to an increase in SERCA activity, the increased ER Ca2+ stores can also be explained by a

decrease in passive Ca2+ release from the ER. If Ca2+ escapes faster from the ER, the ER Ca2+ stores

would also be reduced. The rate of passive Ca2+ release from the ER was evaluated by measuring the

slope of the decrease in Ca2+ levels during ER Ca2+ depletion. The result shows a decrease in the rate

of passive Ca2+ release in cells that lack CNX (Figure 4.3B). This suggests that CNX knockout cells

not only have less Ca2+ in the ER, they also retain ER Ca2+ better. There are different ways of passive

Ca2+ release, or leak, from the ER. One of the main sources of ER Ca2+ leak is the translocon [234].

Ca2+ leak through the translocon was evaluated by using the translocon leak inhibitor Anisomycin,

and measuring the rate of passive Ca2+ release. The result shows that Anisomycin abolished the

difference in leak between normal cells and CNX knockout cells (Figure 4.3C). This suggests that
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Figure 4.2 – CNX activates SERCA. A: SERCA ATPase was measured in light membranes of CNX
wild type and knockout MEF cells and normalized to protein concentration. n = 7; p = 0.03. B: CNX
knockout MEF cells were stably transfected with a pcDNA5 plasmid expressing FLAG tagged CNX
(CNX-WT-FLAG). Two clones were analyzed by Western blot for CNX and Tubulin as a loading con-
trol. C: SERCA ATPase was measured in light membranes of CNX knockout MEF cells stably trans-
fected with empty pcDNA5 or CNX-WT-FLAG (clone #5) and normalized to protein concentration. n
= 5; p = 0.17. D: SERCA ATPase was measured in light membranes of HeLa cells transfected with
siCNX and normalized to protein concentration. n = 5; p = 0.044. E: Cytoplasmic Ca2+ was quantified
using the Fura-2 fluorescent Ca2+ probe in CNX wild type and knockout MEF cells. ATP 600 μM was
added to trigger a Ca2+ release through the IP3Rs. Cytoplasmic Ca2+ clearance was determined by the
decay slope after the peak. n = 6; p = 0.00023. F: Cytoplasmic Ca2+ was quantified using the Fura-2
fluorescent Ca2+ probe in CNX wild type and knockout MEF cells. ATP 600 μM was added to trigger a
Ca2+ release through the IP3Rs. Cytoplasmic Ca2+ peak was determined. n = 6; p = 0.29.
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CNX promotes Ca2+ leak through the translocon.

The reduction in ER Ca2+ could also be a consequence of reduced Store-Operated Ca2+ Entry

(SOCE), responsible for filling the ER Ca2+ stores from the extracellular medium [236]. SOCE was

measured by removing Ca2+ from the cells while inhibiting SERCA, and then adding Ca2+ back

to the medium. Under these conditions there is an influx of Ca2+ from the extracellular medium

proportional to SOCE activity. The result shows that the influx of Ca2+ was bigger in cells that

lack CNX (Figure 4.3D). This suggests that CNX might be a SOCE inhibitor, and rules out the

possibility that CNX increases ER Ca2+ content by the activation of SOCE.

The effect of CNX on ER Ca2+ content was also evaluated in CNX knockout cells rescued with the

stable transfection of a plasmid expressing CNX (CNX-WT-FLAG stable). The result shows that

the CNX rescued cells have more Ca2+ in their ER (Figure 4.3E). Nevertheless, HeLa cells with a

transient CNX knockdown show no difference in ER Ca2+ content compared to the controls (Figure

4.3F). This suggests that small amounts of CNX are sufficient to maintain normal ER Ca2+ levels, or

that cells can compensate for a mild reduction in SERCA activity.

Taken together, these results indicate that CNX activation of SERCA helps to maintain normal lev-

els of ER Ca2+ content. If CNX is absent, ER Ca2+ stores decline. In addition, CNX decreases

Ca2+ influx from the extracellular medium through SOCE, and increases ER Ca2+ leak through the

translocon. Thus, SOCE and ER Ca2+ leak alterations cannot explain the reduction in ER Ca2+ levels,

suggesting that CNX controls ER Ca2+ mainly by its regulation of SERCA activity. CNX activation

of SERCA also results in a reduction of Ca2+ availability in the cytoplasm by increasing Ca2+ uptake.

4.2.3 Calnexin inhibits ER-mitochondria contact formation

The positioning of mitochondria in the cell depends on cytosolic Ca2+. When cytosolic Ca2+ levels

are high, mitochondrial movement is stopped by the inhibition of Ca2+-sensitive regulators of mito-

chondrial movement through the microtubules [117]. This results in accumulation of mitochondria

in areas where cytosolic Ca2+ levels are elevated, like Ca2+ release channels in the ER [118]. Since
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measured by inhibiting SERCA and adding Ca2+ back to cells previously starved of Ca2+. Cytoplasmic
Ca2+ was quantified using the Fluo-8 fluorescent Ca2+ probe in CNX wild type and knockout MEF cells.
n = 3; p = 0.032. E ER Ca2+ content and the drop in ER Ca2+ upon depletion was measured in CNX
knockout MEF cells stably transfected with empty pcDNA5 or FLAG-CNX. n = 4; p = 0.0056. F: ER
Ca2+ content and the drop in ER Ca2+ upon depletion was measured in HeLa cells transfected with
siCNX. n = 7; p = 0.74.
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CNX knockout cells have slower cytosolic Ca2+ clearance, it is possible that these cells have increased

Ca2+ levels in the proximity of the ER. Thus, the effect of CNX on ER-mitochondria proximity was

evaluated. The distance between ER andmitochondria was measured using electronmicroscopy (Fig-

ure 4.4A). The result shows a decrease in ER-mitochondria distance and an increase in the length

ER-mitochondria contacts, which leads to a increase in the coefficient contact length / distance in

cells that lack CNX (Figure 4.4B). The frequency of different distances was calculated and classi-

fied as Super tight (0 to 12 nm), Tight (12 to 24 nm), and Loose (24 to 50 nm). The result shows

that CNX knockout cells have increased frequency of Super tight contacts, with a decrease in the

Tight and Loose categories (Figure 4.4C). These results indicate that CNX prevents the formation

of ER-mitochondria contacts.

The effect of CNX on ER-mitochondria contacts was also measured using the split-GFP-based con-

tact site sensor SPLICS [177]. SPLICS is a probe designed to fluoresce only when ER and mito-

chondria are in close proximity. There are two versions of SPLICS, designed to measure contacts of

different distances. SPLICS-short measures ER-mitochondria contacts between 8 and 10 nm wide,

and SPLICS-long measures distances between 40 and 50 nm. In addition, to test if SERCA oxidation

by CNX is involved in ER-mitochondria contacts, CNX wild type and knockout cells were incubated

with the antioxidant N-acetylcysteine (NAC). The presence of NAC should prevent CNX control

over SERCA and reduce the difference in ER-mitochondria contacts between CNX wild type and

knockout cells. The result shows that the number of SPLICS-short contacts per cell were the same

between CNX wild type and knockout MEF cells. While the NAC treatment reduced the number

of contacts in both cell lines (Figure 4.5A). On the other hand, cells that lack CNX have signifi-

cantly more SPLICS-long contacts, and the difference between CNX wild type and knockout MEF

cells disappears with the NAC treatment (Figure 4.5B). These results suggest that CNX prevents the

formation of ER-mitochondria contacts of 40 to 50 nm width, while the antioxidant NAC prevents

CNX control over ER-mitochondria contacts and reduces the differences between CNX wild type

and knockout cells.
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Figure 4.4 – CNX prevents the formation of ER-mitochondria contacts. A: Electron microscopy
images of CNX wild type and knockout MEF cells. Mitochondria are labeled in red and the ER in green.
Scale bar = 200 nm. B: Average ER-mitochondria distance (n = 41 for MEF CNX WT, n = 51 for MEF
CNX KO; p = 0.054), contact length (n = 41 for MEF CNX WT, n = 51 for MEF CNX KO; p = 0.12),
and contact length / distance ratio (n = 41 for MEF CNX WT, n = 51 for MEF CNX KO; p = 0.01). C:
Frequency of ER-mitochondria contacts classified by distance into Super tight (0 to 12 nm), Tight (12
to 24 nm), and Loose (24 to 50 nm). n = 41 for MEF CNX WT, n = 51 for MEF CNX KO.

104



E
R

-m
ito

 c
o
n
ta

c
ts

 /
 c

e
ll

(S
P

L
IC

S
 s

h
o

rt
)

*

0

10

20

30

40

50

60

70

0

50

100

150

200

MEF CNX WT
MEF CNX KO

S
P

L
IC

S
 lo

n
g

MEF CNX WT

M
ito

T
ra

c
ke

r

Control NAC 5 mM 4 h

MEF CNX KO

Control NAC
5 mM 4 h

Control NAC
5 mM 4 h

E
R

-m
ito

 c
o
n
ta

c
ts

 /
 c

e
ll

(S
P

L
IC

S
 lo

n
g
)

B
MEF CNX WT MEF CNX KO

MEF CNX WT

Control NAC 5 mM 4 h

MEF CNX KO MEF CNX WT MEF CNX KO

S
P

L
IC

S
 s

h
o

rt
M

ito
T
ra

c
ke

r

MEF CNX WT
MEF CNX KO

A

Figure 4.5 – ROS is required for the regulatory effect of CNX in ER-mitochondria contacts. A:
SPLICS-short (8 to 10 nm) and MitoTracker Red signals in CNX wild type and knockout MEF cells
treated with 5 mM of the antioxidant N-acetylcysteine (NAC) for 4 hours. The number of SPLICS-short
puncta per cell was quantified. Control: n = 11 for MEF CNX WT, n = 23 for MEF CNX KO; p = 0.94.
NAC: n = 9 for MEF CNX WT, n = 19 for MEF CNX KO; p = 0.11. Scale bar = 20 μm. B: SPLICS-long
(40 to 50 nm) and MitoTracker Red signals in CNX wild type and knockout MEF cells treated with 5
mM of the antioxidantN-acetylcysteine (NAC) for 4 hours. The number of SPLICS-long puncta per cell
was quantified. Control: n = 8 for MEF CNXWT, n = 9 for MEF CNX KO; p = 0.01. NAC: n = 8 for MEF
CNX WT, n = 10 for MEF CNX KO; p = 0.37. Scale bar = 20 μm.
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Taken together, these results indicate that CNX inhibits the formation of ER-mitochondria contacts.

CNX activates SERCA through oxidative modifications, resulting in an increased cytosolic Ca2+

clearance. Potentially, the accelerated clearance results in reduced Ca2+ levels in the proximity of the

ER, preventing the docking of mitochondria. If the oxidative modification of SERCA is prevented,

CNX cannot control SERCA, and the regulatory effect of CNX on ER-mitochondria distance is lost.

4.2.4 CNX increases mitochondrial Ca2+ content

The previous results show that CNX inhibits the formation of ER-mitochondria contacts and also in-

creases ER Ca2+ content, two major factors in Ca2+ flux between the two organelles. To test the effect

of CNX on Ca2+ flux, the mitochondrial Ca2+ content was measured in CNX wild type and knock-

out cells using the mitochondria targeted fluorescent Ca2+ probe mito-LAR-GECO1.2. The total

mitochondrial Ca2+ content was determined by measuring the amount of Ca2+ released from the mi-

tochondria after dissipating the mitochondrial potential with the protonophore FCCP. Mitochondria

require the mitochondrial potential to retain Ca2+ in their matrix; when the mitochondrial potential

is dissipated, mitochondria are depleted of Ca2+. The amount of Ca2+ released is proportional to

the mitochondrial Ca2+ content. The result shows that cells that have CNX have more mitochondrial

Ca2+ than cells that lack CNX (Figure 4.6A), suggesting that CNX is required to maintain normal

mitochondrial Ca2+ content. Then, the mitochondrial Ca2+ measurement was repeated but instead

of adding FCCP, the Ca2+ in the extracellular medium was removed. The removal of Ca2+ from the

extracellular medium reduces ER Ca2+ store content, because it cannot be replenished by extracel-

lular Ca2+. Since CNX wild type cells have more Ca2+ in their ER and more ER Ca2+ leak, it is

possible that these cells maintain high levels of mitochondrial Ca2+ through a stronger flux of Ca2+ to

mitochondria that requires the presence of extracellular Ca2+ to be maintained. Indeed, the reduction

in mitochondrial Ca2+ after the removal of extracellular Ca2+ was greater in cells that have CNX

than in CNX knockout cells (Figure 4.6B). This suggests that CNX maintains the flow of Ca2+ from

ER to mitochondria, but this flow of Ca2+ is disrupted if Ca2+ stores are reduced by the removal of

extracellular Ca2+. On the other hand, the removal of extracellular Ca2+ does not have a big effect on
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CNX knockout cells because they already have less ER and mitochondrial Ca2+, so the flux of Ca2+

to mitochondria is already disrupted. This suggests that CNX is not only important to retain Ca2+ in

the ER, but it is also required to maintain normal mitochondrial Ca2+ flux and mitochondrial Ca2+

levels. Next, we evaluated the effect of CNX in Ca2+ transfer to mitochondria after a release of Ca2+

from the ER through IP3R. To test this, CNX wild type and knockout cells were treated with ATP to

trigger a release of Ca2+ through the IP3R while measuring mitochondrial Ca2+ with a mitochondrial

Ca2+ probe. The result shows no difference in the transfer of Ca2+ to mitochondria between CNX

wild type and knockout cells (Figure 4.6C). This result suggests that IP3R is not involved in CNX

regulation of mitochondrial Ca2+.
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Figure 4.6 – CNX increases mitochondrial Ca2+ content. A: Mitochondrial Ca2+ content was mea-
sured by depletingmitochondrial Ca2+ with 10 μMFCCP. The drop inmitochondrial Ca2+ upon depletion
was measured in CNX wild type and knockout MEF cells. n = 4; p = 0.022. B:Mitochondrial Ca2+ was
measured upon removal of extracellular Ca2+ in CNX wild type and knockout MEF cells. n = 3; p =
0.028. C:Mitochondrial Ca2+ was measured after a release of Ca2+ through the IP3Rs triggered by 600
μM ATP. n = 3; p = 0.15.

The role of CNX on mitochondrial function was further investigated by measuring the mitochondrial

potential using the fluorescent mitochondrial potential probe TMRM. The result shows no differences

in the mitochondrial potential between CNX wild type and knockout cells (Figure 4.7A). Neverthe-
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less, when a large release of Ca2+ from the ER was triggered using the SERCA inhibitor thapsigargin,

the drop in mitochondrial potential was bigger in CNX knockout cells (Figure 4.7B). This result

suggests that CNX reduces Ca2+ transfer to mitochondria after a large release of Ca2+ from the ER,

probably because of the increased ER-mitochondria distance induced by CNX.
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Figure 4.7 –Mitochondria are more responsive to Ca2+ delivered from the ER in CNX knockout
cells. A: Mitochondrial potential was measured upon dissipation of mitochondrial potential using 10
μM FCCP in CNX wild type and knockout MEF cells. n = 3; p = 0.1. B: Mitochondrial potential was
measured upon release of Ca2+ from the ER with 10 μM thapsigargin in CNX wild type and knockout
MEF cells. n = 3; p = 0.0085.

Taken together, these results show that CNX promotes mitochondrial Ca2+ accumulation, suggesting

that normal ER Ca2+ stores are required to maintain mitochondrial Ca2+. Ca2+ transfer to the mito-

chondria through IP3R is not regulated by CNX. But cells that lack CNX have a better response to

the delivery of ER Ca2+ after SERCA inhibition. This suggests that the closer proximity between ER

and mitochondria facilitates the transfer of Ca2+ in cells that lack CNX. But this improved transfer

can only be observed when large amounts of Ca2+ are released, like when SERCA is inhibited and

the entire ER Ca2+ stores are poured into the cytoplasm. In normal conditions, there is not enough

Ca2+ available in the ER to maintain mitochondrial Ca2+ flux. Thus, in cells that lack CNX, both

ER and mitochondria are depleted of Ca2+. The increased ER-mitochondria contacts found in CNX

knockout cells is not enough to sustain a normal Ca2+ flux.
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4.2.5 CNX increases mitochondrial metabolism

So far, the results show that CNX is necessary to maintain mitochondrial Ca2+ levels, suggesting that it

increases mitochondrial metabolism. On the other hand, CNX increases ER-mitochondria distance,

potentially resulting in a reduction of mitochondrial function. Thus, the role of CNX in mitochondrial

function was evaluated.

To determine the effect of CNX on metabolism, total cellular ATP levels were measured. The result

shows that the presence of CNXmakes no difference in cellular ATP levels (Figure 4.8A). But cellular

ATP can be produced by different sources, like mitochondria or glycolysis. To discriminate the source

of ATP, mitochondrial ATP production was blocked by treating the cells with the mitochondrial

ATP synthase inhibitor oligomycin. The result shows that the reduction in ATP levels was greater in

normal cells compared to CNX knockout cells (Figure 4.8B). This suggests that CNX wild type cells

have a greater reliance on mitochondrial for their ATP production than CNX knockout cells. Cells

were also treated with the non-metabolizable glucose analog 2-Deoxy-D-glucose (2-DG), a glycolysis

inhibitor that also prevents further glucose oxidation in the mitochondria. The result shows that 2-

DG reduced ATP levels in both CNX wild type and knockout cells (Figure 4.8B). This indicates that

both CNX wild type and knockout cells rely on glucose to a similar extent for their energy needs.

The difference is that cells that lack CNX rely more on glycolysis to produce ATP, whereas CNX

wild type cells oxidize glucose in their mitochondria. Thus, the protein levels of glycolysis enzymes

and glucose transporters were measured. The result shows a statistically significant increase in the

glycolytic enzyme Hexokinase 1 in CNX knockout cells. However, overall, glycolytic enzymes and

glucose transporters remained unchanged (Figure 4.8C). These results suggest that CNX promotes

mitochondrial metabolism, and that cells that lack CNX use more glycolysis to produce ATP. They

can produce ATP in their mitochondria, but less than CNX wild type cells.

Next, the effect of CNX on mitochondrial biogenesis was evaluated. The level of mitochondrial

proteins was measured and no differences were found between CNX wild type and knockout cells

(Figure 4.9A). This suggests that the increased mitochondrial ATP production promoted by CNX
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the indicated glycolytic enzymes and glucose transporters in CNX wild type and knockout MEF cells.
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is not associated with changes in mitochondrial mass. Then, mitochondrial number and size were

measured in CNX wild type and knockout cells to confirm that CNX has no effect on cellular mi-

tochondrial content. This was measured by labelling mitochondria with the mitochondrial targeted

fluorescent probe MitoTracker Green, and observing the mitochondria under the microscope. The

result shows that CNX has no effect on mitochondrial number or size (Figure 4.9B). This indicates

that CNX is not involved in the regulation of mitochondrial mass, suggesting that it exerts a direct

control on mitochondrial activity.
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Figure 4.9 – CNX does not regulate mitochondrial mass, number or size. A: Western blot of the
indicated mitochondrial proteins in CNX wild type and knockout MEF cells. Complex 2: n = 3; p = 0.37.
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To test the effect of CNX in the regulation of mitochondrial function, the mitochondrial oxygen con-

sumption rate was measured. This is a more direct measurement of mitochondrial respiration. The

result shows that under basal conditions, cells that lack CNX have less oxygen consumption than wild

type cells. Similarly, the ATP turnover (respiration linked to ATP production) and the maximum

Electron Transport Chain (ETC) capacity were also reduced in CNX knockout cells (Figure 4.10A).
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To confirm this result, the oxygen consumption rate was also measured in HeLa cells transfected with

siCNX. Again, CNX knockdown significantly reduced mitochondrial respiration (Figure 4.10B).

This indicates that CNX is required to maintain a normal mitochondrial respiration. Taken together,

these results suggest that CNX is required to maintain ER and mitochondrial Ca2+ content by acti-

vating SERCA. The absence of CNX results in a depletion of ER Ca2+, resulting in a reduction of

mitochondrial Ca2+ and mitochondrial respiration.

To evaluate the consequences of CNX metabolic regulation, the activation of the metabolic sen-

sor AMPK by phosphorylation was also measured. AMPK is usually activated and phosphorylated

when the cellular ATP levels are low, and activates glucose and fatty acids uptake and oxidation [92].

Consistent with their mitochondrial dysfunction, CNX knockout cells have increased AMPK phos-

phorylation (Figure 4.10C), suggesting that the cell adapts its metabolism to compensate for the loss

of CNX in order to maintain normal ATP levels. Next, the reliance of CNX wild type and knockout

cells on mitochondrial metabolism for survival was evaluated. To test the importance of mitochon-

drial metabolism, cells were treated with the mitochondrial ATP synthase inhibitor oligomycin, and

with the respiratory Complex I inhibitor rotenone. Equal numbers of cells were treated, and the num-

ber of viable cells was counted after 24 hours. The result shows that cells that lack CNX are more

resistant to oligomycin and rotenone than cells that have CNX (Figure 4.10D). This indicates that

CNX wild type cells rely more on mitochondrial energy production for their survival than knockout

cells, and is consistent with the reduced use of mitochondria as an energy source in CNX knockout

cells.

In summary, the role of CNX on metabolic regulation consists of an activation of mitochondrial

respiration by maintaining mitochondrial Ca2+ content. When CNX is not present, cells compensate

by increasing glycolysis to maintain normal ATP levels.
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Figure 4.10 –CNX increases mitochondrial respiration. A:Mitochondrial respiration wasmeasured
in CNX wild type and knockout MEF cells. n = 10; p = 0.0072 for Basal; p = 0.06 for Leak; p = 0.017 for
ATP turnover; p = 9.9×10-5 for ETC capacity. B:Mitochondrial respiration was measured in HeLa cells
transfected with siCNX. n = 6; p = 0.006 for Basal; p = 0.36 for Leak; p = 0.0021 for ATP turnover; p
= 0.00058 for ETC capacity. C:Western blot of AMPK and phosphorylated AMPK (p-AMPK) in CNX
wild type and knockout MEF cells. n = 4; p = 0.00047. D: Cell viability was measured in CNX wild type
and knockout MEF cells treated with 1 μM oligomycin or 1 μM rotenone for 24 hours. n = 3. Control: p
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4.2.6 CNX increases mitochondrial respiration by maintaining Ca2+ flux

So far, the results show that CNX regulates Ca2+ signalling and flux to the mitochondria, ER-

mitochondria contacts, and mitochondrial metabolism. These are all functions intimately related

to Mitochondria-Associated Membranes (MAM). Next, the effect of CNX on MAM protein

composition was evaluated using Western blotting. The protein levels of the ER and mitochondrial

Ca2+ channels VDAC1 and IP3R isoforms 1 were significantly increased in CNX knockout cells,

while no changes were found for IP3R isoform 3 (Figure 4.11A). This suggests that despite the

depletion in ER Ca2+ stores, CNX knockout cells retain or have an improved ability to transfer Ca2+

to the mitochondria. The protein levels and phosphorylation state of the ER stress signalling kinase

PERK were also evaluated. PERK is an ER stress sensor that is phosphorylated when active, but it

can also function as a tether and promote the formation of ER-mitochondria contacts [237]. The

result shows that there is no difference in PERK or p-PERK protein levels, suggesting that there is

no ER stress activated in CNX knockout cells, and that PERK does not participate in the increased

ER-mitochondria contacts in these cells (Figure 4.11A).

The levels of the ER oxidoreductase ERp57 and the ER Ca2+ pump SERCA2b were also measured.

ERp57 can activate Store Operated Ca2+ Entry (SOCE) [238] and also inhibit SERCA [154]. But

no differences were found in ERp57 protein levels between CNX wild type and knockout cells, sug-

gesting that is not involved in SOCE or SERCA regulation by CNX. SERCA2b was also unchanged

in CNX knockout cells, indicating that the reduced ER Ca2+ content in these cells is not due to re-

duced SERCA levels (Figure 4.11A). Surprisingly, the levels of NADPH oxidase 4 (NOX4) was

unchanged, despite previous reports indicating that CNX is required for NOX4 stability [219]. Simi-

larly, the levels of the autophagy marker p62 were unchanged in cells that lack CNX (Figure 4.11A).

On the other hand, the protein levels of the ER oxidoreductase TMX1 were increased in CNX knock-

out cells (Figure 4.11A). TMX1 can reduce ER Ca2+ content, so the increased TMX1 protein levels

could be involved in the reduced ER Ca2+ in CNX knockout cells.

To confirm these findings, the levels of some of these proteins were also measured in HeLa cells
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transfected with siCNX. Unlike CNX knockout cells, CNX knockdown cells have reduced levels of

TMX1 and SERCA2b (Figure 4.11B). Interestingly, since MEF CNX knockout and HeLa CNX

knockdown have similar Ca2+ signalling and metabolic phenotypes, but opposite changes in TMX1

levels, it is unlikely that TMX1 plays a major role in the CNX knockout cells phenotype. Similarly,

NOX4 levels were also reduced in CNX knockdown HeLa cells, consistent with previous reports

[219] (Figure 4.11B).

To have a closer look at the MAM proteome, cells were fractionated and the isolated Microsomes,

Pure Mitochondria, and MAM fractions were analyzed using Western blot. A small enrichment of

IP3R3 was found in the MAM fraction of CNX knockout cells compared to their wild type counter-

parts (Figure 4.11C). But no major changes were found in MAM protein composition, suggesting

that CNX does not regulate MAM protein composition.

The reduced ER andmitochondrial Ca2+ suggest that CNXknockout cells have reducedmitochondrial

respiration because they have an impaired mitochondrial Ca2+ flux. To test this, oxygen consumption

rate was measured in the presence of the intracellular Ca2+ chelator BAPTA-AM. Ca2+ is necessary

to maintain mitochondrial metabolism under normal conditions [80], so BAPTA-AM should reduce

mitochondrial respiration in normal cells. If Ca2+ flux is impaired in cells that lack CNX, the effect

of BAPTA-AM should be smaller than in normal cells. The result shows that BAPTA-AM has a

greater impact in oxygen consumption in CNX wild type cells than in knockout cells, eliminating the

difference between the two cells lines (Figure 4.12). This suggests that the reduced mitochondrial

respiration observed in cells that lack CNX is a consequence of an impaired Ca2+ flux due to depleted

ER Ca2+ stores.

4.2.7 Oxidizing conditions are necessary for the metabolic roles of CNX

So far, the results show a reduction in SERCA activity in cells that lack CNX. As a consequence,

these cells have reduced ER Ca2+ content and mitochondrial Ca2+ flux, and impaired mitochondrial

respiration. At the same time, CNX knockout cells have reduced SERCA oxidation while SERCA
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protein levels remain unchanged. It is possible that the SERCA oxidation observed in cells that have

CNX is a consequence of a higher ROS production in these cells compared to CNX knockout cells.

To test if CNX oxidizes SERCA by increasing ROS levels, SERCA oxidation was evaluated in cells

treated with the antioxidant NAC. As expected, the result shows that NAC treatment resulted in the

reduction of SERCA cysteines (Figure 4.13A). In addition, NAC reduced ER Ca2+ content in CNX

wild type cells resulting in ER Ca2+ levels similar to CNX knockout cells (Figure 4.13B). Similarly,

the ER Ca2+ leak was also reduced in CNX wild type cells (Figure 4.13C). This result suggests that

CNX activates SERCA by promoting SERCA oxidation through ROS production, and this activa-

tion can be prevented by reverting SERCA oxidation. Consistently, NAC treatment also resulted

in reduced mitochondrial respiration specifically in CNX wild type cells, eliminating the difference

with CNX knockout cells (Figure 4.13D). To confirm this observation, the effect of NAC on mito-

chondrial respiration was also measured in HeLa cells transfected with siCNX. Again, NAC reduced

basal mitochondrial respiration only in cells with normal levels of CNX. However, the difference

between HeLa siCtrl and HeLa siCNX was statistically significant even with the NAC treatment

(Figure 4.13E). Together, these results suggest that CNX controls ER and mitochondrial respiration

by increasing SERCA oxidation.

The next aim was to identify the source of the ROS responsible for SERCA modification. The

mitochondria-targeted fluorescent ROS probe mitoSOX was used to measure mitochondrial ROS

levels, but no differences were found between CNX wild type and knockout cells (Figure 4.14A).

On the other hand, the cellular ROS fluorescent probe cellROX indicated that cellular ROS levels

were significantly lower in CNX knockout cells compared to the wild type (Figure 4.14B). These

results suggest that CNX induces ROS production from an extra-mitochondrial source. In conse-

quence, SERCA oxidation by the two main ROS-producing ER proteins was tested, NOX4, and the

Ero1 enzymes Ero1α and Ero1β. Ero1α and Ero1β oxidize other ER oxidoreductases that catalyze

disulfide bond formation, resulting in the reduction of the Ero1 enzymes. Then, Ero1α and Ero1β

are oxidized by O2, generating H2O2 as a result (Figure 1.2) [239]. NOX4 is an ER residing protein

that locally produces H2O2 [220]. The role of Ero1α and Ero1β was tested with the inhibitor EN460,
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and the role of NOX4 with the inhibitor GKT [240]. The BIAM oxidation assay showed that EN460

had a small effect on SERCA oxidation while GKT had a stronger effect (Figure 4.14C). However,

both drugs had a similar effect on SERCA ATPase, reducing SERCA activity in CNX wild type

cells cells (Figure 4.14D). Similarly, both drugs removed the difference in ER Ca2+ content between

CNX wild type and knockout cells (Figure 4.14E). These results suggest that a combined effect of

ER ROS sources might be responsible for SERCA oxidation and activity.
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4.3 Discussion

4.3.1 Calnexin is necessary to maintain SERCA oxidation and activity

In a previous work our lab found that CNX promotes the accumulation of Ca2+ in the ER, probably

through the regulation of SERCA activity [114]. The present work confirms the activatory effect

of CNX on SERCA activity using direct SERCA ATPase measurements (Figure 4.2A), in addition

to ER Ca2+ content (Figure 4.3A) and speed of Ca2+ clearance from the cytosol (Figure 4.2E).

Additionally, this work shows that CNX activation correlates with oxidation of SERCA cysteines

(Figure 4.1A). These results, summarized in Figure 4.15, suggest that CNX activates SERCA by an

oxidative post-translational cysteine modification. Unfortunately, the method used to detect cysteine

oxidation, the BIAM labelling, does not detect the site, type or number of modifications. SERCA2b,

the most ubiquitous SERCA isoform, contains 29 cysteines that could potentially be modified. The

antioxidant NAC reduced SERCA oxidation, ER Ca2+ levels and mitochondrial respiration to levels

similar to the ones found in CNX knockout cells (Figure 4.13), indicating that ROS production

mediated by CNX (Figure 4.14B) is involved in SERCA regulation and the subsequent metabolic

changes.

Since CNX is not able to produce ROS by itself, this prompted us to find other ROS producing en-

zymes that could be working together with CNX. Cells that lack CNX did not show a difference in

ROS levels in their mitochondria (Figure 4.14A), but they did show a significant decrease in ROS

in the whole cell (Figure 4.14B), suggesting an extra-mitochondrial ROS source. Hence, the par-

ticipation of NOX4 was tested, a constitutive active NADPH oxidase that produces H2O2 locally at

the ER that is able to oxidize other ER proteins [242]. Unlike other ER NOX proteins, NOX4 inter-

acts with CNX, forming protein complexes at the ER and suggesting that NOX4 also localizes in the

MAM. As a result, CNX stabilizes NOX4 and increases NOX4 protein levels and H2O2 production

[219]. This makes NOX4 a prime target for CNX oxidative regulation. Accordingly, a reduction of

NOX4 protein level was found in CNX knockdown HeLa cells (Figure 4.11B), and less SERCA2b

oxidation in HeLa cells treated with the NOX4 inhibitor GKT (Figure 4.14C). Nevertheless, no
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reduction in NOX4 protein level was found in CNX knockdown cells (Figure 4.11A). NOX4 inhibi-

tion significantly reduced SERCA ATPase activity in CNX wild type cells, but not in CNX knockout

cells (Figure 4.14D), levelling the difference in ER Ca2+ content (Figure 4.14E). Thus, NOX4 is

probably involved in the oxidative activation of SERCA2b by CNX.

A similar result was found with the Ero1 enzymes Ero1α and Ero1β. The inhibition of the Ero1

enzymes resulted in a minor reduction in SERCA2b oxidation compared to NOX4 inhibition (Fig-

ure 4.14C). However, it was still able to reduce SERCA ATPase activity and ER Ca2+ content in

CNX wild type cells to levels similar to CNX knockout cells (Figure 4.14D y E). The partial effect

of NOX4 and Ero1α/β inhibition on SERCA suggest that CNX modulates a combination of ROS

sources for the normal regulation of SERCA2b oxidation and activity. Since the regulation of SERCA

by oxidative modifications is quite complex, and depends on the site and type of modification, the

participation of other ROS producing ER enzymes cannot be discarded. More experiments with a

combination of inhibitors, like testing EN460 and GSK at the same time, or a simultaneous NOX4

and Ero1α/β knockout or knockdown, would be necessary to evaluate whether there are more ROS

sources regulating SERCA. These molecular approaches would also help to confirm the participation

of these proteins.

Interestingly, previous reports have explored the effect of NOX4 and Ero1 in SERCA activity. NOX4

has a inhibitory effect on SERCA during obesity in vascular smooth muscle cells; this inhibitory effect

is associated with the sulfonylation of cysteine 674 in SERCA [232]. On the other hand, NOX4 also

has an activatory effect on SERCA during VEGF signalling in endothelial cells; in this case, associated

with the glutathionylation of the same cysteine 674 in SERCA [233]. Thus, the effect of NOX4 on

SERCA activity depends on the type of oxidative modification, although SERCA glutathionylation

also requires the presence of nitric oxide (NO) and glutathione [162]. Similarly, Ero1 activity is

also associated with the sulfonylation of SERCA cysteines, but on a lumenal loop of SERCA2b.

This modification reduces SERCA activity and ER Ca2+ content [243]. So far, among the different

oxidative modifications, the only one that increases SERCA activity is the glutathionylation in cysteine
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674 [160,161]. Thus, it is critical that future experiments evaluate if CNX increases NO levels and

promotes glutathionylation of SERCA cysteine 674. This question could be addressed by using an

intracellular fluorescent NO indicator like DAF-FM to evaluate NO levels in CNX wild type and

knockout cells; using specific antibodies for SERCA cysteine 674 sulfonylation (like the one used

in [232]); and testing the effect of a redox-inactive SERCA mutant (with cysteine 674 changed to

serine) in CNX wild type and knockout cells. These experiments would clarify if CNX is inducing

the activating glutathionylation on cysteine 674. If this is not the case, it would be a novel SERCA

activatory oxidative modification.

4.3.2 Calnexin activates mitochondrial metabolism by activating SERCA and

maintaining ER Ca2+ levels

CNX is a lectin chaperone that folds glycosylated proteins in the ER [124,125], and it can interact

with the translocon complex to fold newly synthesized proteins [147]. At the same time, it can be

found in the MAM interacting with SERCA2b and regulating Ca2+ signalling [114]. The present

work further characterized the mechanisms of CNX as a regulator of Ca2+ signalling, and analyzed

its role as a regulator of Ca2+ flux to the mitochondria. In addition to increase ER Ca2+ loading

(Figure 4.3A) and SERCA activity (Figure 4.2A), CNX also promotes the accumulation of Ca2+

in mitochondria (Figure 4.6A). Indeed, the loss of CNX results in a reduction in mitochondrial

respiration (Figure 4.10A) and activation of AMPK, probably as an adaptation for an energetically

compromised state (Figure 4.10C). ER Ca2+ loading is an important determinant of Ca2+ signalling

and transfer to mitochondria. For instance, p53 also activates SERCA increasing Ca2+ loading and

Ca2+ flux to mitochondria [61]. Similarly, the reload of ERCa2+ stores through the coordinated action

of SOCE and SERCA is also a determinant for effective IP3R Ca2+ release [244]. Previous reports

suggest that ER Ca2+ leak through the translocon can also result in mitochondrial Ca2+ overload and

apoptosis during ER stress [245]. This suggests that the increased Ca2+ leak induced by CNX (Figure

4.3B and C) could also play a role in the increased mitochondrial Ca2+ content and mitochondrial

metabolism. Unfortunately, the participation of CNX-regulated translocon leak in mitochondrial
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Ca2+ fluxwill need to be evaluated in future experiments. Thus, the results suggest that CNXpromotes

mitochondrial Ca2+ flux and mitochondrial metabolism through maintaining full ER Ca2+ stores by

activating SERCA.

In addition to ER Ca2+ loading, CNX also regulates ER-mitochondria distance, another determinant

for mitochondrial Ca2+ flux [46]. Electronmicroscopy analysis shows that CNX increases the distance

between ER and mitochondria, while also reducing the length of the contacts (Figure 4.4A). As a

result, cells that lack CNX have more contact length / distance than wild type cells (Figure 4.4B).

CNX seems to change the preferred distance for ER-mitochondria contacts, reducing the frequency

of Super Tight contacts (0-12 nm), and favouring the formation of Tight and Loose contacts (12-24

and 24-50 respectively) (Figure 4.4C). A slightly different effect is observed when the number of

contacts per cell are counted with the SPLICS fluorescent probes. No change was observed in the

number of SPLICS short puncta per cells between CNX wild type and knockout cells, suggesting

that CNX does not change the frequency of contacts between 8-10 nm (Figure 4.5A). On the other

hand, the SPLICS long puncta number per cell was reduced by CNX, suggesting that CNX prevented

the formation of 40-50 nm contacts (Figure 4.5B). Thus, similar to the electron microscopy results,

the SPLICS experiments also show that CNX decreases ER-mitochondria contacts, but only the long

range ones. One limitation of SPLICS is that there is no intermediate probe between 10 and 40 nm,

the most relevant distance for efficient Ca2+ transfer [98]. Since 40 to 50 nm is too long for efficient

Ca2+ transfer, it is uncertain if these changes in ER-mitochondria contacts would have any effect

on Ca2+ transfer to mitochondria. Taken together, and considering that electron microscopy is the

gold standard for ER-mitochondria contact measurement, our results indicate that CNX prevents ER-

mitochondria contact formation. This potentially puts CNX in the selected group of MAM spacers,

proteins with anti-tether properties that reduce ER-mitochondria contacts [1].

The mechanism that CNX uses to control ER-mitochondria distance is unknown, but the SPLICS

experiment shows that it is associated with redox signalling. When CNX knockout cells are treated

with the antioxidant NAC, the number of SPLICS long punta is partially reduced, shortening the
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difference between wild type and knockout cells (Figure 4.5B). This suggests that CNX control of

ER-mitochondria distance is linked to its redox regulation, similar to its effect on Ca2+ signalling. It is

possible that Ca2+ itself acts as a link between the two organelles. Since CNX activates SERCA, this

would cause a relative reduction in Ca2+ concentration in the proximity of the ER, because Ca2+ is

cleared faster from the cytoplasm. Elevated cytoplasmic Ca2+ stops mitochondrial movement through

the microtubule network [117], so mitochondria stop close to Ca2+ release sites, like ER Ca2+ chan-

nels [118]. This Ca2+-based tethering mechanism has been described before for S1T, a truncated

variant of SERCA isoform 1 that cannot pump Ca2+ but leaks Ca2+ from the ER. As a result, mi-

tochondria stopped moving in the proximity of the ER, increasing ER-mitochondria contacts and

Ca2+ flux [119]. In CNX knockout cells, mitochondria could be moving closer to the ER as a con-

sequence of the reduced SERCA activity that could potentially result in higher Ca2+ levels in the ER

proximity, because of the reduced cytosolic Ca2+ clearance. This idea can be tested by measuring

ER-mitochondria contacts with electron microscopy in CNX wild type and knockout cells, and treat-

ing the cells with the intracellular Ca2+ chelator BAPTA-AM. If the increased contacts in cells that

lack CNX depend on Ca2+, BAPTA-AM will detach the two organelles, removing the difference be-

tween wild type and knockout cells. Similarly, repeating the measurements using NAC, EN460 and

GKT would address whether the regulation of ER-mitochondria contacts is associated with CNX re-

dox regulation. In addition, the speed of mitochondrial movement over time can be measured to test

if CNX controls mitochondrial and ER proximity through reducing mitochondrial motility. These

experiments would indicate if CNX is a Ca2+-based regulator of ER-mitochondria contacts.

Interestingly, the decreased ER-mitochondria contacts observed in cells that have CNX seems to

oppose the positive effect of CNX in mitochondrial Ca2+ loading. Normally, a decrease in ER-

mitochondrial contacts should result in a reduction in mitochondrial Ca2+ flux, and a depletion of

mitochondrial Ca2+. Nevertheless, the opposite effect is observed, with CNX promoting both ER-

mitochondria separation (Figure 4.4A) and Ca2+ flux (Figure 4.6A and B). Thus, CNX regulation of

Ca2+ flux is not mediated by the change in ER-mitochondria distance. The most likely explanation is

that the critical regulator of Ca2+ flux is ERCa2+ loading. Since CNX activates SERCA andmaintains
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a normal ERCa2+ content, it alsomaintains enoughCa2+ available for an efficient flux of Ca2+ fromER

tomitochondria. Cells that lack CNX do not have enough Ca2+ available in their ER stores to maintain

a normal Ca2+ flux; as a result, their mitochondrial Ca2+ content is also reduced. The increased ER-

mitochondria contacts observed in cells that lack CNX might partially compensate for the loss of

available Ca2+, but it is not enough. As a result, cells that lack CNX have reduced mitochondrial

Ca2+ and metabolism, even though they have more ER-mitochondria contacts. The idea that CNX

knockout cells have increased ER-mitochondria contacts as a compensatory mechanism, but it is

not enough to sustain a normal Ca2+ flux to mitochondria, could be tested in future experiments.

To do this, the ER Ca2+ content of cells with and without CNX would have to be equalized, and

then mitochondrial Ca2+ content would be measured. In order to equalize ER Ca2+ content between

cells, they can be incubated with different concentrations of extracellular Ca2+. For example, CNX

knockout cells would have to be incubated in medium with more Ca2+ than CNX wild type cells,

since they have less Ca2+ in their ER. Different extracellular Ca2+ concentrations would have to be

tested, and ER Ca2+ content would have to be closely monitored, in order to find the appropriate

conditions. Once ER Ca2+ concentrations are equalized, mitochondrial Ca2+ concentration would be

measured. If this hypothesis is correct, and mitochondrial Ca2+ is a reflection of ER Ca2+, then the

differences between CNX wild type and knockout cells would be reversed. Only the effect of ER-

mitochondria distance on mitochondrial Ca2+ flux would remain. In this scenario, CNX knockout

cells would have an increased mitochondrial Ca2+ flux and mitochondrial Ca2+ content than CNX

wild type cells, since they have closer ER-mitochondria contacts. As a result, the CNX knockout

phenotype would be reverted. This shows that ER-mitochondria distance is not enough to predict

Ca2+ flux; an understanding of other factors, like Ca2+ available at the source, is also required.
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Chapter 5

ER stress compensates for the loss of

Mitofusin-2 ER-mitochondria tethers

5.1 Introduction

5.1.1 Mitofusin structure and mitochondrial fusion

Mitochondria are double membrane bound organelles composed of an outer mitochondrial membrane

(OMM) and an inner mitochondrial membrane (IMM), separated by the intermembrane space. In

addition, they form a dynamic and interconnected network in the cytosol, driven by fusion and fis-

sion events that continuously reshape mitochondrial morphology. Fusion and fission events require

a specific set of proteins responsible for the OMM and IMM remodelling. Mitofusin-1 (Mfn1) and

Mitofusin-2 (Mfn2) are OMM proteins and critical mediators of mitochondrial fusion [99]. Mfn2

structure consists of a cytosolic GTPase domain in its N-terminal, followed by an heptad-repeat do-

main (HR1), a proline-rich region, two transmembrane domains, and a second HR domain (HR2) at

the C-terminal also facing the cytosol [246]; although this conformation has been recently challenged

with a topology that contains only one transmembrane domain, leaving the N-terminal the cytosol and

the C-terminal in the mitochondrial intermembrane space [247]. Even though the precise molecular
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events have not been completely elucidated, Mfn1 andMfn2 fuse the OMM of adjacent mitochondria

by a combination of inter-organellar dimerization through their GTPase and/or HR domains [248–

250], followed by a GTP hydrolysis-driven conformational change that brings the OMM to closer

[251]. Mfn2 can also oligomerize in cis through the formation of disulfide bonds, greatly increasing

mitochondrial fusion during oxidative stress [252]. Like other tail-anchored protein, the targeting of

Mfn2 to the OMM depends on the presence of basic amino acids in the region downstream of the

transmembrane domain [246]; the composition of this region determines whether the tail-anchored

protein is inserted into the OMM or the ER [253]. Mfn1 and Mfn2 share approximately 80% of

their sequence, and they are partially able to rescue the phenotype of the other [99]. Nevertheless,

Mfn1 has a higher GTPase activity, and is more efficient at fusing membranes [254]; and only Mfn2

is targeted to the ER, and able to regulate ER-mitochondria contacts [100].

5.1.2 Mitofusin-2 is an ER-mitochondria tether with controversial functions in ER-

mitochondria contact formation

In addition to its effects on mitochondria morphology, Mfn2 was the first MAM protein described

to form a physical link between ER and mitochondria, by forming dimers between the opposing or-

ganelles [100]. Based on its function as a promoter of OMM tether and fusion, it makes sense that

Mfn2 has a positive effect in the formation of ER-mitochondria contacts. Indeed, several observa-

tions suggested that Mfn2 acts as a ER-mitochondria tether, promoting ER-mitochondria contacts.

In vitro experiments using Mfn2 knockout mouse embryonic fibroblasts (MEF) cells and confocal

fluorescence microscopy showed that fluorescent-labelled ER and mitochondria interaction was re-

duced [100]. Similarly, the extent of the ER-mitochondria contacts, measured using electron mi-

croscopy, was decreased [255]. A similar reduction in ER-mitochondria apposition was observed in

cardiomyocytes [256] and neurons [257]. This evidence suggests that Mfn2 is a tether that promotes

ER-mitochondria contact formation. Accordingly, measurements of MAM function like Ca2+ flux

and phospholipid transfer were also decreased in Mfn2 knockout cells [100,255,258]. Yet, some

reports show that the effect of Mfn2 is the opposite of the original findings. Studies in the same

129



Mfn2 knockout MEF model found that the lack of Mfn2 actually increased the contacts between

ER and mitochondria [259–261]. This discrepancy was, in part, attributed to the inability of fluo-

rescence microscopy to correctly measure ER-mitochondria apposition. Specifically, the alterations

in mitochondrial morphology induced by the loss of Mfn2 was mistakenly detected as loss of colo-

calization when measured by fluorescence colocalization analysis [260]. In addition, it was found

that Mfn2 knockout MEF cells had reduced expression of the mitochondrial Ca2+ uniporter (MCU),

the Ca2+ channel responsible for the entry of Ca2+ into the mitochondrial matrix. This explained

the reduced Ca2+ flux observed in Mfn2 knockout cells; on the other hand, transient Mfn2 knock-

down did increase Ca2+ flux to mitochondria, since these cells did not have a downregulation in MCU

protein levels [260,262]. Due to these confounding factors, it was proposed that the most reliable

technique to measure ER-mitochondria contacts is electron microscopy, which showed an increased

ER-mitochondria proximity in both Mfn2 knockout and knockdown cells [259–261]. Overall, it was

clear that the use of co-localization using fluorescence microscopy was not the best tool to measure

ER-mitochondria interaction, at least when any of the two organelles undergoes important morpho-

logical changes, as is the case with Mfn2 knockout cells. Nevertheless, different groups have found

opposite results in terms of ER-mitochondria distance using electron microscopy, making the two

positions hard to reconcile [255,260].

There are some additional factors that can help to understand why opposite results are found in sim-

ilar cellular systems. First, the culture conditions of the cell lines can play an important role in

the formation of ER-mitochondria contacts. For instance, ER stress and nutrient availability can

modulate the interaction between ER and mitochondria [96,263]. Similarly, cells cultured at higher

densities have slightly more contacts, and reduced MCU expression [255]. These findings suggest

that differences in culture conditions between labs can be responsible for some of the differences

observed. Second, rather than changes in contacts as a whole, Mfn2 could be regulating a specific

type of contact. As mentioned before, the novel split-GFP-based contact site sensor SPLICS can

measure ER-mitochondria proximity at two different distances: 8 to 10 nm (SPLICS-short), and 40

to 50 nm (SPLICS-long). Analysis of the effect of Mfn2 on contact formation using the SPLICS
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probes showed that Mfn2 knockdown induces an increase in close contacts and a reduction in the

long ones [177]. This is similar to our findings shown in the previous chapter, where CNX reduced

the formation of long distance contacts, although it did not affect short distance ones (Figure 4.5A).

Similarly, knocking down Mfn2 in fibrosarcoma cells that express high Mfn2 resulted in an increase

in ER-mitochondria contacts, specifically between mitochondria and the rough ER [97]. Overall,

these reports show that Mfn2 might be regulating the formation of specific types of MAM, rather

that a global increase or decrease of contact formation. Thus, the lack of distinction between differ-

ent MAM types could be an additional confounding factor that can explain the diverse results found

in the literature. This asks for a higher level of granularity in the quantification of ER-mitochondria

contacts in order to clearly identify the role of Mfn2; ideally, classifying the contacts according to the

ER-mitochondria distance, and the presence or absence of ribosomes. Third, it is possible that the

loss ofMfn2 changes the activity of other MAM tethers. The clearest example of this is the regulation

of PKR-like Endoplasmic Reticulum Kinase (PERK) by Mfn2. PERK is better known for its partic-

ipation in ER stress, where it inhibits protein translation [264]. In addition to this canonical function,

PERK localizes to the MAM and regulates ER-mitochondria communication. PERK knockout cells

show less ER-mitochondria contacts than normal cells. In addition, cells subjected to oxidative stress

showed more ER-mitochondria contacts, but this increase was blocked in cells that lack PERK. The

impaired contact formation during oxidative stress protected PERK knockout cells from cell death

[237]. Interestingly, Mfn2 not only interacts with PERK, it is also an upstream inhibitor of PERK

activity. Accordingly, loss of Mfn2 cause ER stress and ROS production [265,266], and a sustained

activation of PERK, resulting in mitochondrial Ca2+ overload and cell death [267,268]. Thus, the

activation of compensatory MAM tethers like PERK could also explain the different experimental

outcomes observed after the loss of Mfn2.

5.1.3 Aims

In this chapter, I want to investigate the effect of Mfn2 in the formation of ER-mitochondria contacts

and regulation of mitochondrial function, with a focus on ER stress as a compensatory mechanism
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that increases ER-mitochondria contacts. In order to do this, I proposed the following aims: (i)

measure the effects ofMfn2 onmitochondrial function andmetabolism; (ii) evaluate ifMfn2 regulates

ER stress activation, specifically PERK and Ero1; (iii) measure the effect of PERK and Ero1 in the

metabolic regulation by Mfn2; and (iv) measure the role of Mfn2 in the ER-mitochondria contacts

regulation by PERK and Ero1. These aims were evaluated in a Mfn2 knockout Mouse Embryonic

Fibroblast (MEF) cell line. To evaluate the role of PERK and Ero1, their specific inhibitors GSK

[269] and EN460 [240] were used.

The results show that Mfn2 knockout MEF cells have increased mitochondrial ATP production and

respiration, and more ER-mitochondria contacts, suggesting that Mfn2 acts as a MAM spacer, sep-

arating the two organelles. In addition, these cells have active ER stress and increased ROS levels.

Interestingly, the activation of two ER stress proteins, PERK and Ero1, was required for the alter-

ations observed in Mfn2 knockout cells. Together, these suggest that Mfn2 is a MAM spacer that

prevents the formation of ER-mitochondria contacts by blocking the tethering effect of PERK and

Ero1.

5.2 Results

5.2.1 Mitofusin-2 reduces mitochondrial metabolism

ER-mitochondria contacts and Ca2+ transfer to the mitochondria critically regulate mitochondrial

functions such as ATP production and apoptosis. Since Mfn2 has been reported to regulate both

ER-mitochondria contact formation and Ca2+ flux to the mitochondria [100], the effect of Mfn2 on

mitochondrial metabolism was evaluated as in indirect measurement of ER-mitochondria coupling.

First, cellular ATP levels were measured as an indicator of energy production in the cell. MEF cells

that lackMfn2 showed increased ATP levels compared to normal MEF cells (Figure 5.1A). But ATP

can be produced from different sources, like glycolysis or mitochondrial respiration. To determine

the mitochondrial contribution to ATP production, cells were treated with the mitochondrial ATP
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synthase inhibitor oligomycin. Oligomycin treatment reduced the ATP levels in Mfn2 knockout cells

to a greater extent than in Mfn2 wild type cells, and eliminated the difference between both cell

lines (Figure 5.1A). This result suggests that the extra ATP found in cells that lack Mfn2 comes

from increased mitochondrial ATP production. Since mitochondrial Ca2+ activates mitochondrial

metabolism, the requirement of Ca2+ flux to mitochondria was also evaluated. To test if Ca2+ flux

to mitochondria is involved in the increased mitochondrial ATP production in Mfn2 knockout cells,

cells were treated with the intracellular Ca2+ chelator BAPTA-AM. Upon blockade of Ca2+ flux, the

increased ATP observed in Mfn2 knockout MEF cells returned to levels similar to wild type cells

(Figure 5.1A). Together, these results suggest that cells that lack Mfn2 have increased Ca2+ flux and,

as a consequence, increased mitochondrial metabolism and ATP production compared to cells that

have normal Mfn2 levels.

Next, mitochondrial oxygen consumption rate (OCR) was measured to evaluate if Mfn2 regulates

mitochondria function. This is a more direct measurement of mitochondrial respiration. Under

basal conditions, cells that lack Mfn2 have significantly more oxygen consumption than wild type

cells. Similarly, other indicators of mitochondria respiration were also altered in Mfn2 knockout

cells. Proton leak (mitochondrial respiration not linked to ATP synthesis), ATP turnover (respiration

linked to ATP production) and the maximum Electron Transport Chain (ETC) capacity were all in-

creased inMfn2 knockout cells (Figure 5.1B). These results suggest that Mfn2 inhibits mitochondrial

metabolism and respiration.

Then, the reliance onmitochondrial ATP production for cell survival was evaluated. This was tested by

blocking mitochondrial ATP production with the mitochondrial ATP synthase inhibitor oligomycin,

and measuring cell death. Since Mfn2 knockout MEF cells have increased mitochondrial energy

production compared to wild type cells, they could be more sensitive to oligomycin-induced cell

death. Consistent with the previous result, cells that lack Mfn2 are more sensitive to oligomycin

induced cell death, suggesting that these cells depend more on mitochondria energy production to

survive (Figure 5.1C). Together, these results suggest that Mfn2 prevent mitochondrial respiration
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and energy production. Since Ca2+ is required for the increased mitochondrial energy production in

Mfn2 knockout, it is possible that Mfn2 has an inhibitory effect on mitochondrial Ca2+ flux at the

MAM.
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Figure 5.1 – Cells that lack Mfn2 have increased mitochondrial metabolism. A: Total cellular ATP
was measured in Mfn2 wild type and knockout MEF cells treated with 10 μM BAPTA-AM for 4 hours
or 1 μM oligomycin 4 hours. Control: n = 27; p = 0.0037. BAPTA: n = 5; p = 0.74. Oligomycin: n = 2; p
= 0.89. B: Mitochondrial respiration was measured in Mfn2 wild type and knockout MEF cells. n = 5;
p = 0.00093 for Basal; p = 0.015 for Leak; p = 0.006 for ATP turnover; p = 0.033 for ETC capacity. C:
Cell viability was measured in Mfn2 wild type and knockout MEF cells treated with 1 μM oligomycin for
24 hours. Control: n = 5; p = 0.11. Oligomycin: n = 3; p = 0.0073.

5.2.2 Mitofusin-2 inhibits ROS production and ER stress signalling

Mfn2 knockout cells have increased mitochondrial metabolism, suggesting that Mfn2 prevents the

flow of Ca2+ to mitochondria and reduces mitochondrial function. Alternatively, Mfn2 could be

acting as an inhibitor for otherMAM tethers, which are more active in the absence ofMfn2 promoting

Ca2+ flux and mitochondrial metabolism. Previous reports show that the loss of Mfn2 activates ER

stress and ROS production [265,266]; and both ER and oxidative stress can increase Ca2+ flux to

mitochondria [71,72,112,163,164,171]. Thus, the participation of ER stress and ROS in the Mfn2
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knockout phenotype was explored. Western blotting analysis shows an increase in the ER stress

markers XBP1 and CHOP, as well as in the phosphorylated form of PERK, and the ER chaperones

BiP and CNX (Figure 5.2A). This suggests that ER stress is indeed more active in Mfn2 knockout

MEF cells. Similarly, Mfn2 knockout MEF cells have increased cellular ROS levels (Figure 5.2B).

Therefore, consistent with the literature, Mfn2 knockout cells have increased ER stress and ROS

levels.
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Figure 5.2 – Cells that lack Mfn2 have activated ER stress and ROS production. A:Western blot
of ER stress markers in Mfn2 wild type and knockout MEF cells. B: Cellular ROS was measured using
the fluorescent probe cellROX in CNX wild type and knockout MEF cells. n = 2; p = 0.015.

5.2.3 PERK and Ero1α/β increasemitochondrial metabolism in cells that lackMfn2

To evaluate if the increased ROS levels observed in cells that lack Mfn2 are involved in the changes

in metabolism, total ATP levels were measured in cells treated with the antioxidant N-acetylcysteine

(NAC). The result shows that the increased ATP levels in Mfn2 knockout cells were reduced to

levels similar to Mfn2 wild type cells with NAC treatment (Figure 5.3A). This suggests that ROS

plays an important role in the metabolic changes induced by the loss of Mfn2. One of the main

sources of ROS production during ER stress is Ero1α, one of the two Ero1 enzymes which generates

ROS and promotes Ca2+ transfer from ER to mitochondria during ER stress by activating IP3R-

mediated Ca2+ release [72,164,165]. To test if the ROS producing Ero1 enzymes are participating

in the metabolic changes in Mfn2 knockout, cells were treated with EN460, an inhibitor of both

Ero1α and Ero1β [240]. The inhibition of Ero1α/β reduced the increased ATP levels observed in

cells that lack Mfn2 (Figure 5.3A), suggesting that Ero1α/β participates in the metabolic changes in
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Mfn2 knockout cells. To test if the ER-mitochondria tether and ER stress signalling protein PERK

is involved in the metabolic changes in Mfn2 knockout, cells were treated with the PERK inhibitor

GSK [269]. Similarly, PERK inhibition resulted in a reduction in ATP levels particularly in cells that

lack Mfn2 (Figure 5.3A). This suggests that ER stress induction and activation of PERK promotes

mitochondrial ATP production in cells that lack Mfn2.

Ca2+ flux to mitochondria is an activator of mitochondrial metabolism [80]. This flux is more efficient

when ER-mitochondria contacts are increased. Thus, if Mfn2 knockout cells have more contacts,

Ca2+ flux should be improved. To evaluate Ca2+ transfer from ER to mitochondria, mitochondrial

Ca2+ was measured after inducing a release of Ca2+ from the ER through the IP3Rs using histamine.

The result shows that there are no differences in the mitochondrial Ca2+ peak between Mfn2 wild

type and knockout MEF cells (Figure 5.3B left). However, when cells were treated with the PERK

inhibitor GSK, the transfer of Ca2+ was more efficient in wild type cells compared to Mfn2 knockout

(Figure 5.3B right). This indicates that Ca2+ flux is equal between Mfn2 wild type and knockout

under normal conditions. But, unlike wild type cells, Mfn2 knockout cells require PERK activity to

maintain a normal Ca2+ transfer to the mitochondria, suggesting that the absence of Mfn2 activates

PERK.

The increased mitochondrial metabolism and ATP production in cells that lack Mfn2 suggests that

there is a change in the metabolic preference of these cells. Since Mfn2 knockout cells have increased

energy production in their mitochondria, these cells might have a change in the balance between gly-

colysis and mitochondrial respiration. During glycolysis, glucose is metabolized into pyruvate. This

pyruvate can be either converted to lactate and secreted, or to acetyl-coenzyme A and enter the Krebs

cycle in the mitochondria. The use of glucose as a metabolic substrate was evaluated by measuring

the amount of lactate produced per glucose consumed, also known as glycolytic flux. Lactate is pro-

duced from pyruvate and it is not further metabolized, but secreted from the cell. If glycolytic flux is

high, it means that a large proportion of glucose is converted into lactate and not further metabolized.

If glycolytic flux is low, a greater proportion of glucose is further metabolized after glycolysis and
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probably oxidized in the mitochondria. In general, high glycolytic flux suggests that the cell prefers

to use only glycolysis for energy production, whereas a low glycolytic flux suggests that cells also

oxidize glucose and use more mitochondrial respiration. The results show that cells that lack Mfn2

have less glycolytic flux than normal cells, even though the difference is not statistically significant

(Figure 5.3C). This suggests that Mfn2 knockout cells preferentially oxidize pyruvate in their mito-

chondria rather than secreting it as lactate, compared to wild type cells. In addition, treating the cells

with either EN460 or GSK increased the glycolytic flux of Mfn2 knockout cells to levels similar to

Mfn2 wild type cells (Figure 5.3C). This suggests that Ero1 and PERK mediate the increase in mi-

tochondrial respiration observed in Mfn2 knockout cells. In addition, the composition of glycolytic

and mitochondrial enzymes was also evaluated. Consistent with their preference of mitochondrial

respiration for energy production, Mfn2 knockout cells have reduced levels of the glycolytic enzyme

Hexokinase I, and increased levels of the mitochondrial respiratory complex Complex II, relative to

normal cells (Figure 5.3D). When cells were treated with the PERK inhibitor GSK, Mfn2 knockout

cells reverted to a protein composition similar to the WT cells (Figure 5.3D), suggesting that the

change in protein levels depends on the activation of PERK.

Taken together, these results suggest that Mfn2 reduces mitochondrial respiration and promotes a

glycolytic metabolism. Cells that lack Mfn2 shift their metabolism towards mitochondrial respiration

instead of glycolysis. This change depends on the activation of PERK and Ero1, suggesting that Mfn2

inhibits these proteins under normal conditions. Since PERK promotes ER-mitochondria proximity,

and the distance between ER and mitochondria determines mitochondrial activity, these data suggest

that cells that lack Mfn2 have increased ER-mitochondria contacts.

5.2.4 Mfn2 prevents normal ER-mitochondria contact formation

The synthesis of Phosphatidylethanolamine (PE) from Phosphatidylserine (PS) is an essential MAM

function that requires close ER-mitochondria contacts [2]. IfMfn2modulates ER-mitochondria prox-

imity, this should be reflected in changes in PE synthesis from PS. Nevertheless, the results show no

significant differences in PE synthesis between Mfn2 wild type and knockout cells at any time point,
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Figure 5.3 – Cells that lack Mfn2 have activated ER stress and ROS production. A: Total cellular
ATP was measured in Mfn2 wild type and knockout MEF cells in the presence of 5 mM NAC for 4
hours, 25 μM EN460 for 5 hours or 10 μM GSK for 5 hours. Control: n = 27; p = 0.037. NAC: n = 3; p
= 0.209. EN460: n = 3; p = 0.601. GSK: n = 9; p = 0.31. B: Mitochondrial Ca2+ was measured after a
release of Ca2+ through the IP3Rs triggered by 200 μM histamine in Mfn2 wild type and knockout MEF
cells in the presence of 10 μM GSK for 5 hours. C: Glycolytic flux was measured in Mfn2 wild type and
knockout MEF cells in the presence of 25 μM EN460 for 24 hours or 10 μM GSK for 24 hours. Control:
n = 3; p = 0.2. EN460 and GSK: n = 2. D: Western blot of Hexokinase I and Complex II with Tubulin
used as loading control in Mfn2 wild type and knockout MEF cells in the presence of 10 μM GSK for
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138



suggesting that Mfn2 does not interfere with lipid transfer between ER and mitochondria or ER-

mitochondria contacts (Figure 5.4).
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Figure 5.4 – Mfn2 does not regulate lipid transfer between ER and mitochondria. Lipid transfer
between ER and mitochondria was measured as PE synthesis from PS in Mfn2 wild type and knockout
MEF cells. PE and PS were measured at the indicated time points after labeling with 3H-serine. n = 4;
p = 0.53 for 2 hours; p = 0.51 for 4 hours; p = 0.14 for 8 hours.

Therefore, to clarify the effect of Mfn2 in ER-mitochondria contact formation, we directly measured

the distance between ER and mitochondria using electron microscopy (Figure 5.5). Cells that lack

Mfn2 have closer and longer contacts, indicating an increase in ER-mitochondria apposition (Figure

5.6A and B). These two measurements were combined in a single factor that represents the amount

of ER-mitochondria contacts by calculating contact length / distance, which was also increased in

cells that lack Mfn2 (Figure 5.6C). Accordingly, the number of Tight (12 to 24 nm) contacts was

increased in Mfn2 knockout cells, while the number of Loose (24 to 50 nm) contacts was reduced

(Figure 5.6D). Consistent with previous results, the PERK inhibitor GSK reverted the increased

contacts found in Mfn2 knockout cells. This suggests that PERK is active in Mfn2 knockout cells,

and promotes the formation of ER-mitochondria contacts. But when PERK is inhibited, the increased

contacts in Mfn2 knockout cells return to levels similar to wild type cells. Next, I evaluated if these

changes in ER-mitochondria contacts are associated with a change in MAM protein composition.
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Figure 5.6 – PERK increases ER-mitochondria contacts in Mfn2 knockout cells. A: Average ER-
mitochondria distance. n = 50. Mfn2 KO Control vs Mfn2 WT GSK: p = 0.0087. Mfn2 KO Control vs
Mfn2 KO GSK: p = 0.00025. B: Average ER-mitochondria contact length. n = 50. Mfn2 WT Control
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50.
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5.2.5 PERK andEro1α localize to theMitochondria-AssociatedMembranes during

ER stress

So far, the results show that Mfn2 knockout cells have increased mitochondrial respiration, ATP

production and ER-mitochondria contacts. In addition, PERK and Ero1α/β are required for some of

these changes induced by the loss of Mfn2. This suggests that they might be regulating mitochondrial

function by increasing ER-mitochondria contacts. Thus, the presence of PERK and Ero1α in the

Mitochondria-Associated Membranes (MAM) was evaluated. The proteins localized in the MAM

were identified by cellular fractionation, and the bulk of the ER (Microsomes) was separated from the

MAM using Percoll fractionation. Western blotting analysis of these fractions show that IP3R isoform

1, Ero1α and PERK can be found in the MAM of wild type cells, but their MAM presence was

increased in cells that lack Mfn2 (Figure 5.7A). This suggests that the presence of Mfn2 prevents the

movement of these proteins to the MAM fraction under normal conditions. Interestingly, when Mfn2

knockout cells were treated with GSK, the enrichment of PERK in theMAMwas lost, suggesting that

PERK activation is required for its MAM enrichment (Figure 5.7A). Similar results were found by

differential centrifugation fractionation. In Mfn2 knockout cells, Ero1α and PERK were enriched in

the Heavy membranes (10,000 rcf pellet) compared to the Light membranes (100,000 rcf) (Figure

5.7B), again suggesting that these proteins move from the bulk ER to the MAM. In addition, when

Mfn2 wild type cells were treated with the ER stress inducer Tunicamycin for 1 hour, Ero1α and

PERK were also enriched in the Heavy membranes fraction (Figure 5.7B). This shows that Ero1α

and PERK move to the MAM during early stages of ER stress, and suggests that ER stress could be

involved in altered MAM protein composition in Mfn2 knockout cells.

Since Ero1α/β and PERK participate in the phenotype ofMfn2 knockout cells, and Ero1α and PERK

move to the MAM at the same time, it is possible that they interact at the MAM during their acti-

vation. Therefore, Ero1α and PERK interaction was evaluated by transfecting the cells with a plas-

mid expressing FLAG-tagged PERK and co-immunoprecipitating Ero1α. Western blotting analysis

shows that Ero1α co-immunoprecipitated with PERK. In addition, the interaction was increased in
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cells treated with Tunicamycin to induce ER stress, and was reduced in cells treated with GSK (Fig-

ure 5.7C). This suggests that Ero1α and PERK interact during ER stress, and that PERK activity is

needed for this interaction. Since Ero1α and PERK are enriched in the MAM fraction during ER

stress and in Mfn2 knockout cells, it is possible that the Ero1α-PERK interaction is taking place at

the MAM.
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Figure 5.7 – PERK and Ero1α form a complex that is targeted to the MAM in cells that lack Mfn2.
A: Western blot of a Percoll fractionation showing Microsomes and MAM subcellular fractions from
Mfn2 wild type and knockout MEF cells treated with 10 μM of the PERK inhibitor GSK for 5 hours. n
= 1. B:Western blot of a Simple fractionation showing Heavy membranes (mitochondria + MAM, HM)
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5.3 Discussion

5.3.1 Mitofusin-2. A tether or a spacer?

Among ER-mitochondria tethers, Mfn2 is probably the most controversial. It was the first protein

suggested to directly bridge ER and mitochondria [100]. This conclusion was largely based on two

observations. First, a loss of co-localization between ER and mitochondria labelled with fluorescent

probes using confocal microscopy in Mfn2 knockout cells. Second, after an equal release of Ca2+

from the ER to the cytosol, Mfn2 knockout cells had a smaller increase in mitochondrial Ca2+ than

wild type cells, suggesting that Ca2+ flux was impaired after the loss of Mfn2. Following this report,

other groups also found that Mfn2 participated in Ca2+ flux to mitochondria [255,270,271], ER-

mitochondria distance [255–257] and apoptosis induction [272]. However, other works found that

Mfn2 acts as a spacer, inhibiting ER-mitochondria contacts. In particular, electron microscopy im-

ages showed increased ER-mitochondria contacts in Mfn2 knockout cells, contradicting fluorescent

confocal microscopy co-localization analysis in the same samples [259]. These paradoxical results

were proposed to be a consequence of mitochondrial morphology alterations induced by the reduced

levels of Mfn2, creating artefacts that were detected as a loss of co-localization in fluorescent mi-

croscopy analyzes [260]. In addition, other studies also found that loss of Mfn2 reduced the extent

and number of ER-mitochondria contacts, and the flux of Ca2+ to mitochondria [261,262]. The ef-

fect of Mfn2 on ER-mitochondria distance was also evaluated using the SPLICS probes, showing that

Mfn2 knockout cells have an increased number of SPLICS short puncta (8-10 nm) and a decrease

in the number of SPLICS long (40-50 nm), suggesting that Mfn2 prevents the formation of close

contacts while preserving long range contacts [177].

Overall, whether Mfn2 is a tether or a spacer is quite a debated subject, and these contradictory data

are hard to reconcile. In addition, ER-mitochondria contacts adapt to environmental conditions like

ER stress and nutrient availability [71,96,112]; and cells with low Mfn2 grow faster that wild type

cells (our observations and [273]). Considering this, it has been proposed that special care has to

be taken during cell culture to prevent stressful conditions like high cell density, which would alter
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accurate ER-mitochondria measurements [255].

The aim of the present work was to clarify the role ofMfn2 in contact formation, and themain findings

are summarized in Figure 5.8. The evaluation of MAM function showed that Mfn2 has an inhibitory

effect on mitochondrial respiration (Figure 5.1B) which correlated with a reduction in cellular ATP

levels (Figure 5.1A), suggesting that Mfn2 reduces mitochondrial function potentially through a re-

duction in ER-mitochondria coupling. However, the measurement of phospholipid transfer between

ER and mitochondria showed that Mfn2 had no effect (Figure 5.4), suggesting that Mfn2 does not

control close ER-mitochondria contacts. Evaluation of Ca2+ flux upon release of Ca2+ through IP3R

using histamine showed no differences between Mfn2 wild type and knockout cells, suggesting that

Mfn2 does not regulate Ca2+ flux to mitochondria (Figure 5.3B). Nevertheless, triggered Ca2+ flux

does not necessarily reflect mitochondrial Ca2+ content in a steady state. Thus, it is essential to mea-

sure mitochondrial Ca2+ content in Mfn2 wild type and knockout cells in future experiments. Direct

measurements of ER-mitochondria contact formation using electron microscopy show that, indeed,

Mfn2 increased the distance and reduced the length of ER-mitochondria contacts (Figure 5.6A and

B). As a result, Mfn2 reduces the contact length / distance ratio, indicating an inhibition of contact

formation (Figure 5.6C). In addition, Mfn2 specifically decreased the frequency of Tight contacts

(12 to 24 nm), while favouring Loose contacts (24 to 50 nm) (Figure 5.6D). The inhibition of Tight

contacts by Mfn2 fits with a reduced Ca2+ flux, since contacts between 12 and 24 nm are the preferred

for Ca2+ transfer [47]. Similarly, the fact that Super Tight contacts (0 to 12 nm) remain relatively

unchanged by Mfn2 fits with the observation that lipid transfer also remains unchanged (Figure 5.6D

and Figure 5.4). Taken together, our results fit better with Mfn2 acting as a spacer, not a tether. In

particular, Mfn2 inhibits Tight (12 to 24 nm) contacts involved in Ca2+ flux to mitochondria, thus

regulating mitochondrial activity.

5.3.2 Possible spacing mechanisms of Mfn2

The idea that Mfn2 works as a tether is based on its ability to form dimers connecting two opposing

membranes, mirroring its activity during mitochondrial fusion [99]. But this mechanism is not com-
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patible with Mfn2 acting as a spacer. The present work explores the idea, also previously proposed

by others [274,275], that Mfn2 prevents contact formation by sequestering other tethers.

In line with other MAM proteins, Mfn2 has multiple functions, and it has a particularly tight relation

with ER stress. Interestingly, ER stress is a condition that increases ER-mitochondria contact for-

mation in order to boost Ca2+ flux to mitochondria and mitochondrial respiration [112]. The loss of

Mfn2 causes activation of ER stress, in addition to an increase in ROS cellular levels, indicating that

Mfn2 prevents ER stress [266]. Additionally, Mfn2 levels are increased during ER stress, and the

deletion of Mfn2 increases the susceptibility to cell death induced by the activation of ER stress, sug-

gesting that Mfn2 has a protective role [265]. The key mediator of the increased ER-mitochondria

contacts during ER stress is PERK. Upon ER stress induction, PERK promotes ER-mitochondria

contacts through the expression of a truncated form of SERCA1, S1T, that cannot pump Ca2+ but

acts as a ERCa2+ leak source [276]. S1T is targeted to theMAM and leaks Ca2+ resulting in increased

ER-mitochondria proximity, and more efficient Ca2+ transfer to mitochondria [119]. In addition to

inducing the expression of S1T, PERK itself is targeted to the MAM, and tethers ER and mito-

chondria independent of its ER stress signalling activity, even though no interacting partner on the

mitochondrial side has been identified [237]. Interestingly, Mfn2 deficiency activates PERK, result-

ing in increased ROS production and mitochondrial Ca2+ overload [267]. Taken together, PERK is

a prime candidate for a tethering factor that could be more active after the loss of Mfn2. Thus, the

role of PERK in the increased ER-mitochondria contacts and mitochondrial metabolism activation

observed upon loss of Mfn2 was tested. Indeed, Mfn2 knockout cells have increased ER stress mark-

ers (Figure 5.2A) and ROS levels (Figure 5.2B), in agreement with previous reports [266,267]. In

terms of the participation of PERK in the Mfn2 knockout metabolic phenotype, PERK inhibition

with GSK resulted in a reduction of the extra ATP levels found in cells that lack Mfn2 (Figure 5.3A).

This suggest that PERK activation is required for the increased mitochondrial metabolism in Mfn2

knockout cells. The flux of Ca2+ to mitochondria was unchanged by Mfn2 depletion, but inhibition

of PERK with GSK did show a reduced transfer of Ca2+ only in the knockout cells (Figure 5.3B),

again suggesting that PERK is active and promotes ER-mitochondria coupling only in Mfn2 knock-
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out cells. Direct measurement of ER-mitochondria contacts using electron microscopy also shows

that PERK activation is required to maintain the increased contacts observed in cells that lack Mfn2

(Figure 5.5). Accordingly, upon PERK inhibition, the increased contacts in Mfn2 knockout cells

return to levels similar to wild type cells (Figure 5.6). Together, these results show that PERK is a

tethering factor that increases ER-mitochondria contacts in cells that lack Mfn2. In agreement with

the hypothesis that Mfn2 is a spacer that inhibits other tether, PERK inhibition reverts the changes

in ER-mitochondria contacts in Mfn2 deficient cells.

In addition to PERK, the effect of increased ROS levels, in particular the participation of the ROS

producing oxidoreductases Ero1α and Ero1β, was also evaluated. Ero1α and Ero1β participate in

disulfide bond formation during protein folding by reoxidizing other oxidoreductases in a reaction

that produces H2O2 (Figure 1.2) [139]. ROS produced by Ero1α can oxidize IP3R at the MAM

increasing Ca2+ flux tomitochondria [164]. During ER stress, Ero1α expression is increased, resulting

in elevated ROS levels and apoptotic Ca2+ signalling tomitochondria [72,165]. Thus, the participation

of Ero1α in the increased mitochondrial metabolism observed in Mfn2 deficient cells was tested.

Similar to PERK, the increased ATP levels observed inMfn2 knockout cells returned to normal levels

after treating the cells with the antioxidant NAC or the Ero1α/β inhibitor EN460 (Figure 5.3A).

This result suggests that Ero1α/β are activated in Mfn2 depleted cells, and promotes mitochondrial

ATP production through ROS production. But this result is just the starting point for a complete

characterization of the role of the Ero1 enzymes in the Mfn2 knockout phenotype. The role of Ero1β

could be explored since it has the same function as Ero1α and its expression is also increased during

ER stress [277], but it has not been associated with the regulation of Ca2+ channels and it is unknown

if it localizes in the MAM. Future experiments need to evaluate Ca2+ flux and ER mitochondria Ca2+

content measurements to determine if Ero1α/β activate Ca2+ signalling. It would be also required to

determine whether Ero1α/β ROS production generate some form of redox modifications in SERCA

and IP3R, since this is a mechanism for Ero1α regulation of Ca2+ flux [164]. Finally, it is essential

to measure ER-mitochondria contacts using electron microscopy in Mfn2 knockout cells treated with

NAC and EN460 to determine if Mfn2 prevents contact formation by sequestering Ero1α/β.
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5.3.3 PERK and Ero1α might form a novel complex that promotes ER-

mitochondria contacts

A novel but quite preliminary result of this work is the formation of a complex composed by PERK

and Ero1α at the MAM. The formation of this complex is suggested by three main findings: First, we

found that Ero1α and PERK are enriched and co-fractionate in theMAMofMfn2 knockout cells, sug-

gesting that they coordinately regulate mitochondrial function from theMAM (Figure 5.7A). Second,

Ero1α and PERKmoved to the Heavy membranes fraction (10,000 rcf pellet, mitochondria +MAM)

and co-fractionated after ER stress induction, suggesting that Mfn2 deficiency and ER stress have

similar MAM remodelling effects (Figure 5.7B). Third, Ero1α and PERK co-immunoprecipitate,

suggesting protein-protein interaction. This interaction was increased during ER stress, and reduced

by PERK inhibition with GSK (Figure 5.7C). Taken together, these results suggest that in Mfn2

knockout cells or upon ER stress induction, Ero1α and PERK move from the bulk ER to the MAM,

where they interact and form a complex that promotes ER-mitochondria contacts. Considering that

both proteins are required for the metabolic changes observed in Mfn2 knockout cells, it is possi-

ble that this Ero1α-PERK complex is responsible for the metabolic phenotype of Mfn2 deficient

cells. Future experiments could test this idea by repeating the ER-mitochondria contact measure-

ment, the co-fractionation and the co-immunoprecipitation with PERK and Ero1 inhibitors, and in

PERK and Ero1α knockout cells. With this, it would be possible to determine if PERK and Ero1α

work independently but in parallel, or if the interaction between the two is required for their effect

on ER-mitochondria contact formation and MAM localization.

It is interesting that ER stress andMfn2 depletion have the same effect on Ero1α and PERKMAMen-

richment. Indeed, loss of Mfn2 and ER stress induction share some similarities, including increased

ROS levels [266,278], and more ER-mitochondria contacts [112,260]. In addition, as previously

mentioned, ER stress is activated in cells that lack Mfn2 [265]. Thus, ER stress seems to be re-

sponsible for the enrichment of Ero1α and PERK in the MAM; Mfn2 is simply preventing ER stress

activation. The present work proposes that ER stress induces the formation of the Ero1α-PERK
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complex at the MAM to increase ER-mitochondria contacts; while Mfn2 would have an inhibitory

effect on ER stress, preventing the formation of this complex under normal conditions. However, the

results shown here are preliminary, and more experiments would be required to confirm this idea.
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Chapter 6

Discussion

6.1 Redox regulation of SERCA

Both TMX1 and CNX have a regulatory effect on SERCA, but their effects are opposite. On the one

hand, CNX activates SERCA2b, resulting in increased ER Ca2+ levels. On the other hand, TMX1

inhibits SERCA2b, resulting in reduced ER Ca2+ content. Interestingly, both proteins interact with

SERCA in a competitive way. SERCA interaction with CNX increases in TMX1 knockout cells, and

vice versa (Figure 3.1). This suggests that these two proteins might exert their control over SERCA

through the same mechanism, but with opposing effects. So far, the mechanisms that CNX uses to

control SERCA are relatively clear; an oxidative modification that increases SERCA ATPase activity

(Figure 4.13). The only known activatory oxidative modification in SERCA is glutathionylation on

cysteine 674 [160,161]. Our results suggest that this is the mechanism that CNX uses to activate

SERCA, even though the specific type of modification was not evaluated. The mechanism for TMX1

inhibition, however, is not as clear. Since TMX1 is an oxidoreductase, and its thioredoxin domain

is required for the regulation of Ca2+ content and signalling (Figure 3.7), it is likely that the regu-

latory effect of TMX1 is associated with an oxidative modification catalyzed by its oxidoreductase

activity. As discussed previously in section 3.3.2 in the chapter about TMX1, there are two possi-
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ble mechanisms for TMX1 regulation of SERCA. One option is that it catalyzes the formation of a

disulfide bond in one of the lumenal loops on SERCA2b, similar to the oxidoreductase ERp57 [154],

but this is unlikely because TMX1 has reductase activity, not oxidase activity. The second option is

that TMX1 acts as a reductase and targets the inhibitory disulfide bond on SERCA2b, but forming

an inhibitory mixed disulfide rather than reducing it completely, similar to the oxidoreductase ERdj5

[155]. This second option fits better with the reductase activity of TMX1, but the existence of a sta-

ble mixed disulfide between TMX1 and SERCA2b has not been demonstrated. Regardless of TMX1

inhibitory mechanism, it is likely that TMX1 and CNX have different and independent control over

SERCA2b, which could even be operating at the same time. Nevertheless, they do seem to bind to

SERCA on the same site, as suggested by their competitive interaction. One possible mechanism of

interaction is that CNX binds to TMX1 and, together, they bind to SERCA. This would be similar to

the way CNX directs TMX1 for disulfide bond formation of transmembrane protein during protein

folding [135]. In this scenario CNX would act as a scaffold between SERCA and TMX1. However,

this form of interaction is highly unlikely, because it does not fit with the competitive nature of the

TMX1-SERCA and CNX-SERCA binding. A more feasible model is that TMX1 and CNX bind

to the same site on SERCA. A previous publication shows that CNX can interact with the lumenal

C-terminal domain of SERCA2b. This interaction requires the presence of a glycosylation site in the

C-terminal domain of SERCA2b, even though no glycosylation was found [150]. It is possible that

TMX1 also interacts with SERCA2b C-terminal domain, and that TMX1 and CNX compete for the

same binding site. In addition, a previous work from our lab also shows that the association of CNX

with SERCA requires a functional CNX palmitoylation site [114]. Similarly, TMX1 also requires

to be palmitoylated to interact with SERCA (Figure 3.7). It is well documented that palmitoylation

regulates the protein targeting to the MAM and that non-MAM targeted CNX and TMX1 are un-

able to interact with SERCA outside the MAM. This confirms that palmitoylation is the key switch

that allows the interaction with SERCA. Overall, this suggests that palmitoylated CNX and TMX1

interact competitively with the C-terminal domain of SERCA2b.

The effect of Mfn2 on SERCA was not tested in this work. Yet, there are some indications that point
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towards a regulation of ER Ca2+ content by Mfn2. Previous reports indicate that ER Ca2+ content is

increased in cells that lack Mfn2 [255], which was not a consequence of a more active SOCE [100].

This suggests that Mfn2 could be acting as a SERCA inhibitor. In addition, the loss of Mfn2 triggers

the activation of ER stress, as observed here (Figure 5.2) and in previous publications [266,267]. In

general, ER stress results in the depletion of ER Ca2+ stores. This is a consequence of increased ER

Ca2+ leak [119,279], and the depalmitoylation of CNX and subsequent inhibition of SERCA [114].

It is plausible that in Mfn2 knockout cells, CNX loses its MAM targeting due to depalmitoylation, as

expected during ER stress, resulting in a similar phenotype as CNX knockout cells. Yet, knocking out

CNX or Mfn2 have opposite effects on ER Ca2+ content, the former has less and the latter has more

Ca2+ in their ER. There are two possible explanations for these results. Either loss of Mfn2 induces

some form of incomplete ER stress where CNX is not depalmitoylated, so it maintains its activatory

effect on SERCA; or a parallel mechanism activates SERCA, bypassing the inhibitory effect of CNX

depalmitoylation. Interestingly, Ero1 activity is required for the oxidation and activation of SERCA

by CNX (Figure 4.14), and also mediates the metabolic phenotype in Mfn2 knockout cells (Figure

5.3). In addition, increased levels of Ero1α have been observed in cells during late stages of ER stress

[72]. The activation of Ero1α inMfn2 knockout cells could possibly trigger the activating oxidation of

SERCA, independent of CNX. This would place Ero1α as an activator of SERCA that can integrate

diverse upstream events. Future experiments evaluating SERCA oxidation and activity in the absence

of Mfn2, and the participation of Ero1α are required to confirm this idea.

6.2 ER-mitochondria contact regulation

This work shows that Mfn2 and CNX work as negative regulators of MAM formation, or spacers.

But their mechanism of contact formation and final effects on MAM function are quite different.

The mechanism that Mfn2 uses to prevent ER-mitochondria contacts is not completely clear, but

the preliminary data shown here suggests that Mfn2 inhibits the formation of a tether comprised of

PERK, which probably are inactive in cells without ER stress (Figure 5.5). On the other hand, it is
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not clear whether CNX physically interacts with other tethers or if it inhibits other tethering factors.

One possible mechanism is the inhibition of SERCA in the absence of CNX. The reduced SERCA

Ca2+ uptake from the cytosol could increase Ca2+ levels in the ER proximity, which could result in

mitochondria being stuck close to the ER by inhibiting mitochondrial movement [117,118]. Never-

theless, it is unlikely that the increased ER-mitochondria contacts observed in CNX knockout cells

are a result of PERK activation, as is the case with Mfn2, because PERK phosphorylation was not

increased in CNX knockout cells compared to wild type cells (Figure 4.11A). Thus, the increased

ER-mitochondria contacts in CNX and Mfn2 knockout must be parallel events with independent

mechanisms. The TMX1 tethering mechanism is even more obscure, and there is not enough evi-

dence to determine if other tethers are also participating. Considering the mechanisms discussed so

far, SERCA inhibition could be a possible explanation for the increased ER-mitochondria contacts

induced by TMX1, since more contacts fit with reduced SERCA activity. However, there is no evi-

dence to suggest that PERK could be engaged in TMX1-induced contact formation. Amore thorough

analysis of TMX1 interactions and MAM protein composition in TMX1 knockout compared to wild

type cells would be required to evaluate the TMX1 tethering mechanism.

One of the MAM functions explored in this work was Ca2+ flux to mitochondria. This is a com-

plex Ca2+ signal that integrates many factors, including ER Ca2+ content, ER Ca2+ release, and ER-

mitochondria distance. In this work, the use of BAPTA in combination with the measurement of

mitochondrial respiration (Figure 4.12) and cellular ATP levels (Figure 5.1A) were also used to de-

termine if Ca2+ flux was involved in the control of mitochondrial function. For TMX1 and Mfn2, the

changes in ER-mitochondria contacts correlates with the changes in Ca2+ flux andmitochondrial func-

tion, but this was not the case for CNX. Mfn2 reduces ER Ca2+ content [255], ER-mitochondria con-

tacts (Figure 5.5) and mitochondrial respiration (Figure 5.1B). CNX also reduces ER-mitochondria

contacts (Figure 4.4), which would suggest a reduction in Ca2+ flux to mitochondria. But unlike

Mfn2, CNX also activates SERCA, increasing ER Ca2+ content. As a result, there is more Ca2+

available for transfer, so Ca2+ flux to mitochondria and mitochondrial metabolism are increased, in

spite of the reduced ER-mitochondria contacts. Thus, the regulation of the contacts is potentially a
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compensatory mechanism that may prevent mitochondrial Ca2+ overload in the presence of CNX.

The predominant effect of CNX must be the regulation of SERCA and ER Ca2+ content, which in

the end determines the flux of Ca2+ to mitochondria. This illustrates the complex regulation of mi-

tochondrial function at the MAM; just measuring the distance between ER and mitochondria is not

enough to determine the effect of a tether in ER-mitochondria communication. On the other hand,

TMX1 has the opposite effect to Mfn2, since it increases ER-mitochondria contacts, Ca2+ flux, and

mitochondrial respiration. Nevertheless, both TMX1 and Mfn2 reduce ER Ca2+ content. Accord-

ing to the findings in CNX knockout cells, ER Ca2+ content is a key variable for Ca2+ flux, and it

can be even more important than ER-mitochondria distance. Yet, TMX1 reduces ER Ca2+ content,

and at the same time increases Ca2+ transfer to mitochondria. In addition, TMX1 not only improves

Ca2+ flux to mitochondria, it also increases Ca2+ release to the cytoplasm. So the increase in Ca2+

flux is not explained exclusively through the increased ER-mitochondria contacts; the release of Ca2+

from the ER is increased globally, not only in the ER-mitochondria interface. Together, this suggests

that TMX1 could activate ER Ca2+ release channels, possibly IP3R, in addition to the inhibition of

SERCA. One option is that TMX1 activates Ero1α, which oxidizes IP3R increasing the release of

Ca2+ [72,164]. Future experiments will be required to explore if and how TMX1 activates IP3R.

6.3 Keeping the balance between calcium flux, contact formation,

and metabolism in a dynamic ER-mitochondria interaction

There is a close relation between ER chaperones and oxidoreductases, and the MAM function. This

relation is notably shown during ER stress, where the coordinated regulation and reorganization of

chaperones and oxidoreductases modulate protein folding, Ca2+ signalling and mitochondrial func-

tion. As a result, folding capacity is augmented, and Ca2+ flux to mitochondria and mitochondrial

metabolism are increased, which provides energy to cope with the stress [263]. The present work

provides new insights about the role of ER proteins in the control of MAM function. How does this

new knowledge fit with the regulation of MAM function during ER stress? During ER stress, CNX
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is depalmitoylated, moves away from the MAM, and engages in protein folding [114]. In terms of

Ca2+ signalling regulation, the result is a phenotype similar to CNX knockout cells: the activatory

effect on SERCA is released, resulting in a reduction of ER Ca2+. In addition, the loss of CNX also

results in more ER-mitochondria contacts, probably by increasing Ca2+ levels in the proximity of the

ER. Thus, during ER stress, CNX movement away from the MAM could be one of the main drivers

of ER-mitochondria proximity. Nevertheless, CNX knockout cells also have reduced mitochondrial

Ca2+ and respiration, the opposite of what is observed in ER stressed cells. The discrepancy between

increased ER-mitochondria contacts and reduced Ca2+ flux is most likely a consequence of the ER

Ca2+ depletion, resulting from the loss of SERCA activity when CNX leaves the MAM. CNX might

be important for the maintenance of mitochondrial function during non-stressed conditions, but it

cannot explain the improved mitochondrial metabolism observed in stressed cells by itself. Similar

to CNX, TMX1 MAM targeting also requires palmitoylation. But it is not known if TMX1 palmi-

toylation is also removed during ER stress. Thus, any change in TMX1 function during ER stress

attributed to its MAM localization is just speculation. However, it has been shown that the interac-

tion between CNX and TMX1 is increased during ER stress, and both increase their folding activity

[136]. So it is possible that during ER stress both CNX and TMX1 move away from the MAM

and stop exerting their regulatory effect on SERCA. Assuming that TMX1 is also depalmitoylated

during ER stress and behaves similar to TMX1 knockout, the main result would be the release of

its inhibitory effect on SERCA. This fits with previous reports indicating that SERCA is more ac-

tive during ER stress [280]. In the context of ER stress activation, this would balance the ER Ca2+

depletion resulting from the depalmitoylation of CNX, and could help maintain the ER Ca2+ stores

required for Ca2+ flux to mitochondria. Otherwise, TMX1 depalmitoylation does not completely fit

with the phenotype observed during ER stress. Unsurprisingly, loss of Mfn2 is the condition that fits

the ER stress phenotype better, since Mfn2 knockout cells actually have ER stress. Accordingly, it

provides insight into two key pieces for MAM regulation during ER stress: PERK and Ero1. Both

are required for some of the metabolic changes observed in Mfn2 knockout cells. In addition, PERK

activity is also required for their increased ER-mitochondria contacts. PERK activation and tethering
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has been described previously during ER stress [237], as well as Ero1α expression, ROS production

and IP3R activation [72,165]. This suggests that PERK and Ero1α engagement in metabolic and

MAM regulation could be a general ER stress function, and not a specific regulation by Mfn2.

Taken together, our results suggest that MAM regulation during ER stress would proceed as fol-

lows: CNX and TMX1 are depalmitoylated and move away from the MAM, and they stop regulating

SERCA and switch to protein folding duties. PERK, usually inactive and distributed throughout the

ER, is activated and moves to the MAM. This would result in ER-mitochondria tethering by PERK,

increasing ER-mitochondria contacts and Ca2+ flux. Preliminary data also suggest that Ero1α in-

teracts with PERK and moves towards the MAM, where it could potentially activate IP3R in the

ER-mitochondria interface further increasing Ca2+ flux (Figure 6.1). Nevertheless, there are some

points that need to be clarified. The interaction between PERK and Ero1α and movement to the

MAM during ER stress could be demonstrated with a combination of co-immunoprecipitation and

cellular fractionation in ER stressed cells. The interaction and movement of Ero1β during ER stress

should also be explored in a similar way. Ero1β expression is increased during ER stress and could

play an important role in the adaptive response to ER stress [277]. The participation of Ero1α and

PERK in the increased ER-mitochondria contacts and mitochondrial metabolism observed during ER

stress is also unclear. This can be explored using the characterization described in this thesis: cellular

ATP levels, mitochondrial respiration, mitochondrial potential, mitochondrial ATP, glycolytic flux

and ER-mitochondria distance using electron microscopy in ER stressed cells; the participation of

Ero1α and PERK can be demonstrated with the use of specific drug inhibitors, in addition to molec-

ular tools like knock down and knockout cells. Finally, the effect of CNX and TMX1 on SERCA

activity in an ER stress context is not completely clear. What is the net effect on SERCA activity if

both CNX and TMX1 stop exerting their regulatory action during ER stress? Previous reports show

that ER stress results in the depletion of ER Ca2+ stores, in part attributed to increased ER Ca2+ leak

[119], while SERCA activity is increased [280]. This suggests that the combination of effects results

in SERCA activation. The novel findings about SERCA regulation by TMX1, CNX, and redox mod-

ifications gained in this thesis could help clarify the molecular events that regulate SERCA during ER
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stress. SERCA activity could be measured in cells under ER stress, and the effect of TMX1, CNX,

NOX4 and Ero1 could be evaluated with a combination of molecular tools and chemical inhibitors.

Changes in SERCA oxidation should also be measured during ER stress, using similar strategies to

evaluate the role of TMX1, CNX, NOX4 and Ero1; and the effects of redox modifications on spe-

cific SERCA cysteines can be evaluated using different SERCA mutants with changes on critical

cysteines. This would advance the understanding of the adaptations on metabolism, Ca2+ signalling

and ER-mitochondria contacts during ER stress, and how ER chaperones and oxidoreductases par-

ticipate in the process.

6.4 Conclusion

Our understanding of Mitochondria-Associated Membranes and ER-mitochondria contacts has ex-

panded greatly since the first electron microscopy observations in the 50s. A series of important

findings over the years have uncovered the function of these contacts in the cell: Ca2+ regulation of

mitochondrial respiration and apoptosis, lipid and Ca2+ transfer from ER to mitochondria, and the

identification of MAM tethers, spacers and regulatory proteins. This thesis focused on ER chaper-

ones and oxidoreductases, a diverse group of proteins responsible for the folding of newly synthesized

proteins in the ER. They also have an important presence in the MAM, and play a critical role in the

regulation of MAM function. Our findings highlight several properties of MAM regulation by these

ER proteins: they integrate oxidative modifications, Ca2+ signalling, and ER-mitochondria distance

to finely tune mitochondrial function; they can dynamically move in or out of the MAM to adapt its

function to environmental conditions; and they can regulate more that one signalling mechanism at

the same time. In addition, these ER chaperones and oxidoreductases interact and trigger feedback

loops, showing how the regulation of MAM is the result of the combination of several Ca2+ channels,

tethers, spacers and regulators. Together, they sense cellular energy requirements, stress, growth,

and other cues in a complex MAM regulatory network. MAM deregulation has been implicated in

many human conditions and diseases, like aging [281], cancer [282], neurodegeneration [283], dia-
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betes [284] and immune responses [285]. Understanding how MAM is regulated and the intricacies

of ER-mitochondria communication can help to explain the origin of these diseases, and potentially

design better treatments.
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