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Abstract

The heart requires an uninterrupted supply of fuels to sustain its
physiological function. Fatty acids are the predominant substrates and
endogenous triglyceride turnover contributes significantly to fatty acid oxidation.
Lipins are cytosolic, bifunctional enzymes involved in both glycerolipid synthesis
and fatty acid oxidation. All three mammalian lipins (lipin-1, -2 and -3) function as
phosphatidate phosphatases (PAP) in glycerolipid synthesis. Lipin-1 also acts as
a transcriptional co-activator with peroxisome proliferator-activated receptor-a
(PPARa) and PPARYy co-activator-1a (PGC-1a) to upregulate genes involved in
hepatic fatty acid oxidation. We demonstrated that the fatty acid, oleate,
stimulates the translocation of cytosolic lipin-1 and -2 onto membranes. Less-
phosphorylated forms of lipins associated with membranes preferentially
compared to hyperphosphorylated lipins. We showed preliminary evidence that
lipin-1B can interact with the protein phosphatase-1y catalytic subunit, which
could mediate lipin dephosphorylation and promote membrane binding. We also
showed that the gene expressions of the lipins are upregulated in neonatal rat
ventricular myocytes by glucocorticoid- and cAMP-dependent signalling, which is
reflective of fasting, whereas insulin acts antagonistically. The predominant lipin
isoform in the heart is lipin-1 and we showed that lipin-1 deficient (fatty liver
dystrophy, fld) mice had impaired systolic function. However, lipin-1 deficiency
does not impair glycerolipid synthesis in perfused working hearts. Thus, lipin-2
and -3 in the heart are sufficient to sustain physiological activity. Furthermore, we
demonstrated that only a small proportion of the cytosolic PAP activity is required
for glycerolipid synthesis in cardiomyocytes. However, there was an aberrant

accumulation of newly synthesized phosphatidate in fld hearts, accompanied by



hyper-activation of the mammalian target of rapamycin complex 1 (mMTORC1)
pathway and increased endoplasmic reticulum stress response. We conclude
that the cardiac dysfunction in fld mice stems from systemic effects of whole-
body lipin-1 deficiency, the accumulation of phosphatidate and increased stress
response. Overall, our studies have delineated the regulation of cardiac lipins
and we have shown that the presence of three lipin isoforms can sustain cardiac
glycerolipid synthesis. Finally, the interaction of lipin-1 with protein phosphatase
1y provides an avenue to determining how its subcellular localization and thus,

physiological actions are regulated.



Acknowledgments
To begin with, | would like to acknowledge my family and the support they
have always given me throughout my endeavours in school, university and life. |
am thankful for the bonds we share and all that we have experienced together. |
would also like to thank Nancy for always knowing what to say and do, and for

making this little corner of existence a better place.

I would like to thank Dave for all that he has done for me these past six
years. Research can be difficult and challenging but it has been a stimulating and
rewarding experience and | am thankful that you were always there to support
and advise me. | will always remember the wonderful times in this lab because of
all the characters with whom | have shared my time. Thanks to Jay, Mel, Sabina,
Carlos, Nasser, Le, Vitali, Chif, Cris, Bori, Dora, Raie, Ganesh, Matthew, Daniel,
Meghan, Kari, Tete, Hanna, Sachin and Betty (in order of seniority) for your
diverse personalities and lunchtime sessions. Life is never boring in the Brindley

[ab!

| would also like to thank my friends and colleagues in the department
and in this university who have made this experience one | will always remember:
Sammie, Tamara, Gina, Ply, Danny, Roshani, Richard, Denise, Luis, Rory,
Johnny, Mim, Emma, Kristen, Przemek, Delaine, Lorissa, Stacey, Adrienne,
Dennis, Jean, Rene, Laura, Vern, Jelske, Bill, Bella, Randy, Russ, Audric, Barb,
Kelly, Aruna, Asia, Allison, Helen, J.P., Sue-Ann, O.J., Andrea, Grant, Craig,
Pam, Vesna, Kathy, Huajin, Magnus, Hector, Angela, Charles, Stephen, Nobu,

Steve, lan, Samuel, Sandy, Wang, Nico, Ariel, Robin, Flora, Shannon, Tina, Ala,



Petra, Thomas, Suzy, Carrie, Jamie, Amy, Miranda, Anita, Debbie, Rachel,

Adrienne, Jo, Shannon, Luc, Charles, Steve and other members of the STRG.

Thanks to my committee members, Dr. Richard Lehner and Dr. Marek
Michalak, for your support and kindness. | would also like to extend my gratitude
and appreciation to Dr. Grant Hatch and Dr. Gary Lopaschuk for agreeing to
participate in my thesis defense. | would also like to acknowledge my friends for
always reminding how long I've spent in grad school and for fun times in general:
Edda, Chris, Thye, Justin, Pate, BoJo, Brian, Habeeb, Henri, Joey, McHugh and
others. Finally, | would like to acknowledge the collaborators who have made this
work possible: Dr. Jason Dyck, Dr. Charles Holmes, Dr. Thurl Harris, Dr. Karen
Reue, Dr. Zemin Yao, Tamara Arnold, Dr. Petra Kienesberger, Grant Masson,
Donna Beker, Sandra Kelly, Suzanne Kovacic, Carrie-Lynn Soltys, Amy Barr and

Brandi Sidlick.



Table of Contents

CHAPTER 1 — INTRODUCTION .....coiiiiiiiiiiiiiiiieee e
1.1 Cardiac fuel utilization and its regulation ...............
1.1.1 Fuel demand and usage in the heart. ...........
1.1.2 Type 2 diabetes and cardiovascular disease

1.1.3 Regulation of fatty acid supply and entry......

1.1.4 Cardiac fatty acid uptake in the diabetic state ...................

1.1.5 Fate of fatty acids upon cardiomyocyte entry
1.1.6 Fatty acid oxidation in the diabetic heart ......

1.2 The glycerolipid biosynthetic pathway ...................

1.2.1 From the acylation of glycerol 3-phosphate to the

formation of triacylglycerol..............cccoeeiiiiii.
1.2.2 Lipid accumulation in diabetes .....................
1.3 Hydrolysis of cardiac triacylglycerol stores...........
1.3.1 Lipases inthe heart............cccuvvvvviiiiiiiiinnnnnns

1.3.2 Cardiac lipolysis in the diabetic state............

1.4 Lipins: Phosphatidate phosphatases and transcriptional

(E=To U T =) (0] SRR

1.4.1 Introduction and a historical perspective ......

1.4.2 The fatty liver dystrophy (fld) mice and the subsequent

discovery of the lipins.........ccccooeeei i,

1.4.3 The involvement of lipins in glycerolipid synthesis through

their phosphatidate phosphatase activities............

1.4.4 The roles of PAP activity in yeast and plants

13

15

15

19

21

21

24

25

25

28

31

31



1.4.5 Domain structure of the phosphatidate phosphatase

ENZYMIES ..ottt ettt ettt ettt e et e et e ettt neeas
1.4.6 Regulation of phosphatidate phosphatase activity..............
1.4.7 Lipins as transcriptional regulators ...................evvvveeeiennnnn.

1.4.8 Lipin-deficient and transgenic overexpressing mouse

1.4.9 Lipins: Redundancy, compensation and selective
FUNCLIONS ...
1.4.10 Known and putative roles of lipins in lipid signalling ........
1.5 Regulation of lipin compartmentalization and expression.........
1.5.1 Lipins and their subcellular localization .............c...............
1.5.2 Transcriptional regulation of the lipins .............ccccceeeeenee.

1.6 TheSiS ODJECTIVES ...ouue e

CHAPTER 2 — MATERIALS AND METHODS ........cooiiiiiiiieeeeeeiiin,
2.1 REAGENTS .ottt e eeaaas
2.2 Phosphatidate phosphatase enzymatic assay .........cccccceevvvevennns
2.2.1 INErOAUCHION ...
2.2.2 Preparation of the [*H]phosphatidate substrate..................
2.2.3 Measurement of activity using radiolabelled
phosphatidate ...
2.3 The non-radioactive detection of phosphatidate phosphatase
= o L7 | Y
P2 5 R [ 1 1 0o [ Tox 1 o o T
2.3.2 Measurement of PAP activity by inorganic phosphate

release from phosphatidate..............oooooiiiiiii

33

34

36

39

41

42

44

45

49

53

56

57

58

58

58

61

63

63

64



2.4 Cell CUIUIE e
2.4.1 Primary neonatal rat ventricular myocytes...............cc.c..u.
2.4.2 Preparation of adult rat hepatocytes...........cccccceeiiiieinninnns
2.4.3 Mammalian cell INeS...........uiiiiiiiiii e
2.4.4 Adenoviral inoculation of cultured cells..............cccoeeeeee.
2.4.5 Plasmid propagation and site-directed mutagenesis .........
2.4.6 Transfection of cultured cells with plasmids......................
2.5 Detection of protein-protein interactions by immunofluorescent
ANTIDOAIES ..eeiieeec e
2.5.1 Detection of protein phosphatase 1y catalytic subunit
bound to the 96 well uClear® plate ............ccvvveviemiiiiiiinnnnnns
2.5.2 Interaction of recombinant lipin-1B overexpressed in human
embryonic kidney 293 cells with protein phosphatase 1y............
2.5.3 Protein dot blot for the normalization of recombinant
PrOtEIN EXPIrESSION. ...uuuiiiiiiiiiiiiiiii e
2.6 Measurement of MRNA levels.........ooiiiii
2.6.1 mRNA isolation and reverse transcription..........................
2.6.2 Quantitative real-time PCR...........cccooo i,
2.7 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and Western blot @analySiS...........uuuviiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeees
2.8 Measurement of lipin translocation onto membranes ................
2.8.1 In vitro translocation of lIPINS .........ccccoeiiiiiiiniiiiien
2.8.2 Separation of cytosol from cell ghosts using hypotonic

AIGItONIN IYSIS oot e

65

65

67

68

68

69

71

71

71

72

74

74

74

77

83

88

88

90



2.8.3 Determination of the extent of cell leakage using the
lactate dehydrogenase (LDH) assay ..........ccceeeeieeeevveiiiiiiiineeeenn,
2.9 Analysis of radiolabelled fatty acid and glycerol incorporation
INtO GlyCerolipidS . ...ccoviiiiiiiiieieeieeeee e
2.9.1 Treatment of cells with radiolabelled substrates.................
2.9.2 Thin layer chromatography of lipid extracts .......................
2.9.3 Quantification of total organic phosphate...........................
2.10 Analysis of functional and metabolic parameters in the hearts
Of fld @and CONTIol MICE .....oviiiiiiiiiiiiieeeee s
2.10.1 Animal care and breeding strategy .........ccoooeeeeeeeeeeeeeeeenn.
2.10.2 Non-invasive assessment of cardiac function and tissue
(o0 1= ox 1o o S
2.10.3 Serum glucose, fatty acids and triacylglycerol..................
2.10.4 Non-invasive blood pressure measurements...................
2.10.5 Ex vivo perfused working heart studies and measurements
of fatty acid and glucose metabolism .............ccccoeviiiiieiiiieeeniiinnn,
2.10.6 Incorporation of [*H]oleate and [**C]glucose into
glycerolipids and glycogen in perfused mouse hearts ................
2.10.7 Measurements of phospholipid and glycogen content in
fld and control hearts.............cevveeiiiiiiiiii e
2.10.8 Quantification of phosphatidate and triacylglycerol in fld and
CONEIOI NBAITS ....ceiiiiiiii e
2.10.9 Quantification of diacylglycerol and ceramides in fld and
CONEIOI NBAITS ...

D I Y = | 3 TP

90

91

91

92

93

93

93

94

96

97

97

101

104

105

106

107



CHAPTER 3 - INVESTIGATION OF THE TRANSLOCATION, PROTEIN
PHOSPHATASE INTERACTION AND CATALYTIC ACTIVITY OF THE
L P N S et aee
. L INtrOAUCTION . ..t
3.2 Regulation of the translocation of lipins from the cytosol onto
MEMDIANE ... oo
3.3 The effect of lipin mutations on its intrinsic PAP activity and
Protein iNtEraCtion ........uuiii i e
3.3.1 The Majeed mutation in lipin-1A and -2 and its effect on
PAP QCHVITY ..eeeiiiiiiiiiiiiiiiiiiiieieiee ettt
3.3.2 Interaction of lipin-1B with protein phosphatase-1y and the
effects of mutating the putative interaction motif.........................

I B ET o U1 o] o H

CHAPTER 4 — REGULATION OF LIPIN EXPRESSION IN NEONATAL
RAT VENTRICULAR MYOCYTES AND THE EFFECTS ON
GLYCEROLIPID BIOSYNTHESIS ..ottt
4.1 INErOAUCTION ..t
4.2 Hormonal regulation of cardiac gene expression .......c...cccee......
4.2.1 Hormonal regulation of PAP activity and lipin expression in
neonatal rat ventricular myocytes (NRVMS) ........ccoeevvviiiiiennnnnn.
4.2.2 The effect of dexamethasone, CPT-cAMP and insulin on
Ppargcla and Ppara expression in NRVMS ............cccvvvieeenennn.

4.2.3 Regulation of Lpin2 and Lpin3 expression in NRVMs........

108

109

109

115

115

118

130

133

134

134

134

138

140



4.3 The effect of fasting on gene expression and PAP activity in fld

and CONErol NEAITS .....cociiiiiii e 142

4.4 The effect of changing lipin levels on glycerolipid synthesis in

neonatal rat ventricular MyoCytes.........cooviiiiiiiiiiiiiiiee e 148
4.4. 1 INrOTUCTION .ottt 148
4.4.2 Glycerolipid synthesis in NRVMs with decreased lipin-1
(01 £=27S1 (o] o S 149
4.4.3 The effect of increased lipin-1 and -2 expression on
glycerolipid synthesis in NRVMS ...........ccccceeiiiiiiiiiiiiiiiic e 151
4.4.4 Translocation of PAP activity onto membranes in
NRVMS e 153

A5 DS CUS SION ettt 155

CHAPTER 5 — THE CONSEQUENCES OF WHOLE BODY LIPIN-1
DEFICIENCY ON CARDIAC FUNCTION AND METABOLISM............. 168
LT R [} Ao Yo [UTe3 (o Y o FO TR 169

5.2 Characterization of lipins and PAP and LPP activities in fld

NEAITS . 170
5.3 Decreased cardiac function in fld mice in Vivo ...........cccceevvvnnenn. 173
5.4 Metabolic gene and protein expression profiles in fld hearts .... 177

5.5 Cardiac function and metabolism in ex vivo perfused working
hearts Of fld MICe........ooiiiiiii e 183
5.6 Examination of the downstream signalling effects of aberrant
phosphatidate accumulation ...........ccccccvviiiiiiiiieee 190

A B ET o1 U E=3-T 1] o H T 192



CHAPTER 6 — GENERAL DISCUSSION AND FUTURE
DIRECTIONS ...,

BIBLIOGRAPHY ... e

APPENDIX | — OPTIMIZATION OF THE PHOSPHATIDATE
PHOSPHATASE ACTIVITY IN FLD HEARTS AND THE
DEVELOPMENT OF THE MALACHITE GREEN-BASED
PHOSPHATIDATE PHOSPHATASE ASSAY ...
N 1911 Yo [ o 1o ) o [P
2 Effects of different polyvalent cations and Tween-20 on PAP
activity in fld hearts ...,
3 Effects of Mg** concentrations, pH and substrate presentation
on PAP activity in fld hearts..........cccoooooiiiiiiin
4 Developing a non-radioactive method to measure PAP
activity: using malachite green to detect phosphate release from
PhOSPNALIALE ......eeeiiiiiiiii

D DISCUSSION .vieii ittt ettt e e et e e et et e e e e e e e s eareaeees

201

212

248

249

249

254

258

263



List of Tables

PAGE
Table 2.1 Primer sequences of mouse genes probed in RT-PCR
BISSAYS ettt iaeitt ettt et et et e e e et e et e b e et et e et eba e e e et aaaraans 79
Table 2.2 Primer sequences of rat genes probed in RT-PCR assays ... 82
Table 2.3 Primary antibodies used in Western blot analysis .................. 86
Table 5.1 Serum profile and blood pressure measurements in 19- to 23-
week-old fld (n = 4-8) and control (N =5-9) MiCe......ccccevveevviiiiiiiiieeeee, 171
Table 5.2 Measurements of cardiac dimensions and in vivo cardiac
function analyzed from transthoracic echocardiographies of 19- to
23-week-old fld (n = 7) and control (n = 8) mice as well as 10-week-old
fld (N =8) and control (N = 7) MICE ... 175
Table 5.3 Cardiac function of ex vivo perfused hearts from 19- to 23-
week-old fld (n = 5) and control (nh = 5) mice over the 30 min perfusion
period with radiolabelled glucose and FA ............cooovviiiiiiiiiiiiiiiiiiiiiiiinns 184

Appendix
Table 1 Detection of different phosphate-containing compounds using

molybdate and malachite green.........cc..oooovviiiiiii e, 261



List of Figures

PAGE
Figure 1.1 FA supply and uptake in the cardiomyocyte.......................... 6
Figure 1.2 FA transport into mitochondria and energy output from
0D ([0 F= 11T o PR 11
Figure 1.3 The Kennedy pathway for glycerolipid synthesis................... 16
Figure 1.4 TG hydrolysis from lipid droplets..........ccccooevviiviiiiiiiiieeeereennn, 21
Figure 1.5 Schematic representation and sequence alignment of mouse
7o TS0 ] (0] 1 .11 30
Figure 1.6 Lipin-1 as a transcriptional regulator...............cccooeeeeeeeeeeeeen. 37
Figure 1.7 Regulation of the subcellular localization of the lipins ........... 47
Figure 1.8 Transcriptional regulatory sites on the LPIN1 (human)/Lpinl
(MOUSE) GENE ...ttt ennnnnne 50
Figure 2.1 Schematic representation of a setup used for the working
mouse heart perfusion Method ... 99

Figure 2.2 Two-dimensional TLC of lipids from a cardiac sample .......... 103



Figure 3.1 Translocation of PAP activity from the cytosol to membranes

in rat hepatocytes and cell-free rat liver homogenates................cccceeee 111

Figure 3.2 Translocation of endogenous PAP activity from rat adipose
cytosol or recombinant lipin constructs from HEK 293 cell extracts to

rat liver microsomal MeMBIaNES......c.ovuiieii e 114

Figure 3.3 The Majeed mutation affects the phosphatidate phosphatase

(PAP) activity Of IPINS.......iiiiiieeieeee e 116

Figure 3.4 Sequence alignment and secondary structure prediction of the
N-termini of Mus musculus lipins and the Saccharomyces

Cerevisiae lPiN ... ... 119

Figure 3.5 Interaction of lipin-1 with protein phosphatase 1y bound to the

96 Well HCIear® Plate ...........eveeviieiiiiiiiiiiiiiiiiiiieieiieeeieee e eeeeenennnes 121

Figure 3.6 Quantification of recombinant lipin-1B proteins using a protein

(0 [0 S o] (o | KT 123

Figure 3.7 Western blot and PAP activity of recombinant lipin-1B

PIOTEINS ...ttt 124



Figure 3.8 Interaction of lipin-1 wildtype and HARA mutant with protein
phosphatase 1y bound to the 96 well uClear® plate detected using

ANL-FLAG ANtIDOTIES .....ceeiee et e e

Figure 3.9 Interaction of lipin-1 wildtype and HARA mutant with protein
phosphatase 1y bound to the 96 well uClear® plate detected using

anti-lipin-1 C-terminus antibOdies .............evvvviiiiiiiiiiiiiiie

Figure 3.10 The effect of microcystin-LR on the interaction of protein

phosphatase 1y with recombinant lipin-1B wildtype .........ccccccooeieiirieines

Figure 4.1 Treatment of neonatal rat ventricular myocytes (NRVMs) with
different compounds and their effects on PAP activity and lipin-1

28122753 o] o

Figure 4.2 The effect of various combinations of hormones and CPT-
cAMP on the expression of Lpinl and Ppargcla in neonatal rat

ventricular myocytes (NRVIMS) ......oooiiiiiiiii i

Figure 4.3 The effect of various compounds on the expression of Ppara

and Cptlb in neonatal rat ventricular myocytes (NRVMS)..........cccceeeenn.

Figure 4.4 The effect of various combinations of hormones and CPT-
cAMP on the gene expression of the lipins in neonatal rat ventricular

MYOCYLES (NRVMS) ...ttt e e

126

127

129

135

137

139

141



Figure 4.5 Effect of fasting for 12 h on gene expression in lipin-1

deficient fld (fatty liver dystrophy) and control mice................ccccovvvnnnnn.

Figure 4.6 Effect of fasting for 24 h on gene expression in

(o70] 011 (0] I 0 11107 IO

Figure 4.7 Effect of fasting on PAP activity and lipin expression in fld

and control IVers and NEAIS. .......ouvinii e

Figure 4.8 The effect of knocking down lipin-1 on the rate of glycerolipid

synthesis in neonatal rat ventricular myocytes (NRVMS)...........ccccueeen.

Figure 4.9 The rate of glycerolipid synthesis from glycerol and oleate in

neonatal rat ventricular myocytes (NRVMs) expressing recombinant

HPIN-1 AN =2t

Figure 4.10 Translocation of PAP activity in neonatal rat ventricular

myocytes (NRVMSs) stimulated by oleate ..........cccceeeeeiiiiiiiiiini,

Figure 5.1 Expression and activity of lipins in control and fld hearts.......

Figure 5.2 mRNA expression for various proteins involved in cardiac

MetaboliSm and FUNCHION ....... o

Figure 5.3 Phospho- and endogenous protein levels in fld and control

BT oo

143

145

147

150

152

154

172

178

180



Figure 5.4 Protein expression of enzymes involved in FA metabolism...

Figure 5.5 Glucose oxidation and incorporation into glycogen in ex vivo

working perfused fld and control hearts ............ooieiiiiieiiiiiiieeeees

Figure 5.6 Oleate oxidation and accumulation in glycerolipids in fld and

(70 ] 011 {01l g[S T £

Figure 5.7 Diacylglycerol and ceramide levels in fld and control hearts .

Figure 5.8 mTOR-p70S6 kinase signalling in fld and control hearts.......

Appendix
Figure 1 Effect of different cations on phosphatidate phosphatase (PAP)

activities in the hearts of lipin-1 deficient (fld) and control mice..............

Figure 2 Effect of Tween-20 on phosphatidate phosphatase (PAP)
activities in the hearts of lipin-1 deficient (fld) and control mice as well as

in neonatal rat ventricular myocytes (NRVMS) .........cccvvvviiiiiiiiiiiiiinnnne,

Figure 3 Effect of Mg”* on PAP activities in lipin-1 deficient (fld) and
control mice and proportionality of the PAP assay using phosphatidate

and phosphatidylcholine mixed lipOSOMES ..........cooviiiiiiiiiii i,

182

186

188

189

191

250

253

255



Figure 4 Effect of Mg®* on PAP activities in lipin-1 deficient (fld) and

control mice and proportionality of the PAP assay using phosphatidate

and Triton X-100 mixed MICEIlES. ..........evvrririiiiiiiiiiiiiieeieeeeeee 257
Figure 5 Measurement of phosphate release from phosphatidate using

MAlACKILE QIrEEN ... ..o e e 262



CHAPTER 1

INTRODUCTION



1.1 Cardiac fuel utilization and its regulation
1.1.1 Fuel demand and usage in the heart

On average, the human heart completes 60 — 80 cardiac cycles per
minute. With a life expectancy of 78 years, the heart will potentially beat 2.9
billion times in an average lifetime. The continuous pumping of blood driven by
the heart throughout the circulatory system is required to sustain a delivery
system whereby substrates and oxygen can reach other organs in the body.
Carbon dioxide is then transported through pulmonary circulation and expelled
through the lungs, and other metabolites are channelled for disposal through the
liver and kidneys. It is clear that the proper functioning of the heart is essential,
and this is highlighted by the morbidities and mortalities linked to the
development of heart failure and cardiovascular disease. This continual work
performed by the heart can only be sustained by a constant, uninterrupted supply

and oxidation of fuels.

The heart is an “omnivorous” organ that can utilize various substrates
such as fatty acids (FAs), glucose, ketone bodies, amino acids and lactate to
meet its energy demand (1, 2). Out of these substrates, cardiac ATP production
is largely dependent on FA oxidation (FAO) with 50 — 75% of ATP produced from
FAs and the majority of the remaining ATP derived from glycolysis and glucose
oxidation (1, 2). The utilization of FA versus glucose is tightly regulated with
preference for one substrate over the other depending on substrate supply,

diurnal variations and fed/fasted states.

Studies in the 1960s up to the last decade have delineated the

coordinated regulation of FA versus glucose oxidation in muscle (3-9). When FA

2



supply is abundant, e.g. during fasting, glycolysis and glucose oxidation are
inhibited due to the production of high energy molecules from FAO such as
nicotinamide adenine dinucleotide (NADH) and adenosine triphosphate (ATP) (2,
3, 10, 11). Phosphofructokinase, which catalyzes the essentially irreversible step
in glycolysis, is inhibited by high levels of ATP and citrate (12, 13). Pyruvate
dehydrogenase, which acts as the bridge between glycolysis and the tricarboxylic
acid (TCA) cycle, is phosphorylated and inhibited when pyruvate dehydrogenase

kinase is activated by high levels of acetyl-CoA and NADH (14, 15).

Conversely, high levels of glycolysis can lead to the inhibition of carnitine
palmitoyltransferase | (CPT 1), which is a principal enzyme involved in controlling
the rate of FAO by regulating FA entry into mitochondria. Pyruvate formed during
glycolysis is converted to acetyl-CoA by pyruvate dehydrogenase in the
mitochondrial matrix. Acetyl-CoA formed in this manner is more easily
transported to the cytosol by carnitine acetyltransferase than acetyl-CoA formed
during B-oxidation (16). Cytosolic acetyl-CoA carboxylase (ACC) then catalyzes
the formation of malonyl-CoA from acetyl-CoA, and malonyl-CoA allosterically
inhibits CPT | activity (6, 9, 17). Thus, increased ACC activity and malonyl-CoA
levels limit the rate of mitochondrial FA entry mediated by CPT | when the heart

is in the fed state and glycolysis is stimulated (8, 9, 18).

Malonyl-CoA can be converted back to acetyl-CoA by malonyl-CoA
decarboxylase (MCD) (7, 19). Of note, malonyl-CoA decarboxylase expression is
increased during conditions where FA supply is increased such as diabetes or
fasting in a peroxisome proliferator-activated receptor-a-(PPARa) dependent
manner (20-23). Furthermore, acetyl-CoA carboxylase itself can be inhibited by

3



AMP-activated protein kinase in energy-depleted conditions, thus enabling
increased rates of mitochondrial FA entry through CPT | (24, 25). After taking all
these factors into consideration, it is clear that the ratio of acetyl-CoA to malonyl-
CoA serves as another critical regulatory juncture in determining the balance

between FA and glucose utilization.

The absolute requirement for a continual supply of ATP in the heart is
accomplished by the flexible usage of different substrates. Furthermore, the
balance between FA and glucose catabolism is reliant upon a series of intricately
linked counter-regulatory steps. In essence, the entry and utilization of the
predominant fuel supply in the cardiomyocyte can dynamically shift the activation
profile of its metabolic enzymes. The heart is able to perform optimally by
maintaining this metabolic flexibility. Unfortunately, this level of functionality is

severely perturbed in diseases such as diabetes.

1.1.2 Type 2 diabetes and cardiovascular disease

The incidence of type 2 diabetes has increased in a modern society faced
with a rise in the rates of obesity and food consumption coupled to a decline in
physical activity and an increasingly aging population. In conjunction with Type 2
diabetes, there is an increased risk of developing cardiovascular disease and
stroke when a common set of co-morbidities including upper body obesity, insulin
resistance, dyslipidemia and hypertension are present in a condition called the
Metabolic Syndrome (26, 27). Increased awareness and treatment of the factors
leading to the occurrence of cardiovascular disease has resulted in a decrease in
rates of heart disease in both Canada and the USA (28, 29). However,

cardiovascular disease still remains the number one cause of death in both

4



countries. Furthermore, the incidence of non insulin-dependent diabetes mellitus
(NIDDM) in the North American and other populations has not slowed even with

the rise in public awareness (30, 31).

Strikingly, a large proportion of diabetic patients develop cardiovascular
disease (32, 33). Moreover, patients diagnosed with diabetes are 2-4 times more
likely to develop coronary artery disease, heart failure or diabetic cardiomyopathy
(33-35). One important parameter of healthy cardiac function is the dynamic and
tightly regulated process of fuel metabolism in the heart, especially that of FA
metabolism. There is an exclusive and aberrant dependence on FAs in the
absence of insulin action and the relative inability to utilize glucose in the diabetic
heart. The processes of FA uptake, oxidation and storage as well as the
detrimental changes driven by the diabetic state will be examined in the following

sections.

1.1.3 Regulation of fatty acid supply and entry

In order to fully appreciate the mechanisms underlying the metabolism of
FAs in the heart and the consequences thereof, one must first comprehend the
means by which the heart is supplied by FAs. Cardiac utilization of FAs is reliant
on plasma FAs and the hydrolysis of triacylglycerol (TG) derived from lipoprotein

particles as well as the rate of substrate entry (Figure 1.1) (36-38).
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Figure 1.1 FA supply and uptake in the cardiomyocyte. Triacylglycerol
contained in circulating apoB48-containing (chylomicrons) and apoB100-
containing (very low density lipoprotein) particles are hydrolyzed by an active
dimer of lipoprotein lipase (LPL) anchored to the lumenal side of endothelial cells
lining the Dblood vessel by heparan sulfate proteoglycans and
glycosylphosphatidylinositol anchored high density lipoprotein binding protein 1
(GPIHBP1). The fatty acids are taken up by the endothelial cells and converted to
acyl-CoAs before esterification to triacylglycerol or transported by fatty acid
binding proteins. Triacylglycerol is subsequently hydrolyzed and the non-
esterified fatty acids are released from the endothelial cells into the sub-
endothelial space. The fatty acids (FAs) cross the sub-endothelial space and
enter the cardiomyocyte through facilitated transport by CD36 as well as plasma
membrane-localized fatty acid binding protein (FABPpm) and fatty acid transport
protein 1 (FATP1). FATPL1 is also an acyl-CoA synthetase and can convert FAs
to acyl-CoA esters, which are bound to acyl-CoA binding proteins (ACBP) in the
cytosol. CD36 is not permanently localized to the plasma membrane and can
cycle into endocytic vesicles. FAs are bound to cytosolic fatty acid binding protein
(FABPc) and are activated to acyl-CoA esters by different isoforms of long chain
acyl-CoA synthetases (ACSLs), including FATP, at the mitochondrial or
endoplasmic reticulum membranes before entry into the oxidative or biosynthetic
pathways.



The hydrolysis of TG stores from adipose tissue provides a large
proportion of plasma FAs, which are transported bound to albumin. FA supply to
the heart is also derived from the hydrolysis of TG in circulating lipoprotein
particles like chylomicrons and very low density lipoprotein particles (VLDL).
Chylomicron formation in enterocytes mainly in the jejunum occurs post-
prandially whereby exogenously derived TG (80-90%) and a small proportion of
free and esterified cholesterol (5-10%) are packaged with apolipoproteins
including apolipoprotein B48 (39-42). Chylomicrons are then secreted into the
mesenteric lymph and enter the vasculature through the thoracic duct (39-41).
VLDLs are mainly secreted from hepatocytes and each VLDL particle contains
one apolipoprotein B100 while consisting of approximately 40-60% TG and 20-
30% cholesterol (free and esterified) (40, 42). TG in VLDL particles consist
mainly of endogenously derived FAs, e.g. from adipose tissue lipolysis (40), with
some contribution from dietary FAs post-prandially (43). The cardiac uptake and
utilization of TG-derived FAs from VLDLs and chylomicrons depends on

lipoprotein lipase (LPL) action (Figure 1.1) (38, 44, 45).

LPL is synthesized in the cardiomyocytes (46) and secreted as an active
dimer to the lumenal side of the endothelial vessel wall through the action of
glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1
(GPIHBP1) (47-49). Glycosylphosphatidylinositol-anchored LPL (GPI-LPL)
directly expressed on the surface of cardiomyocytes can also facilitate lipid
uptake (50). The authors proposed that increased FA entry is mediated by GPI-
LPL action on partially hydrolyzed lipoprotein particles that exited the vasculature

and entered the subendothelial space. It should also be noted that the hydrolysis



of lipoprotein TG by LPL as well as the transport of LPL to the capillary lumen

appears to be partly mediated by the VLDL receptor (51-53).

Besides the utilization of FA hydrolyzed from TG in lipoprotein patrticles,
cardiac FA supply also depends on the uptake of plasma albumin-bound FA by
membrane-localized FA transporters. These include CD36 (cluster of
differentiation 36) (54, 55), plasma membrane FA binding protein (FABPpm) (56),
and FA transport proteins, FATP1 and 6 (57) (Figure 1.1). The major transporter
of FA across the cardiomyocyte plasma membrane appears to be CD36 since
inhibition of CD36 decreases cardiac FA uptake by more than 50% (54, 58).
Furthermore, CD36 can be dynamically cycled between the plasma membrane
and intracellular compartments of cardiomyocytes depending on signals such as
insulin and/or contraction, unlike the other FA transporters (59). CD36 also
facilitates the uptake of FAs derived from VLDLs, but it does not appear to be
involved in FA uptake from chylomicrons (38). Although CD36 is thought to be
the major mode of cardiac FA uptake, forced overexpression of FATP1 in the
heart leads to increased FA uptake and metabolism (60), showing that the other

FA transporters could play significant roles in regulating cardiac FA supply.

The rate of FA uptake is also dictated by the intracellular flux of FA into
oxidative or biosynthetic pathways. Cytoplasmic FA binding protein (FABPCc),
acyl-CoA binding protein (ACBP) and long-chain fatty acyl-CoA synthetases,
including FATP1, can promote FA uptake by binding and directing FAs or acyl-
CoA to the mitochondria for oxidation or to the endoplasmic reticulum (ER) for
glycerolipid synthesis, thus reducing the intracellular FA concentration and
establishing an inward FA gradient (Figure 1.1) (61).
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1.1.4 Cardiac fatty acid uptake in the diabetic state

Fuel utilization in the heart is tightly regulated such that sustained
disruption in substrate supply and/or oxidation promotes various deleterious
phenotypes such as cardiac dysfunction, cardiomyopathies, reduced recovery
from ischemia and heart failure (11, 62-65). In obese, type Il diabetics, there is
increased lipolysis from adipose tissue stores leading to increased FA delivery
and accumulation in nhon-adipose tissues such as the liver and heart (66-72). The
lack of insulin action coupled to increased glucocorticoid secretion and signalling
can also stimulate apolipoprotein B production, VLDL secretion and
gluconeogenesis in the liver (66, 73, 74). Furthermore, large quantities of FAs in
the form of TG are secreted in chylomicrons due to excessive caloric intake and
often the consumption of a high fat diet. Therefore, the heart has a considerable
supply of FAs from the plasma in the diabetic state, either available in VLDL- and

chylomicron-derived TG or as non-esterified FAs bound to albumin.

The rate of cardiac FA uptake is also increased since both LPL activity
and CD36 expression are increased in diabetes and insulin resistance (75-80).
Besides increased expression in diabetes, CD36 localization to the sarcolemmal
membrane is also increased (81). Ultimately, increased FA supply and uptake
promote an increased rate of FAO (37, 82). Finally, cardiac glucose oxidation is
downregulated due to insulin resistance, and FAO is heavily favoured instead (1).

This will be explored in more detail in Section 1.1.6.

1.1.5 Fate of fatty acids upon cardiomyocyte entry
Once taken up by the cell, FAs are esterified to acyl-CoA by acyl-CoA
synthetases (ACSL) of which there are currently five known isoforms [reviewed in
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(83)]. The subcellular distribution of the ACSL isoforms is varied with localization
to the plasma membrane, mitochondria, endoplasmic reticulum and lipid droplets
depending on cell type (83). In the heart, ACSL1 appears to be the major isoform
since increases in ACSL activity during development in newborn mice is linked to
increases in Acsll transcript levels while Acsl3 expression is decreased (84).
Furthermore, the use of isoform-dependent inhibitors demonstrated the minor
contribution of the remaining isoforms (ACSL4, 5 and 6) to cardiac ACSL activity
as measured by an enzymatic assay using [*H]palmitate as the substrate (84).
Further evidence that ACSL1 plays a major role in the heart is emphasized by the
detrimental phenotype of ACSL1 deficient mice. Cardiac FAO is impaired in
these mice with compensatory increases in glucose and amino acid catabolism
(85). As a consequence, the hearts of these mice are hypertrophic and
dysfunctional (85). Although cardiac TG levels were unchanged in these mice,
further investigation has to be performed to determine if the rates of TG synthesis
and hydrolysis in these hearts are both decreased. This is important since
decreased TG hydrolysis can also contribute to decreased mitochondrial B-

oxidation (86-90).

Acyl-CoA esters are channeled towards oxidation or glycerolipid
synthesis. Approximately 75% of FAs entering the heart are oxidized immediately
in the mitochondrial matrix under normal conditions (82). The entry of FAs into
the mitochondria is controlled by CPT I, which converts acyl-CoA to acylcarnitine
(Figure 1.2) (1, 91). As mentioned previously in Section 1.1.1, CPT | can be
allosterically inhibited by malonyl-CoA and the levels of malonyl-CoA are

dependent on the activities of ACC and MCD (Figure 1.2) (6, 8, 17) (19, 92).
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Figure 1.2 FA transport into mitochondria and energy output from
B-oxidation. Acyl-CoA esters are converted to acylcarnitines by carnitine
palmitoyltransferase | (CPT [) at the outer mitochondrial membrane. CPT | is
inhibited by malonyl-CoA synthesized from acetyl-CoA through acetyl-CoA
carboxylase (ACC) when the heart is in the fed state and glycolysis is stimulated.
Malonyl-CoA decarboxylase (MCD) catalyzes the reverse reaction and can
relieve CPT I inhibition. Acylcarnitines are transported across the intermembrane
space by carnitine acylcarnitine translocase (CACT) where they are converted
back to acyl-CoA esters by CPT IIl. The acyl-CoA ester can then undergo [3-
oxidation with the end-products of 8 mol acetyl-CoA, 7 mol NADH and 7 mol
FADH, obtained from 1 mol palmitoyl-CoA. The entry of the 8 mol acetyl-CoA
moieties into the citric acid cycle produces 24 mol NADH, 8 mol FADH, and 8
mol GTP. Finally, the reducing equivalents provided by NADH and FADH, can
produce approximately 100 mol ATP through the electron transport chain from
the initial 1 mol palmitoyl-CoA based on a calculated theoretical yield of 2.5 mol
ATP from 1 mol NADH and 1.5 mol ATP from 1 mol FADH,.
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The acylcarnitine produced by CPT | is transported across the inner
mitochondrial membrane by carnitine:acylcarnitine translocase (CACT), followed
by its conversion back to acyl-CoA by CPT Il (Figure 1.2) (1, 91). In the
mitochondrial matrix, acyl-CoA is metabolized through [-oxidation, which
consists of the sequential actions of acyl-CoA dehydrogenase, enoyl-CoA
hydratase, L-3-hydroxylacyl-CoA dehydrogenase and 3-ketoacyl-CoA thiolase (1,
93). Each cycle results in the hydrolysis of 2 carbons from the acyl-CoA chain
and the production of acetyl-CoA, flavin adenine dinucleotide (FADH,) and NADH
(Figure 1.2). The enzymes 2,4-dienoyl-CoA reductase and enoyl-CoA isomerase
are also important for the conversion of cis double bonds in unsaturated FAs to
trans double bonds, which can then be acted upon by enoyl-CoA hydratase in the
B-oxidation cycle. Acetyl-CoA is further oxidized in the TCA cycle to yield more
FADH, and NADH, which are subsequently used to produce ATP through

oxidative phosphorylation (Figure 1.2).

The coordinated regulation of genes involved in FAO by the peroxisome
proliferator-activated receptors (PPARs) and PPAR y co-activator-1a (PGC-1q) is
also important in controlling cardiac FAO [reviewed in (65, 94-97)]. Of the three
PPAR isoforms, the role of PPARa in FAO has been the most extensively
studied. PPARa is a nuclear receptor that acts in conjunction with PGC-1a to
induce the expression of various genes including CD36, FATP1, FABP, MCD,
CPT1, medium-chain and long-chain acyl-CoA dehydrogenase with the net
outcome of increasing the cellular capacity for FAO (65, 98). Cardiac PPARa
activation can also promote the synthesis of cardiolipin (an essential
mitochondrial-enriched phospholipid), demonstrating the role of PPARa in
maintaining and/or promoting mitochondrial function (99). PGC-1a acts as a
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transcriptional co-activator with PPARa as previously mentioned. Furthermore,
another protein known as lipin-1 is required to act in combination with PGC-1a
and PPARa to induce PPARa target genes at least in the liver (100). Lipin-1 also
acts as a phosphatidate phosphatase in glycerolipid synthesis and this function
will be discussed in detail later.

PGC-1a can also bind to other nuclear receptors, e.g. estrogen-related
receptors and nuclear respiratory factors to induce mitochondrial biogenesis and
increase oxidative phosphorylation (94, 96). The importance of PPARa and PGC-
1a in cardiac metabolism and function is highlighted by studies in knockout
mouse models. Fasting-induced expression of PPARa target genes and rates of
FAO were blunted in PPARa knockout mice (23, 101, 102). Furthermore,
abnormal changes in mitochondrial architecture and the development of
myocardial fibrosis were observed in the PPARa null mice as they aged (101).
Predictably, mitochondrial gene expression, oxidative metabolism, response to
stimulation and exercise capacity are decreased in PGC-1a knockout mice (103-

105).

1.1.6 Fatty acid oxidation in the diabetic heart

As mentioned previously, diabetic hearts rely heavily on FAO for ATP
production (36, 63, 106). Increased consumption of oxygen is required to drive 3-
oxidation resulting in augmented levels of reactive oxygen species, which
eventually cause mitochondrial damage (1, 64, 107-111). Thus, this inflexible
dependence on one major substrate leads to decreases in cardiac mechanical
efficiency and power as well as reduced recovery from ischemia (11, 63, 112,
113). The detrimental effects of increased rates of FAO on cardiac function are
also demonstrated by studies on transgenic mice, which overexpress PPARa
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specifically in the heart. Similar to the phenotype of diabetic hearts, these mice
have an increased reliance on FAO concurrent with a decrease in glucose
oxidation resulting in cardiac dysfunction (114, 115). In contrast, the major
phenotype of transgenic mice with cardiac-specific overexpression of PGC-1a is
indicative of the role of PGC-1a in mitochondrial biogenesis. There is excessive
mitochondrial proliferation in the hearts of these mice, leading to cardiac
hypertrophy, dilated left and right ventricular chambers, decreased cardiac

function and premature death (116).

Interestingly, increasing the contribution of glucose oxidation to energy
production in hearts after ischemia can improve cardiac function and recovery
due to decreased reliance on FAO (7, 19, 112, 117, 118). Additionally, one study
showed the beneficial effect of preventing fatty acid uptake by knocking out CD36
in transgenic mice with cardiac-specific overexpression of PGC-1a, thus
demonstrating the possibility of targeting cardiac FAO in diabetes (119).
Preventing the excessive production of reactive oxygen species could be another
option in alleviating the effects of excessive FAO in diabetic hearts (109, 111).
Admittedly, it should be clear that targeting cardiac FAO as an intervention in
diabetes might only be possible with the use of reversible or partial inhibitors
because of the need to maintain flexible substrate utilization in the heart (113,

120, 121).
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1.2 The glycerolipid biosynthetic pathway
1.2.1 From the acylation of glycerol 3-phosphate to the formation of
triacylglycerol

Besides the utilization of acyl-CoAs in mitochondrial B-oxidation, acyl-
CoAs also serve as substrates for glycerolipid synthesis through the Kennedy
pathway with the end-products being triacylglycerol (TG) or phospholipids (122,
123). All the enzymes involved in TG synthesis, except the lipins, are integral
membrane proteins localized to the ER or the mitochondria (124, 125). Moreover,
each step of the TG biosynthetic pathway is catalyzed by multiple enzymatic
isoforms, demonstrating the importance of compensatory mechanisms to enable
sufficient synthesis of phospholipids for membrane homeostasis as well as to

sequester excess FAs into neutral lipid storage.
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Figure 1.3 The Kennedy pathway for glycerolipid synthesis. Acyl-CoA esters
are sequentially incorporated into the sn-1 and sn-2 positions of glycerol 3-
phosphate (G3P) by glycerol 3-phosphate acyltransferases (GPATs) and
acylglycerol 3-phosphate acyltransferases (AGPATS) to form lysophosphatidate
(LPA) and phosphatidate (PA), respectively. These reactions can be catalyzed by
endoplasmic reticulum- and mitochondrial-localized isoforms of GPATs and
AGPATSs as described in the text. PA is dephosphorylated to diacylglycerol (DG)
by membrane-associated lipins after they translocate from the cytosol.
Alternatively, PA can serve as the substrate for the synthesis of
phosphatidylglycerol (PG), cardiolipin (CL) and phosphatidylinositol (PI). Finally,
diacylglycerol acyltransferases (DGATs) can incorporate acyl-CoA into DG to
form triacylglycerol (TG). DG is also an essential precursor for
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) synthesis.
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The first step of the pathway is the acylation of glycerol 3-phosphate
(G3P) at the sn-1 position by glycerol 3-phosphate acyltransferases (GPATS) to
form lysophosphatidate (LPA) (Figure 1.3). The formation of G3P is catalyzed by
glycerol 3-phosphate dehydrogenase action on dihydroxyacetone phosphate,
which is a metabolite formed during glycolysis (125, 126). Relatively low levels of
glycerol kinase in the heart can also phosphorylate glycerol to form G3P (127,

128).

Out of the four GPAT isoforms currently known, GPAT1 is the most
extensively studied (129, 130). GPAT1 is localized to the outer mitochondrial
membrane and accounts for 30% of the total cardiac GPAT enzymatic activity
(131). The importance of GPATL1 to glycerolipid synthesis is highlighted by the
observation that hearts from GPAT1 deficient mice were protected from diet-
induced TG accumulation compared to controls. However, this phenotype could
be partially attributed to lower plasma TG levels and rates of VLDL secretion in
the GPATL1 deficient animals (131). Furthermore, palmitate incorporation into
phospholipids was decreased in GPAT1 deficient mice with compensatory
increases in the utilization of oleate, stearate and arachidonate (131). This result
suggests that other GPAT isoforms are compensating for the loss of cardiac
GPATL1. The microsomal GPATs (GPAT3 and -4) appear to provide the majority
of GPAT enzymatic activity in most tissues except the liver (125). Although the
contributions of GPAT3 and -4 to glycerolipid synthesis in adipose tissue and
liver have been determined (129, 130), their roles in regulating cardiac
glycerolipid metabolism and the effects of GPAT3 and/or -4 deficiencies on

cardiac function and metabolism have yet to be elucidated.
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Acylglycerol 3-phosphate acyltransferases (AGPATS) catalyze the next
step in glycerolipid synthesis, which is the formation of phosphatidate (PA) from
LPA (Figure 1.3). There are at least four AGPAT isoforms (AGPAT1, 2, 3, 5)
expressed in the mouse heart (132), with the caveat that several putative AGPAT
isoforms have not been fully characterized (129). PPARa appears to be an
important regulator with cardiac AGPAT activity and the gene expression of
AGPATS increases when PPARa is activated by clofibrate (132). However, more

studies are required since little else is known about AGPATSs in the heart.

PA can then be hydrolyzed to diacylglycerol (DG) by the phosphatidate
phosphatase (PAP) activities of a family of oligomeric, bifunctional proteins called
lipins (lipin-1, -2 and -3) (124, 133-137). As previously mentioned, the lipins also
function as transcriptional co-activators with PGC-1a and PPARa in the liver
(100, 138). Further details of the roles and regulations of the lipins will be

discussed in Section 1.4 onwards.

The final step in the Kennedy pathway for TG synthesis is the conversion
of DG to TG by DG acyltransferases (DGAT1 and 2) (Figure 1.3) (139, 140). Both
DGATs are found predominantly in the endoplasmic reticulum (140, 141), and
they catalyze the formation of TG, which accumulate in lipid droplets (142-144).
DGAT1 can also function as an acyl-CoA:retinol acyltransferase to esterify retinol
(145, 146), whereas DGAT2 activity is more specific for DG (140). DGAT1 also
possesses monoacylglycerol acyltransferase (MGAT) activity to catalyze the
formation of DG from monoacylglycerol (MG) (145). Of note, DGAT2 knockout
mice are not viable due to impaired TG homeostasis and deficiencies in the
permeability barrier of the skin (147). The overexpression of DGAT1 and DGAT?2
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in various cell types (140) and in mouse models (148-151) leads to increased TG
accumulation. Significantly, the consequences of increased TG stores are not
detrimental for the most part; instead, DGAT overexpression decreased the

levels of potentially toxic lipid metabolites like ceramides and DG (149, 152).

Paradoxically, one study showed that TG accumulation due to
overexpressing DGAT2 in glycolytic muscle was accompanied by increased
ceramide and DG levels, resulting in insulin resistance (150). This discrepancy
can be explained by the lower contribution of FAs as a fuel in the glycolytic
muscle compared to the mitochondria-rich heart or soleus muscle. However, it is
important to note that the chronic overexpression of DGAT1 in 52-week old mice
induces cardiomyopathy, cardiac fibrosis and decreases mitochondrial

biogenesis (153).

1.2.2 Lipid accumulation in diabetes

While the consequences of increased FAO on function and metabolism in
the diabetic heart are well-characterized, it is important to note that increased
cardiac lipid accumulation is an accompanying co-morbidity in many of these
diabetic models (154-158). Indeed, FA uptake through CD36 could be an
important factor in both increased FAO and lipid accumulation (78, 159). This is
because augmented FAO can still be exceeded by increased uptake of FAs and
the excess FAs are channeled into glycerolipid synthesis. Cardiac steatosis has
been correlated with cardiac dysfunction in several studies, leading to the term

“lipotoxic cardiomyopathy” (60, 154, 155, 160).
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However, studies in the DGAT transgenic mice show that TG
accumulation by itself does not cause a detrimental phenotype (149, 151, 152).
Rather, the deleterious effects of lipid accumulation on the heart appear to be
mediated by lipid metabolites like ceramides, long-chain acyl-CoAs, and DG,
which can strongly influence cardiac signalling and viability (156-158, 161-163).
Various studies in cell and mouse models have shown the detrimental effects of
DG and ceramide accumulation on insulin signalling, [(-adrenergic
responsiveness, oxidative stress, mitochondrial function and mechanical

efficiency (50, 60, 150, 160, 164-172).

The lipid intermediate PA also serves an important function in various
signalling pathways. Intracellular PA accumulation activates numerous
downstream targets including protein kinase C-{, mTORC1, Sos (Son of
sevenless), Raf (Rapidly accelerated fibrosarcoma protein kinase),
phospholipase C-y, sphingosine kinase-1, ERK and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, which regulate various cellular
processes such as cell proliferation, cell growth, cytoskeletal dynamics, and
stress response [reviewed in (173-175)]. DG can also act as a signaling lipid to
activate novel and classical protein kinase C isoforms, e.g. protein kinase C 6
which can phosphorylate and inactivate insulin receptor substrate-1 and impair
insulin signaling (176). In fact, increased protein kinase C activation is associated

with the development of insulin resistance in diabetes (176).
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1.3 Hydrolysis of cardiac triacylglycerol stores
1.3.1 Lipases in the heart

Cardiac TG stores have long been considered as inert lipid droplets;
however, it is now quite evident that TG turnover in the heart is rapid and
provides a significant source of FAs for ATP production (88-90, 177). Hydrolysis
of TG stores is catalyzed by adipose triacylglycerol lipase (ATGL) (87, 178),
hormone-sensitive lipase (HSL) (179), TG hydrolase (TGH) (180), and
monoacylglycerol (MG) lipase (181). ATGL, in combination with CGI-58
(comparative gene identification-58) (182), catalyzes the first and rate-limiting

step in the hydrolysis of TG to DG (Figure 1.4) (87, 178).
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Figure 1.4 TG hydrolysis from lipid droplets. TGs stored in lipid droplets can
be hydrolyzed by adipose triacylglycerol lipase (ATGL) in combination with CGI-
58 (comparative gene identification-58) to form DG, which is then acted upon by
hormone-sensitive lipase (HSL) to form monoacylglycerol (MG). Finally, MG is
hydrolyzed by MG lipase to form glycerol. FAs are released from each step of TG
hydrolysis and can be used for $-oxidation.
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CGI-58 also has a second function as an AGPAT (183, 184). This
secondary function as an AGPAT has been linked to the hepatic response to
inflammation with CGI-58 required for the formation of PA downstream to activate
stress-activated kinases like c¢-Jun N-terminal kinase 1/2 (JNK1/2) and
mammalian target of rapamycin complex 1 (mTORC1) (185). It is possible that

CGlI-58 might function similarly in the heart.

Mice deficient in ATGL have decreased TG lipolysis and accumulate high
levels of TG in most of the organs, especially the heart (87, 186). Additionally,
ATGL-mediated lipolysis in the heart releases FAs that act as essential ligands
for PPARa activation, which is needed to promote FAO and to maintain
mitochondrial function and substrate utilization (86). LPL is critically important in
providing the FAs that act as PPARa ligands in the heart as shown by studies
using PPARa transgenic/LPL-knockout mice (187). Consequently, the absence of
ATGL leads to severe metabolic derangements and cardiomyopathy (86, 87).
This finding is recapitulated in human patients with mutations in the human ATGL

gene (188, 189).

The hydrolysis of DG to MG is catalyzed by HSL (178) (Figure 1.4). The
specificity of HSL for DG as a substrate was demonstrated by the elevated levels
of DG in the organs of HSL-deficient mice (190). In addition, decreased plasma
FA levels and reduced FA flux in the adipose tissue of HSL-knockout mice results
in decreased myocardial TG accumulation and improved insulin response after a
three-week high fat diet (191, 192). The importance of HSL in regulating cardiac
TG stores is highlighted by studies using cardiac-specific HSL transgenic mice.
Fasting-induced TG accumulation is blunted in HSL transgenic mice (193).
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Similarly, TG accumulation is lower in streptozotocin-induced diabetic mice with
HSL overexpression compared to diabetic controls (194). Furthermore, the
stimulation of gene expression of PPARa and proteins involved in FA uptake was
diminished in the streptozotocin-treated HSL transgenic mice (194).
Consequently, there was less myocardial fibrosis and decreased mortality in
these mice. Overall, the overexpression of HSL in the heart appears to protect
against diabetic cardiomyopathy by modulating the expression of PPARa and its

target genes involved in FA uptake.

Cardiac overexpression of ATGL in transgenic mice also produces a
similar phenotype whereby TG accumulation is reduced and the expressions of
proteins involved in FA uptake and oxidation are decreased (195). In this model,
cardiac glucose oxidation is augmented, and cardiac function and exercise
performance is enhanced (195). Thus, the forced overexpression of ATGL and
HSL appears to induce an inhibitory feedback signal to prevent the uptake of FAs
and decrease FAO in favour of glucose utilization. Alternatively, augmented rates
of TG hydrolysis in these transgenic mice chronically depletes the cardiac TG
pools to such an extent that the release of FAs from these stores does not reach
a threshold concentration high enough to activate PPARa and its target genes as
put forth by Haemmerle, et al. (86, 195). Future studies will be required to clarify

these observations.

Finally, MG lipase hydrolyzes MG to FA and glycerol in the heart (Figure
1.4) (181). Although studies in MG lipase-deficient mice show that MG lipase is
important in adipose and hepatic lipolysis and can influence insulin sensitivity
under high-fat fed conditions (196), the contribution of MG lipase in the heart is
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unknown. MG can also be cycled back to DG by the MGAT activity of DGAT1
(145). 1t is unlikely that the MGATs themselves would perform this function in
hearts since they are predominantly expressed in the small intestine (197) as well
as the stomach, kidney, adipose tissue and liver (198). The contribution of TGH
to cardiac lipid homeostasis is also unclear. TG hydrolase functions to provide
TG for VLDL assembly in hepatocytes (199, 200). Since cardiac lipoprotein
secretion has been demonstrated (201, 202), TGH might play a similar role in the

heart.

1.3.2 Cardiac lipolysis in the diabetic state

Recent studies have demonstrated the importance of cardiac TG lipolysis
in providing significant quantities of FAs for energy production (86-89, 148).
Importantly, PPARa appears to be intimately involved in lipolysis since increasing
PPARa expression amplifies ATP production from TG-derived FAs (89).
Moreover, the release of exogenous FAs from TG stores by ATGL governs the
level of PPARa activation and its target genes involved in FAO in the heart (86,

187).

Thus, it could be envisaged that increased TG turnover and ATGL-
mediated lipolysis in the heart could exacerbate the dependence on FAO in
diabetes and obesity especially since ATGL and HSL activity are positively
regulated by [(-adrenergic signalling (178). Furthermore, ATGL and HSL

expression are increased in streptozotocin-induced diabetes (194).
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1.4 Lipins: Phosphatidate phosphatases and transcriptional
regulators
1.4.1 Introduction and a historical perspective

The tight and dynamic regulation of FA and lipid metabolism in the heart
is clearly required for optimal function and efficiency, as described in the previous
sections. The focus will now switch to the characterization of the lipins and their
roles in regulating FAO and glycerolipid synthesis.

PAP activity was first characterized and studied in the 1950s with regard
to the Kennedy pathway for glycerolipid biosynthesis, which was described in
Section 1.2 (123, 203, 204). PAP activity catalyzes the conversion of PA to DG
(Figure 1.3) (133, 205). The balance between PA and DG levels represents an
important branch-point in phospholipid synthesis. PA is used as the substrate for
the synthesis of phosphatidylinositol (Pl), phosphatidylglycerol (PG), and
cardiolipin (CL), whereas DG is the precursor required for the formation of TG,
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) (Figure 1.3) (124,

133, 206, 207).

Early studies measured a PAP activity that was localized to microsomal
membranes. It was natural to expect that the PAP activity would be located in
these membranes since the majority of the enzymes in the Kennedy pathway of
glycerolipid synthesis are localized to the endoplasmic reticulum and, to some
extent, mitochondrial membranes. However, there was surprisingly low TG
synthesis when microsomal fractions were subjected to in vitro assays using
glycerol 3-phosphate and fatty acids as substrates (208-210). Instead, TG

synthesis was stimulated when the cytosolic fraction was added to the assay and
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it was noted that one of the stimulating factors was heat-labile (210, 211).
Subsequent studies demonstrated that this cytosolic factor was a soluble PAP
enzyme (208, 209), which provides the major activity responsible for catalyzing

the production of DG required for glycerolipid biosynthesis (203).

This finding was unexpected because of the membrane-bound PAP
activity, which could readily convert PA to DG and no one before had measured
detectable levels of cytosolic PAP activity. This discrepancy can be attributed to
the substrate used in the in vitro assays for measuring PAP activity in the late
1950s and early 1960s (212). PA was often synthesized by hydrolyzing egg PC
using a plant phospholipase D with high concentrations of Ca* to stimulate this
activity. Therefore, PA isolated from this reaction was chelated strongly with Ca**,
and was very difficult to displace. The Ca**-salt form of PA is a poor substrate for
the cytosolic PAP activity, whereas most of the membrane-bound PAP could

readily act upon this substrate (213).

It was later shown that the membrane-bound PAP activity was probably
catalyzed by Mg?-independent Type 2 phosphatidate phosphatases (PAP-2)
(213), which are now called lipid phosphate phosphatases (LPPs) (214). The
enzymes were renamed LPPs because of their promiscuous activity against
various lipid phosphates, including ceramide-1-phosphate (C1P), LPA and
sphingosine-1-phosphate (S1P) (215, 216). Research in the 1990s showed that
the endoplasmic reticulum was not the major location of LPP activity, but rather
that it is found to a large extent in the plasma membrane (213, 217). This location
indicated that the LPPs are unlikely to participate in the glycerolipid biosynthesis
pathway and it was suggested that they probably regulate cell signalling (213).

26



Conversely, the cytosolic PAP activity, which was described at the time as Mg?*-
dependent Type 1 phosphatidate phosphatase (PAP-1), showed the properties
and regulation expected of an enzyme involved in glycerolipid synthesis (203,

209, 218).

The importance of PAP in metabolism is highlighted by the dynamic
regulation of this activity in various metabolic states. PAP activity in the liver is
increased in diabetes, stress, hypoxia, alcoholic liver disease and during
starvation (219-223). All of these conditions result in the increased supply of
excess FAs from the plasma, which may exceed the requirements of various
organs for B-oxidation (133). The increased expression of PAP activity in these
conditions was shown to depend on the release of glucocorticoids as a part of the
animal’'s stress response (224). Subsequent studies with cultured hepatocytes
confirmed the role of glucocorticoids and showed that glucagon through cyclic
adenosine monophosphate (cAMP) amplified this effect (225, 226). Conversely,
insulin antagonized the effects of both glucocorticoids and cAMP. This profile of
hormonal regulation resembles that of several enzymes involved in regulating
gluconeogenesis and amino acid catabolism (226), and is compatible with the
increases in hepatic PAP activity seen in starvation and diabetes. The increased
PAP activity in the liver probably provides an increased capacity to sequester

excess FAs that are mobilized from adipose tissue in these conditions (173, 227).

Although much of the importance and regulation of glycerolipid
metabolism by PAP was elucidated in these early years, further detailed
mechanistic studies were not forthcoming due to the difficulty in purifying the
enzyme and identifying the gene(s) responsible for encoding the PAP(s). The
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identity of the PAP enzyme remained a mystery until Han et al. (135) identified
the yeast orthologue of PAP in 2006. These authors showed that a mammalian
family of proteins known as lipins were related structurally to the yeast enzyme

and that mammalian lipin-1 exhibits PAP activity (135).

Each of the three members of this family, lipin-1B, -1A (a splice variant of
the Lpinl gene), -2 and -3, were demonstrated to possess PA-specific and Mg*'-
dependent PAP activities (134). It should be noted that lipin-1A and -1B were
initially described to have unique subcellular localizations (228). However,
numerous studies have now shown that the lipins can translocate to their sites of
action and perform similar functions (229-232). A subsequent study identified a
third splice variant of lipin-1, which is called lipin-1y. This form is enriched in the
brain and its specific PAP activity is lower than lipin-1A and -1B (137, 233). Lipin-
1B and -1y have additional amino acids insertions that differentiate these splice
variants from lipin-1A (137, 228). Relatively little is known about the alternative
splicing of the Lpinl gene, however, it has been shown that downregulation of a
splicing factor SFRS10 (splicing factor, arginine/serine-rich 10) leads to

increased lipin-1B expression (234).

1.4.2 The fatty liver dystrophy (fld) mice and the subsequent discovery of
the lipins

Lipins were originally identified by positional cloning of lipin-1 in the fatty
liver dystrophy (fld) mutant mouse strain (235). The fld mice were derived from a
spontaneously occurring mutation in a mouse colony from Jackson Laboratories

in 1988 (236). These mice are characterized by having a fatty liver and
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hypertriglyceridemia in the pre-weaning period when they are consuming a
relatively high fat diet through the milk (236). The most obvious phenotype of
these mice is the complete lack of mature adipose tissue (237), and
consequently, there is decreased circulating levels of adipokines such as
adiponectin and leptin (235, 238). The fld mouse is also insulin resistant and is
prone to developing atherosclerosis when fed a high cholesterol/cholate diet
(237, 238). Lastly, the fld mice develop peripheral neuropathy due to
demyelination in Schwann cells through aberrant ERK1/2 activation (239, 240).
The identity of the gene responsible for the fld mutation was not
discovered until 2001 when Peterfy et al. showed that the fld phenotype can be
ascribed to homozygous recessive mutant alleles of the Lpinl gene, which
expresses three splice variants (235). The other two members of the lipin family,
lipin-2 and -3 were shown to be related to lipin-1 by sequence comparison
especially in two conserved regions called the N- and C- terminal lipin domains
(NLIP and CLIP) respectively (Figure 1.5) (235). Further research showed that
the lipins can also act as transcriptional regulators involved in processes such as

adipogenesis and fatty acid oxidation (100, 138, 228).
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SUMOylation SUMOylation Catalytic Transcriptional
site sites motif co-activator motif

zzN Llploa 153 565 595 625 | CLp | 854
m Lipin-1A NLS IKEE — IKHE — DxDxT  LxxIL

22 108 153 242 277 598 628 658 887
m Lipin-1B E IKEE — IKHE— DxDxT LxxIL

22 108 153 536 561 651 880
m Lipin-1y ¥ ———————— DxDxT  LxxIL —

22 108 154 204 632 861
m Lipin-2 NLS LKEE DxDxT LxxIL

22 108 36 587 816
m Lipin-3 NLS DxDxT LxxIL
B NLS (Polybasic Region) SUMOylation site

mlipin-1A 102 YLATSPIL GSLG KKRRKRRRKAQ-----IPKEN RPSTPKSDSELVSKSADRLT 265

m Lipin-1B YLATSPI L GSLG KKRRKRRRKAQ-----IPKEN ----- RPSTPKSDSELVSKSADRLT 298
m Lipin-1y YLATSPI L - GSLG KKRRKRRRKAQ - IPKEN -~ RPSTPKSDSELVSKSADRLT 265
m Lipin-2 YLATSPI P~ S SVKKKKR-- RRKKCK---- LKEED ---- QAVCPKSDSELEVKPSESLL 256
m Lipin-3 RLCTSPIP [ —— RKRRRRRKPR -~ PSAQE - DLMSPKSDSELELRSLEPSP 231
m Lipin-1A ESSP LG~~~ DTFSDQSPT ---- APPSPVA - GARSANQSPQ GIDSGVE 453
m Lipin-1B ESSP LG DTFSDQSPT ---- APPSPVA - GARSANQSPQ GIDSGVE 486
m Lipin-1y ESSP LG~ DTFSDQSPT ---- APPSPVA -~ GARSANQSPQ GIDSGVE 453
mLipin-2 - YHPRT A------ REVEKDATV --- PLEAPQ | ----- D TFSGSQSPQ AADSGTE 454
m Lipin-3 ESMAEA ------DTLSP PVLH ---- KETKTQN -~~~ SNQKL L ESPN ------------- PEHIAE 426

SUMOylation sites

m Lipin-1A  ---TIK E-—-—-ESK ---RI KHES SSD----- PSGSSHL---675 |V 1ISDIDGT |--- RSDTLGHILPT 696
m Lipin-1B TIK E--—--ESK --- Rl KHES SSD- PSGSSHL----708 |V |ISDIDGT [--- RSDTLGHILPT 729
m Lipin-1y ---TIK E----- ESK---RIKHES SSD PSGSSHL----701 |V IISDIDGT RSDTLGHILPT 722
mLipin-2 -~ MIKQLPETK-----PAENDTSDE--—--PITVE TL---682 |V | ISDIDGT KSDALGQILPQ 703
m Lipin-3 PAEEH--SSQ---- SSDDDVDSP PLPSSTP----637 |VVISDIDGT KSDALGHILPQ 658
HAD | Transcription
co-activator motif

m Lipin-1A QGI -LYCSARA GPLL | '|PEKFKVQCLTDIKNL FYA-PADVYS - NRIFT|- QDMHSASA 891
m Lipin-1B QGI --LYCSARA- GPLL |- |PEKFKVQCLTDIKNL || FYA-PADVYS - NRIFT|- QDMHSASA 924
m Lipin-1y QGI --LYCSARA GPLL | -|PEKFKVQCLTDIKNL FYA-PADVYS - NRIFT|- QDMHSASA 917

mLipin-2 --} QGI--LYCSARA-GPLM|--|PEKFK IECLNDI KNL|--| FYA-PNDVYA - CRIFT|- DDLA 893
m Lipin-3 QGI--LYCSARA-GP | PEVFKVACLSDIQQL FHA-PNDVFA - SRIFT|- EALA 848
HADII HAD Il HAD IV

Figure 1.5 Schematic representation and sequence alignment of mouse
lipin isoforms. (A) The conserved N- and C-terminal lipin (NLIP and CLIP)
domains and nuclear localization sequence (NLS) in the mouse lipins are shown.
Numbers indicate residue numbers. Lipin-1 is SUMOylated at the indicated
amino acid residues and the putative SUMOylation site on lipin-2 is also shown.
Lipin-1B and -1y have unique amino acid insertions that differentiate these splice
variants from lipin-1A as indicated by the blue regions. (B) Multiple sequence
alignment of protein sequences from mouse lipin isoforms made using Clustal
W2. Numbers indicate residue numbers. The polybasic nuclear localization
sequence (NLS) is highlighted in red. The haloacid dehalogenase (HAD)
domains | to IV are shown and the SUMOylation sites are highlighted in gray.
The DxDXT catalytic motif and the other residues involved in the active site are
indicated in red lettering, and the conservation of phosphorylation sites is
indicated in blue.
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1.4.3 The involvement of lipins in glycerolipid synthesis through their

phosphatidate phosphatase activities

As mentioned previously, the PAP activity of the lipins is responsible for
converting PA to DG in the Kennedy pathway of glycerolipid synthesis (134, 135,
241-244). Each step of the pathway is catalyzed by multiple enzymatic isoforms,
which are all membrane-bound, except for the cytosolic lipins. The lipins are
differentially expressed depending on the tissue type (134, 138). There appears
to be some level of redundancy since the absence of one lipin isoform can, to
some extent, be compensated for by the other lipins (243). The major lipin
isoform in the adipose tissue, skeletal muscle and heart appears to be lipin-1
(134, 241). Lipin-2 is highly enriched in the liver, red blood cells, and specific
regions of the brain (138) whereas lipin-3 appears to be highly expressed in the

intestine (134).

1.4.4 The roles of PAP activity in yeast and plants

In Saccharomyces cerevisiae, where there is only one lipin isoform,
Pahl1p (lipin yeast homologue also known as Smp2) deficiency leads to aberrant
changes in phospholipid species as well as decreased esterification of FA in the
stationary phase and the subsequent induction of cytotoxicity caused by FA
accumulation (245). Pahlp also regulates nuclear membrane growth in cell
division since loss of Pahlp leads to increased nuclear membrane size, whereas
expression of non-phosphorylable Pahlp inhibits cell division (246). Lipid droplet
formation is also regulated by Pahlp since decreasing Pahlp expression results
in decreased lipid droplet biogenesis (247). However, the neutral lipid levels

themselves are unchanged; instead, there is aberrant lipid accumulation at the
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endoplasmic reticulum. The authors also showed that this phenotype can be
abrogated by knocking out DG kinase-1 (247). The study concluded that DG

formed by Pahlp activity is required for normal lipid droplet formation (247).

The regulation of PA levels in S. cerevisiae by yeast lipin Pahlp also
appears to control Opilp-dependent and Opil-independent repression of genes
encoding enzymes involved in phospholipid synthesis (246, 248, 249). Opilp
binds to PA at the endoplasmic reticulum. When PA levels are low, Opilp
translocates to the nucleus where it acts as a transcriptional repressor of
phospholipid biosynthesis (250). These results indicate the importance of PAP
activity in controlling phospholipid synthesis and sequestering FAs into TG
storage. Similar studies in Caenorhabditis elegans demonstrate the role of its
lipin homologue in regulating endoplasmic reticulum membrane homeostasis as
well as dictating the dynamic regulation of nuclear envelope assembly and

disassembly (251, 252).

Furthermore, the lipin homologues of Arabidopsis thaliana are essential
for phospholipid remodelling to galactolipids, which is a mechanism designed to
cope with phosphate starvation (253). While studies in Saccharomyces
cerevisiae and Caenorhabditis elegans show that their lipin homologues are
critically important in nuclear membrane maintenance and regulation of
phospholipid synthesis, there is no direct evidence for this occurring in
mammalian cells. One recent study did show that accumulation of lipin-1 in the
nucleus modifies the shape of the nuclear membrane and this is dependent on its

PAP activity (229).
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1.4.5 Domain structure of the phosphatidate phosphatase enzymes

The PAP activity of all mammalian lipins as well as the non-mammalian
lipin homologues depends on a conserved C-terminus domain (CLIP) with
sequence homology to the catalytic domain of the Haloacid Dehalogenase (HAD)
superfamily (Figure 1.5B) (254, 255). The catalytic DxDxT motif (where D and T
represent aspartate and threonine respectively and x represents any amino acid)
(133, 135) is present in all HAD-like domains (Figure 1.5), together with a

characteristic and conserved sequence of a-helices and 3-sheets (138, 255).

Mutation of either of the catalytic aspartate residues to glutamate results
in the complete loss of PAP activity for lipin-1 and lipin-2 (138, 256). The NLIP
(N-terminal lipin) domain is also essential for PAP activity (241), although little is
known about the role of this domain in the active site due to the lack of a crystal
structure. A point mutation of Gly84 to Arg in the NLIP domain of lipin-1 in the
fld®” mouse is associated with decreased PAP activity and increased

lipodystrophy in these animals (129, 256).

Based on the secondary structure comparison to related members of the
HAD-superfamily, four conserved HAD motifs are predicted to be important for
PAP function (Figure 1.5B) (138, 255). Motif | consists of a B-strand followed by
the DxDxT motif while motif Il consists of a B-sheet flanked by two a-helices. A
highly conserved serine or threonine residue at the end of the B-strand of motif Il
appears to help in the stabilization of reaction intermediates in the catalytic site
(Figure 1.5B) (255). A conserved lysine residue in the a-helix of motif Il also
participates in coordination and stabilization of the substrate (Figure 1.5B). Motif
IV consists of an a-helix flanked by two 3-strands. A conserved acidic residue at
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the end of the first B-strand of motif IV is thought to be involved in coordinating
the Mg®* ion along with the acidic residues in domain | (Figure 1.5B); other HAD

family members possess two acidic residues in motif 1V (255).

A recessive allele in the rat, which results from a mutation in the HAD
motif 1V, leads to a complete loss of PAP activity, and is associated with
neuropathy and lipodystrophy as in the fld mice (257). Lpin1?°%* (***®* denotes
the mutant mouse line) is a partial loss-of-function allele where a tyrosine residue
at position 873 on lipin-1B is mutated to an asparagine, resulting in a significant
reduction in PAP activity (258). Expression of this lipin-1 allele together with a
truncation mutation in the gene that encodes the neuronal cell adhesion
molecule, Nrcam®®® acts synergistically to produce severe peripheral
neuropathy and hind limb paralysis in mice (258). Additionally, a rare autosomal
recessive disease called Majeed syndrome (259) is caused by a mutation of the
conserved serine residue of motif 1l in the CLIP domain of lipin-2, which leads to

an absolute loss of PAP activity (138). Mutation of the equivalent serine in mouse

lipin-1 (138) and in plant lipins (260) also leads to the loss of PAP activity.

1.4.6 Regulation of phosphatidate phosphatase activity

As mentioned previously, the LPPs can act against various lipid
substrates whereas the lipins show a specific requirement for PA as a substrate
(129, 173). PAP activity assays of the mammalian lipins show that they do not
dephosphorylate LPA, S1P, or C1P, and Pahlp in yeast does not show catalytic
activity towards diacylglycerol pyrophosphate (134, 135). The PAP activity of the
mammalian lipins depends on Mg?" and it can be inhibited by the alkylating
reagent, N-ethyl maleimide (129, 137). Furthermore, Mn?" ions also have a
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concentration-dependent effect on the stimulation of PAP activity in the human
lipin-1A, -1B, and —1y isoforms in vitro (137). It should also be noted that the
specific PAP activity of lipin-1A and -1B in vitro is higher than that of lipin-2 or
lipin-3 (261). The lipin-1 isoforms show little preference with regards to the
species of the acyl chains at the sn-1 and sn-2 positions of PA when assayed in
mixed PA/Triton X-100 micelles with the exception of dipalmitoyl-PA and
distearoyl-PA, which are poor substrates in the PAP reaction (137). The basic
requirement is that at least one unsaturated fatty acyl moiety is needed for

maximum activity.

Both the mammalian lipins and yeast Pahlp demonstrate surface dilution
kinetics (137, 262). PAP activity is reduced in a dose-dependent manner when
the surface concentration of PA is decreased in Triton-X-100/PA micelles (137,
173). The lipin proteins can assemble into homo- and hetero-oligomers (136).
However, catalytic activity does not depend on the oligomerization state since
oligomers of wildtype lipin-1 with catalytically inactive lipin mutants are not
inhibited with each subunit possessing its own independent activity (136). It was
suggested from studies in yeast Pahlp and mammalian lipins that PA binds
allosterically and activates catalytic activity against PA in the active site due to
positive cooperative kinetics in the surface dilution model (134, 173, 263, 264).
This result is supported by the presence of a polybasic region in lipin-1 (Figure
1.5), which dictates association with PA secondary to the active site and also

acts as a nuclear localization sequence (NLS) (231).

As indicated by work performed before the lipins were discovered, the
sphingoid bases sphingosine and sphinganine, which are amphiphilic amines,
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inhibit the PAP activity of the lipins (137, 263, 265). Moreover, Zn** or Ca?'salts
of PA can also inhibit PAP activity (137, 212). In general, phosphorylation of
mammalian lipin-1 does not affect the PAP activity as measured in vitro, but it
does control subcellular localization and thus physiological activity (229, 241) as

will be discussed below in Section 1.5.1.

1.4.7 Lipins as transcriptional regulators

Mammalian lipins contain a polybasic nuclear localization sequence
(Figure 1.5), which enables them to translocate to the nucleus where they
promote the transcription of genes required for fatty acid uptake and oxidation
(133, 138, 231). In hepatocytes, lipin-1 acts in concert with peroxisome
proliferator activated receptor-y coactivator-1a (PGC-1a) to increase the
expression of the nuclear receptor peroxisome proliferator-activated receptor

(PPAR0) and its target genes (Figure 1.6) (133).
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Figure 1.6 Lipin-1 as a transcriptional regulator. Lipin-1 associates with
PPARa and PGC-1a in the nucleus of hepatocytes to promote genes involved in
fatty acid (FA) oxidation. The green box denotes the nuclear localization
sequence whereas the brown and black boxes represent the catalytic
phosphatidate phosphatase motif and the transcriptional co-activator motif,
respectively. Lipin-1 can also act to repress cleaved sterol regulatory element
binding protein (SREBP) localization in the nucleus and prevent the induction of
the genes regulated by SREBP. Lipin-1 nuclear localization can also interact with
and activate myocyte enhancement factor-2A and C. In adipocytes, lipin-1 can
inhibit nuclear factor of activated transcription c4 (NFATc4), thus repressing
cytokine signalling. Lipin-1 is also critical in inducing PPARy expression in
adipocyte differentiation. PPARy2 can also interact with lipin-1 to induce its target
genes, e.g. phosphoenol pyruvate carboxykinase, which is involved in
glyceroneogenesis. Abbreviations: DG, diacylglycerol; ER, endoplasmic
reticulum; PA, phosphatidate; PPAR, peroxisome proliferator-activated receptor;
PGC-1a, peroxisome proliferator-activated receptor gamma coactivator-1a; TG,
triacylglycerol.
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In fasting, lipin-1 gene expression in mouse liver is activated by PGC-1a
(100). It has also been shown that estrogen-related receptor a (ERRa) and ERRy
are required for the action of PGC-1a on lipin-1 gene induction in the heart (266).
Lipin-1 appears to form a complex with PGC-1a and PPARa (100), which bind to
PPARa response elements (PPRE) at the promoters of PPARa target genes
such as carnitine palmitoyl transferase 1 (Cptl) and acyl-CoA oxidase 1 (Aox1)
(100, 261). Since lipin-1 contains no DNA-binding motifs, the association
between lipin and the PPARa promoter is probably through the association of
lipin-1 with the transcriptional activating complex (261). Lipin-1, -2 and -3 each
contain a hydrophobic a-helical LxxIL motif that resembles a nuclear receptor
interaction motif in the conserved CLIP domain (Figure 1.5) (100, 267).
Experiments using site-directed mutagenesis demonstrated that the LxxIL motif is
required for lipin-1 to interact with PGC-1a and PPARa (100). Lipin-2 can also act
as a transcriptional co-activator with PGC-1a and PPARa as demonstrated in

vitro (138).

Lipin-1 is also required to induce the expression of PPARy during
adipogenesis (Figure 1.6) (268). Furthermore, lipin-1 directly binds to and
activates PPARY, in mature adipocytes (Figure 1.6) (269). Lipin-1A and -1B
expression are differentially regulated during adipocyte differentiation. Lipin-1A is
most prominently expressed in the early stages when PPARY is activated, which
subsequently drives adipocyte differentiation. Following this, lipin-1B expression
is induced in the latter phases of adipocyte differentiation (228). Rosiglitazone,
which is a PPARy agonist, also increases lipin-1 expression in subcutaneous fat

depots and to a lesser extent in visceral fat (270). This preferential increase in
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lipin-1 expression could divert FA esterification and deposition to peripheral
rather than visceral fat. This effect on body fat distribution could contribute to the

action of Rosiglitazone in promoting insulin sensitivity.

The requirement of lipin-1 for pre-adipocyte differentiation is
demonstrated by the lack of mature adipose tissue in lipin-1 deficient (fld) mice
(235, 237). Interestingly, lipin-1 deficient children do not develop lipodystrophy,
as will be discussed below (271). The high expression of lipin-2 mRNA levels in
human adipose tissue could possibly substitute for the transcriptional functions of

lipin-1 as opposed to the minimal lipin-2 expression in mouse adipose tissue.

Lipin-1 and lipin-2 can also inhibit the transcriptional activity of the nuclear
factor of activated T cells 4 (NFATc4) (Figure 1.6) (272). This repression appears
to be required for inhibition of the expression of cytokines and other inflammatory
factors (272-274). Conversely, TNFa signalling inhibits lipin-1 gene expression in
3T3-L1 adipocytes (275). Lipin-1 localization to the nucleus is also required to
promote the transcriptional activity of myocyte-enhancer factor 2 (MEF2), a
transcription factor that regulates neuronal survival and differentiation (Figure
1.6) (276). Of the four isoforms of MEF2, lipin-1 can interact with and activate
MEF2A and MEF2C, although interaction with the other MEF2 isoforms cannot

be ruled out (276).

1.4.8 Lipin-deficient and transgenic overexpressing mouse models

Besides determining the functions of lipins in cell systems, the influence
of lipins on metabolism has also been investigated using animal models that are
either deficient in lipin expression or which overexpress different lipin isoforms.
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Aberrant changes in the expressions of the lipins have been shown to be
detrimental to glucose and fatty acid metabolism. For example, diurnal variations
in fuel utilization are blunted in the fld mice with decreased FA oxidation in the
fasted state and decreased glucose oxidation in the fed state compared to
wildtype mice as measured by respiratory quotient (277). However, it is probable
that these aberrant changes are a result of the systemic effects of whole body
lipin-1 deficiency such as lipodystrophy and insulin resistance (237, 238, 277,
278). The lack of adipose tissue in fld mice also impairs liver regeneration since
lipolysis from adipose tissue stores provides a major energy source during the
regenerative process (238). Moreover, large increases in PAP activity
(presumably through the effect of glucocorticoids in increasing lipin-1 expression,
which will be discussed in Section 1.5.2) normally accompany liver regeneration

(279).

On the other hand, the specific overexpression of lipin-1 in mouse skeletal
muscle leads to TG accumulation and insulin resistance (278). Adipose TG
accumulation is also increased when lipin-1 is overexpressed specifically in the
adipose tissue; however, these transgenic mice had improved insulin sensitivity
(278). This is probably caused by increased sequestration of FA in adipose tissue
TG, which decreases FA-induced insulin resistance in other organs. Increased
lipin-2 expression in the liver regulates hepatic insulin responses, e.g. induction
of lipin-2 expression by feeding mice a high-fat diet or by the use of agents that
promote endoplasmic reticulum stress leads to decreased insulin-stimulated

signalling (280).
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1.4.9 Lipins: Redundancy, compensation and Selective Functions

The lipin isoforms show redundancy and overlapping functions in some
tissues. Depletion of lipin-1 by siRNA (small interfering ribonucleic acid) in human
monocyte-derived macrophages did not decrease the formation of TG although
the composition of TG in lipid droplets was altered (281). In liver, depletion of
lipin-1 does not affect TG synthesis because of the abundant levels of lipin-2
(243, 282). Similarly, lipin-3 expression has been demonstrated to compensate
for the loss of lipin-1 in the livers of fld mice (134). PAP activity in hepatoma cells
was not reduced when lipin-1 was knocked down and this effect was likely due to

the expression of lipin-2 and lipin-3 in these cells (242).

Studies of lipin-2 deficient Majeed Syndrome patients, who present a
severe disease phenotype including congenital dyserythropoietic anemia,
extensive osteomyelitis and recurrent high fever, demonstrate that lipin-1 and
lipin-3 do not compensate completely for the loss of lipin-2 activity in some
tissues (259, 283, 284). Additionally, rare cases of lipin-1 deficiency have been
reported in children and this condition is associated with rhabdomyolysis and
myoglobinuria leading to premature mortality, suggesting a unique role in skeletal
muscle maintenance (271). These children do not show defects in adipose tissue
formation unlike the lipodystrophic fld mice (271). Lipin-2 is expressed at
significant levels in human adipose tissue and it is possible that lipin-2 may be
able to compensate for the functions of lipin-1 in human adipose tissue (134,

173).

Conversely, lipin-2 mRNA levels are virtually undetectable in mouse
adipose tissue (134). Therefore, the lipodystrophy in the lipin-1 deficient fld mice
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demonstrates the lack of compensation by lipin-2 or -3. However, overexpressing
wildtype lipin-1, -2 or -3 in fld mouse embryonic fibroblasts enables the
differentiation of these cells into adipocytes (230). This result demonstrates that
the lack of compensation by the other lipin isoforms could be occurring because

the levels of expression of these lipins are not high enough.

Further studies will determine whether each lipin isoform has unique
functions or characteristics. Alternatively, it is likely that the main difference
between lipin isoforms is the regulation of their subcellular localization and
expression since the lipins share similar functional capabilities from the studies

performed so far (134, 138, 230).

1.4.10 Known and putative roles of lipins in lipid signalling

Lipin-1 is demonstrated to play a role in lipid signalling during the process
of myelination in Schwann cells (240). As mentioned previously, fld mice exhibit
progressive peripheral neuropathy in addition to lipodystrophy and insulin
resistance (235). PA accumulates in the endoneurium of Schwann cells from
these mice as a result of the loss of lipin-1 (240). This accumulation of PA leads
to the aberrant activation of mitogen-activated protein kinase/ extracellular signal-
regulated kinase kinase (MEK) and extracellular signal-regulated kinase 1/2
(ERK1/2), which was shown to be associated with demyelination of the Schwann
cells (240). Treatment of myelinated ganglia cultured from rat embryos with PA
caused demyelination, whereas treatment with MEK-ERK1/2 inhibitors PD98059
or U0126 restored myelination of ganglia (240). Thus, lipin-1 appears to

dephosphorylate the specific pool of PA that acts as a bioactive signal to activate
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the MEK-ERK1/2 pathway. Loss of lipin-1 thereby leads to the inhibition of

myelination signalling pathways in Schwann cells (173, 240).

The aberrant activation of ERK1/2 by PA accumulation is also responsible
for inhibiting PPARYy activation in the absence of lipin-1 during adipogenesis
(230). The authors showed that relieving the inhibition of PPARy activation by
ERK1/2 was dependent on PAP activity and overexpressing any lipin isoform
was able to rescue this phenotype. In human tissues, lipin-1 may also play a role
in regulating the cellular levels of the bioactive lipids PA and DG since an
accumulation of PA was reported as a result of lipin-1 deficiency in skeletal

muscle, but this was from only one patient (271).

Other evidence that the lipins could be involved in receptor-mediated
signal transduction emerged from early studies on signalling through the
epidermal growth factor receptor (EGFR) (285). PAP activity was proposed to be
regulated by association with EGF signalling in A431 cells since PAP activity was
co-immunoprecipitated with the EGFR (286). Treatment with EGF decreased the
association of PAP activity with the EGFR and simultaneously increased

association with protein kinase C-¢ (PKCg) (286).

DG is a bioactive lipid and plays a role in stimulating inflammatory
responses in immune cells (287). PAP has been proposed to play a role in
immune signalling through DG production (287). Stimulation of the inflammatory
response in RAW 264.7 and U937 macrophages with lipopolysaccharide leads to

a transient increase in cellular DG levels with a concomitant decrease in cytosolic
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PAP activity (287). This result suggested that PAP activity translocated onto
membranes and catalyzed the hydrolysis of PA to form DG , which can then
activate PKC and downstream inflammatory signalling such as group IVA
phospholipase A, and increased COX-2 (cyclooxygenase-2) gene expression
(288, 289). Corroborating evidence is provided by a recent study showing that
decreasing lipin-1 expression with siRNA in human macrophages decreases

group IVA phospholipase A, activation (281).

The PA substrate acted upon by PAP in this signalling pathway appears
to be generated from phospholipase D (PLD)-dependent hydrolysis of
phosphatidylcholine (290, 291). Moreover, treatment of adipocytes with the dual
PLD1/PLD2 inhibitor FIPI promotes lipin-1 localization to the nucleus, which
suggests that PA produced through PLD activation could regulate the subcellular
localization of lipin-1 (231). Collectively, these studies provide evidence that the

lipins are involved in signal transduction pathways.

1.5 Regulation of lipin compartmentalization and expression

The importance of lipins in regulating cellular metabolism and signalling is
highlighted by the dynamic regulation of their subcellular localization as well as
gene expression. The control of the subcellular localization of lipins is important
for dictating their participation in glycerolipid synthesis and transcriptional
regulation. Lipin-1 and -2 are present in the cytosol and they translocate to the

endoplasmic reticulum and the nucleus (133, 138, 241, 292).
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1.5.1 Lipins and their subcellular localization

Studies in the 1980s first characterized the translocation of the cytosolic
PAP onto the endoplasmic reticulum where it could act in the glycerolipid
biosynthesis pathway (293). This translocation was stimulated by unsaturated
FAs, acyl-CoA esters and phosphatidate (294, 295). Saturated FAs, such as
palmitate, had relatively less effect than unsaturated FAs in cell-free systems and
intact hepatocytes (294-296). These are all anionic amphiphiles and the results
suggest that increased negative charge on membranes is a component in the
binding of the soluble PAP (224). It was proposed from this combined work on
the translocation of PAP to membranes that the cytosolic pool of PAP acts as a
reservoir of enzyme activity. This reservoir provides the capacity to respond to an
increased FA load by recruiting PAP to the site where PA is produced and

therefore stimulating the sequestration of FAs in TG.

Conversely, treating the microsomal membranes with a variety of cationic
amphiphilic drugs blocked PAP activity and also the binding of PAP to emulsions
of PA (297). The potency of these cationic amphiphiles was proportional to their
oil/water partition coefficients (265). This indicates that the displacement of PAP
from the membranes depends on the partitioning of the cations into the
membranes and the acquisition of a positive charge on the membrane surface.
The importance of this displacement of PAP from membranes was demonstrated
in rat hepatocytes incubated with different concentrations of the cationic
amphiphile, chlorpromazine (298). The displacement of membrane-bound PAP
by chlorpromazine is paralleled by a decrease in the conversion of PA to DG and
decreases in the synthesis of TG and PC. The effects of cationic drugs in
blocking PAP activity and in stimulating the activity of CDP-DG (cytidine
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diphosphate-diacylglycerol) synthase cause the diversion of glycerolipid
synthesis towards the production of acidic phospholipids (Figure 1.3) (299). It
was proposed that these combined actions explain why amphiphilic cationic
drugs have the side-effect of producing a phospholipidosis that is characterized

by the accumulation of acidic phospholipids in lysosomes (300).

As predicted from early studies, the association of PAP with membranes
is also regulated by phosphorylation of the PAP enzyme (301). Lipin-1 has at
least 17 serine/threonine residues, which are phosphorylated (Figure 1.5) (241,
302). From sequence homology analysis of these 17 residues, 8 homologous
residues in lipin-2 and 10 residues in lipin-3 are similarly predicted to be
phosphorylation sites (241). Insulin stimulates the hyperphosphorylation of lipin-
1, which increases its cytosolic localization (Figure 1.7) (241). Conversely,
unsaturated fatty acids and phosphatidate promote the binding of lipins to
membranes (Figure 1.7) (138, 231, 241), as expected from the experiments

performed in the 1980s (296, 303).
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Figure 1.7 Regulation of the subcellular localization of lipins. The
phosphorylation of lipins is stimulated by insulin signalling. One of the
downstream kinases responsible for lipin-1 phosphorylation is mMTORC1 (mTOR-
raptor complex). Insulin-stimulated phosphorylation of lipin-1 promotes 14-3-3
association to a serine-rich region downstream of the lipin-1 polybasic motif.
Lipin-1 phosphorylation promotes its cytosolic localization. Lipins can exist in
dimeric or tetrameric states in a head-to-head, tail-to-tail conformation with each
subunit able to catalyze its own independent phosphatidate phosphatase (PAP)
activity. Association of lipin-1 with membranes is promoted by unsaturated fatty
acids, and also requires the presence of the polybasic nuclear localization motif
(NLS). SUMOylation of lipin-1 stimulates its localization to the nucleus.
Abbreviations: Ins, insulin, mTOR, mammalian target of rapamycin; PA,
phosphatidate.
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From the culmination of all these studies, it was hypothesized that
membrane association is dictated by electrostatic interactions between a
negatively charged membrane surface interacting with positively charged regions
of the lipins. The evolutionarily conserved polybasic motifs of the lipins now
provide such a binding domain, especially since PA was shown to interact with
this motif (Figure 1.5) (231). The introduction of negative charges by
phosphorylating the lipins would also disrupt these electrostatic interactions. The
dephosphorylation of lipin-1 or its yeast orthologue is regulated in part by the
Dullard phosphatase and its regulatory subunit nuclear envelope phosphatase 1-

regulatory subunit 1 (NEP1-R1) (246, 304, 305).

Phosphorylation of lipin-1 at a serine-rich region downstream of the
polybasic motif also promotes interaction of 14-3-3 proteins at this site (Figure
1.7) (232). This interaction with 14-3-3 favors lipin-1 localization in the cytosol.
The mammalian target of rapamycin complex 1 (mTORC1) is responsible for
phosphorylating several serine residues on lipin-1 (Figure 1.7) (229, 241, 306).
As mentioned previously, phosphorylation of lipin-1 at most of the sites identified
does not affect PAP activity as measured in vitro, but rather it changes its
subcellular localization in intact cells and thus, its physiological activity (229,
241). Phosphorylation of mammalian lipin-1 and -2 on CDKL1 recognition motifs
does appear to affect PAP activity (292); however, the specific serine/threonine
residues have only been identified in yeast (249, 302). A recent study showed
that the inhibition of mMTORC1 phosphorylation of lipin-1 promotes the nuclear
localization of lipin-1, where it inhibits sterol regulatory element-binding protein

(SREBP) signalling (229).
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Lipin-1 localization to the nucleus is also dependent on SUMOylation
(Small Ubiquitin-like Modifier) (Figure 1.7) (276). SUMOylation motifs consisting
of a @KxE sequence (where ¢ represents any hydrophobic amino acid and x
represents any amino acid) have been identified in lipin-1A, lipin-1B, and lipin-2
(Figure 1.5) (276). Only lipin-1A and -1B have been positively demonstrated to be

SUMOylated (276).

In summary, the subcellular localization of lipins is dynamically regulated
by post-translational modifications as well as changes in electrostatic interactions
with membranes, which enables an active response to rapid changes in cellular

signalling and nutrient status.

1.5.2 Transcriptional regulation of the lipins

The gene expressions of lipin-1 and -2 have also been shown to be tightly
regulated by the differential actions of various hormones in the feed/fast cycle.
Glucocorticoids, which are elevated in the plasma during stress, starvation,
diabetes, and after feeding ethanol or fructose (293), stimulate the transcriptional
upregulation of Lpinl gene expression through interaction of the activated
glucocorticoid receptor with the glucocorticoid receptor response element
upstream of the Lpinl promoter (Figure 1.8) (307, 308). This induction by
glucocorticoids is synergized by the action of glucagon through cyclic adenosine
monophosphate (CAMP) and it is antagonized by insulin (307). These effects
mirror the changes in lipin-1 gene expression in the liver during fasting, diabetes
and ethanol feeding (307). Lipin-2 expression is also induced by fasting (243,
307), and is increased by acute endoplasmic reticulum stress as well as high fat
feeding (280).
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Figure 1.8 Transcriptional regulatory sites on the LPIN1 (human)/Lpinl
(mouse) gene. Sterol regulatory element binding protein-1 (SREBP1) and
nuclear factor-Y bind to the sterol response element (SRE) and nuclear factor-Y
(NF-Y) binding site on the LPIN1 promoter respectively. Hypoxia inducible factor-
1 binds to the hypoxia response element (HRE). Transducer of regulated CREB
activity 2 (TORC2) and cAMP response element binding protein (CREB) bind to
the -85 to +56 region of the promoter. Nuclear orphan receptor-1 binds to nuclear
orphan receptor half-sites 1 and 3 (NR1 and 3) on the Lpinl promoter as well as
NR2 and 4 on the reverse strand. Glucocorticoid receptors bind to the
glucocorticoid response element (GRE) upstream of the Lpinl promoter and
estrogen-related receptors a and y bind to the estrogen-related receptor
response elements (ERRE) in the first intron downstream of the promoter. The
tumour suppressor, p53, has also been shown to bind in the first intron of the
Lpinl gene.

Although cAMP does not increase Lpinl transcription in hepatocytes by
itself, B,-adrenergic receptor signalling in mouse skeletal muscle and C2C12
myotubes can induce the upregulation of lipin-1 gene expression by activating
nuclear orphan receptor-1, which binds to its response elements in the promoter
region (Figure 1.8) (309). TORC2 (transducer of regulated CREB activity) in
conjunction with cAMP response element binding protein (CREB) can also

increase Lpinl expression in hepatocytes (Figure 1.8) (310). TORC2 activation
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and localization to the nucleus is induced by its dephosphorylation on serine 171
(311). Glucagon and fasting promote the dephosphorylation of serine 171,
whereas insulin and feeding cause its phosphorylation (311, 312). Therefore,
TORC2 appears to be a major player in the cAMP- and insulin-dependent

regulation of Lpinl transcription, at least in the liver.

Transcription of the Lpinl gene also depends on PGC-1a and estrogen-
related receptors-a and -y (ERRa and y), which bind to their response elements
in the first intron (Figure 1.8) (100, 266). Gene expression of PGC-1a is
increased in hepatocytes by cAMP and this action is synergized by
glucocorticoids (307). These changes in PGC-1a mRNA levels coincide with the
increase in Lpinl mRNA that is stimulated by glucocorticoids and cAMP.
Moreover, glucocorticoids induce PPARa gene expression 1-2 h after the
induction of Lpinl expression (307). These observations support the findings by
Finck et al. who demonstrated the role of lipin-1 as a transcriptional co-activator
with PGC-1a in regulating PPARa levels in the liver (100). It should also be noted
that insulin does not antagonize the transcriptional upregulation of the genes

encoding PGC-1a or PPARa (307).

SREBP-1, in combination with its binding partner nuclear factor Y, is also
involved in the induction of LPIN1 gene expression in Huh7 hepatocarcinoma
cells (Figure 1.8) (313). Ethanol can also increase hepatic PAP activity through
the action of glucocorticoids (219, 222), and this was related to the development
of the ethanol-induced fatty liver (314, 315). A recent study showed that SREBP
also regulates the ethanol-induced upregulation of Lpinl expression (244). On
the other hand, activation of AMP-activated protein kinase (AMPK) appears to
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inhibit the effects of ethanol on Lpinl expression. Moreover, the nuclear
localization of lipin-1 induced by inhibition of mMTORC1 leads to a decrease in
SREBP signalling by decreasing the amount of nuclear SREBP (229). The
combination of these findings suggests that the induction of lipin-1 by SREBP-1
followed by lipin-1 nuclear localization could act as a negative feedback

mechanism to fine-tune SREBP signalling.

As mentioned previously, hypoxia increases PAP activity in rat livers after
1 day (223), and a recent study showed that this increase is mediated by hypoxia
inducible factor 1 (HIF1) binding to the hypoxia response element on the LPIN1
promoter and inducing transcriptional upregulation of the LPIN1 gene (Figure 1.8)
(316). Other cellular stresses that induce reactive oxygen species production and
p53 activation such as glucose deprivation and DNA damage also induce lipin-1
gene expression in C2C12 myotubes and human fibroblasts (317). The authors
showed that p53 binds to the first intron of the Lpinl gene in the mouse DP16.1
p53/ts cell line with a temperature-sensitive activation of p53 at 32°C (Figure 1.8)
(317). Lastly, the authors postulated that lipin-1 is important for p53-induced
upregulation of FAO in C2C12 myotubes. This was based on their demonstration
that the increase in FAO in glucose-deprived conditions was decreased by 20%
and 10% when knocking down lipin-1 or p53 expression, respectively. Further

studies will clarify the role of lipin-1 in p53 signalling.

The regulation of lipin gene expression can be viewed as a compensatory
mechanism to increase the reservoir of lipins during periods of high FA entry and
lipid turnover. During fasting or starvation, the action of glucagon and
glucocorticoids in the presence of low insulin signalling leads to an increase in
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lipin-1 expression. Lipin-1 localization in the nucleus and increased transcription
of genes involved in FAO occurs simultaneously with increased lipin-1 expression
and association with the endoplasmic reticulum due to increased plasma FA
supply from the blood following lipolysis in adipose tissue. These combined
actions allow concurrent increases in glycerolipid synthesis and FA oxidation.
Classically, these two pathways were considered to be mutually antagonistic
since they compete for acyl-CoA esters; however, recent evidence shows that
TG turnover and FA oxidation are complementary processes, as described in

Section 1.3.

1.6 Thesis objectives

Lipins play important roles in fatty acid oxidation, glycerolipid synthesis,
and lipid signalling. Lipin-1 can act as a transcriptional co-activator with PPARa
and PGC-1a to induce genes involved in hepatic fatty acid oxidation. The lipins
serve as essential PAP enzymes in the Kennedy pathway for synthesizing TG.
Lipins also control the balance between PA and DG, which are two essential
precursors in phospholipid synthesis. PA is a substrate for the synthesis of
phosphatidylinositol, phosphatidylglycerol and cardiolipin whereas DG is the
critical precursor required for PC and PE synthesis. PA and DG are also lipid
signalling molecules that affect various processes such as cell proliferation,

growth, survival, insulin signalling and stress response [reviewed in (173-175)].

An important determinant in the function of the lipins is the regulation of
their subcellular localization, activity and expression. The first aim of this thesis
was to investigate factors that regulate the translocation of PAP activity from the

cytosol to membranes. The ability of PAP activity to translocate onto membranes
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when stimulated with unsaturated fatty acids was first demonstrated in the 1980s
before the genes encoding the PAP enzyme(s) were identified (295, 296, 303).
We wanted to definitively determine whether the translocation of PAP activity
could be attributed to the different lipins. The stimulation of lipin translocation is a
critical event in enabling cytosolic lipins to be located at their sites of action at the

endoplasmic reticulum and the nucleus.

Two autosomal recessive mutations in lipin-1 and -2 cause
rhabdomyolysis and the Majeed syndrome in human patients, respectively. We
collaborated with Dr. Karen Reue at the University of California-Los Angeles, to
determine whether the point mutation in lipin-2, which is found in a subset of
Majeed syndrome patients, affected the ability of lipin-2 to translocate.
Furthermore, the effect of the mutation on PAP activity was investigated since the
mutated residue was present in the same domain as the conserved catalytic

motif.

Much of the work determining the roles and regulation of the lipins has
been performed in hepatocytes or adipocytes, while little is known about the
regulation of lipins in the heart. The expression of lipin-1 is increased by
glucocorticoids and the second messenger, cAMP, in hepatocytes, whereas
insulin antagonizes this induction. These dynamic changes in lipin-1 regulation
are thought to act as compensatory adaptations in conditions with high FA flux
and lipid turnover, e.g. during fasting and diabetes. The second aim of the thesis
was to determine whether the expression of the lipins in neonatal rat ventricular

myocytes was similarly regulated by insulin, glucocorticoids and cAMP.
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Furthermore, we compared the effect of fasting on lipin expression in the mouse

heart and liver.

We also wanted to determine the effects of lipin-1 deficiency in the hearts
of fld mice on the ability to synthesize glycerolipids and perform FAO since
cardiac PAP activities in fld mice have been reported to be nearly undetectable
(241). We hypothesized that the complete absence of lipin-1 in the heart would
compromise FAO since lipin-1 was shown to be an essential transcriptional co-
activator of PPARa target genes involved in FAO. Furthermore, glycerolipid
synthesis should be impaired because of the relative lack of PAP activity in the
fld heart. We expected that aberrant cardiac FA esterification and oxidation in the
fld mouse would consequently lead to decreased mechanical efficiency of the

heart.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Reagents

Common chemicals and reagents were obtained from Sigma-Aldrich (St.
Louis, MO), Thermo Fisher Scientific (Waltham, MA) or EMD Chemicals
(Darmstadt, Germany) and were of the highest grade available. Dulbecco’s
minimum essential medium (DMEM), penicillin/streptomycin and trypsin-
ethylenediaminetetraacetic acid (EDTA) were purchased from Life Technologies
(Carlsbad, CA). Fetal bovine serum, Dulbecco’s Modified Eagle’'s/Nutrient
Mixture Ham’'s F-12 (DME/F12) medium, 8-(4-chlorophenylthio)-2'-O-
methyladenosine 3',5'-cyclic monophosphate monosodium hydrate (CPT-cAMP),
dexamethasone, insulin, oleic acid, palmitic acid (free acid) and protease inhibitor
cocktail were from Sigma-Aldrich. All primers were obtained from Integrated DNA

Technologies, Inc. (Coralville, 1A).

[9,10-*H]oleate, [9,10-*H]palmitate and [1-**C]oleate were obtained from
Perkin-Elmer (Waltham, MA), and [1,3-*H]glycerol and [U-**C]glucose were
purchased from Amersham (now part of GE Healthcare, Buckinghamshire,
United Kingdom). 1,2-dioleoyl-sn-glycerol was purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL). 1,2 3-trioleoyl-sn-glycerol, 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine, L-a-phosphatidylcholine and sphingomyelin from egg
yolk, L-a-phosphatidate and L-a-phosphatidylglycerol prepared from egg yolk
phosphatidylcholine, L-a-phosphatidylinositol from bovine liver, and L-a-
phosphatidylserine, ceramides and cardiolipin from bovine brain were all
obtained from Sigma-Aldrich. Tetrahydrolipstatin was a gift from Dr. M.K. Meier
(Hoffman-La Troche Ltd, Basel, Switzerland) (318). Other reagents and their

sources are mentioned within the text.
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2.2 Phosphatidate phosphatase enzymatic assay
2.2.1 Introduction

The optimum conditions used to assay the phosphatidate phosphatase
(PAP) activity were delineated by our group in the 1980s and 1990s (212, 319-
321). However, the absence of detectable PAP activity in lipin-1 deficient fld (fatty
liver dystrophy) hearts led us to re-optimize the PAP assay and these series of
experiments are described in Appendix I. In summary, we found that the addition
of 0.045% Tween-20 in the PAP assay prevented the detection of activity in fld
hearts. Furthermore, the optimum concentration of Mg* using a
phosphatidate/phosphatidylcholine substrate is dependent on the pH of the
assay: PAP activity in fld cardiac tissue samples at pH 7.4 and 6.5 was optimum
at 1.5 mM Mg* and 5 mM Mg?*', respectively. Cardiac PAP activity in the fld mice
was nearly undetectable when phosphatidate in Triton X-100 micelles was used
as the substrate. The preparation of the phosphatidate substrate and the

optimized PAP activity are described below.

2.2.2 Preparation of the [*H]phosphatidate substrate

[*H]Phosphatidate was formed in a reaction containing 16.6 mM KH,PO,,
8 mM ATP (Sigma-Aldrich), 5 mM rac-glycerol 3-phosphate (Sigma-Aldrich), 3
mg/ml FA-poor bovine serum album (BSA obtained from MP Biomedicals, Solon,
OH), 0.3 mM [°H]palmitate-K* (20 mCi/umol), 1 mM dithiothreitol (DTT), 25 mM
NaF, 13.4 mM MgCl,, 25 uM coenzyme A (Sigma-Aldrich) and 3 mg/ml rat liver
microsomal protein in a final volume of 167 ml (212). The reaction was carried

out at 37°C for 90 min while stirring.
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The microsomal fraction was prepared as follows: an adult male Sprague-
Dawley rat was euthanized and the liver was perfused through the hepatic portal
vein with 60 ml phosphate-buffered saline (PBS: 8.1 mM Na,HPO, 1.1 mM
KH,PO,, 138 mM NaCl and 2.7 mM KCI pH 7.4). The liver was cut into smaller
pieces and resuspended in bicarbonate buffered solution containing 250 mM
sucrose and 1 mM DTT pH 7.4 at 4 x volume. The tissue pieces were
homogenized and the liver homogenate was centrifuged for 20 min at 27,000 x g.
The supernatant was centrifuged again for 90 min for 302,000 x g to obtain a
pellet of liver microsomal membranes, which was resuspended in the bicarbonate
buffer containing 250 mM sucrose and 1 mM DTT pH 7.4. The stock solution of
80 mM K'-palmitate was made by solubilizing the palmitic acid in 20% molar

excess of KOH at 65°C, followed by sonication.

Once the reaction was complete, the mixture was added to a separating
funnel and lipids were extracted by sequential additions of 600 ml chloroform-
methanol (1:2, by vol.), 200 ml chloroform and 193 ml 2 M KCI containing 0.2 M
H;PO,, such that the final ratio of chloroform-methanol-aqueous solution was
1:1:0.9. The separating funnel was incubated at 4°C overnight to allow for phase
separation and the bottom phase was collected the next morning. The chloroform
was evaporated in a round-bottomed flask using a rotary evaporator (Btichi
Rotavapor®, Flawil, Switzerland), and the dried lipids were resuspended in 9 ml
chloroform-methanol (9:1, by vol.). The lipids were loaded onto glass-backed,
silica-coated thin layer chromatography (TLC) plates (EMD Chemicals), along
with phosphatidate (PA) and lysophosphatidate (LPA) standards. A full-length
development in chloroform-methanol-ammonium hydroxide (65:35:7.5, by vol.)
was carried out, followed by a second full-length development in chloroform-
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acetone-acetic acid-methanol-water (50:20:15:10:5, by vol.). The PA and LPA
standards were identified using a 0.05% w/v primuline stain in acetone-water
(8:2, by vol.) and visualized under an ultraviolet light. The extracted lipids co-
migrating with the LPA and PA standards were scraped separately into glass
tubes and the silica was extracted over 2 days with chloroform-methanol-acetic
acid (8:10:0.1, by vol.). The [PH]PA and [PH]LPA were dried under a nitrogen

stream and resuspended in chloroform-methanol (9:1, by vol.).

The substrate used in the phosphatidate phosphatase assay consisted of
3 mM PA (prepared from egg yolk PC), 2 mM egg yolk PC, [°*H]PA (1.36 pCi/ml),
10 mg/ml FA-poor bovine serum albumin (BSA obtained from MP Biomedicals,
Solon, OH) and 5 mM EDTA/5 mM ethylene glycol tetraacetic acid (EGTA) pH
7.4 or 6.5 depending on the pH at which the assay was conducted. First, 60 pumol
PA, 40 umol PC and 27.2 uCi [*H]PA were dried down in a glass tube under a
nitrogen stream. A solution of 5.5 mM EDTA/5.5 mM EGTA pH 7.4 or 6.5 was
pre-warmed at 37°C and 18 ml was added to the lipids while vortexing. The
mixture was incubated at 37°C for 10 min and it was then sonicated for 10 s at
setting 40 using the Sonic Dismembrator Model 300. One freeze-thaw cycle at -
80°C was carried out and the solution was warmed to 37°C. While vortexing, 2 ml
FA-poor BSA at a concentration of 100 mg/ml was added to the tube. Following a
second freeze-thaw cycle, the solution was warmed to 37°C and sonicated as
before. The substrate was then stored at -20°C before use in phosphatidate
phosphatase assays. The substrate preparation was performed by Mr. Jay

Dewald.
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2.2.3 Measurement of activity using radiolabelled phosphatidate
Phosphatidate phosphatase (PAP) assays were performed at pH 6.5 and
7.4 using two methods for preparing the PA substrate (134). All assays were
conducted at 37°C. The first method used a dispersion of PA with PC, which was
designed to maximize the activity of PAP versus that of lipid phosphate
phosphatase (LPP). Each sample was assayed in a total volume of 100 pl
consisting of 100 mM Tris/maleate buffer pH 6.5, or 100 mM Tris/HCI buffer pH
7.4 in addition to 0.6 mM DTT, 1.5 mM MgCl, (for pH 7.4) and 5 mM MgClI, (for
pH 6.5), protease inhibitor cocktail, 30 nM microcystin-LR (Enzo Life Sciences,
Farmingdale, NY) (to inhibit phosphoprotein phosphatases), 0.6 mM
phosphatidate (PA) labelled with [*H]palmitate (approximately 6 x 10* dpm per
assay) (Section 2.2.2), 0.4 mM PC, 1 mM EDTA/1 mM EGTA, 2 mg/ml BSA, and
200 uM tetrahydrolipstatin to inhibit the degradation of the DG product by lipase

activity (321).

In the second assay, 45 mM Triton X-100 was used to disperse 5 mM PA
in micelles and PC was omitted. Each sample was assayed in a total volume of
100 pl consisting of 100 mM Tris/maleate pH 6.5 or Tris/HCI pH 7.4 in addition to
0.6 mM dithiothreitol, 1 or 6 mM MgCl, (pH 7.4 and 6.5, respectively), protease
inhibitor cocktail, 30 nM microcystin-LR, 1 mM PA labelled with [*H]palmitate
(approximately 6 x 10* dpm per assay), 9 mM Triton X-100 (from the substrate

preparation) and 200 pM tetrahydrolipstatin.

Parallel measurements were performed in the absence of Mg?, or in the
presence of 8 mM N-ethylmaleimide (NEM) to determine the contribution from

lipid phosphate phosphatase (LPP) activity (134). For the assays where Mg?* was
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omitted, or for the assays to determine the requirement for Mg®* and other
monovalent and divalent cations, all buffers were depleted of bivalent cations

with AG 50W-X8 resin Na*-form (212).

LPP activity was determined directly by using the Triton X-100-based
procedure at pH 6.5 and 7.4 in the presence of 6 mM NEM with the exception
that [*H]PA was used instead of [*P]PA (215). Briefly, each sample was assayed
in a total volume of 100 pl consisting of 100 mM Tris/maleate pH 6.5 or Tris/HCI
pH 7.4, 2 mg/ml FA-poor BSA, 6 mM NEM, 1 mM EDTA/EGTA, protease inhibitor
cocktail, 30 nM microcystin-LR, 0.6 mM PA labelled with [*H]palmitate
(approximately 6 x 10* dpm per assay), 8 mM Triton X-100 (from the substrate

preparation) and 200 uM tetrahydrolipstatin.

DG formed in these assays was extracted in 2 ml chloroform-methanol
(19:5, by vol.) containing 0.08% olive oil as an acylglycerol carrier (212).
Activated alumina was added to remove the unreacted PA and any liberated
[*H]palmitate from the chloroform phase. The chloroform phase was dried down,
and radioactivity was determined. PAP activity was calculated by subtracting the
NEM-insensitive, or Mg?*-independent LPP activity from the total activity. Each
sample was assayed at three different protein concentrations (30 — 200 pg) to
ensure a proportional response and the conversion of PA to DG was restricted to

<20%.
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2.3 The non-radioactive detection of phosphatidate phosphatase
activity
2.3.1 Introduction

The radioactive PAP assay described in Section 2.2.3 is an ideal assay
for determining PAP activity in cell lysates and tissue homogenates. However, we
realized that there might have been a potential problem in the preparation of
[*H]PA as a substrate. [9,10-*H]palmitate was incorporated into the glycerol 3-
phosphate backbone in an excess of palmitate. The major [*H]PA product could
potentially have been dipalmitoyl-PA. Han et al. demonstrated that dipalmitoyl-PA
was a poor substrate for lipin-1 (137). To determine if the [°*H]PA used in our
assay was a suitable substrate for detecting PAP activity, we assayed samples in
parallel using a non-radioactive method of detecting phosphate release and the
formation of [PH]DG under our standard PAP assay conditions. These

experiments are described in Appendix |.

Briefly, the substrate used in the PAP assay consists of [°H]PA (prepared
as described in Section 2.2.2) and PA prepared from egg yolk PC. We measured
the formation of [°*H]DG and the release of phosphate from PA using a method of
detecting phosphate with malachite green in parallel (described in Section 2.3.2
below). The rationale was that [°*H]DG formation would be much lower than
phosphate release from PA if PAP activity against [°H]JPA was decreased
compared to its action against PA prepared from egg yolk PC. We found that
detection of PAP activity by measuring [*H]DG was only 15% lower on average
than measuring phosphate release from PA. Furthermore, measuring [*H]DG

formation was more sensitive than using malachite green to detect phosphate
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release. We concluded that the radioactive PAP assay is the more sensitive and

preferred method of detecting PAP activity in our samples.

2.3.2 Measurement of PAP activity by inorganic phosphate release from
phosphatidate

Cell lysates were assayed at pH 7.4 using the PA/PC liposomes as
described above in Section 2.2.3. Na,HPO, was assayed under the same
conditions to establish a standard curve. The reaction was stopped by adding
100 pl HCIO, at a final concentration of 0.5 M and the final volume was 200 pl.
The tubes were centrifuged at 750 x g for 4 min to pellet the precipitated protein
and bound lipids. A sample of the supernatant (150 uL) was isolated and 10 pL of
125 mM ammonium molybdate ((NH4)sM0,0,4-4H,0) was added. The mixture
was extracted with 180 pL isobutanol-benzene (1:1, by vol.) and centrifuged
again for 4 min at 750 x g. 140 L of the organic phase was taken and dried
down under an air stream. Two hundred and fifty pL 12 mM ammonium
molybdate in 0.9 M H,SO,; and 250 pL 0.244 mM malachite green oxalate in
0.112% polyvinyl alcohol was added and the absorbancy of the phosphate-
molybdate-malachite green complex was measured at 600 nm after 10 min
incubation at room temperature. A parallel assay with the same set of samples

was carried out to measure [°H]DG formation as outlined in Section 2.2.3.
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2.4 Cell culture
2.4.1 Primary neonatal rat ventricular myocytes

Isolation of neonatal rat ventricular myocytes (NRVMs) was performed as
previously described (322). Hearts from 2-day old rat pups were isolated and
placed in ice-cold PBS. The atria were removed from the hearts, rinsed three
times with ice-cold PBS and the ventricles were minced with fine-tipped scissors.
The minced tissue was then digested for 20 min at 37°C on a rotary shaker with
25,000 U deoxyribonuclease | (Worthington Biochemical Corporation, Lakewood,
NJ), 2,250 U trypsin (Worthington Biochemical Corporation) and 5,000 U
collagenase (Worthington Biochemical Corporation) in a total volume of 19.5 ml
PBS. As described by the manufacturer, 1 U deoxyribonuclease | (DNAse |)
causes an increase in absorbance at 260 nm of 0.001 per minute per ml at 25°C,
pH 5.0 when acting against lambda phage DNA. 1 U trypsin hydrolyzes 1 umole
of p-toluene-sulfonyl-L-arginine methyl ester per minute at 25°C, pH 8.2, in the
presence of 10 mM Ca?. 1 U collagenase releases 1 pmole L-leucine

equivalents from collagen in 5 h at 37°C, pH 7.5.

After digestion of the heart tissue, 20 ml Dulbecco’s Modified
Eagle’s/Nutrient Mixture Ham’s F-12 (DME/F12) medium containing 20% fetal
bovine serum (FBS), 1% penicillin/streptomycin and 50 pg/ml gentamicin
(denoted as DF20 medium) was added in a 50 ml Corning tube (Corning
Incorporated, Lowell, MA) and the solution was centrifuged at 130 x g for 2 min
using a Beckman TJ-6 low-speed centrifuge. The supernatant was discarded and
the pellet was resuspended in PBS containing DNAse |, trypsin and collagenase
for further digestion at 37°C for 20 min. DF20 medium was again added and the
mixture was centrifuged as before. The supernatant was kept in a separate 50 ml
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Corning tube and the pellet was digested one last time using the previous
conditions. The supernatant was centrifuged at 650 x g for 7 min, and the
resulting pellet was combined with the final digestion mixture in addition to 20 ml
DF20 media. Following a final centrifugation at 650 x g for 7 min, the pellet was
resuspended in plating media (DME/F12 medium containing 5% FBS, 10% horse

serum, 1% penicillin/streptomycin and 50 pug/ml gentamicin).

The cells were strained through a 100 um cell strainer (BD Biosciences,
Franklin Lakes, NJ) and incubated in a T-75 cm? culture flask for 90 min at 37°C
in a CO; incubator. Cardiac fibroblasts and endothelial cells readily attached to
the flask surface during this time period and the supernatant containing the
myocytes was isolated and centrifuged at 300 x g for 2 min. The cells were
resuspended in plating media and cells were counted after diluting with trypan
blue. Cell viability was usually greater than 90% and cells were plated on 35 mm
primaria-coated dishes (BD Biosciences) at a density of 1.8 million cells per dish.
The cardiomyocytes were cultured in DME/F2 medium containing 10% FBS and
100 uM cytosine B-D-arabinofuranoside (ara-C). Ara-C is a deoxy-cytosine
analog, which becomes incorporated into DNA and inhibits replication without
affecting transcription (323). Treatment with ara-C would selectively prevent
cardiac fibroblast and endothelial cell proliferation without affecting the quiescent

cardiomyocytes.

66



2.4.2 Preparation of primary adult rat hepatocytes

Primary hepatocytes were isolated as previously described (324).
Hepatocyte preparations were performed by Boripont Manmontri and Dr. Sabina
Isgandarova. Adult rats were anesthetized with ©Euthanyl (Bimeda-MTC Animal
Health Inc., Cambridge, ON), or more specifically 150 mg/kg sodium
pentobarbital. Once the animal reached surgical plane, the abdominal cavity was
dissected and blood was drawn from the inferior vena cava before tying off. The
hepatic portal vein was then cut and a blunt-end needle attached to a peristaltic
pump was inserted into the vein. The liver was perfused with Hank’s Balanced
Salt Solution (HBSS, Life Technologies) containing 0.5 mM EGTA, 25 mM
glucose, 5.33 mM KCI, 0.44 mM KH,PO,, 138 mM NaCl, 0.34 mM Na,HPO,, 4.2
mM NaHCO;, 1.72 pM insulin and 25 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) pH 7.4 at 4 ml/min for 5 min. The liver was then
perfused for 2 — 3 min with 1 mg/ml collagenase type IV (Sigma-Aldrich) in HBSS
(Life Technologies) containing 25 mM glucose, 5.33 mM KCI, 0.44 mM KH,PO,,
138 mM NaCl, 0.34 mM Na,HPO,, 4.2 mM NaHCOs;, 1.72 puM insulin, 25 mM
HEPES pH 7.4, 1.26 mM CacCl,, 0.5 mM MgCl, and 0.4 mM MgSQO,. The liver
was then sliced into a creamy emulsion and Dulbecco’s Minimal Essential
Medium (DMEM) containing 15% FBS and 1% penicillin/streptomycin was added.
The mixture was strained and centrifuged at 15 x g for 5 min. The supernatant
was decanted and the pellet was resuspended in 15% FBS-DMEM before
centrifugation at 15 x g for 5 min again. This step was repeated twice and the
final pellet was resuspended in 15% FBS-DMEM. 1.5 million cells were plated on
6 cm dishes (Corning Incorporated) coated with collagen type Il (Sigma). After 1
— 2 h attachment, non-viable and unattached cells were removed and fresh
media was added. Hepatocytes were used in experiments the next day.
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2.4.3 Mammalian cell lines

Rat2 fibroblasts and human embryonic kidney 293 (HEK 293) cells were
cultured in DMEM containing 10% FBS and 1% penicillin/streptomycin. Trypsin
(0.05%) containing 0.5 mM EDTA was used to isolate and passage adherent

cells.

2.4.4 Adenoviral inoculation of cultured cells

Recombinant adenovirus overexpressing N-terminal HA-tagged
(hemagglutinin epitope) Mus musculus lipin-1B wildtype (AdLipinlb) and lipin-2
(AdLipin2) as well as adenovirus expressing shRNA against the genes encoding
B-galactosidase (which was used as the vector control) (AdshRNA LacZ) or lipin-
1 (AdshRNA Lipinl) were gifts from Dr. Thurl Harris (University of Virginia,
Charlottesville, VA) (100, 241). The cytomegalovirus (CMV) promoter was used
to drive gene expression and these constructs also possess a separate CMV
promoter expressing green fluorescent protein (GFP). The Ad-Easy system was
used to prepare the adenovirus expressing full-length lipin-1B wildtype. The
sShRNA targeting nucleotides 896-915 of the lipin-1 transcript was cloned into the
pPENTR vector (Life Technologies), which was then used as the entry vector in
the BLOCK-iT™ adenoviral RNAi expression system. Adenovirus propagation
was carried out by Amy Barr (Cardiovascular Research Centre, University of
Alberta). NRVMs were inoculated with adenovirus in 10% FBS-DME/F12 medium
for 38 h to obtain optimum expression. HEK 293 cells were inoculated with
adenoviral vectors in 10% FBS-DMEM for 6 h, after which the media was
replaced with fresh 10% FBS-DMEM. Adenoviral expression in HEK 293 cells
was optimum at 24 h post-inoculation.
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2.4.5 Plasmid propagation and site-directed mutagenesis

This work was performed in collaboration with Tamara Arnold from the lab
of Dr. Charles Holmes. The pRK5 plasmids expressing N-terminal FLAG-tagged
full-length Mus musculus lipin-1B wildtype and FLAG-tagged catalytically inactive
lipin-1B mutant (D712, 714E) were provided as gifts from Dr. Thurl Harris
(University of Virginia) (229, 241). Plasmids were transformed into subcloning
efficiency DH5a™ competent Escherichia coli (Life Technologies) and were
plated on Lysogeny Broth (LB: 10 g/l tryptone, 5 g/l yeast extract and 10g/l NaCl)
agar plates containing 100 pg/ml ampicillin at 37°C. Selected E. coli colonies
were propagated overnight on a bacterial shaker set at 230 rpm in LB media
containing 100 pg/ml ampicillin. Plasmids were isolated from the E. coli using the
QIlAprep Spin Miniprep kit (Qiagen, Venlo, Netherlands). Briefly, bacteria were
lysed under alkaline conditions (325) in the presence of ribonuclease A to
remove any contaminating RNA and then neutralized in a high-salt buffer. The
plasmid DNA can bind to a spin column containing a silica membrane under
these high salt conditions and will elute using a low salt buffer. The column was
washed once to remove any salt and the plasmids were eluted using nuclease-
free distilled water. Plasmids were then quantified using the Nanodrop

spectrophotometer ND-1000 (Thermo Scientific, Rockford, IL).

The QuikChange™ Site-Directed Mutagenesis kit from Agilent
Technologies (Santa Clara, CA) was used to introduce point mutations in the
putative protein phosphatase-1 binding motif from Hy-VRFs, to HARA in the

pRK5 plasmid encoding FLAG-tagged wildtype lipin-1B. The numbers denote the
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residue numbers. The following primers were used to introduce the mutations,
which are highlighted in bold:
Forward primer:
5 -TCC CCTTTC CAC GCC CGC GCC GGC AAG ATG GGT GTCCTCC -3
Reverse primer:
5 - G GAG GAC ACC CAT CTT GCC GGC GCG GGC GTG GAAAGG GGA -3
Furthermore, a Nael restriction enzyme cut site shown in the underlined
region was created when the mutations were introduced. In order to produce the
plasmid containing the mutations, approximately 50 ng of the parent plasmid
DNA was added to a reaction mix containing 10 mM KCI, 10 mM (NH,),SO,, 20
mM Tris-HCI pH 8.8, 2 mM MgSQ,, 0.1% Triton X-100, 0.1 mg/ml nuclease-free
BSA, a proprietary formulation of deoxyribonucleotide triphosphates (dNTPSs),
125 ng forward and reverse primer, and 2.5 U PfuTurbo® DNA polymerase. 1 U
PfuTurbo® DNA polymerase was defined as the amount of enzyme that can
incorporate 10 nmol of [*H]TTP into an acid-insoluble template in 30 min at 72°C.
The reaction mix was then subjected to a thermal cycling protocol consisting of 1
cycle at 95°C for 30 s, followed by 18 sequential cycles at 95°C for 30 s, 55°C for
1 min and 68°C for 8 min. The restriction enzyme Dpnl can recognize and cut its
corresponding restriction site only when methylated, and since the parent
plasmid was propagated in an E. coli strain positive for Dam methylase, 10 U
Dpnl was used to digest the parental, non-mutant plasmid and not the mutant
strands. 1 U Dpnl is defined as the quantity of enzyme used to digest 1 pg dam-

methylated plasmid DNA at 37°C in 1 h.
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2.4.6 Transfection of cultured cells with plasmids

Plasmids were transfected into cultured HEK 293 cells using the
transfection reagent Lipofectamine™ 2000 (Life Technologies). Cells were
cultured at 50-80% confluence in 35 mm dishes for 1 day in 10% FBS-DMEM in
the absence of penicillin/streptomycin. On the day of transfection, media was
replaced with 1.5 ml fresh 10% FBS-DMEM without penicillin/streptomycin. 3 ug
plasmid DNA was incubated for 20 min with 7.5 pug Lipofectamine™ 2000 in 500
pl Opti-minimal essential media® | (Opti-MEM® [) containing reduced serum as
recommended in the protocol provided by Life Technologies. The DNA-
Lipofectamine complexes were then added to the dishes and left to incubate for 6
h. At this time, the media was again replaced and the cell lysates were collected

24-48 h after transfection.

2.5 Detection of protein-protein interactions by immunofluorescent
antibodies
2.5.1 Detection of protein phosphatase 1y catalytic subunit bound to the 96
well pClear® plate

Purified, recombinant protein phosphatase 1y catalytic subunit (PP1y)
was obtained from Tamara Arnold from the laboratory of Dr. Charles Holmes.
PP1ly (3 pg) was incubated in 150 ul PBS using the 96 well uClear® black-
coated, tissue culture-treated plate (catalogue no. 655090, Greiner Bio-One,
Kremsmuenster, Austria). The plate was gently agitated overnight at 4°C on the
Lab-Line Lab Rotator (Lab-Line Instruments Inc., Melrose Park, IN) at 40
revolutions per minute (rpm). After washing in PBS containing 0.1% w/v Tween-

20 (PBST), the wells were blocked with Odyssey blocking buffer (LI-COR
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Biosciences) for 1 h at room temperature. The wells were washed with PBST
once more and incubated overnight at 4°C while gently agitating with mouse anti-
protein phosphatase 1 immunoglobulin G (IgG) (Santa Cruz Biotechnology)
diluted 1:500 in Odyssey blocking buffer-PBS (1:1, by vol.) containing 0.1% wi/v

Tween-20.

The wells were washed with PBST before incubation with the secondary
antibody. The Alexa Fluor® 680-conjugated goat anti-mouse IgG (Life
Technologies, Carlsbad, CA) was diluted 1:10,000 in Odyssey blocking buffer-
PBS (1:1, by vol.) containing 0.1% w/v Tween-20 and 0.01% sodium dodecyl
sulfate and added to each well. The plate was then incubated for 90 min at room
temperature while gently agitating at 40 rpm as before. After washing with PBST,
the wells were washed once with PBS and scanned at 700 nm using the LI-COR
Odyssey® Imaging System. The Odyssey® Imaging software version 1.2, in
combination with the In-Cell Western plugin, was used to quantify the

fluorescence in each well.

2.5.2 Interaction of recombinant lipin-1B overexpressed in human
embryonic kidney 293 cells with protein phosphatase 1y

PP1ly (3 pg/81 pmol) was bound to the 96 well plate, as outlined in
Section 2.5.1. As controls, equivalent amounts (3 ug) of bovine serum albumin
(BSA) or potato acid phosphatase (Sigma-Aldrich) were bound to the wells,
instead. This incubation was either performed in the absence or presence of 750
pmol of microcystin-LR. HEK 293 cells overexpressing recombinant lipin-1B

proteins were sonicated in 25 mM HEPES pH 7.4 containing 250 mM sucrose, 2

72



mM DTT, protease inhibitor cocktail (Sigma-Aldrich) and 30 nM microcystin-LR.
The lysates were centrifuged for 30 s at 7,700 x g and the supernatant was used
for the PP1y interaction experiments. After washing the wells with PBS followed
by blocking with Odyssey blocking buffer (LI-COR Biosciences) for 1 h at room
temperature, cell lysates overexpressing recombinant lipin-1B were incubated in
the wells coated with PP1y, BSA or potato acid phosphatase overnight at 4°C on

the Lab-Line Lab Rotator at 40 rpm.

The wells were treated once more with Odyssey blocking buffer for 1 h at
room temperature and washed with PBST. This was followed by an overnight
incubation at 4°C while gently agitating at 40 rpm with mouse IgG detecting the
FLAG epitope (Clontech Laboratories Inc., Mountain View, CA) and rabbit
polyclonal 1gG detecting the lipin-1 C-terminus diluted 1:2,500 and 1:500,
respectively in Odyssey blocking buffer-PBS (1:1, by vol.) containing 0.1% wi/v
Tween-20. After washing with PBST, wells were incubated for 90 min at room
temperature while gently agitating at 40 rpm with Alexa Fluor® 680-conjugated
goat anti-mouse IgG (Life Technologies, Carlsbad, CA) and IRDye® 800-
conjugated goat anti-rabbit IgG (LI-COR Biosciences) diluted 1:10,000,
respectively in Odyssey blocking buffer-PBS (1:1, by vol.) containing 0.1% wi/v
Tween-20 and 0.01% sodium dodecyl sulfate. After washing with PBST, the wells
were washed once with PBS and scanned at 700 and 800 nm using the LI-COR
Odyssey® Imaging System. The Odyssey® Imaging software version 1.2 in
combination, with the In-Cell Western plugin, was used to quantify the

fluorescence in each well.
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2.5.3 Protein dot blot for the normalization of recombinant protein
expression

Different amounts of the HEK 293 cell lysates overexpressing
recombinant lipin-1B (0.1 — 1 ug) were spotted onto a nitrocellulose membrane
and dried under an air stream. The blot was blocked for 1 h at room temperature,
washed with PBST and incubated for 1 h at room temperature with mouse 1gG
detecting the FLAG epitope (Clontech Laboratories Inc., Mountain View, CA) and
rabbit polyclonal IgG detecting the lipin-1 C-terminus diluted 1:2,500 and 1:500,
respectively in Odyssey blocking buffer-PBS (1:1, by vol.) containing 0.1% wi/v
Tween-20. After washing with PBST, the blot was incubated for 1 h at room
temperature with Alexa Fluor® 680-conjugated goat anti-mouse IgG (Life
Technologies, Carlsbad, CA) and IRDye® 800-conjugated goat anti-rabbit 1gG
(LI-COR Biosciences) diluted 1:10,000, respectively in Odyssey blocking buffer-
PBS (1:1, by vol.) containing 0.1% w/v Tween-20 and 0.01% sodium dodecyl
sulfate. After washing with PBST, the blot was washed once with PBS and
scanned at 700 and 800 nm using the LI-COR Odyssey® Imaging System. The
Odyssey® Imaging software version 1.2 was used to quantify the fluorescence

signal.

2.6 Measurement of mRNA levels

2.6.1 mRNA isolation and reverse transcription

The RNAqueous® kit from Life Technologies was used for the collection
and isolation of mMRNA from cell lysates or tissue samples. Cells plated onto
dishes were collected in the Lysis/Binding buffer, which is a concentrated
chaotropic guanidinium salt solution provided in the kit. The lysate was sonicated

for 5 s twice with 1 min intervals at setting 20 using the Sonic Dismembrator

74



Model 300. Samples were centrifuged for 2 min at 16,000 x g using the DeSaga
Microfuge MC-2 (Sarstedt AG & Co., Niumbrecht, Germany) to remove any
insoluble material or debris. For tissue samples, approximately 10 mg of cardiac
tissue per mouse was taken up in 150 pl RNAqueous lysis buffer (Life
Technologies) and treated similarly. The supernatant was then combined with an
equal volume of 64% ethanol and mixed by inverting several times. Each sample
was then added to a filter cartridge placed in a collection tube. The filter cartridge
contains a silica fibre pad which binds and retains the nucleic acids. It should be
noted that the silica can only bind to mRNA as well as DNA in the presence of
the chaotropic Lysis/Binding buffer (326). The bound nucleic acids were washed
and eluted with a low ionic strength elution buffer that was pre-heated to 80°C to

facilitate elution.

Genomic DNA was removed using the DNA-free™ kit (Life Technologies).
Samples were incubated with 2 U recombinant, purified DNAse | for 30 min at
37°C in 10 mM Tris-HCI pH 7.5, 2.5 mM MgCl, and 0.5 mM CacCl,, followed by a
second incubation with an additional 2 U recombinant DNAse | for another 30
min at 37°C. One U of DNAse | activity is defined by Life Technologies as an
increase in the absorbance of a high molecular weight DNA substrate at a rate of
0.001 absorbance units (Aze)/min per ml at 25°C. After 1h, DNAse Inactivation
Reagent was added to inactivate the DNAse | as well as to chelate the Mg and

Ca®" cations.

The isolated mMRNA was then reverse-transcribed to complementary DNA
(cDNA) using either SuperScript® Il reverse-transcriptase from Life Technologies

or gScript™ cDNA supermix from Quanta Biosciences (Gaithersburg, MD). Both
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methods provided similar amounts of cDNA when a set amount of mRNA was
reverse-transcribed as tested by quantitative real-time PCR for several genes
including TATA-binding protein (Tbp), peroxisome proliferator-activated receptor
B/ 6 (Pparb/d) and heat shock protein 5 (Hspa5; also known as GRP78, 78 kDa
glucose-regulated protein). Using the first method, 6 pg random primers (Life
Technologies) was added to approximately 5-500 ng mRNA in a total volume of
23 pl. The mixture was heated at 65°C for 5 min and then cooled to 40°C using
the Mastercycler® gradient thermocycler (Eppendorf AG, Hamburg, Germany).
Two hundred U of SuperScript® |l reverse-transcriptase and 40 U of
RNaseOUT™ were added, and the cDNA synthesis reaction was carried out in a
final volume of 40 ul in the presence of 50 mM Tris-HCI pH 8.3, 75 mM KCI, 3
mM MgCl,, 10 mM DTT and 0.5 mM dNTP mix. One U Superscript® Il reverse-
transcriptase activity is defined by Life Technologies as 1 nmol dTTP
incorporated into acid-precipitable material in 10 min at 37°C using poly(A)
oligo(deoxythymidine),s as the template primer (327) and 1 U RNAseOUT™ is
defined as the inhibition of 5 ng RNAse A by 50% when cytidine 2’, 3’ cyclic
monophosphate (cCMP) is used as the substrate (328). The final mixture was
incubated at 25°C for 10 min, followed by sequential incubations at 42°C for 60
min and 95°C for 5 min. The reaction mixture was then cooled to 4°C and kept at
-20°C for long-term storage or at 4°C for immediate processing. With the second
method, the 5 x gScript™ cDNA supermix cocktail from Quanta Biosciences was
diluted to a 1 x solution when added to 5-500 hg mRNA in a total volume of 20 pl.
The supermix contained optimized concentrations of MgCl,, RNAse inhibitor
protein, dNTPs, gScript reverse transcriptase, random primers and oligo

deoxythymidine primers. The mixture was incubated at 25°C for 10 min, followed
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by sequential incubations at 42°C for 60 min and 95°C for 5 min. The reaction
mixture was then cooled to 4°C and kept at -20°C for long-term storage or at 4°C

for immediate processing.

2.6.2 Quantitative Real Time PCR

MRNA reverse-transcribed to cDNA was measured by quantitative real
time PCR using TATA-binding protein (Tbp) (307), hypoxanthine-guanine
phosphoribosyltransferase (Hprt) or cyclophilin A (Ppih, peptidyl prolyl isomerase
H) as reference genes. Results were similar when expressed relative to any of
these three genes. cDNA samples were assayed with RT?> SYBR® Green gPCR
Mastermix, Low ROX™ (SABiosciences, Frederick, MD), and 10 uM forward and
reverse primers. SYBR® Green PCR Master Mix (Life Technologies) and
PerfeCTa® SYBR® Green FastMix, Low ROX™ (Quanta BioSciences,
Gaithersburg, MD) were also used and gave similar results. The reaction mix was
assayed using the Applied Biosystems 7500 real-time PCR system (Life
Technologies). The thermocycling protocol started with 1 cycle at 50°C for 2 min
followed by 1 cycle at 95°C for 10 min. The transcripts were then amplified during
40 cycles at 95°C for 15 s and 60°C for 1 min. Quantification of fluorescent SYBR
Green bound to double-stranded DNA was performed at the end of each cycle at
60°C. The specificity of the amplicon was confirmed by melting curve analysis of
amplicon dissociation performed by the Applied Biosystems 7500 software
immediately after the 40 cycles of amplification. The protocol consisted of 1 cycle
at 95°C for 15 s followed by 1 cycle at 60°C for 1 min and 1 final cycle at 95°C for
15 s. As the thermocycler ramped up to the final temperature of 95°C, the

instrument measured the decrease in SYBR Green fluorescence when the
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double-stranded amplicons dissociated. The data was displayed as a plot
showing the first derivative of the rate of change in fluorescence as a function of
temperature. Any non-specific products or primer dimers would be detectable as

separate peaks in the dissociation curve.

78



Table 2.1 Primer sequences of mouse genes probed in RT-PCR assays.

Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’) Ref

Ppia CAC CGT GTT CTT CGA CAT CCA GTG CTC AGA GCT CGA (329
CAC AAG

Tbp ACC CTT CAC CAA TGA CTC ATG ATG ACT GCA GCA AAT (278)
CTATG CGC

Hprt GCT GGT GAA AAG GAC CTC CAC AGG ACT AGA ACA CCT (330)
T GC

Lpinla GGT CCC CCA GCC CCAGTC GCAGCCTGT GGC AATTCA (228)
CTT

Lpinlb CAG CCT GGT AGA TTG CCA GCAGCC TGT GGC AATTCA  (228)
GA

Lpin2 TAG ATG CAG ACC CTG TTC CTG GTG CTG GCT TCT TTG (307)
CcC T

Lpin3 AAA GAC TGG ACA CAC CAG TGC TGG ATA TCA CTC AGG (307)
GG CA

Ppargcla GGC ACG CAG CCC TATTCA CGA CAC GGA GAG TTA AAG (307)

GAA GA

Ppara ACT ACG GAG TTC ACG CAT TTG TCG TAC ACC AGC TTC (119)
GTG AGC

Pparb/d CGG CAG CCT CAA CAT GG AGA TCC GAT CGC ACT TCT (331)

CAT AC

Lpl CCA ATG GAG GCA CTT TCC CCA CGT CTC CGA GTC CTC
A TCT

Gpam TCC TTC CTT CAA GAC CGA CGC AGG ACT TGC TGG CGG
ATG A TG

Dgatl TGC TAC GAC GAG TTC TTG CTC TGC CAC AGC ATT GAG (278)
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Dgat2

Tfam

Cd36

Pnpla2

Lipe

Pdk4

Slc2a4

Cptlb

Mlycd

Acaca

Acoxl

Acsll

Acsl4

Acsl5

AG

AGT GGC AAT GCT ATC ATC

ATC GT

CTT CGA TTT TCC ACA GAA

CAG

ATT GGT CAAGCCAGCT

TGT GGC CTC ATT CCT CCT

AC

GGA GCA CTA CAA ACG CAA

CGA

GAG GAT TAC TGA CCG CCT

CTT TAG

TCA TTG TCG GCA TGG GTT

T

GTC GCT TCT TCA AGG TCT

GG

CCT CAT GGT CAA CTA CCG

CTACT

CTG GCT GCA TCC ATT ATG

TCA

CAG GAA GAG CAA GGA AGT

GG

TCC TAC AAA GAG GTG GCA

GAACT

TTA AGA TAC TTG CAC CCC

ACCC

ACC TCC GTT TCT CTG GCA

ATG

AC

AAG GAA TAA GTG GGA ACC

AGATCA

TGG TAG CTC CCT CCA CAG

TGT AGG CTC ATC CAC TAC

TCG TGG ATG TTG GTG GAG

CT

TCG GCC ACC GGT AAA GAG

TTC CGG GAA TTG TCC ATC

AC

GGC AAA TAG AAG GAA GAC

GTA AGG

AAG AAA GCA GCA CGT TCG

AT

CTT GGA GCC CAG GTA GGA

GAT

TGG TAG ACT GCC CGT GTG

AA

CCT TTC TGG CTG ATC CCA

TA

GGC TTG AAC CCC TTC TGG

AT

TTA GCA GCA CCC AAC CTT

GTG

ATC AAC ACA GTC CAC CTG

CTCC

(147)

(332)

(333)

(278)

(278)
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Agpat2

TTC ATC AAC CGC CAG CAA

CAT TGT CGT TGC GTG TAC

G CCT

Acadm TGG CAT ATG GGT GTA CAG CCA AAT ACT TCT TCT TCT (332)
GG GTT GAT CA

Hspab GAG GAT GTG GGC ACG GTG CCC TGA TCG TTG GCT ATG
GT AT

Ddit3 CAT ACA CCA CCA CAC CTG CCG TTT CCT AGT TCT TCC
AAA G TTGC

Xbpl TCC GCA GCA CTC AGA CTA ATG CCC AAA AGG ATA TCA (334)
TGT GACTC

Xbpls GAG TCC GCA GCAGGT G GTG TCA GAG TCC ATG GGA  (334)

Atp2a2 CTG TGG AGA CCC TTG GTT CAG AGC ACA GAT GGT GGC (335)
GT TA

Slc27al TGC TTT GGT TTC TGG GAC GCT CTA GCC GAA CAC GAA (336)
TT TC

Pdhal GGG ACG TCT GTT GAG AGA TGT GTC CAT GGT AGC GGT (108)

GC

AA

Abbreviations used: Ppia, cyclophilin A; Tbp, TATA-binding protein; Ppargcla,
peroxisome proliferator-activated receptor y co-activator-la; Ppara, peroxisome
proliferator-activated receptor a; Lpl, lipoprotein lipase; Gpam, glycerol 3-
phosphate acyltransferase, mitochondrial; Dgatl, diacylglycerol acyltransferase-
1; Dgat2, diacylglycerol acyltransferase-2; Tfam, transcription factor A,
mitochondrial; Pnpla2, adipose triacylglycerol lipase; Lipe, hormone sensitive
lipase; Pdk4, pyruvate dehydrogenase kinase 4; Slc2a4, glucose transporter 4;
Cptlb, carnitine palmitoyl transferase-1b; Mlycd, malonyl-CoA decarboxylase;
Acaca, acetyl-CoA carboxylase a; Acoxl, acyl-CoA oxidase 1; Acsll, acyl-CoA
synthetase long-chain family member 1; Agpat2, 1-acylglycerol 3-phosphate O-
acyltransferase; Acadm, acyl-CoA dehydrogenase, medium-chain; Hspab,heat
shock protein 5 (also known as GRP78, 78 kDa glucose-regulated protein);
Ddit3, DNA damage-inducible transcript 3 (also known as CHOP,
CCAAT/enhancer-binding protein homologous protein); Xbpl, X-box binding
protein 1; Xbpls, X-box binding protein 1, spliced form; Atp2a2, sarcoplasmic
reticulum Ca?*-ATPase; Slc27al, solute carrier family 27 (fatty acid transporter),
member 1; Pdhal, pyruvate dehydrogenase E1 alpha 1.
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Where not referenced, primers were designed using Primer Express version 2.0
software or with Primer-BLAST web software (National Centre for Biotechnology
Information, Bethesda, MD) with default parameters. Primer specificity was also
confirmed using Primer-BLAST.

Table 2.2 Primer sequences of rat genes probed in RT-PCR assays.

Gene Forward primer (5’ to 3’) Reverse primer (5 to 3’) Ref

Ppia CAC CGT GTT CTT CGA CAT CCA GTG CTC AGA GCA CGA (329)
CAC AAG

Lpinl TAA GGG GCT GGA GTC TTT AGC AGC CTG GTA GAT TGT (307)
CAT CA

Lpin2 TAG ATG CAG ACC CTG TTC CTG GTG CTG GCT TCT TTG (307)
cC T

Lpin3 AAA GAC TGG ACA CAC CAG TGC TGG ATA TCA CTC AGG (307)
GG CA

Ppargcla CAC AAC GCG GAC AGA ACT CCG CAG ATT TAC GGT GCA (307)
GA TT

Ppara TGG AGT CCA CGC ATG TGA CGC CAG CTT TAG CCG AAT (307)
AG AG

Cptlb GTC GCT TCT TCA AGG TTT AAG AAA GCA GCA CGT TCG

GG

AT

Abbreviations used: Ppia, cyclophilin A; Ppargcla, peroxisome proliferator-
activated receptor y co-activator-lo; Ppara, peroxisome proliferator-activated
receptor a; Cptlb, carnitine palmitoyl transferase-1b.

Where not referenced, primers were designed using Primer Express version 2.0
software or with Primer-BLAST web software (National Centre for Biotechnology
Information, Bethesda, MD) with default parameters. Primer specificity was also
confirmed using Primer-BLAST.
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2.7 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Western blot analysis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blots were performed using antibodies as described in Table 2.3
(337, 338). Protein concentration was determined using a bicinchoninic acid
(BCA) (Thermo Scientific) or Bradford (Bio-Rad, Hercules, CA) assay performed
according to manufacturers’ instructions. BSA was used as the protein standard.
50-75 ug of protein from cell lysates were diluted in 4 x sample loading buffer
(250mM Tris-HCI pH 6.8, 4% SDS, 30% glycerol, 0.003% bromophenol blue and
10% 2-mercaptoethanol added fresh) and then boiled for 5 minutes. For
preparation of cardiac tissue, approximately 10 mg of each sample was
sonicated in 200 pl lysis buffer containing 20 mM Tris-HCI pH 7.4, 50 mM Nacl,
50 mM NaF, 5 mM Na,P,0,, 250 mM sucrose, 1% Triton X-100, 1 mM DTT, 30
nM microcystin-LR, 1 mM NazVO,, and a protease inhibitor cocktail (Sigma-
Aldrich). Samples were sonicated twice for 5 s (1 min interval between
sonications) at setting 20 using the Sonic Dismembrator Model 300. Samples (35
Mg of protein) were diluted in 3 x sample loading buffer (62.5 mM Tris-HCI pH 6.8,
6 M urea, 10% glycerol, 2% SDS, 0.003% bromophenol blue, and 5% 2-

mercaptoethanol added fresh) and then boiled for 5 min before loading.

The treated cell lysates or tissue homogenates were loaded in a 15-well
SDS-PAGE gel along with 10 pl of Precision Plus All-Blue Protein Standards
(Bio-Rad) consisting of 250, 150, 100, 75, 50, 37, 25, 20, 15, and 10 kiloDalton
(kDa) protein standards. The stacking gels were comprised of 0.125 M Tris-HCI

pH 6.8, 0.1% SDS, 3.9% acrylamide and 0.1% bisacrylamide, and the separating
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gels contained 0.375 M Tris-HCI pH 8.8, 0.1% SDS with 10% acrylamide and
0.28% bisacrylamide. Eight percent acrylamide/0.22% bisacrylamide and 6%
acrylamide/0.17% bisacrylamide separating gels were used to separate lipin-1
and -2, respectively for better detection in Western blots. Proteins were
separated at 120 V for 2.5 h in Laemmli electrophoresis buffer (25 mM Tris base,
192 mM glycine, 0.1% SDS pH 8.3) using a Mini-Protean 1l protein

electrophoresis apparatus (Bio-Rad).

The proteins were transferred onto 0.45 pm Transblot nitrocellulose
membranes (Bio-Rad) by overnight transfer at 115 mAmps in Tris-glycine buffer
(25 mM Tris base, 192 mM glycine) containing 20% methanol and 0.05% SDS at
4°C. Two methods of protein detection were used: the enzymatic
chemiluminescence (ECL) and the infrared methods of detecting horseradish
peroxidase- and fluorophore-conjugated secondary antibodies, respectively. In
the first method, the membranes were blocked in Tris-buffered saline (TBS: 20
mM Tris-HCI pH 7.6, 137 mM NacCl) containing 0.1% Tween-20 and 5% skimmed
milk (TBS-MT) for 1 h at room temperature, followed by 4 washes with TBS
containing 0.1% Tween-20 (TBS-T) for 5 min per wash on a orbital shaker. The
membranes were then incubated overnight with primary antibodies diluted in
TBS-T containing 1% milk. The membranes were placed in Corning tubes
containing the primary antibody solutions and left to rotate on a tube rotator
(VWR International, Radnor, PA) in the cold room. The primary antibodies used
are shown in Table 2.3. The membranes were then washed 4 times with TBS-T
for 5 min each wash at room temperature. Goat anti-rabbit immunoglobulin G
(IgG), donkey anti-goat IgG, and goat anti-mouse IgG secondary antibodies that
were conjugated with horseradish peroxidase (Santa Cruz Biotechnology Inc.,
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Santa Cruz, CA) were diluted 1:2000, 1:2000 and 1:3000, respectively in TBS-
MT and were then incubated with their respective membranes for 90 min at room
temperature. Membranes were again washed with TBS-T five times in 5 min
intervals. Finally, the membranes were probed using the Immunstar WesternC
ECL kit (Bio-Rad) and chemiluminescence was detected by exposure to
autoradiography film (Kodak, Rochester, NY). Developed films were scanned and
guantitative densitometric analysis was performed using ImageJ software (NIH,

Bethesda, MD).

The second method of detecting fluorophore-conjugated secondary
antibodies essentially uses the same steps as the ECL method except that
proprietary blocking buffers from LI-COR Biosciences (Lincoln, NE) or Rockland
Immunochemicals (Gilbertsville, PA) were used instead. Furthermore, PBS
containing 0.1% Tween-20 was used as the wash buffer and Alexa Fluor® 680-
conjugated goat anti-mouse IgG (Life Technologies, Carlsbad, CA) and IRDye®
800CW-conjugated goat anti-rabbit IgG (LI-COR Biosciences, Lincoln, NE)
diluted 1:10,000 in blocking buffer-PBS (1:1, by vol.) were used as the secondary
antibodies. Fluorescent signals were detected at 700 and 800 nm using the LI-
COR Odyssey® Imaging System and the Odyssey® Imaging software version

1.2 was used for quantification.

The antibody against the C-terminus of lipin-1 was a gift from Dr. Thurl
Harris (University of Virginia, Charlottesville, VA). Antibodies against lipin-2 were
raised in rabbits using the peptide sequence N' — PKGELIQERTKGNK - C’
followed by affinity-purification against this peptide (Genscript, Piscataway, NJ).
The lipin-2 antibody was verified by comparing endogenous lipin-2 in the heart to
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recombinant lipin-2 protein overexpressed in MCF-7 breast cancer cells as

shown later (Figure 5.1B, top panel).

Table 2.3 Primary antibodies used in Western blot analysis.

Primary antibody Company Catalogue
no.
p-acetyl CoA carboxylase Upstate 07-303
(serine 79)
Acetyl CoA carboxylase Cell Signaling Technology 3662
p-Akt/protein kinase B (serine 473)  Cell Signaling Technology 9271
Akt/protein kinase B Cell Signaling Technology 9272
p-pyruvate dehydrogenase Calbiochem AP1062
(serine 293)
Pyruvate dehydrogenase Cell Signaling Technology 2784
p-AMP-activated protein kinase Cell Signaling Technology 2531
(threonine 172)
AMP-activated protein kinase Santa Cruz Biotechnology sc19131
Ran GTPase BD Biosciences 610341
Fatty acid transport protein 1 Santa Cruz Biotechnology sc14497
Sarco/endoplasmic reticulum Cell Signaling Technology 4388
calcium-ATPase
Glucose transporter 4 Chemicon AB1346
p-hormone sensitive lipase Cell Signaling Technology 4126

(serine 660)
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Hormone sensitive lipase

p-S6 ribosomal protein
(serine 240/244)
S6 ribosomal protein

Adipose triacylglycerol lipase

Acyl-CoA synthetase long-chain 1

p-extracellular signal-regulated
kinase 1/2 (ERK1/2)

(threonine 202/tyrosine 204)

Extracellular signal-regulated kinase

1/2

p-mammalian target of rapamycin

(mTOR) (serine 2448)
Mammalian target of rapamycin
(mTOR)

p-p70S6 kinase (threonine 424)
p70S6 kinase
Glyceraldehyde-3-phosphate
dehydrogenase

Calnexin

protein phosphatase-1c

Human influenza hemagglutinin
(HA)-tag

FLAG-tag

Simian virus 5 (V5)-tag

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Cell Signaling Technology

Sigma-Aldrich

Stressgen

Santa Cruz

Covance

Clontech

Life Technologies

4170

2215

2217

2138

4047

9101

9102

2971

2972

9204

9202

G8795

SPA-860

sc7482

MMS-

101R

635691

R960-25
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2.8 Measurement of lipin translocation onto membranes
2.8.1 In vitro translocation of lipins

Measurement of the capacity of wild-type and mutant lipin-2 proteins to
translocate to endoplasmic reticulum membranes was based upon previous work
using microsomal membranes obtained from rat liver (138, 295). Livers of male
Sprague-Dawley rats were perfused with 60 ml of sterile ice-cold phosphate-
buffered saline, pH 7.4, and homogenized in 0.25 M sucrose containing 2 mM
dithiothreitol and 20 mM HEPES buffer, adjusted to pH 7.4 with KOH. The
homogenates were centrifuged at 4°C for 15,300 x g for 20 min to obtain a
nuclear and mitochondria-free supernatant, which we have termed cell-free rat
liver homogenates. For experiments involving overexpressed lipins in HEK 293
cell lysates, the supernatant was centrifuged for a further 400,000 x g for 40 min
to pellet the microsomal fraction. This pellet was resuspended at 37°C in
homogenization buffer containing 0.1 mM fatty acid-free BSA and incubated for
20 min to remove fatty acids and dissociate bound lipin from the membranes.
The microsomal membranes were then collected after re-centrifuging at 4°C as

above and resuspended in the same buffer.

Recombinant V5-tagged lipins expressed in HEK 293 cells were obtained
from Dr. Karen Reue (University of California-Los Angeles, CA) (134, 138).
These cells were homogenized in 0.25 M sucrose containing 2 mM dithiothreitol
and 20 mM HEPES buffer, and adjusted to pH 7.4 with KOH and phosphatase
inhibitor cocktails 1 and 2 from Sigma-Aldrich. The mitochondria-free supernatant
from these cell lysates was then isolated after centrifugation for 16,000 x g for 20
min to collect lipins bound to endoplasmic reticulum membranes and in the

cytosol.
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For the translocation experiments with overexpressed lipins, 350 ug of
liver microsomal protein was incubated for 5 min at 37°C in a final volume of 20
ul of homogenizing buffer containing 0.1 mM BSA and 0 — 750 uM K*-oleate. The
75 mM K-oleate stock solution was made by solubilizing the oleic acid in 20%
molar excess of KOH at 65°C, followed by sonication. The extract from the HEK
293 cells containing recombinant lipin (about 250 ug of total protein) was added,
and the tubes were then incubated for 10 min at 37°C to equilibrate the lipins
between cytosol and membrane fractions (24). Endogenous PAP activity from rat
livers was also tested in translocation experiments using the cell-free rat liver
homogenates (nuclear- and mitochondria-free fractions) obtained as detailed
above. In these experiments, 500 pug mitochondria-free supernatant was treated

in homogenizing buffer containing 0 — 750 uM K" oleate at 37°C for 10 min.

Following this, all samples were cooled on ice for 5 min. The soluble
proteins were then collected after centrifugation at 400,000 x g for 40 min at 4°C.
The pellets (membranes) were resuspended in 45 ul of homogenization buffer.
The samples were then stored at-80°C and PAP activities were measured later.
Alternatively, the cytosolic fractions were treated with 4 volumes of acetone at
—-20°C. The precipitated protein was collected by centrifugation and resolubilized
in 45 pl of homogenization buffer. Samples for Western blotting were prepared
with 4 x NUPAGE LDS SB from Life Technologies and stored at —80°C for further

processing.
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2.8.2 Separation of cytosol from cell ghosts using hypotonic digitonin lysis

Cells were treated with a hypotonic solution containing 10 mM HEPES pH
7.4, 0.5 mM DTT, protease inhibitors, 30 nM microcystin-LR and 80 uM digitonin
for 4 min on a chilled glass plate levelled on top of an ice-filled plastic container.
Digitonin binds to and extracts cholesterol from the plasma membrane and
causes perforations in the plasma membrane while leaving intracellular
organelles intact (339-341). The cytosolic solution was isolated and the cell
ghosts were washed twice with ice-cold HBS before collection in 10 mM HEPES
pH 7.4, 0.5 mM DTT, protease inhibitors, 30 nM microcystin-LR and 250 mM
sucrose. Cytosolic and cell ghost samples were stored at —-80°C before
processing. Cell ghosts were sonicated twice for 4 s with 1 min intervals at
setting 20 using the Sonic Dismembrator Model 300. Both cytosolic and cell

ghost fractions were centrifuged for 2 min at 750 x g.

2.8.3 Determination of the extent of cytosolic leakage using the lactate
dehydrogenase (LDH) assay

LDH activities in the cytosolic and cell ghost fractions were measured to
determine the extent of cell lysis and release of cytosolic content after treatment
with the hypotonic, digitonin-containing solution. LDH activity was measured in
167 mM Tris pH 7.4, 1.33 mM sodium pyruvate and 0.33 mM NADH (342). The
rate of decrease in the absorbance at 340 nm due to the conversion of NADH to
NAD"* was measured using the SpectraMax 250 (Molecular Devices Corporation,
Sunnyvale, CA). The initial rate of reaction was calculated using the extinction
coefficient of NADH (6.22 x 10° M™* cm™) and an approximate pathlength of 0.7
cm (derived from a total well volume of 0.22 ml and an approximate surface area
of 0.32 cm?. An average of 85+1% and 91.0+0.6% total LDH activity were
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released by digitonin from rat hepatocytes and cardiomyocytes, respectively,
indicating a high degree of cell permeabilization (225, 296, 340). LDH release
could be complete if digitonin was used at a higher concentration (339, 343);
however, the use of a hypotonic solution made the cells more susceptible to
permeabilization with very low concentrations of digitonin (294). Furthermore, a

minor proportion (2-5%) of LDH is localized in other compartments (344-346).

PAP activities in the cytosol and cell ghost fractions were adjusted if the
minimum LDH activity in the cytosol did not reach the average cytosolic LDH
value. For example, 10% of the total PAP activity was subtracted from the PAP
activity in the cell ghosts if the cytosolic LDH value in rat hepatocytes was 75% of
total LDH activity. The proportion of cytosolic to membrane-associated PAP
activity was then re-calculated and expressed relative to the corrected total PAP
activity. Only two experiments using NRVMs and one experiment with rat

hepatocytes had cytosolic LDH values of 67 — 75% on average.

2.9 Analysis of radiolabelled fatty acid and glycerol incorporation
into glycerolipids
2.9.1 Treatment of cells with radiolabelled substrates

NRVMs cultured in 10% FBS-DME/F12 medium were treated with
DME/F12 medium containing 0.1% BSA for 4 h to decrease hormonal levels and
signalling. Diethyl p-nitrophenyl phosphate (E600) was then added at a final
concentration of 100 uM to inhibit intracellular lipases and lipid turnover. After 30
min, the cells were then treated with DME/F12 medium containing 0.3 mM fatty

acid-poor BSA, 1 mM [PHglycerol (1.7 upCi/umol), 1 mM [*C]oleate (0.25
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pCi/umol) and 100 uM E600, similar to conditions used in a previous study in rat
hepatocytes (347). Furthermore, choline chloride was supplemented such that its
final concentration was 100 uM to ensure adequate choline levels for PC
synthesis (347, 348). The stock solution of 75 mM oleate was made by
solubilizing the oleic acid in 20% molar excess of KOH at 65°C, followed by
sonication; the palmitate stock solution was treated similarly. In some
experiments, 0.3 mM [*H]glycerol (5.3 uCi/umol), 0.5 mM [*C]oleate (0.5
pCi/umol) and 0.1 mM BSA were used instead. These conditions are similar to
those used in a previous study looking at TG synthesis in NRVMs so that we
could make comparisons between studies (266). When treatments were
complete, cells were washed twice with ice-cold HEPES-buffered saline (HBS: 25
mM HEPES, 138 mM NaCl and 2.7 mM KCI pH 7.4) containing 1 mg/ml BSA,
followed by one more wash with ice-cold HBS. Cell extracts were collected in 2
consecutive volumes of 500 ul methanol. The combined volume of methanol was
sequentially extracted in 12 x 75 mm borosilicate tubes with 1 ml chloroform
followed by 0.9 ml 2 M KCI containing 0.2 mM HCI (349). The tubes were

centrifuged at 1,600 x g for 10 min and the top phase was aspirated.

2.9.2 Thin layer chromatography of lipid extracts

Samples of the chloroform phase (800 ul) containing the extracted lipids
(out of a theoretical 1.1 ml) was isolated using a 500 pl Hamilton Syringe. The
lipids were dried down under a nitrogen stream and resuspended in 100 pl
chloroform. 10 pl of each sample was aliquoted into scintillation vials for
measurements of total radiolabel incorporation. The majority of the lipids (80 pl)
were pipetted onto glass-backed, silica-coated TLC plates (EMD Chemicals). The
plates were developed halfway up using chloroform-methanol-acetic acid-
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acetone-water (50:10:10:20:5, by vol.) followed by a second full-length
development with hexane-diethyl ether-acetic acid (60:40:1, by vol.) (350). TLC
plates were stained with iodine vapor and individual lipids were scraped from the
plates and collected in scintillation vials containing 10% water and EcoLite™
scintillation fluor (MP Biomedicals). Radioactive counts were measured using the

Beckman LS3801 scintillation counter (Beckman Coulter Inc., Indianapolis, IN).

2.9.3 Quantification of organic phosphates

Organic phosphate was assayed to measure phospholipid content using
rac-glycerol 3-phosphate as a standard (351). Extracted lipids in 100 pl
chloroform phase from each sample were transferred to borosilicate tubes using
a 100 pl Hamilton syringe. Phospholipids were dried down and digested with 50
pl of perchloric acid at 180°C for 30 min. The reaction mixture was cooled and
278 pl water, 55 pl 2.5% ammonium molybdate and 55 pl 10% ascorbic acid
were added before boiling for 15 min. Absorbance readings were quantified with

a multi-well plate reader at 700 nm.

2.10 Analysis of functional and metabolic parameters in the hearts of
fld and control mice
2.10.1 Animal care and breeding strategy

We established a breeding colony of Balb/cByJ-Lpinlfld/J mice obtained
from The Jackson Laboratory, Bar Harbor, ME. Two types of breeding triads
were used to produce experimental animals. The first type of triads consisted of
two female fld mice bred with one male heterozygous mouse, which produces

only fld and heterozygous offspring. The other triad contained two female
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heterozygous mice and one male heterozygous mouse, resulting in fld,
heterozygous and wild-type offspring. The wildtype and heterozygous mice were
both designated as the control mice. Mice were fed Lab Diet 5058 containing 9%
fat by weight (PMI Nutrition International, St. Louis, MO). The research was
conducted in accordance with the policies of the Canadian Council on Animal
Care, as approved by the University of Alberta Animal Policy and Welfare

Committee.

2.10.2 Non-invasive assessment of cardiac function and tissue collection
Transthoracic echocardiography was performed by Donna Beker and
Sandra Kelly from the Echocardiography Core of the Cardiovascular Research
Centre (University of Alberta). The male mice were mildly anesthetized (1.5%
isoflurane and 95% O,) and readings were made using a 30 MHz transducer
(RMV-707B) on the Vevo 770 Imaging System (VisualSonics, Toronto, ON) (352,
353). Mice were either 10 or 19-23 weeks of age. Two-dimensional M-mode
imaging on the parasternal short axis of the left ventricle was used to determine
end-diastolic and end-systolic wall thickness and left ventricular internal diameter.
From these measurements, the two most common indicators of cardiac function,

i.e. ejection fraction and fractional shortening, can be calculated as follows:

Fractional shortening (%):

(LV internal diameter in diastole — LV internal diameter in systole) x 100
LV internal diameter in diastole
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Ejection fraction (%):

(LV end-diastolic dimension — LV end-systolic dimension) x 100
LV end-diastolic dimension

where LV stands for left ventricular

The left ventricular end-diastolic dimension is calculated using Teichholz's
formula(354):

7 x (LV internal diameter in diastole)®
2.4 + LV internal diameter in diastole

The left ventricular end-systolic dimension is calculated similarly.

Pulse-wave Doppler and tissue Doppler imaging were used to determine
mitral valve E and A wave velocities, and mitral valve annular velocities,
respectively. Pulmonary vein wave velocities were also obtained from pulse-wave
Doppler analysis. Isovolumic relaxation and contraction time as well as aortic
ejection time were calculated from the analysis of mitral and aortic valve
waveforms through at least 3 to 6 cardiac cycles. The Tei index, which is another

measurement of cardiac function was calculated as follows (355):

Tei index:

Isovolumic relaxation time + isovolumic contraction time
ejection time

One week after echocardiographies, the 11-week old male mice were
fasted from 0900 h to 1300 h (0600 h - 1800 h light/dark cycle) before
euthanization by decapitation. Mouse hearts were isolated and then washed in

PBS. Hearts were wiped clean of excess PBS on KimWipe (Kimberly-Clark
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Corporation, Irving, TX) before being weighed. Hearts were then clamped, flash-
frozen in liquid nitrogen and stored at -80°C. The hearts were ground into smaller
pieces using a mortar and pestle, and portions of cardiac tissue were processed

for real time PCR (RT-PCR) and Western blot analysis as described above.

2.10.3 Serum glucose, fatty acids and triacylglycerol

Serum glucose samples were also collected from the 11-week old mice
by exsanguination and assayed with the glucose-c kit (Wako Chemicals USA
Inc., Richmond, VA). This kit was developed using principles explained and
developed by P. Trinder in 1969 (356, 357). B-D-glucose was oxidized by glucose
oxidase at 37°C to form gluconic acid and hydrogen peroxide. The kit also
contained mutarotase to convert any a-D-glucose molecules to the B-D-glucose
form since glucose oxidase activity is stereo-specific. Peroxidase catalyzed the
condensation of 4-amino-antipyrine and phenol to a red quinone dye using the
hydrogen peroxide formed from the glucose oxidase reaction. The formation of
the red quinone dye was measured at 492 nm using a multiwell plate reader, the
Easy Reader EAR340AT (SLT-Lab Instruments, Austria). For serum lipid
measurements, food was withheld from 19- to 23-week old male mice from 0900
to 1100 h. The mice were then euthanized by an intraperitoneal injection with 480
mg/kg ©Euthanyl (Bimeda-MTC Animal Health Inc.) and blood was collected
from the inferior vena cava. Serum TG and unesterified FAs were measured
using the TG GPO kit (Pointe Scientific, Canton, MI) and NEFA kit (Wako

Chemicals USA Inc.) respectively.

The reactions underlying the TG GPO kit were described by Megraw et al.
(358) and the kit also relies on the Trinder formation of a red quinone-like dye.
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Triacylglycerol was hydrolyzed to glycerol and FAs by lipase. Glycerol kinase
catalyzed the formation of L-glycerol 3-phosphate. Glycerophosphate oxidase
(GPO) then reacted with L-glycerol 3-phosphate to form dihydroxyacetone
phosphate and hydrogen peroxide. Finally, peroxidase, in the presence of
hydrogen peroxide, catalyzed the formation of a red quinoneimine dye from 4-
aminoantipyrine and 3-hydroxy-2,4,6-triboromobenzoic acid. Absorbance at 492
nm was read using the multiwell plate reader. The first step of the Wako non-
esterified fatty acid (NEFA) kit involved the conversion of unesterified FAs to
acyl-CoA by acyl-CoA synthetase. The acyl-CoA moieties were then oxidized by
acyl-CoA oxidase to produce trans-2,3-dehydroacyl-CoA and hydrogen peroxide.
Lastly, peroxidase allowed for the conversion of 4-amino-antipyrine and 3-methyl-
N-ethyl-N-(B-hydroxyethyl)-aniline to a purple dye, and the absorbance was

measured at 550 nm.

2.10.4 Non-invasive blood pressure measurements

This work was performed by Brandi Sidlick from the Cardiovascular
Research Centre at the University of Alberta. Conscious 19- to 23-week old male
mice were restrained using a rodent restrainer (IITC Life Science Inc., Los
Angeles, CA) and real-time blood pressure measurements were obtained with a

tail cuff system (IITC Life Science Inc.).

2.10.5 Ex vivo perfused working heart studies and measurements of fatty
acid and glucose metabolism

These studies were performed by Grant Masson from the laboratory of
Dr. Jason Dyck. Male mice (19- to 23-weeks old) were euthanized using an
intraperitoneal injection of 12 mg sodium pentobarbital (Bimeda-MTC Animal
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Health Inc., Cambridge, ON) and hearts were quickly excised. The aorta was
cannulated and the heart was first perfused by the Langendorff retrograde
perfusion method with standard Krebs-Henseleit buffer (118.5 mM NaCl, 25 mM
NaHCOs3, 4.7 mM KCI, 1.2 mM MgSQy,, 1.2 mM KH,PQOy4, 2.5 mM CaCl,, 0.5 mM
EDTA and 5 mM glucose) (359, 360). This method was developed and described
by Dr. Oskar Langendorff in 1895, following on the work by Elias Cyon at the Carl
Ludwig Institute of Physiology in Leipzig, Germany; the history and background
of this work have been previously described in reviews written by Heinz-Gerd
Zimmer (361) and Monika Skrzypiec-Spring et al. (362). Once the Langendorff
mode was set up, the pulmonary vein was cannulated and this established a
connection between the preload reservoir and the left atrium (Figure 2.1 obtained

from Belke et al. and Larsen et al.) (360, 363, 364).
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Figure 2.1 Schematic representation of a setup used for the working mouse

heart perfusion method. This figure was obtained from Belke et al. and Larsen
et al. (360, 363).

To switch the perfusion from Langendorff to working mode, the line from
the Langendorff buffer reservoir was shunted off and the line from the preload
reservoir was turned on. Buffer from the preload reservoir entered the left atrium
and was pumped out through the aorta into the afterload line (Figure 2.1). Left
atrial preload and aortic afterload were set to 11.5 and 50 mm Hg, respectively
(364). The heart was allowed to beat spontaneously and the pressure transducer
measured left ventricular pressure. The compliance chamber imitated the elastic

capacity of arteries to accommodate pressure changes during the cardiac cycle.
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The heart was perfused through the left atrium for the first 30 min with a modified
Krebs-Henseleit buffer (KHB) containing 50 pU/ml insulin to deplete TGs as
much as possible (88). Subsequently, the glucose in the modified KHB was
replaced with 5 mM [U-*C]glucose (16 pCi/mmol) and the hearts were perfused
with this modified KHB supplemented with 1.2 mM [9,10-°H]oleate (50 pCi/mmol)
conjugated to 0.45 mM fatty acid-free BSA at a constant volume of 100 ml for an
additional 30 min. This concentration of oleate was used because previous
studies demonstrated that endogenous TG stores are depleted if lower FA
concentrations are used and we wanted to avoid this in order to determine steady
state TG turnover (88). Coronary and aortic effluent were measured throughout
the perfusion at 10 min intervals (364, 365). Calculations used to determine
cardiac function of the hearts in the working perfused heart system are described

below:

Developed pressure (mm Hg):

Peak systolic pressure — left ventricular end-diastolic pressure

Cardiac output (ml/min):

Aortic outflow + coronary flow

Cardiac minute work (I/min.mmHg):

Cardiac output x peak systolic pressure
1000
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Cardiac Power (kg.m?/s® or J/s or watts):

Cardiac output x 10° /60 (to convert to m®/s) x (peak systolic pressure —

preload) x 133.322 (to convert mmHg to Pascals or kg/m.s?)

Rates of glucose and oleate oxidation were measured by determining the
rate of ®H,0 and *CO, formation. The *H,0 accumulated in the perfusate and an
aliquot was collected every 10 minutes. Gaseous *CO, was trapped in a 1 M
hyamine hydroxide solution in the air outlet line (Figure 2.1); there was also
1CO; in the perfusate. Perfusate and hyamine hydroxide samples were collected
at 10 min intervals. The perfusate was immediately injected under mineral oil to
prevent CO, escape. The **CO, was then extracted by injecting 1 ml of perfusate
into 1 ml of 9 N H,SO, in sealed metabolic vials, which also contained 400 pl of 1
M hyamine hydroxide in suspended center wells. Vials were gently shaken for 1 h
and the *CO,-containing solution from the center wells was removed and added
to scintillation fluor. Once perfusions were completed, hearts were flash-frozen in

liquid nitrogen and stored at -80°C until they were ready for processing.

2.10.6 Incorporation of [°H]oleate and [*C]glucose into glycerolipids and
glycogen in perfused mouse hearts

Rates of [*H]oleate incorporation into glycerolipids in 19- to 23-week old
perfused hearts were also determined by TLC. Frozen perfused hearts were first
ground into smaller pieces using a mortar and pestle. Cardiac tissue (10-15 mg)
was extracted using chloroform-methanol-2 M KCI containing 0.2 mM HCI

(1:1:0.9, by vol.) (349). A sample of the chloroform phase (800 pl out of a
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theoretical total of 1.1 ml) was dried down under a stream of nitrogen. The
extracted lipids were resolubilized in 100 pl of chloroform and 10 pl aliquots were
added to scintillation vials for total radioactive counts. Eighty ul of each sample
was loaded onto a glass-backed, silica-coated TLC plate (EMD Chemicals),
which was developed halfway up the plate using chloroform-methanol-acetic
acid-acetone-water (50:10:10:20:5, by vol.). This was followed by a second full-
length development with hexane-diethyl ether-acetic acid (60:40:1, by vol.) to
separate the neutral lipids at the top of the plate (350). TLC plates were stained
with iodine vapor and individual lipids were collected in scintillation vials
containing 10% water and EcolLite™ scintillation fluor (MP Biomedicals).
Radioactive counts were measured using the Beckman LS3801 scintillation

counter (Beckman Coulter Inc.).

A two-dimensional TLC system was used to determine the levels of
radiolabelled PC, PS, phosphatidylinositol (PI), sphingomyelin and cardiolipin.
Each sample was loaded onto an individual TLC plate at one corner and
developed with chloroform-methanol-water-NH,OH (60:40:4:0.25, by vol.) in the
first direction. The plate was then turned 90° and developed with chloroform-
methanol-acetic acid-acetone-water (45:15:10:20:5, by vol.) in the second
direction. The phospholipids were identified by determining the retention factor
(Ry) of the different standards on a separate plate. Furthermore, PC, PS and PI
standards were loaded onto each plate at opposite corners from where the
sample is loaded (Figure 2.2) to ensure good identification of these phospholipids
since PC, PS and PI migrate in close proximity to one another. Ninhydrin staining
for amine-containing phospholipids and Dragendorff (potassium bismuth iodide)
staining for choline-containing phospholipids were also used to further validate
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the identification of PS, PE and PC (366). When oleate incorporation into lipids
was measured, the results were essentially identical whether we used the one- or

two-dimensional TLC system.

Figure 2.2 Two-dimensional TLC of lipids from a cardiac sample. The TLC
plate was developed with chloroform-methanol-water-NH,OH (60:40:4:0.25, by
vol.) in the upward direction. The plate was then turned 90° counter-clockwise
and developed with chloroform-methanol-acetic acid-acetone-water
(45:15:10:20:5, by vol.) in the second direction. PC, PS and PI lipid standards
were loaded onto the plate to aid phospholipid identification. Lipids were stained
using iodine and the image of the plate was obtained by scanning with the
ImageScanner (Amersham Pharmacia Biotech, Uppsala, Sweden).
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2.10.7 Measurements of phospholipid and glycogen content in fld and
control hearts

The two-dimensional TLC system was also used to quantify the
phosphate content of individual phospholipids from the ventricles of 19- to 23-
week old fld and control mice. Different phospholipids were scraped off the TLC
plate and quantified with an organic phosphate assay using rac-glycerol 3-
phosphate as a standard (351). Briefly, the lipid extracts were digested with 100
pl of perchloric acid at 180°C for 30 min. After cooling, 556 pl water, 110 pl 2.5%
ammonium molybdate and 110 pl 10% ascorbic acid were added and the mixture
was vortexed vigorously before heating at 90°C for 15 min. Absorbance readings
were quantified with the Easy Reader EAR340AT (SLT-Lab Instruments, Austria)

at 700 nm.

Glycogen content and glucose incorporation into glycogen were also
measured (367, 368). To do this, 10mg of powdered cardiac tissue was
hydrolyzed at 100°C for 30 min in 40% KOH followed by precipitation with 100%
ethanol. The precipitated glycogen was washed three times with 95% ethanol
and then hydrolyzed at 100°C for 3 h in 3 M HCI to hydrolyze the glycogen to
glucose. After neutralization with 2 M NaOH, glucose equivalents were measured
using a Glucose-c kit from Wako Chemicals. A portion of the glucose equivalents
from each fld and control mouse heart perfused with [*H]oleate and [**C]glucose
as substrates was added to EcoLite™ scintillation fluor (MP Biomedicals) and the
incorporation of [**C]glucose in glycogen was also measured by scintillation

counting.
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2.10.8 Quantification of phosphatidate and triacylglycerol in fld and control
hearts

Phosphatidate (PA) was measured in lipid extracts as described
previously (351). Briefly, a PA standard curve (0 — 4 nmol) and lipids extracted
from 19- to 23-week old cardiac samples were loaded onto plastic-backed silica
TLC plates (EMD Chemicals) along with PC and PA standards on the outermost
lanes. The plates were developed twice in chloroform-methanol-ammonium
hydroxide (65:35:7.5, by vol.). PA does not migrate very well in this solvent
system due to its negative charge. The migration of PA bands was determined by
cutting the outermost lanes and identifying the PA and PC standards. The TLC
plates were then cut 1 cm above the migrated PA, thus removing most other
phospholipids. The plates were then developed in the reverse direction in
chloroform-methanol-acetic acid-acetone-water (50:20:12:10:5, by vol.) followed
by staining for 1 h with 0.3% Coomassie Brilliant Blue R250 in 20% methanol
containing 100 mM NacCl. The TLC plates were destained in 20% methanol and
scanned at 700 nm using the Odyssey® Infrared Imaging scanner (LI-COR
Biosciences, Lincoln, NB). This chromatographic system separates PA from
other phospholipids so that its levels can be determined by comparison to the PA
standard curve. TG concentrations were measured in extracts of heart using the

TG GPO kit (Pointe Scientific).
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2.10.9 Quantification of diacylglycerol and ceramides in fld and
control hearts

Diacylglycerol (DG) and ceramide levels in 11-week old fld and control
hearts were measured as described previously (351). Cardiac samples were
extracted in chloroform-methanol-water (1:1:0.5, by vol.) and extracted lipids (25
— 50 nmol of phospholipids as measured by phosphate assay) were dried down
under a nitrogen stream. The samples were then assayed in reaction cocktails
containing 50 mM imidazole/HCI pH 6.6, 1 mM diethylenetriaminepentaacetic
acid (DETAPEC), 50 mM NacCl, 12.5 mM MgCl,, 1 mM EGTA, 10 mM DTT, 1 mM
[y-*PJATP (1 uCi), 10 mU DG kinase, 2.5% octyl-B-glucoside and 1 mM
cardiolipin in a total volume of 100 ul for 5 min at 37°C. Different concentrations
of DG (Avanti Polar Lipids) and ceramide (Sigma-Aldrich) standards were also
assayed to establish standard curves. The reaction tubes were subsequently
incubated for 10 min in a sonicating water bath (FS-14 sonicator, Thermo Fisher
Scientific), followed by a second incubation at 37°C for 5 min. The samples were
incubated for 5 min in the sonicating water bath again, followed by a final
incubation at 37°C for 20 min. The samples were then extracted in chloroform-
methanol-2 M KCI containing 10 mM HCI (1:1:0.8, by vol.), which contained 10
Mg PA as a carrier. After centrifuging for 10 min at 400 x g, the aqueous phase
was aspirated and the chloroform phase was washed twice with 1.8 ml methanol-
2M KCI containing 10 mM HCI (1:0.8, by vol.) pre-treated with 1 ml chloroform.
500 pl of the chloroform phase was dried down under a nitrogen stream,
resuspended in 100 pl chloroform and spotted on a plastic-backed TLC plate. PA
and ceramide-1-phosphate standards were also loaded on the plate, which was

then developed up the full-length of the plate in chloroform-methanol-NH,OH
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(65:35:7.5, by vol.). This was followed by a second full-length development in
chloroform-acetone-acetic acid-methanol-water (50:20:15:10:5, by vol.). *P-
labelled PA and ceramide 1l-phosphate were identified by autoradiography as
well as co-migration of lipid standards. Individual bands containing [*3P]JPA and
[**P]ceramide 1-phosphate were isolated and radioactivity was measured. DG
and ceramide content were then calculated from the standard curves of DG and

ceramide.

2.11 Statistics

Results are expressed as means + S.E.M. The two-tailed student’s t-test
and the one-way or two-way ANOVA were used to test for significance (p < 0.05).
The two-way ANOVA was applied whenever there were two or more groups with
two or more treatments in each group, and statistical significance was

determined for each treatment between groups.
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CHAPTER 3

INVESTIGATION OF THE TRANSLOCATION, PROTEIN PHOSPHATASE-1

INTERACTION AND CATALYTIC ACTIVITY OF THE LIPINS
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3.1 Introduction

Studies in the 1980s demonstrated the translocation of the predominantly
cytosolic PAP enzymes onto endoplasmic reticulum membranes (225, 293, 294,
296, 303, 350). This translocation enables the PAP enzymes to participate in
glycerolipid biosynthesis (298, 369). As mentioned previously, unsaturated FAs
can stimulate the association of PAP activity with membranes (294-296) whereas
amphiphilic cations like chlorpromazine can reverse this translocation (295, 298).
With the discovery that lipins are PAP enzymes by the laboratory of George
Carman in 2006 (135) as well as by Donkor et al. in collaboration with our group
(134), we wanted to demonstrate that the translocation of PAP could be
attributed to the lipins. Furthermore, the phosphorylation state of the lipins is
another important determinant of the extent of membrane association (229, 232,
241). Insulin-stimulated phosphorylation of lipins promotes its cytosolic
localization (232, 241) whereas dephosphorylated lipins are better able to
translocate to their sites of action (229, 241). We will also present preliminary
evidence that lipin-1B can interact with the y isoform of the protein phosphatase-1
catalytic subunit (PP1y) and this interaction is dependent on a well-characterized
motif. As such, the subcellular localization of lipin-1 could depend on its

interaction with PP1 and possibly its subsequent dephosphorylation.

3.2 Regulation of the translocation of lipins from the cytosol onto
membranes

Using the translocation protocols established by our group in the 1980s
(294-296), we found that PAP activity in the cell ghosts increased while cytosolic

PAP activity decreased in rat hepatocytes after 1 h treatment with increasing
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concentrations of oleate, as found previously (Figure 3.1A). We also
demonstrated an increase in microsomal-associated PAP activity and a decrease
in cytosolic PAP activity stimulated by increasing oleate concentrations in a cell-
free liver homogenate assay system (Figure 3.1B). Overall, total PAP activity
between treatments did not vary significantly except in rat hepatocytes treated
with 1.25 mM oleate compared to cells treated with 2 mM oleate (Figure 3.1C).
This demonstrates that oleate promoted the translocation of PAP activity and did

not act as a stimulatory factor.

Importantly, we showed that lipin-1 translocates from the cytosol to cell
ghosts in rat hepatocytes (Figure 3.1D, upper panel) as well as in the cell-free rat
liver homogenates by Western blot analysis (Figure 3.1D, lower panel). However,
we had to increase the expression of lipin-1 in rat hepatocytes by treatment with
100 nM dexamethasone, as previously shown by our laboratory (307), in order to
detect the translocation of lipin-1 by Western blot analysis. In contrast, lipin-1
could be detected without stimulation in the cell-free system. Therefore, the cell-
free liver microsomal system was preferable for determining lipin translocation in

further experiments.
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Figure 3.1 Translocation of PAP activity from the cytosol to membranes in
rat hepatocytes and cell-free rat liver homogenates. (A) Rat hepatocytes (n =
3) were treated with different concentrations of oleate in DMEM containing 0.1
mM bovine serum albumin (BSA) for 1 h, and lysed with a hypotonic solution
containing 0.1 mg/ml digitonin. The cytosolic fractions and cell ghosts were
collected separately, and the PAP activity in each fraction was measured.
Results were then expressed as percentages of total PAP activity. (B) Cell-free
rat liver homogenates (n = 3) were treated at 37°C for 10 min with different
concentrations of oleate and cytosolic fractions were separated from microsomal
membranes by centrifugation. PAP activities in the cytosol and microsomal
membranes were measured, and results were then expressed as percentages of
total PAP activity. (C) Total PAP activities in rat hepatocytes (left panel) and in rat
liver homogenates (right panel) treated with different concentrations of oleate as
previously described (Figure 3.1A, B) were calculated as the sum of the cytosolic
and membrane-associated PAP activities. (D) Western blot showing the
distribution of lipin-1 in the cytosol and cell ghosts of rat hepatocytes treated with
100 nM dexamethasone for 12 h, followed by 1 h incubation with different
concentrations of oleate (upper panel). Western blot showing lipin-1 in the cytosol
and microsomal membranes of cell-free rat liver homogenates treated at 37°C
with different concentrations of oleate for 10 min (lower panel). (E) The effects of
chlorpromazine and (F) bovine serum albumin on the association of PAP activity
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with  microsomal membranes were also determined. Cell-free rat liver
homogenates treated for 10 min at 37°C with 0.75 mM oleate were subsequently
incubated for another 10 min period with different concentrations of
chlorpromazine (n = 1) or bovine serum albumin (BSA) (n = 2). Cytosolic
fractions were separated from microsomal membranes by centrifugation. PAP
activities in the cytosol and microsomal membranes were measured, and results
were expressed as percentages of total PAP activity. Isolated rat hepatocytes
were prepared by Boripont Manmontri and Dr. Sabina Isgandarova. All
experiments were performed by Bernard Kok.

Our laboratory had also previously demonstrated the dissociation of PAP
activity from membranes when cell-free rat liver homogenates were treated with
chlorpromazine, an amphiphilic cationic drug, or BSA (295). BSA can extract the
FAs from the microsomal membranes and reduce the interaction of the PAP
enzymes with membranes (295). We confirmed this study and showed that
membrane-bound PAP activity stimulated by 750 uM oleate could be dissociated
with increasing concentrations of chlorpromazine (Figure 3.1E) or BSA (Figure
3.1F). This latter strategy was used to minimize the association of PAP activity on

rat liver microsomal membranes in our next set of experiments.

Dr. Karen Reue was interested in determining why mutations in lipin-2
lead to the hereditary Majeed syndrome in human patients as described in the
introduction. One such Majeed mutation is a point mutation of serine 734 to
leucine. Our hypothesis was that this mutation leads to a change in PAP activity
or membrane association since the mutation is not in the active site of PAP. As
part of our collaboration with Dr. Reue, we investigated the ability of several lipin-

2 mutants to translocate onto membranes (138). These proteins were expressed
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in HEK 293 cells, therefore, we used an excess of rat liver microsomal
membranes in order to maximize the membrane binding surface. We pre-treated
the rat liver microsomal membranes with 0.1 mM BSA to reduce the membrane-
association of endogenous PAP activity. As proof of principle that this
microsomal system could be used to assess lipin translocation onto microsomal
membranes, we demonstrated the translocation of PAP activity (mainly lipin-1)
isolated from the cytosol of rat adipose tissue onto rat liver microsomal
membranes (Figure 3.2A). We also demonstrated that recombinant lipin-1B
expressed in HEK 293 mitochondria-free lysates could translocate onto

membranes when stimulated with oleate (Figure 3.2B).

As mentioned previously, one of the mutations in lipin-2 that causes the
Majeed syndrome in patients is a point mutation of serine at position 734 to
leucine. The laboratory of Dr. Reue mutated the analogous residue in Mus
musculus lipin-2, serine-731, to leucine as well as to aspartate. Like lipin-1,
recombinant lipin-2 wildtype protein could translocate onto rat liver microsomal
membranes when stimulated with oleate (Figure 3.2C-F). The abilities of the lipin-
2 Majeed (S731L) (Figure 3.2C, D) and lipin-2 S-D (S731D) (Figure 3.2E, F)
mutants to translocate onto membranes were not significantly different compared

to lipin-2 wildtype.
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Figure 3.2 Translocation of endogenous PAP activity from rat adipose
cytosol or recombinant lipin constructs from HEK 293 cell extracts to rat
liver microsomal membranes. (A) Isolated rat adipose cytosol was incubated
with rat liver microsomal membranes (pre-treated with bovine serum albumin to
remove microsomal-associated phosphatidate phosphatase activity) for 10 min
with different concentrations of oleate at 37°C. Cytosolic fractions were separated
from microsomal membranes by centrifugation. PAP activities in the cytosol and
microsomal membranes were measured, and results were expressed as
percentages of total PAP activity. (B) Mitochondria-free HEK 293 cell lysates
overexpressing recombinant Mus musculus lipin-1b were incubated with rat liver
microsomal membranes (pre-treated as before) for 10 min with 0, 375 and 750
MM oleate at 37°C. Cytosolic fractions were separated from microsomal
membranes and results are shown in the Western blot. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and calnexin served as the cytosolic and
microsomal protein controls, respectively. (C) The same protocol was used in
experiments performed with mitochondria-free HEK2 93 cell lysates
overexpressing recombinant Mus musculus lipin-2 wildtype, lipin-2 containing the
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analogous Majeed mutation (S731L) and (E) lipin-2 with the S731D mutation, and
the representative Western blots are shown. (D) The percentage of lipin-2
wildtype (n = 3), lipin-2 Majeed (n = 3) and (F) lipin-2 S731D (n = 3) associated
with the microsomal membranes were quantified. The data shown in Figure 3.2B
— F has been published in collaboration with Dr. Karen Reue (University of
California-Los Angeles) and all the work was performed by Bernard Kok (138).

3.3 The effect of lipin mutations on its intrinsic PAP activity and
protein interaction
3.3.1 The Majeed mutation in lipin-1A and -2 and its effect on PAP activity
Since mutation of this serine residue 731 in Mus musculus lipin-2 does
not overtly affect its ability to translocate, we also tested the intrinsic PAP activity
of these lipin-2 mutants. Jay Dewald in our laboratory showed that mutation of
serine-731 in lipin-2 to leucine or aspartate completely abolished its PAP activity
(Figure 3.3A), while not affecting the transcriptional co-activator function of lipin-2
(138). We hypothesized that this serine residue is essential in the catalytic
mechanism. Cross-species analysis and sequence alignment demonstrated the
conservation of this serine residue (Figure 3.3B). In single-celled eukaryotes, this
residue is a threonine, which has a hydroxyl equivalent to that in serine. We
determined the secondary structure of the lipins in that region using the Jpred
secondary structure prediction server (370) and aligned the secondary structure
of the lipins with the consensus regions surrounding the catalytic site of the
haloacid dehalogenase (HAD)-like superfamily of proteins to which the lipins
belong (255). The predicted secondary structures surrounding the active sites of

lipin-1 and lipin-2 possess the same structural organization as previously
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characterized HAD protein family members (Figure 3.3C). More importantly, the
serine mutated in some Majeed patients is equivalent to the conserved serine
residue in the predicted HAD motif Il that is responsible for coordinating the

phosphate group of the substrate (Figure 3.3C).

A NLS PAP ?)activator
Ser*
100 | Lipin-1A 100 Lipin-2
80 4 4
@ © 80
o S
>
= 60 T 60
ko) =
E 40 | uw— 40 4
O (o]
o b
S 20 °* 20 4
Hdke dok ke *k
*% *%
0 T i 0 - _
wt D679E IL693FF S724L S724D wt S731L S731D
B Vertebrates h Lipin-2 "™ YHS INENGYKFLTCISIARA | GMADMTRGY L™
m Lipin-2 ™ YHS INENGYKFLYC|S|ARA | GMADMTRGYL ™
h Lipin-1 YHKVSQNGYKFLYC|SIARA | GMADMTRGY L™
m Lipin-1 " YHKVSQNGYKFLYC|S|ARA | GMADMTRGYL ™
h Lipin-3 " YHKIQLNGYKFLYC|SJARA | GMADLTRGYL™
m Lipin-3 PYHKIHLNGYKFLYCSIARA | GMADLTRGYL™
Gallus gallus " YHS INENGYKFLYC|S|ARA | GMADMTRGYL ™
Xenopus Laevis T YHT IHENGYKFLYC|SIARA | GMADMTRGYL ™
Danio Rerio Chr20 “ZYHNVSQNGYKFLYCSJARA | GMADMTRGYL*®
Danio Rerio Chr17 " YHRVSQNGYKFMYC|SIARA | GMADMTRGYL™
Invertebrates Drosophila melanogaster " ESKIEQNGYKLLYL|SJARA | GQSRVTREYL™'
Anopheles gambiae W ESKIEENGYKMLYL|S|ARA I GQAKTTRGYL™
Caenorhabditis elegans *YTRIKNNGYKMVYL|S[SRAIGQSHTTKQYL®"
Single-celled Saccharomyces cerevisiae “ESEISRNGYNILYL|TARSAGQADSTRSYL*"
hi h yces pomt “UYTDITNNGYKIMYL|T|SRSVGQADSTRHYL*?
Plasmodium falciparum "ENKINKNGYHILYLTARAIGQADSTREYL"™"
Leishmania major strain Friedlin " YSKIEFNGYRMVYL|TIARSVSQINQTKSYL™
Tetrahymena thermophila ™ YQNIVKNGYQILYLTARAIGQSEQTRKF ™
Cryptosporidium muris “’LTKIEENGYKI | YL|TIARA | GQADATRDF L™
Plants Arabidopsis thaliana Chr3 TESAIKENGYQLLFL|SJARA | VQAYLTRNFL™
Arabidopsis thaliana Chr5 ™ FSAVKENGYQL | FLISIARA | SQASVTRQFL™
Oryza sativa Chr1 *PYVVMENGYQLLFLS{A- -1 1QAYLTKNFL*"
Oryza sativa Chri1 " ESAIKENGYQLLFL|SARA I SQAHLTRQFL "™

116



C Lipin-1A 674 KVIISDIDGTITRSDTLGHILPTLGKDWTHQGIAKLYHKVSQNGYKFLYCSARAIGMAD
Lipin-2 681 KVIISDIDGTITKSDALGQILPQLGKDWTHQGIARLYHSINENGYKFLYCSARAIGMAD
— — =

Predicted Predicted HAD motif Il
HAD motif |

Lipin-1A 733 MTRGYLHWVNERGTVLPQGPLLLSPSSLFSALHREVIEKKPEKFKVQCLTDIKNL----
Lipin-2 740 MTRGYLHWVNDKGTILPRGPLMLSPSSLFSAFHREVIEKKPEKFKIECLNDIKNL----

[ = [ | C——
Predicted HAD motif Il Predicted
HAD motif Il

Lipin-1A 795 FYAAFGNRP-DVYSYKQVGVSLNRIFTVNPKGE
Lipin-2 802 FYAAFGNRP-DVYAYTQVGVPDCRIFTVNPKGE

= Cm— ==
Predicted HAD motif IV

Figure 3.3 The Majeed mutation affects the phosphatidate phosphatase
(PAP) activity of lipins. (A) The lipins contain several evolutionarily conserved
regions, which include the N-LIP and C-LIP domains (N- and C-terminus of lipins)
as well as a polybasic motif (also described as the nuclear localization sequence
or NLS), the PAP catalytic motif and the transcriptional co-activator motif (top
panel). The serine point mutation in Majeed syndrome patients is also shown
schematically. The PAP activities of lipin-1A and lipin-2 wildtype were measured
along with various recombinant lipin mutant constructs (bottom panel). The
Majeed syndrome serine to leucine mutation was generated in analogous
residues of Mus musculus lipin-1A (S724L) and lipin-2 (S731L). These serine
residues were also mutated to aspartate residues (S724D and S731D in lipin-1A
and lipin-2, respectively). The lipin-1A constructs with mutations in the PAP
catalytic motif (D679E) and transcriptional co-activator motif (IL693FF) were
previously established as controls with no intrinsic PAP activity. The lipin
constructs were expressed in HEK 293 cells, and PAP activity in cell lysates was
determined. The results were then normalized to the level of recombinant protein
expression as assessed by Western blot analysis and expressed relative to the
PAP activity of the lipin-1A or lipin-2 wildtype proteins. The PAP assay was
performed by Mr. Jay Dewald. (B) Sequence alignments of multiple lipins from
different organisms demonstrate the evolutionarily conserved residues
surrounding the serine residue mutated in the Majeed syndrome. Residues that
are conserved in vertebrate species are highlighted in yellow and the serine
residue mutated in the Majeed syndrome is boxed. This serine is highly
conserved, although the corresponding residue is a threonine in single-celled
eukaryotes. h, human; m, mouse. (C) The secondary structure surrounding the
catalytic motif of Mus musculus lipin-1A and lipin-2 was predicted by jnet
algorithms using the Jpred server. Similar structures were predicted by using the
jhmm and jpssm algorithms. Green arrows indicate predicted (-strands, and blue
cylinders indicate predicted a-helices. Conserved amino acids from the catalytic
motifs of the HAD family of proteins are shown in red letters. The secondary
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structure of the predicted HAD motifs around the active site of the lipins are
conserved in all of the HAD-like proteins that have been studied by X-ray
crystallography. This work has been published in collaboration with Dr. Karen
Reue (University of California-Los Angeles) (138).The PAP activities were
assayed with the help of Mr. Jay Dewald in our laboratory and the primary
sequence alignment was performed by a member of Dr. Reue’s laboratory with
help from Bernard Kok. The analysis of the secondary structure prediction was
performed by Bernard Kok.

3.3.2 Interaction of lipin-1B with protein phosphatase-1y and the effects of
mutating the putative interaction motif

As mentioned previously, the regulation of lipin-1 and lipin-2 subcellular
localization depends on electrostatic interactions with the membranes. Another
important determinant of membrane binding is the phosphorylation state of the
lipins whereby hyper-phosphorylated forms of lipin-1 and -2 do not associate with
membranes as readily as less-phosphorylated lipin-1 and -2. In collaboration with
Dr. Charles Holmes and Tamara Arnold, we hypothesized that lipin-1B can
interact with PP1y because of a well-conserved HVRF (histidine-valine-arginine-
phenylalanine) motif that is comparable to the canonical “RVXF” (arginine-valine-
X-phenylalanine where X represents any amino acid except proline) motif known
to facilitate the binding of regulatory subunits to PP1 (Figure 3.4) (371). This
HVRF motif is present on all three lipin isoforms as well as the Saccharomyces

cerevisiae lipin homologue (Figure 3.4).
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M. musculus
Lipin-1 1 MNYVGQLAGQVFVTVKELYKGLNPATLSGCIDIIVIRQPNGSLQCSPFERIliGKMGVLR
Lipin-2 1 MNYVGQLAGQVLVTVKELYKGINQATLSGCIDVVVVRQQDGSYQCSPFIIEGKLGVLR
Lipin-3 1 MNYVGQLAETVFGTVKELYRGLNPATLSGGIDVLVVRQRDGSFRCSPSGKLGVLR

M. musculus

Lipin-1 % SREKVVDIEINGESVDLHMKLGDNGEAFFVQETDNDQEIIPMYLATSPILSEGAARM

Lipin-2 60 SKEKVIDIEINGSAVDLHMKLGDNGEAFFVEETEEEYEKLPAYLATSPIPTEDQFFKHIE
Lipin-3 60 SREKVVDIEINGEPVDLHMKLGDSGEAFFVQELDSDEEDVPPRLCTSPIPWGGLSG

S. cerevisiae

Lipin 1 MQYVGRALGSVSKTWSSINPATLSGAIDVIVVEHPDGRLSCSPFIEEGKFQILKPSQ

o =) b

S. cerevisiae *° KKVQVFINEKLSNMPMKLSDSGEAYFVFEMGDQVTDVPDELLVSPVMSATSSPPQSPE
iein ) f,) —> m

Figure 3.4 Sequence alignment and secondary structure prediction of the
N-termini of Mus musculus lipins and the Saccharomyces cerevisiae lipin.
The regions highlighted in red are the portions predicted to possess a-helical or
B-strand secondary structure by jnet algorithms using the Jpred server (370). The
blue cylinders and green arrows represent a-helices and 3-strands, respectively.
The HVRF motif predicted to mediate protein phosphatase-1 interaction is
highlighted in black. The serine residues highlighted in yellow have been
positively identified to be phosphorylated by mass spectrometry (241). Analysis
of the secondary structure prediction was performed by Bernard Kok.

We used the Jpred secondary structure prediction server (370) to analyze
the conserved N-terminal domain (NLIP) of the lipins. As found previously (372),
there is an amphipathic a-helix present at the start of the N-terminus of the yeast
lipin homologue as well as the Mus musculus lipin isoforms (Figure 3.4). This a-
helix helps facilitate the binding of yeast lipin to phosphatidate on

nuclear/endoplasmic reticulum membranes (372). Moreover, there is a
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characteristic array of 3-strands right after the a-helix in both yeast and mouse
lipins (Figure 3.4). The second 3-strand in the mouse lipin isoforms is predicted
to encompass the HVRF motif postulated to bind to PP1 (Figure 3.4). Only the
histidine and valine residues in the HVRF motif on the yeast lipin are predicted to
be present in the second B-strand (Figure 3.4). The high degree of secondary
structure conservation and the presence of the HVRF motif in Saccharomyces
cerevisiae were promising since it suggests an evolutionary conserved function

of lipin-1 as a PP1 interacting protein.

First, we demonstrated that recombinant, purified PP1y could bind to the
96 well uClear® plate and that the binding was relatively consistent (average
integrated intensity = 14.0+0.4) (Greiner Bio-One) (Figure 3.5A). We then
showed that lipin-1B can interact with PP1y bound to the wells (Figure 3.5B, C).
Importantly, lipin-1B could be detected using antibodies detecting the FLAG
epitope or the C-terminus of lipin-1 when the two antibodies were used
simultaneously (Figure 3.5B, C). Low amounts of cell lysates overexpressing
lipin-1B wildtype (3 pg) were enough to bind maximally to the PP1y present in the
wells (Figure 3.5D, E). Moreover, incubating the cell lysates overexpressing lipin-
1B in the presence of 1.5 mM Mg? increased the amount of lipin-1B interacting
with bound PP1y (Figure 3.5D, E). This result is not surprising given that the
lipins are Mg®*-dependent enzymes. Mg** supplementation would ensure that the

recombinant lipin-1B remains catalytically active and properly folded.
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Figure 3.5 Interaction of lipin-1 with protein phosphatase 1y bound to the 96
well uClear® plate. (A) Recombinant protein phosphatase 1y catalytic subunit (3
Mg PP1y) was incubated in PBS overnight at 4°C while gently agitating. PP1y
bound to the 96 well plate was detected using mouse immunoglobulin G (IgG)
against protein phosphatase 1 and fluorescence was measured at 700 nm using
the LI-COR Odyssey® Imaging System. The average integrated intensity from
the four wells was calculated to be 14.0+0.4. (B) Different concentrations of
human embryonic kidney 293 (HEK 293) cell lysates overexpressing N-terminal
FLAG-tagged recombinant lipin-1B (0.6 — 75 pg) in the presence of 4.5 pmol
microcystin-LR were incubated overnight at 4°C in wells containing a constant
amount of bound PP1y in the absence (upper panel) or presence (middle panel)
of 1.5 mM MgCl,. The concentration curve of non-transfected HEK 293 cell
lysates (lower panel) was used as a negative control. Recombinant lipin-1B that
interacted with the bound PP1y was detected using mouse antibodies against the
FLAG epitope. (C) In these same wells (Figure 1B), recombinant lipin-1B was
detected using rabbit antibodies against the C-terminus of lipin-1. The
fluorescent-labelled secondary antibodies were detected and quantified at (D)
700 nm (goat anti-mouse secondary antibody) and (E) 800 nm (goat anti-rabbit
secondary antibody) using the LI-COR Odyssey® Imaging System. Recombinant
PP1y was kindly provided by Tamara Arnold from the laboratory of Dr. Charles
Holmes (University of Alberta) and the plasmid encoding recombinant lipin-1 was
a gift from Dr. Thurl Harris (University of Virginia). All experiments were
performed by Bernard Kok.
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To determine whether the putative PP1 interacting motif (HVRF) on lipin-
1B was responsible for protein interaction, we used site-directed mutagenesis to
mutate HVRF to HARA. Before incubation with bound PP1y in the 96 well plate,
protein dot blots were used to normalize the expression of lipin-1B wildtype
compared to the lipin-1B HARA mutant (Figure 3.6A, B). Cell lysates
overexpressing lipin-1B wildtype had 2- to 2.5-fold more overexpressed protein

compared to cell lysates overexpressing lipin-1B HARA mutant (Figure 3.6C, D).

However, the dot blots measure the total amount of protein by detecting
the FLAG epitope or the C-terminus of lipin-1 without accounting for the presence
of degradative products or non-specific interactions of the antibodies with other
proteins. Therefore, we determined whether there were any other bands detected
by Western blot other than the full-length recombinant lipin-1B proteins. We could
not detect any other proteins or degradative products apart from full-length lipin-
1B wildtype, lipin-1B HARA mutant and lipin-1B catalytically inactive mutant
(Figure 3.7A). Therefore, the dot blot assay provides an easy and rapid method

to quantify the expression of recombinant lipin-1.
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Figure 3.6 Quantification of recombinant lipin-1B proteins using a protein
dot blot. Increasing amounts of human embryonic kidney 293 (HEK 293) cell
lysates either treated with vehicle or overexpressing recombinant N-terminal
FLAG-tagged lipin-1B wildtype or HARA mutant were spotted on a nitrocellulose
membrane and probed with (A) mouse immunoglobulin (IgG) against the FLAG
epitope or (B) rabbit IgG against the C-terminus of lipin-1. The fluorescent-
labelled secondary antibodies were detected and quantified at (C) 700 nm (goat
anti-mouse secondary antibody) and (D) 800 nm (goat anti-rabbit secondary
antibody) using the LI-COR Odyssey® Imaging System. The linearity of detection
was determined using linear regression analysis. The plasmid encoding
recombinant lipin-1 wildtype was kindly provided by Dr. Thurl Harris (University of
Virginia). Site-directed mutagenesis of the plasmid encoding lipin-1 wildtype to
lipin-1 HARA mutant was performed by Tamara Arnold from the laboratory of Dr.
Charles Holmes (University of Alberta). Protein dot blots were performed by
Bernard Kok.
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Figure 3.7 Western blot and PAP activity of recombinant lipin-1B proteins.
(A) Non-transfected human embryonic kidney 293 (HEK 293) cell lysates (lane 1)
or HEK 293 cell lysates overexpressing lipin-1B wildtype (lane 2), lipin-1B HARA
mutant (lane 3) and lipin-1B D712, 714E catalytically inactive mutant (lane 4)
were incubated with mouse immunoglobulin (IgG) detecting the FLAG epitope
(left panel) or rabbit IgG against the C-terminus of lipin-1 (right panel). (B)
Phosphatidate phosphatase (PAP) activities of the recombinant lipin-1B proteins
were measured. The expressions of non-transfected cell lysates (4 ug), and cell
lysates overexpressing recombinant lipin-1B wildtype (0.1 pg), lipin-1B HARA
mutant (0.3 pg) and lipin-1B D712, 714E catalytically inactive mutant (0.1 pg)
were detected in the Western blot using mouse monoclonal IgG against the
FLAG epitope (upper panel). (C) The amino acid sequences of the N-terminus
lipin-1B HARA mutant and wildtype protein are shown along with secondary
structure prediction by the Jpred server (370). The regions highlighted in red are
the portions predicted to possess a-helical or B-strand secondary structure, and
the blue cylinders and green arrows represent a-helices and B-strands,
respectively. The HVRF and mutated HARA motifs are highlighted in black. The
serine residue highlighted in yellow has been positively identified to be
phosphorylated by mass spectrometry (241). The plasmids encoding
recombinant lipin-1 wildtype and catalytically inactive mutant were kindly
provided by Dr. Thurl Harris (University of Virginia). Site-directed mutagenesis of
the plasmid encoding lipin-1 wildtype to lipin-1 HARA mutant was performed by
Tamara Arnold from the laboratory of Dr. Charles Holmes (University of Alberta).
Western blots, PAP assays and the analysis of secondary structure prediction
were performed by Bernard Kok.
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When the HVRF motif was mutated to HARA, this mutation completely
abolished the catalytic activity of lipin-1B (Figure 3.7B). This result could indicate
that this area is vital for catalytic activity or that the lipin-1B HARA mutant is
simply misfolded. However, we still decided to test the lipin-1B HARA mutant in
binding experiments since there were no degradative products and the protein
appeared to be phosphorylated (Figure 3.7A), suggesting that the protein was not
grossly misfolded and could still be recognized by kinases. Furthermore,
mutating the HVRF motif to HARA does not completely disrupt the predicted [3-

strand secondary structure of the recombinant lipin-1B mutant (Figure 3.7C).

After normalizing for the different levels of lipin-1B wildtype expression
compared to lipin-1B HARA mutant, we tested to see if the lipin-1B HARA mutant
could bind to PP1y. In the previous experiment, we had not included enough
microcystin-LR to inhibit PP1y. As such, the interaction of lipin-1B with PP1ly
could have been due to binding of phosphorylated residues on lipin-1B to the
active site of PP1y. Therefore, we used 750 pmol microcystin-LR to inhibit PP1y
(81 pmol) during the binding step before incubating with the recombinant lipin-1B
proteins. As demonstrated previously, lipin-1B wildtype interacted with PP1y
bound to the wells (Figure 3.8B). Furthermore, this interaction was linear over the
lower range of proteins from cell lysates used in the binding experiment (Figure
3.8D). Lipin-1B wildtype was not detected if bovine serum albumin or potato acid
phosphatase were bound to the wells instead, demonstrating the specificity of the
PP1y interaction with lipin-1B (Figure 3.8B, D). Significantly, the lipin-1B HARA
mutant was unable to bind to PP1y (Figure 3.8C, E). The results are similar if the

recombinant lipin-1B proteins were detected using rabbit IgG against the C-
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terminus of lipin-1 instead of mouse IgG against the FLAG epitope when the

antibodies were used simultaneously in the same wells (Figure 3.9).
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Figure 3.8 Interaction of lipin-1 wildtype and HARA mutant with protein
phosphatase 1y bound to the 96 well uClear® plate detected using anti-
FLAG antibodies. (A) Recombinant protein phosphatase 1y catalytic subunit (3
Mg PP1y) was incubated with 750 pmol microcystin-LR in PBS overnight at 4°C
while gently agitating. PP1y bound to the 96 well plate was detected using mouse
immunoglobulin G (IgG) against protein phosphatase 1. Fluorescence was
measured at 700 nm using the LI-COR Odyssey® Imaging System. The average
integrated intensity from the four wells was calculated to be 14.7+0.4. Different
concentrations of human embryonic kidney 293 (HEK 293) cell lysates
overexpressing (B) N-terminal FLAG-tagged recombinant lipin-1B (0.1 — 2 ug) or
(C) N-terminal FLAG-tagged recombinant lipin-1B HARA mutant (0.25 — 5 ug)
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were incubated overnight at 4°C in wells containing constant and equivalent
amounts (3 pg) of bound PP1y (upper panel), bovine serum albumin (middle
panel) or potato acid phosphatase (lower panel). PP1y, albumin and potato acid
phosphatase were all pre-treated with 750 pmol microcystin-LR while incubating
overnight and adsorbing onto the well surface. (D) Recombinant lipin-1B wildtype
and (E) HARA mutant were detected using mouse antibodies against FLAG tag.
The fluorescent-labelled goat anti-mouse secondary antibodies were detected
and quantified at 700 nm using the LI-COR Odyssey® Imaging System. The
plasmid encoding recombinant lipin-1 wildtype was kindly provided by Dr. Thurl
Harris (University of Virginia). Site-directed mutagenesis of the plasmid encoding
lipin-1 wildtype to lipin-1 HARA mutant was performed by Tamara Arnold from
the laboratory of Dr. Charles Holmes (University of Alberta). All other
experiments were performed by Bernard Kok.
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Figure 3.9 Interaction of lipin-1 wildtype and HARA mutant with protein
phosphatase 1y bound to the 96 well uClear® plate detected using anti-
lipin-1 C-terminus antibodies. In the same wells as described in Figure 3.8,
recombinant N-terminal FLAG-tagged recombinant lipin-1B wildtype and HARA
mutant were simultaneously detected using rabbit antibodies against the C-
terminus of lipin-1 and quantified. The different concentrations of human
embryonic kidney 293 (HEK 293) cell lysates overexpressing (A) N-terminal
FLAG-tagged recombinant lipin-1B (0.1 — 2 ug) or (B) N-terminal FLAG-tagged
recombinant lipin-1B HARA mutant (0.25 — 5 ug) were incubated overnight at 4°C
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in wells containing constant and equivalent amounts (3 ug) of bound PP 1y (upper
panel), bovine serum albumin (middle panel) or potato acid phosphatase (lower
panel). PP1y, albumin and potato acid phosphatase were all pre-treated with 750
pmol microcystin-LR while incubating overnight and adsorbing onto the well
surface. (C) Recombinant lipin-1B wildtype and (D) HARA mutant were detected
using rabbit antibodies against the C-terminus of lipin-1. The fluorescent-labelled
goat anti-rabbit secondary antibodies were detected and quantified at 800 nm
using the LI-COR Odyssey® Imaging System. The plasmid encoding
recombinant lipin-1 wildtype was kindly provided by Dr. Thurl Harris (University of
Virginia). Site-directed mutagenesis of the plasmid encoding lipin-1 wildtype to
lipin-1 HARA mutant was performed by Tamara Arnold from the laboratory of Dr.
Charles Holmes (University of Alberta). All other experiments were performed by
Bernard Kok.

The effects of increasing concentrations of microcystin-LR on lipin-1B
wildtype interaction with PP1ly were also examined since we had tested the
binding of lipin-1B to PP1y in separate experiments with and without 750 pmol
microcystin-LR. We found that microcystin-LR up to 150 pmol did not overtly
affect the interaction of lipin-1B to PP1y (Figure 3.10). Moreover, the addition of
750 pmol microcystin-LR only reduced binding by approximately 20% (Figure

3.10).
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Figure 3.10 The effect of microcystin-LR on the interaction of protein
phosphatase 1y with recombinant lipin-1B wildtype. (A) Purified protein
phosphatase 1y (3 ug PP1y) or 3 ug potato acid phosphatase were incubated
with increasing concentrations of microcystin-LR (0 — 750 pmol) overnight at 4°C
while gently agitating. A constant amount of human embryonic kidney 293 (HEK
293) cell lysates overexpressing N-terminal FLAG-tagged recombinant lipin-1B (2
Mg) was incubated overnight at 4°C in each well. Mouse immunoglobulin (IgG)
against FLAG tag (upper panel) or rabbit IgG against the C-terminus of lipin-1
(lower panel) were used to detect the lipin-1B that interacted with PP1y or potato
acid phosphatase on the wells. The fluorescent-labelled secondary antibodies
were detected and quantified at (B) 700 nm (goat anti-mouse secondary
antibody) and (C) 800 nm (goat anti-rabbit secondary antibody) using the LI-COR
Odyssey® Imaging System. The plasmid encoding recombinant lipin-1 wildtype
was kindly provided by Dr. Thurl Harris (University of Virginia). All experiments
were performed by Bernard Kok.
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3.4 Discussion

It is generally thought that the involvement of lipins in glycerolipid
biosynthesis is regulated by their subcellular localization. Our group had
previously demonstrated the ability of Mg?*-dependent PAP activity (now
attributed to the lipins) to translocate from the cytosol onto the membranes of the
endoplasmic reticulum when stimulated with unsaturated FAs (295, 296, 303).
Since 2007, several groups have shown the differential subcellular distribution of
both lipin-1 and -2 (231, 241, 292). (229, 232). Importantly, Harris et al. showed

that oleate can stimulate lipin-1 association to microsomal membranes (241).

We have likewise shown the translocation of both PAP activity and lipin-1
in rat hepatocytes and in cell-free rat liver homogenates (Figure 3.1). The
phosphorylation state of lipin-1 appears to be important in regulating membrane
association since insulin-stimulated phosphorylation sequesters lipin-1 in the
cytosol due to the interaction of 14-3-3 proteins to lipin-1 phosphorylated at a
serine-rich region downstream of the polybasic motif (232, 241). We have also
demonstrated that the faster migrating bands in the lipin-1 Western blots are the
predominant species associating with the membranes (Figure 3.1D). Previous
studies have shown that these faster migrating bands represent less-
phosphorylated forms of lipin-1 (241). The association of lipins with membranes
is hypothesized to occur through electrostatic interactions, e.g. the polybasic
motif on lipin-1 can bind to PA (Figure 1.5) (231). Furthermore, fatty acids and
acyl-CoA esters can also stimulate translocation in a cell-free system,
presumably by increasing the net negative charge on the membrane surface

(Figure 3.1).
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Thus, hyper-phosphorylated lipins would be less able to bind to negatively
charged membrane surfaces in addition to the sequestration by 14-3-3. Studies
in our group have shown that the amphiphilic cationic drug, chlorpromazine,
donates a positive charge to membranes and it can bind to PA (265). This action
is thought to be responsible for the dissociation of PAP activity from microsomal
membranes (295). Furthermore, oleate-stimulated association of PAP activity to
membranes can be reversed by incubation with BSA, which extracts the oleate
from the membranes (295). We confirmed these studies and showed that PAP
activity dissociated from membranes when treated with increasing concentrations
of chlorpromazine and albumin. These studies add to the evidence that there is
an electrostatic component governing the binding of lipins to membranes. This
conclusion is also supported by work in which the poly-basic motif of the lipins is

required for membrane association of lipin-1 (231).

Oleate can also stimulate the translocation of lipin-2 onto microsomal
membranes and that the translocation was not significantly affected by the serine
mutation, which occurs in some patients with the Majeed syndrome (Figure 3.2).
Instead, the complete loss of PAP activity when that serine residue was mutated
to leucine or aspartate suggested that the presence of a hydroxyl group at this
position is critical for the conformation of the active site or catalytic mechanism.
This requirement is fulfilled by the presence of threonine at this position in most
single-celled eukaryotes. Indeed, secondary structure analysis and alignment to
other HAD family members pinpointed the likely role of that serine residue in
coordinating the phosphate group to be hydrolyzed. Therefore, mutation of this
Majeed serine residue detrimentally affects the catalytic action of the lipins and
not the ability to associate with membranes or interact with the PA substrate.
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We also demonstrated that lipin-1B can interact with PP1ly and this
interaction is possibly mediated through a HVRF motif on lipin-1B, which closely
resembles the canonical RVXF motif present on all PP1y regulatory proteins.
However, the mutation of the HVRF motif to HARA also abolishes the catalytic
PAP activity. Based on secondary structure prediction, the conserved N-terminus
of the lipins contains an amphipathic a-helix shown to be important in facilitating
membrane binding (372). Furthermore, there is a series of five predicted [3-

strands following the a-helix including the HVRF maotif.

Harris et al. have already demonstrated that the conserved N-terminus is
essential for providing catalytic activity since mutation of glycine 84 to arginine in
mouse lipin-1B reduces PAP activity by 75% and removing the first 106 amino
acids of lipin-1B nearly abrogates the PAP activity (241). Thus, further work
needs to be carried out to determine whether the N-terminus contains residues
that contribute to the catalytic mechanism or if the maintenance of tertiary
structure is essential in facilitate membrane binding and substrate interaction. We
postulate that the interaction with PP1 could facilitate lipin-1 dephosphorylation.
Alternatively, lipin-1 could act as a regulatory subunit of PP1 and either

modulates its subcellular localization or activity (371).

Overall, this study highlights the regulation of lipin subcellular localization

and the effects of different mutations on the catalytic function of lipins as well as

the ability of lipin-1B to interact with PP1y.
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CHAPTER 4

REGULATION OF LIPIN EXPRESSION IN NEONATAL RAT VENTRICULAR

MYOCYTES AND THE EFFECTS ON GLYCEROLIPID BIOSYNTHESIS
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4.1 Introduction

The regulation of the expression of the lipins is a crucial factor in dictating
the size of the cytosolic reservoir for the different lipins. Upregulated lipin
expression would provide a means to compensate for a large influx of FAs into
the cell and ensure that the lipins are not rate-limiting factors in FA utilization.
Additionally, the increased expression of lipins could enhance the potential for
their roles in transcriptional regulation. Previous studies in our group already
established that lipin-1 and PAP activity are positively regulated in hepatocytes
by the combination of glucocorticoid and cAMP signalling, whereas insulin
antagonizes this upregulation (226, 307). Furthermore, the hepatic gene
expressions of PPARa and PGC-1a are increased by glucocorticoid and cAMP
signalling, although insulin did not have any antagonistic effect (307). Importantly,
Manmontri, et al. demonstrated that lipin-1 expression was driven by
transcriptional upregulation (307). These changes elicited by hormonal signalling
are indicative of the effects on hepatic lipin-1 expression in the fed and fasted
states and we wanted to determine how the lipins are regulated in

cardiomyocytes.

4.2 Hormonal regulation of cardiac gene expression
4.2.1 Hormonal regulation of PAP activity and lipin expression in neonatal
ventricular myocytes (NRVMSs)

PAP activities were increased in NRVMs treated for 8 h with different
concentrations of dexamethasone, which is a synthetic glucocorticoid analogue
of cortisol (Figure 4.1A). Dexamethasone at a concentration of 10 nM was able to

increase PAP activity by 50%; concentrations above 10 nM did not significantly
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augment this induction (Figure 4.1A). This increase in PAP activity induced by 10
nM dexamethasone was constant whether NRVMs were treated for 8, 12 or 16 h

(Figure 4.1B).
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Figure 4.1 Treatment of neonatal rat ventricular myocytes (NRVMs) with
different compounds and their effects on PAP activity and lipin-1
expression. (A) NRVMs were treated with different concentrations of
dexamethasone in DME/F12 medium for 8 h (n = 3) and the PAP activities of the
cell lysates were measured and expressed relative to the vehicle-treated control.
(B) NRVMs were treated with 10 nM dexamethasone in DME/F12 medium for
different lengths of time (n = 3) and PAP activities were measured and expressed
relative to the control at time zero. (C) NRVMs were treated with various
combinations of 10 nM dexamethasone (dex), 100 uM 8-(4-chlorophenylthio)-2'-
O-methyladenosine 3,5'-cyclic monophosphate (CPT-cAMP) and 50 nM insulin
(ins) for 8 h (n = 5-12) and PAP activities were measured and expressed relative
to control. (D) Representative Western blot (upper panel) and quantification
(lower panel) of the effects of various combinations of compounds on lipin-1
expression (n = 3-8). Lipin-1 overexpressed in human embryonic kidney 293 cells
from a recombinant adenoviral vector serves as a positive control. * p < 0.05
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compared to respective controls and baseline groups (Figure 4.1C, D); ®p < 0.05
when comparing the indicated treatments. Half of the NRVMs used in these
experiments were prepared by Suzanne Kovacic and Carrie-Lynn Soltys from the
laboratory of Dr. Jason Dyck (University of Alberta). The other half were prepared
by Bernard Kok. All experiment were performed by Bernard Kok.

The dexamethasone-induced increase in PAP activity was significantly
synergized by the addition of CPT-cAMP (cAMP analogue that is cell-permeable
and resistant to phosphodiesterase activity) (Figure 4.1C). Conversely, insulin
inhibited the dexamethasone effect on PAP activity (Figure 4.1C). Insulin also
antagonized the dexamethasone- and CPT-cAMP-dependent increase in PAP
activity, although activity was still significantly higher than baseline (Figure 4.1C).
Importantly, the changes in PAP activity elicited by dexamethasone, CPT-cAMP
and insulin coincided with changes in lipin-1 expression (Figure 4.1D). There was
one exception, which was the effect of insulin in reducing the dexamethasone-

and CPT-cAMP-dependent increase in lipin-1 expression to baseline levels.

When we determined the gene expression profile of Lpinl in NRVMs
treated with the different combinations of compounds, we reached the same
conclusions that dexamethasone increased the expression of Lpinl with CPT-
cAMP and insulin acting as a synergist and antagonist, respectively (Figure
4.2A). Furthermore, maximal induction of Lpinl expression with either
dexamethasone alone or the combination of dexamethasone and CPT-cAMP
occurred between 4 — 7 h after treatment with a decline in expression past 7 h

(Figure 4.2C).
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Figure 4.2 The effect of various combinations of hormones and CPT-cAMP
on the expression of Lpinl and Ppargcla in neonatal rat ventricular
myocytes (NRVMs). The gene expressions of (A) Lpinl and (B) Ppargcla in
NRVMs were measured after treatment with various combinations of 10 nM
dexamethasone (dex), 100 uM 8-(4-chlorophenylthio)-2'-O-methyladenosine 3',5™
cyclic monophosphate (CPT-cAMP) and 50 nM insulin (ins) for 4 h (n = 4-6).
Time course of (C) Lpinl and (D) Ppargcla expressions in NRVMs treated with
10 nM dex and/or 100 pM CPT-cAMP (n = 3); results were expressed to the
controls at time zero. * p < 0.05 compared to respective controls and baseline
groups; ® p < 0.05 when compared to 10 nM dex treatment; ® p < 0.05 when
compared to treatment with 10 nM dex and 100 pM CPT-cAMP. NRVMs were
prepared and all experiments were performed by Bernard Kok.
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4.2.2 The effect of dexamethasone, CPT-cAMP and insulin on Ppargcla and
Ppara expression in NRVMs

Lipin-1 acts as a transcriptional co-activator in combination with PPARa
and PGC-1a in the liver (100). Furthermore, Manmontri et al. demonstrated the
coordinated regulation of Lpinl, Ppargcla, and Ppara expression in hepatocytes
(307). We found that Ppargcla expression was increased by treatment with 10
nM dexamethasone after 4 h (Figure 4.2B). Importantly, Ppargcla expression
coincided with Lpinl expression when stimulated with dexamethasone (Figure
4.2D). Insulin partially antagonized dexamethasone-induced Ppargcla
expression, similar to the results obtained with Lpinl expression (Figure 4.2B).
However, CPT-cAMP did not act synergistically; instead, CPT-cAMP treatment
appears to blunt the increase in Lpinl expression by dexamethasone (Figure
4.2B, D). When all three compounds were used in combination, Ppargcla

expression remained at baseline.

On the other hand, Ppara expression was not regulated by any of the
compounds after 4 h treatment (Figure 4.3A). Additionally, dexamethasone
and/or CPT-cAMP treatment did not affect Ppara expression up to 12 h of
treatment compared to cardiomyocytes incubated with vehicle (Figure 4.3C).
However, dexamethasone and CPT-cAMP did appear to regulate the gene
expression of Cptlb, which is a target of PPARa transcriptional regulation (Figure
4.3B, D). Cptlb expression was induced after 7 h of treatment with
dexamethasone and insulin antagonized the increase when cells were treated
with dexamethasone and CPT-cAMP (Figure 4.3B). Dexamethasone alone or
dexamethasone and CPT-cAMP increased Cptlb expression up to 12 h
treatment time (Figure 4.3D).
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Figure 4.3 The effect of various compounds on the expression of Ppara and
Cptlb in neonatal rat ventricular myocytes (NRVMs). The gene expressions
of (A) Ppara (n = 3) and (B) Cptlb (n = 4-8) in NRVMs were measured after
treatment with various combinations of 10 nM dexamethasone (dex), 100 uM 8-
(4-chlorophenylthio)-2'-O-methyladenosine ‘3%’ -cyclic monophosphate (CPT-
cAMP) and 50 nM insulin (ins) for 4 and 7 h, respectively (n = 3). Time course of
(C) Ppara and (D) Cptlb expression in NRVMs treated with 10 nM dex and/or
100 uM CPT-cAMP (n = 3); results were expressed to the controls at time zero. *
p < 0.05 compared to respective controls and baseline groups; ¢ p < 0.05 when
compared to 10 nM dex treatment; ¥ p < 0.05 compared to all baseline groups
except for cells treated with 10 nM dex + 50 nM insulin. NRVMs were prepared
and all experiments were performed by Bernard Kok.
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4.2.3 Regulation of Lpin2 and Lpin3 expression in NRVMs

In contrast to hepatocytes (307), the expression of Lpin2 can also be
increased by treatment with CPT-cAMP after 4 h treatment (Figure 4.4A) and
dexamethasone did not have a synergistic effect at this time point. However,
CPT-cAMP and dexamethasone acted synergistically between 7 and 12 h
treatment (Figure 4.4C). Insulin acted antagonistically on Lpin2 expression as
with the regulation of the Lpinl gene (Figure 4.4A). Lpin3 expression was
regulated similarly to Lpinl expression in that dexamethasone induced
expression and cAMP acted synergistically (Figure 4.4B, D). However, these
actions occurred only after 55 h treatment with the maximal effect of
dexamethasone treatment at 9 h (Figure 4.4D). Addition of CPT-cAMP to
dexamethasone prolonged the increase in Lpin3 expression up to 12 h (Figure
4.4D). Insulin did not antagonize the upregulation of Lpin3 expression by
dexamethasone alone or dexamethasone in combination with CPT-cAMP after 7

h of treatment (Figure 4.4B).
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Figure 4.4 The effect of various combinations of hormones and CPT-cAMP
on the gene expression of the lipins in neonatal rat ventricular myocytes
(NRVMSs). (A) The expression of Lpin2 was measured after treatment of NRVMs
with various combinations of 10 nM dexamethasone (dex), 100 pM 8-(4-
chlorophenylthio)-2'-O-methyladenosine 3',5'-cyclic monophosphate monosodium
hydrate (CPT-cAMP) and 50 nM insulin (ins) for 4 h (n = 3). (B) The effect of
various combinations of hormones and CPT-cAMP on Lpin3 expression after 7 h
in NRVMs (n = 4-8). The expression of (C) Lpin2 and (D) Lpin3 was measured
after treating NRVMs with 10 nM dexamethasone, 100 uM CPT-cAMP or the
combination of both for various time points up to 12 h. (E) NRVMs were pre-
incubated for 30 min with 10 pg/ml actinomycin D or vehicle before treatment with
100 pM CPT-cAMP for 4 and 5.5 h before mRNA levels of Lpin2 were measured
(n = 3). (F) Lpin3 transcript levels were also determined after 30 min pre-
incubation with actinomycin D and treatment for 7 h with 10 nM dex and 100 uM
CPT-cAMP (n = 3). * p < 0.05 compared to respective controls and baseline
groups; ¥ p < 0.05 when compared to 100 uM CPT-cAMP treatment; ®p < 0.05
when compared to 10 nM dex treatment; ® p < 0.05 compared to vehicle-treated
control; " p < 0.05 compared to 50 nM insulin treatment. NRVMs were prepared
and all experiments were performed by Bernard Kok.
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Treatment with actinomycin D, which prevents elongation by RNA
polymerase (373), significantly reduced transcript levels of Lpin2 and Lpin3 in
NRVMs treated with dexamethasone and/or CPT-cAMP (Figure 4.4E, F). This
result suggests that the effect of dexamethasone and/or CPT-cAMP on Lpin2 and
Lpin3 expression is dependent on increased mMRNA synthesis during

transcription.

4.3 The effect of fasting on gene expression and PAP activity in fld
and control hearts

Since we found effects of dexamethasone and CPT-cAMP on gene
expression in cultured NRVMs, we wanted to determine if we saw similar
changes in fasted mice, which are physiological models where glucocorticoid and
cAMP actions are increased, and insulin signalling is minimized. First, we fasted
14- to 18-week old female fld and control mice for 12 h from 2200 h to 1000 h the
next day. The light cycle started from 0600 h and lasted till 1800 h. We
determined the heart weight to tibia length ratios in these mice since heart weight
to tibia length ratios are decreased in 19- to 23-week old male fld mice (374). The
heart weight to tibia length ratios in the female fld mice compared to the controls
were not significantly different, indicating that there was no detrimental loss of

heart mass (Figure 4.5A).
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Figure 4.5 Effect of fasting for 12 h on gene expression in lipin-1 deficient
fld (fatty liver dystrophy) and control mice. (A) The heart weight to tibia length
ratios of 14-18 week old fld and control mice were measured. The expression of
(B) Lpinl, (C) Lpin2, (D) Lpin3, (E) Ppargcla, and (F) Ppara were measured in
14-18 week-old fld and control mice ad libitum fed or fasted for 12 h from 2200 h
to 1000 h. * p < 0.05 when comparing the indicated groups; ¢ p < 0.05 compared
to all other groups. All experiments were performed by Bernard Kok.
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As expected, Lpinl expression was only observed in the control hearts
and there were no changes in the 12 h fasted control animals compared to the
fed controls (Figure 4.5B). Similarly, cardiac Lpin2 expression was not
significantly induced after the 12 h fasting period in control mice. However, Lpin2
expression was increased in fld mice in both the fed and 12 h fasted states
compared to controls (Figure 4.5C). Furthermore, Lpin2 expression was
significantly increased in fasted fld mice compared to fed fld mice. Lpin3
expression was also increased in 12 h fasted fld hearts compared to fed fld
hearts, whereas there was no difference in expression between fed and fasted
control mice (Figure 4.5D). The regulation of Ppargcla expression in fed versus
12 h fasted fld hearts was similar to the changes in cardiac Lpin3 transcript levels
in fld mice (Figure 4.5E). Finally, Ppara expression was unchanged in all groups

(Figure 4.5F).

To determine whether the absence of changes in gene expression after
12 h fast in the control mice could be attributed to the length of the fast, we also
examined gene expression after 24 h of fasting in control mice (1000 h to 1000 h
the next day). We did not fast fld mice for 24 h since they do not tolerate
prolonged fasting because of the lack of adipose tissue. We again measured the
heart weight to tibia lengths of the fed and fasted control mice and there was no
significant difference, as expected (Figure 4.6A). Surprisingly, Lpinl, Ppara and
Ppargcla gene expressions were all significantly decreased in the 24 h fasted
control animals and there were no significant changes in Lpin2 and Lpin3

transcript levels (Figure 4.6B, C).
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Figure 4.6 Effect of fasting for 24 h on gene expression in control mice. (A)
The heart weight to tibia length ratios of 14-18 week old fld and control mice were
measured. The expression of (B) Lpinl, Lpin2, Lpin3, (C) Ppargcla, and Ppara
were measured in 14-18 week-old fld and control mice ad libitum fed or fasted for
24 h from 1000 h to 1000 h the next day. * p < 0.05 compared to fed controls. All
experiments were performed by Bernard Kok.
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We then measured PAP activities in the hearts of the 12 h and 24 h
fasted mice to determine if the changes in lipin gene expression were indicative
of changes in enzymatic activity. There was no change in PAP activity in the
hearts of 12 h fasted compared to fed control mice (Figure 4.7A). This
corresponds to the lack of changes in cardiac gene expression of the lipins after
12 h of fasting. Surprisingly, there was no change in PAP activities in the hearts
of 12 h fasted fld mice compared to fed fld mice even though there was an
increase in Lpin2 and Lpin3 expression. In 24 h fasted control hearts, PAP
activity was significantly decreased, which corresponds to the decrease in
cardiac Lpinl gene expression after 24 h of fasting. However, we did not find
significant changes in the protein levels of lipin-1 and -2 in the 24 h fasted hearts

compared to the fed controls (Figure 4.7E, F).
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Figure 4.7 Effect of fasting on PAP activity and lipin expression in fld and
control livers and hearts. The PAP activities in the livers and hearts of 12 h
fasted and ad libitum fed (A) control and (B) fld mice (2200 h to 1000 h the next
day) were measured. (C) Hepatic and cardiac PAP activities in 24 h fasted mice
were also measured (1000 h to 1000 h the next day). (D) Representative
Western blots showing the expression of lipin-1 and -2 in 24 h fasted and fed
control livers. The LI-COR Odyssey Imaging system was used to detect lipin-1
and lipin-2 levels were identified by enzymatic chemiluminescence and
autoradiography. Calnexin was used as a loading control. (E) Representative
Western blots showing the expression of lipin-1 and -2 in 24 h fasted and fed
hearts. Both lipin-1 and -2 were detected using enzymatic chemiluminescence
and autoradiography. (F) Lipin-1, lipin-2 and calnexin levels in 24 h fasted (n = 4)
or fed (n = 4-5) control livers and hearts were quantified using the LI-COR
Odyssey Imaging software 1.2 or ImageJ. * p < 0.05 compared to respective ad
libitum fed mice. All experiments were performed by Bernard Kok.
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In comparison, the PAP activities in the livers of 12 h and 24 h fasted and
fed mice were also measured since a previous study showed an increase in
hepatic PAP activity after fasting (307). As expected, the PAP activities in the 12
h fasted control livers were increased compared to the livers of fed control mice.
Similarly, 12 h fasted fld livers had small increases in PAP activities compared to
fed fld mice (Figure 4.7B), demonstrating the compensatory increases in lipin-2
expression (and possibly, lipin-3) in the lipin-1 deficient liver (243, 307). Similar to
12 h fasted mice, hepatic PAP activity was increased in control mice fasted for 24
h (Figure 4.7C). Furthermore, lipin-1 protein levels in the 24 h fasted control livers
were significantly increased compared to fed controls with no significant changes
in lipin-2 expression (Figure 4.7D, F). In summary, there appears to be a
physiological difference between the regulation of hepatic and cardiac PAP
activities in vivo even though there are significant similarities in the regulation of

lipin expression in cultured hepatocytes (307) and NRVMs.

4.4 The effect of changing lipin levels on glycerolipid synthesis in
neonatal rat ventricular myocytes
4.4.1 Introduction

Since there was no increase in lipin expression and PAP activity in mouse
hearts compared to the changes observed in cultured NRVMs, we wanted to
determine the functional consequences of changes in lipin expression in NRVMs.
We investigated whether decreasing lipin-1 expression or increasing lipin-1 and -
2 expression in NRVMs using adenoviral vectors has a major effect on the rate of

glycerolipid synthesis.
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4.4.2 Glycerolipid synthesis in NRVMs with decreased lipin-1 expression
NRVMs were either untreated or incubated with adenovirus encoding for
shRNA against Lpinl or lacZ for 38 h (AdshRNA Lpinl and AdshRNA LacZ).
PAP activity in NRVMs treated with AdshRNA Lpinl was decreased by 50%
compared to non-treated and vector controls (Figure 4.8A). After 3 h treatment
with 1 mM [*CJoleate and 1 mM [1,3-*H]glycerol, there was no significant
difference between groups in the rate of glycerol or oleate incorporation into the
glycerolipids examined except for TG (Figure 4.8B, C). Oleate and glycerol
incorporation into TG in AdshRNA LacZ-treated cells were significantly increased
compared to non-treated controls (Figure 4.8B, C). Oleate incorporation into TG
in AdshRNA Lpinl-treated cells was also significantly increased compared to
non-treated controls (Figure 4.8C). However, this increase was significantly lower

compared to NRVMs inoculated with AdshRNA LacZ (Figure 4.8C).
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Figure 4.8 The effect of knocking down lipin-1 on the rate of glycerolipid
synthesis in neonatal rat ventricular myocytes (NRVMS). (A) NRVMs were
inoculated for 38 h with recombinant adenoviral (Ad) constructs expressing
shRNA against lacZ or Lpinl at a multiplicity of infection (MOI) of 20 respectively,
and the PAP activities in the cell lysates were measured and expressed relative
to the no Ad control. NRVMs were treated with (B) 1 mM [*H]glycerol and (C) 1
mM [*Cloleate in DME/F12 medium containing 0.3 mM BSA for 3 h after
inoculation with recombinant adenovirus for 38 h (n = 3), and the rate of glycerol
and oleate incorporation into glycerolipids was measured. Similar analysis was
performed for NRVMs were treated with (D) 0.3 mM [*H]glycerol and (E) 0.5 mM
[**C]oleate in DME/F12 medium containing 0.1 mM BSA for 3 h after inoculation
with recombinant adenovirus for 38 h (n = 3). (F) The rate of oleate incorporation
into glycerolipids in NRVMs treated with 1 mM glycerol and 1 mM [**C]oleate in
DME/F12 medium containing 0.3 mM BSA for 45 min after adenoviral inoculation
was also measured (n = 3). * p < 0.05 compared to no Ad control; ' p < 0.05
compared to NRVMs inoculated with AdshRNA Lipinl. AdshRNA LacZ and
AdshRNA Lipinl were gifts from Dr. Thurl Harris (University of Virginia) and
adenoviral propagation was carried out by Amy Barr (Cardiovascular Research
Centre, University of Alberta). NRVMs were prepared and all experiments were
performed by Bernard Kok.
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A previous study had shown that there was a difference in the rate of TG
synthesis in NRVMs inoculated with recombinant adenovirus expressing shRNA
against lipin-1 (266). Mitra et al. treated their cells with [2-*H]glycerol (10 pCi/ml)
and 0.5 mM oleate and we decided to test whether we could obtain similar
results. Moreover, treatment with 1 mM glycerol and 1 mM oleate in the previous
experiments would provide maximum induction of lipin association with the
membranes. Therefore, the effect of decreased lipin-1 expression might be more
easily detected using more physiological concentrations of oleate and glycerol.
When NRVMs were treated with 0.5 mM [**CJoleate and 0.3 mM [1,3-*H]glycerol
for 3 h were used instead, there were no significant differences in the rate of
glycerolipid synthesis in the AdshRNA Lpinl-treated cells compared to non-
inoculated or vector controls (Figure 4.8D, E). However, oleate incorporation into
TG was increased in AdshRNA LacZ-treated cells compared to non-inoculated
controls (Figure 4.8E). This observation was similar to the result from the
previous experiment performed with 1 mM [**Cloleate and 1 mM [1,3-*H]glycerol.
Lastly, NRVMs were treated with 1 mM [**CJoleate and 1 mM glycerol for 45 min
to determine if decreased lipin-1 levels would have an effect on a shorter time
scale. However, oleate incorporation into PC or TG after 45 min was not

significantly different between treatments (Figure 4.8F).

4.4.3 The effect of increased lipin-1 and -2 expression on glycerolipid
synthesis in NRVMs

We also wanted to determine the effect of increasing lipin expression on
glycerolipid synthesis. After 38 h inoculation with recombinant adenoviral vectors
expressing Mus musculus lipin-1B and -2 (AdLipinlb and AdLipin2), PAP
activities in NRVMs were increased 14- and 5-fold, respectively (Figure 4.9A).
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Inoculation with control adenovirus expressing GFP (AdGFP) did not affect PAP
activity (Figure 4.9A). Increasing PAP activity in NRVMs with either AdLipinlb or
AdLipin2 did not significantly affect glycerol or oleate incorporation into
phospholipids and diacylglycerol when treated with 1 mM [**Cloleate and 1 mM

[1,3-*H]glycerol for 3 h (Figure 4.9B, C).
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Figure 4.9 The rate of glycerolipid synthesis from glycerol and oleate in
neonatal rat ventricular myocytes (NRVMs) expressing recombinant lipin-1
and -2. (A) NRVMs were inoculated for 38 h with recombinant adenoviral (Ad)
constructs expressing green fluorescent protein (GFP), lipin-lb or -2 at a
multiplicity of infection (MOI) of 7, and the PAP activities in the cell lysates were
measured and expressed relative to the no Ad control. NRVMs were treated with
(B) 1 mM [*H]glycerol and (C) 1 mM [**C]oleate in DME/F12 medium containing
0.3 mM BSA for 3 h after inoculation with recombinant adenovirus for 38 h (n =
3), and the rates of glycerol and oleate incorporation into glycerolipids were
measured. (D) The rate of oleate incorporation into glycerolipids in NRVMs
treated with 1 mM glycerol and 1 mM [**C]oleate in DME/F12 medium containing
0.3 mM BSA for 30 min after adenoviral inoculation was also measured (n = 2). *
p < 0.05 compared to no Ad control. AAGFP, AdLipinlb and AdLipin2 were gifts
from Dr. Thurl Harris (University of Virginia) and adenoviral propagation was
carried out by Amy Barr (Cardiovascular Research Centre, University of Alberta).
NRVMs were prepared and all experiments were performed by Bernard Kok.
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Instead, there was a significant increase in oleate and glycerol
incorporation into TG in NRVMs inoculated with AdLipin2 compared to non-
inoculated cells (Figure 4.9B, C). Moreover, a similar result was observed for
oleate incorporation into TG in cells treated with AdLipinlb (Figure 4.9C).
However, it is important to note that there were no significant differences in
oleate and glycerol incorporation when comparing NRVMs expressing
recombinant lipin-1B and -2 to control cells inoculated with AJGFP (Figure 4.9B,
C). We also determined whether increased lipin-1 levels might have an effect on
a shorter time scale. However, there appeared to be no changes in oleate
incorporation into PC and TG when non-inoculated NRVMs and cells expressing
recombinant GFP or lipin-1B were treated with 1 mM [*CJoleate and 1 mM

glycerol for 30 min (Figure 4.9D).

4.4.4 Translocation of PAP activity onto membranes in NRVMs

We next wanted to determine the extent to which PAP activity associates
with membranes when treated with FAs since this is the metabolically active form
of lipin-1 for glycerolipid synthesis. After 1 h treatment of NRVMs with 1.2 mM
oleate and separation of cytosolic and cell ghost fractions by hypotonic lysis,
there was no significant increase in PAP activity on cell ghost membranes
(Figure 4.10A). However, there was a significant two-fold increase in membrane-
associated PAP activity after 4 h treatment with either 0.3 or 1.2 mM oleate
(Figure 4.10A). Since there was no significant change in total PAP activity (Figure
4.10B), this indicates that the increase in PAP activity on the membranes is due

to translocation of cytosolic PAP activity. Treatment with 1.2 mM palmitate did not
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significantly increase membrane-associated PAP activity after 4 h (Figure 4.10C)

and total PAP activity was not affected by palmitate treatment (Figure 4.10D).
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Figure 4.10 Translocation of PAP activity in neonatal rat ventricular
myocytes (NRVMs) stimulated by oleate. (A) NRVMs were treated with 0.3 or
1.2 mM oleate in DME/F12 medium containing 0.3 mM BSA for 1 h (n = 3) and 4
h (n = 6). NRVMs were then incubated for 4 min with a hypotonic solution
containing 0.1 mg/ml digitonin on ice. The cytosolic fractions and cell ghosts were
collected separately, and the PAP activity in each fraction was measured.
Results were then expressed as percentage of total PAP activity on cell ghost
membranes. (B) Total PAP activities in NRVMs treated as previously described
(Figure 4.10A) were calculated as the sum of the cytosolic and membrane-
associated PAP activities. (C) Neonatal rat ventricular myocytes (NRVMs) were
treated with 1.2 mM oleate or 1.2 mM palmitate in DME/F12 medium containing
0.3 mM BSA for 4 h before collecting the cytosolic and cell ghost fractions (n = 6).
PAP activity in each fraction was measured and results were expressed as
percentage of total PAP activity on cell ghost membranes. (D) Total PAP
activities in the NRVMs treated as previously described (Figure 4.10C). * p < 0.05
compared to 4 h vehicle-treated control (no FA); T p < 0.05 compared to
corresponding 1 h treatments. NRVMs were prepared and all experiments were
performed by Bernard Kok.
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4.5 Discussion

Numerous studies have shown that the gene expressions of the lipins are
affected during various physiological and pathological conditions (375-377) (266,
310, 378-380). Hepatic and adipose gene expressions of the lipins are increased
by fasting (100, 243, 307, 308) and the influence of lipin levels on disease
phenotypes is highlighted by studies in the adipose tissue demonstrating that
changes in lipin-1 and -2 levels can modulate inflammatory signalling (272, 273,
381). Hepatic lipin-2 induced by endoplasmic reticulum stress has also been
shown to negatively affect insulin signalling (280). Furthermore, the regulation of
lipin expression by glucocorticoids, cAMP and insulin signalling has been
carefully delineated in hepatocytes and, to some extent, adipocytes. Thus, we
wanted to determine whether lipin expression in cardiomyocytes is regulated by

hormonal changes.

Similar to studies in hepatocytes and adipocytes, we found that lipin-1
expression in NRVMs was increased by treatment with dexamethasone with
CPT-cAMP and insulin acting as synergistic and antagonistic agents, respectively
(Figure 4.1) (307, 308). The mechanisms underlying the transcriptional
upregulation of lipin-1 will be discussed later. CPT-cCAMP alone did not increase
Lpinl expression. This result was somewhat surprising since studies have shown
that B,-adrenergic receptor agonists could stimulate lipin-1 expression in C2C12
myotubes as well as mouse skeletal muscle and heart through PGC-1aq,
estrogen-related receptor a/y and nuclear orphan receptor-1 (266, 309). The
absence of a CPT-cAMP effect in NRVMs implies that B,-adrenergic stimulation

of lipin-1 expression is also reliant upon cAMP-independent signalling
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downstream of the receptor. This will be explored in greater detail following the

discussion on the regulation of Ppargcla expression.

The changes in Ppargcla expression elicited by dexamethasone, CPT-
cAMP and insulin were significantly different in NRVMs compared to
hepatocytes. Gene expression was increased by dexamethasone, and CPT-
CAMP blunted this induction in NRVMs whereas CPT-cAMP increased Ppargcla
expression in both rat and mouse hepatocytes, and dexamethasone acted
synergistically (307, 382). The upregulation of Ppargcla transcript levels by
dexamethasone is unlikely to occur through direct interaction of the activated
glucocorticoid receptor since a glucocorticoid response element has yet to be
found on the Ppargcla promoter. Furthermore, dexamethasone alone did not
induce Ppargcla in hepatocytes (307). Studies have shown that PGC-1a
expression is regulated by B,-adrenergic receptor and/or cAMP signalling in
skeletal muscle and liver through cAMP response element binding protein
interacting at a CAMP response element on the promoter of Ppargcla (382-385).
Moreover, f,-adrenergic activation by agonists such as clenbuterol also
increases Ppargcla expression in hearts (266). The regulation of lipin-1 gene
expression by B,-adrenergic signalling is strikingly similar (266, 309), which is not
surprising given that PGC-1a upregulation tends to coincide with lipin-1

expression.

Bo-adrenergic signalling in the heart classically activates G, leading to the
formation of cAMP by adenylyl cyclase and the activation of cAMP-dependent
protein kinase A (386-388). However, B,-adrenergic receptors are also coupled to
G; in cardiomyocytes and skeletal muscle, which can lead to downstream signals
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independent of cAMP formation and protein kinase A activation (386-389). Since
CPT-cAMP by itself does not affect Ppargcla and Lpinl gene expression, it is
likely that both Ppargcla and Lpinl upregulation by B,-adrenergic receptor
signalling in the heart are mediated through G;. Protein kinase B (Akt) and
extracellular signal regulated kinase (ERK) act downstream of G; signalling from
Bo-adrenergic receptor in the heart (387, 388, 390, 391). However, neither
effector has been linked to the regulation of Ppargcla expression. Although the
liver Ppargcla promoter clearly has a cAMP response element (383), our results
indicate that B,-adrenergic signalling in the heart regulates Ppargcla expression
through G;, although the direct effector is still unknown. It is likely that cAMP-
dependent protein kinase A activation is still essential for regulation since Daaka
et al. demonstrated the requirement for protein kinase A phosphorylation of the

Bo-adrenergic receptor to desensitize G signalling and activate G; (392).

Ppara expression was not affected by any combination of compounds in
NRVMs whereas Ppara transcription was induced in hepatocytes by
dexamethasone, and CPT-cAMP acted synergistically (307). In Hep G2 human
hepatoma cells, lipin-1, in combination with PGC-1a, activates transcription of a
luciferase reporter construct with a Ppara promoter (100). Furthermore, lipin-1
can interact with hepatocyte nuclear factor-4 or PPARa itself, to synergistically
increase the expression of this luciferase construct (100). It is clear that PPARa
is transcriptionally regulated in the liver since fasting increases hepatic Ppara
transcript levels (393-395). Moreover, fasting-induced upregulation of Ppara and
its target genes in the liver depends on lipin-1 expression (100). Thus, the
transcriptional upregulation of PPARa gene expression appears to be an
important factor in determining PPARa action in the liver.
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PPARa has also been shown to play an important role in regulating FA
oxidation in the heart using transgenic and knockout mouse models (23, 89, 102,
114). However, studies have shown that there is no upregulation of Ppara
expression in the heart after fasting (394, 395). The importance of PPARa in
cardiac metabolism is clear; however, it appears that the activation of PPARa by
endogenous ligands like FAs or synthetic ligands like WY-14.643, rather than
transcriptional upregulation of Ppara, is more essential in determining PPARa
action on FA metabolism in the heart (86, 396, 397). Indeed, we found no
changes in Ppara transcript levels in the hearts of 12 h fasted mice (Figure 4.5F),
and in fact, there was a decrease in Ppara expression after 24 h of fasting
(Figure 4.6C). In summary, the differential regulation of PPARa in the liver and
heart during fasting could explain why there is a difference in the response of
Ppara expression in the NRVMs compared to the hepatocytes. Interestingly,
Cptlb expression was increased by dexamethasone and CPT-cAMP treatments
in NRVMs. Since the gene encoding CPT-1b is a target of PPARa (398-400), it is
possible that Cptlb upregulation by dexamethasone and CPT-cAMP was through
PPARa activation. Alternatively, Cptlb expression is also regulated by other
transcription factors such as myocyte enhancer factor-2C (401) or GATA

transcription factor 4 (402).

We also found that the gene expressions of lipin-2 and -3 in NRVMs were
increased by the combination of dexamethasone and CPT-cAMP through
increased transcription (Figure 4.4). This result was significant since Manmontri
et al. did not find an increase in Lpin2 and Lpin3 expression after treatment with
these compounds in rat hepatocytes (307). However, this study did show that
treatment with dexamethasone alone stimulates Lpin3 expression and CPT-
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cAMP alone prevents the decline in Lpin2 transcript levels in mouse hepatocytes
(307). The regulation of lipin gene expression by dexamethasone and CPT-cAMP
in NRVMs differs quite significantly over time. The increase in Lpinl expression
by dexamethasone and CPT-cAMP was maximal at 4 — 7 h and slowly
decreased thereafter (Figure 4.2C). In contrast, the increase in Lpin2 and Lpin3
expression by dexamethasone and CPT-cAMP was still not reduced after 12 h of

treatment with these compounds (Figure 4.4C, D).

The maximal induction of Lpin2 and Lpin3 expression occurred much later
compared to the regulation of Lpinl expression by dexamethasone and CPT-
cAMP (Figure 4.2 and 4.4), suggesting a primary response of lipin-1 induction in
the early stages of increased glucocorticoid and cAMP signalling with later
changes in Lpin2 and Lpin3 expression. The effect of dexamethasone on lipin-1
is known to be mediated through the glucocorticoid response element upstream
of the Lpinl promoter (308). Similarly, cAMP response elements have also been
identified in the region surrounding the promoter (310). Lpin2 and Lpin3 could
also be regulated in similar regions surrounding their respective promoters,

although studies have yet to positively identify these sites.

The regulation of lipin gene expression is similar to the regulation of
genes involved in hepatic gluconeogenesis. TORC2 (transducer of regulated
CREB activity 2), PGC-1a, CREB (cAMP response element binding protein),
CBP (CREB binding protein) and FOXO1 (forkhead box protein O1) act in
combination to induce the expression of gluconeogenic genes (311, 383, 403,
404). Moreover, all four proteins except for FOXO1l have been previously
demonstrated to be involved in the regulation of lipin-1 gene expression (100,
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266, 310). Furthermore, the C. elegans FOXO homologue enhances
glucocorticoid-induced expression of insulin-like growth factor binding protein-1,
which can bind to and inhibit signalling from insulin-like growth factor | and Il
(405). This result demonstrates the possible role of FOXO1 in regulating
dexamethasone-induced lipin expression. Insulin suppresses the induction of
gluconeogenic genes by stimulating the phosphorylation and nuclear exclusion of
TORC2 (312), FOXO1 (403, 406), and CBP (404, 407). The suppression of lipin
gene induction by insulin could be regulated similarly. Alternatively, another
member of the forkhead DNA-binding protein family, FOXA2 (forkhead box
protein A2), could also play a role in the upregulation of lipin gene expression
(408-410). FOXAZ2 increases the expression of genes involved in FAO and PGC-
1B acts as a co-activator (409, 411). FOXAZ2 is also phosphorylated and inhibited

by Akt downstream of insulin signalling (408).

To determine whether the changes elicited by the combinatorial
treatments in NRVMs are indicative of physiological changes during fasting, fld
and control mice were fed ad libitum or fasted for 12 h. We found no significant
changes in transcript levels for any of the lipins, PPARa or PGC-1a between fed
and 12 h fasted control hearts (Figure 4.5). However, there were increased
expressions of Lpin2, Lpin3 and Ppargcla in the 12 h fasted versus fed fld mice.
The differences in gene expression profiles between fld and control mice suggest
a compensatory response in the absence of lipin-1. We also measured PAP
activities in these hearts and found no change in PAP activities in the 12 h fasted
compared to the fed state, even in the fld mice (Figure 4.7A, B). However, PAP
activity in the livers of both 12 h fasted control and fld mice were significantly
increased compared to fed mice (Figure 4.7A, B). To determine whether these
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differences in cardiac and hepatic regulation of PAP activity was a matter of a
slower cardiac response to fasting, we also measured PAP activity in 24 h fasted
and ad libitum fed control mice. Similarly, hepatic PAP activity and lipin-1
expression was significantly increased by fasting. In contrast, cardiac PAP
activity was significantly decreased and this decrease was accompanied by

decreased Lpinl and Ppargcla expression.

The lack of changes in the fasted control hearts compared to the dynamic
increases in hepatic and adipose lipin gene expression during fasting indicates a
differential requirement for lipin response in different organs (100, 243, 307, 308).
It is clear that lipin gene expression can be dynamically regulated by
glucocorticoid and cAMP-dependent signalling in cardiomyocytes. The absence
of an increase in cardiac lipin-1 expression during fasting in contrast to the
upregulation of lipin-1 expression in the livers of fasted mice is probably related
to the differential expression of PGC-1a in both tissues. PGC-1a, in combination
with estrogen-related receptor a (ERRa) or ERRYy, regulates lipin-1 expression in
hepatocytes and cardiomyocytes (100, 243, 266, 412). As an example,
overexpressing PGC-1a by itself using recombinant adenoviral vectors in
hepatocytes and NRVMs increases lipin-1 expression (243, 266). Furthermore,
PGC-1a deficiency prevents lipin-1 upregulation in the liver during fasting (100).
Hepatic PGC-1a is strongly induced by 8-16 h of fasting and is important for the
regulation of gluconeogenesis and VLDL secretion (382, 383, 385, 403, 413). We
also demonstrate that PAP activity and lipin-1 expression in the liver were
induced by fasting (Figure 4.7) and other studies have also shown this (100, 243,
307). Significantly, Lpinl gene expression and PAP activity in the heart coincided
with the cardiac gene expression of PGC-1a (Figures 4.6 and 4.7).
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Therefore, it is possible that the levels of PGC-1a regulate the expression
of lipin-1. However, our group has shown that the upregulation of Ppargcla and
Lpinl expression occur with the same time course in hepatocytes (307) and
NRVMs (Figure 4.2). Since the increase in Ppargcla levels does not precede the
increase in Lpinl expression, it is unlikely that the degree of PGC-1a expression
regulates Lpinl transcript levels even though PGC-1a is clearly an important
regulator of lipin-1 expression. Instead, the concurrent expression of both genes
must be regulated by common transcription factors such as FOXO1, TORC2,
CREB and ERRY in the liver (310, 311, 383, 403, 412), and ERRa or ERRYy in the

heart (266).

The lipins play crucial roles as PAP enzymes in glycerolipid synthesis
(134, 137, 242, 243) and they can act as transcriptional co-activators in
conjunction with PGC-1a and PPARa (100, 138). Therefore, the regulation of
lipin levels could act as a mechanism for metabolic adaptation. Moreover,
perturbations of lipin levels in the heart could potentially lead to the development
of disease conditions (378, 380). Alternatively, changes in cardiac lipin levels
could be symptomatic, and not causative, of metabolic adaptation or
dysregulation. Studies in the lipin-1 deficient (fld) mice suggests that loss of lipin-
1 leads to PA accumulation and aberrant cellular signalling with no detrimental
changes in PC or TG synthesis after 30 min in the ex vivo working perfused heart
system (266, 374). Further discussion of this work will be forthcoming in Chapter

5.
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Primary cultured NRVMs were used as the cell model for measuring the
rates of glycerolipid synthesis up to 3 h when lipin levels were increased or
decreased using adenoviral vectors. We found no change in glycerol or oleate
incorporation over 30 min or 3 h when recombinant adenoviral vectors
expressing shRNA against lipin-1 were used to decrease PAP activity by 50%
(Figure 4.8A). We did not target lipin-2 and -3 since lipin-1 is the major PAP
enzyme in hearts (241, 374). Thus, results with the cultured NRVMs confirm the
lack of detrimental effects on the synthesis of major phospholipids and TG in the
perfused fld hearts as will be discussed in Chapter 5. However, we did not
observe any aberrant accumulation of [*Cloleate or [1,3-*H]glycerol in PA and
PIl, unlike in the fld perfused hearts. This observation is accompanied by the
caveat that lipin-1 expression was only decreased and it was not completely
absent in the recombinant adenoviral-treated NRVMs. Glycerol is commonly
used to measure glycerolipid synthesis in the liver because of the high levels of
hepatic glycerol kinase (414, 415), whereas glycerol kinase was thought to be
absent in adipose tissue and muscle (416) or to be present at very low levels
(127). Therefore, glycerol might not be the best substrate to measure glycerolipid
synthesis in myocytes. However, glycerol kinase deficiency leads to a decrease
in TG and total phospholipid mass (specifically Pl, PS and ethanolamine
glycerophospholipids) in the heart (128). To support our work with [*H]glycerol,
we also used [*“Cloleate and included a general lipase inhibitor to block the
turnover of the newly synthesized lipids (417). The conclusions obtained from the

use of these two substrates of glycerolipid synthesis were essentially the same.

A recent study also used radiolabelled glycerol to determine the effect of
decreasing lipin-1 levels on TG synthesis in NRVMs. Mitra et al. found that
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knocking down lipin-1 by 60% in NRVMs decreased the incorporation of [2-
*H]glycerol (10 pCi/ml) into TG after 3 h treatment in the presence of 0.5 mM
oleate (266). However, it is very difficult to compare glycerolipid synthesis under
different conditions using [2-*H]glycerol unless the specific radioactivity in the
glycerol 3-phosphate precursor pool is also measured (418). This specific activity
depends on glycerol kinase and the rate of substrate cycling between glycerol 3-
phosphate and dihydroxyacetone phosphate. This cycling involves glycerol 3-
phosphate dehydrogenase, which exhibits a significant isotope effect in its use of
°H, i.e. glycerol 3-phosphate dehydrogenase cannot oxidize [2-*H]glycerol 3-
phosphate effectively compared to either unlabelled or [1,3-*H]glycerol 3-
phosphate (418, 419). This leads to progressive increases in the specific activity
of the [2-*H]glycerol 3-phosphate precursor pool compared to that obtained using

[1,3-°H]- or [**C]glycerol (418).

We also determined the effect of increasing lipin-1 and -2 expression on
glycerolipid synthesis in NRVMs. Increased expression of either lipin-1 or -2 did
not dramatically affect the rate of oleate and glycerol and palmitate accumulation
in phospholipids or TG (Figure 4.9). Although the rate of TG synthesis in NRVMs
inoculated with AdLipinlb or AdLipin2 was significantly greater than in non-
inoculated cells, we had also found that the adenoviral treatment by itself
appeared to increase the incorporation of radiolabel into TG compared to non-
treated cells (Figure 4.8 and 4.9). We had hypothesized that the initial rates of
glycerolipid synthesis over 10-30 min could be driven by the increased availability
of lipins, however, there were no striking differences in the rate of oleate

incorporation into TG (Figure 4.9D).
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Lipins can only participate in glycerolipid synthesis when they bind to
endoplasmic reticulum membranes where PA is produced. We had assumed that
there would be significant association of PAP activity with membranes in NRVMs
comparable to that found in rat hepatocytes based on our own results (Figure
3.1A) as well as previous studies from our group (296). We found that there was
no significant increase in oleate-stimulated PAP membrane association after 1 h
in NRVMs (Figure 4.10A), which was different compared to our results in rat
hepatocytes. This could be due to differences in cellular FA uptake since differing
ratios of oleate to BSA were used in the experiments with NRVMs (4:1)
compared to rat hepatocytes (12:1). BSA has at least three FA binding sites with
strong affinity for oleate and two other sites with lower binding affinities (420-
422). However, we did find that there was a two-fold increase in the membrane-
associated PAP activity after 4 h treatment with either 0.3 or 1.2 mM oleate
(Figure 4.4A). We also found that only 5-10% of the total PAP activity in NRVM in
the absence of FA was associated with the membranes compared to 25-30% in
rat hepatocytes (Figure 3.6A). This is most probably due to the relative
abundance of lipin-2, which is more tightly associated with membranes (292), in

the liver compared to the heart (241, 243).

Since membrane-associated PAP activity after oleate stimulation in
NRVMs only comprised 20% of total PAP activity after 4 h, it explains why there
were no major changes in the rate of glycerolipid synthesis when lipin levels were
modified. A reduction in PAP activity by 50% still leaves a significant reservoir of
PAP activity to translocate onto membranes. These results further reinforce the
hypothesis that cytosolic lipins act as a reservoir of PAP activity, and that the
translocation onto ER membranes is regulated such that only a small proportion
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of PAP activity is required to fulfill its physiological activity. Although TG synthesis
and hydrolysis in the heart is essential for normal FA metabolism (86, 149), it is
apparent that low levels of PAP activity are sufficient to support cardiac
glycerolipid synthesis (374). However, it remains to be seen if a relatively high
abundance of lipins would be required during prolonged periods of high FA flux,
e.g. starvation longer than 2-3 days. The fld model would not be amenable to
testing this premise since the mice are devoid of mature adipose tissue and they
do not tolerate prolonged periods of starvation. Alternative models include fld
mice crossed with aP2-lipin transgenic mice, which overexpress lipin-1 through
an adipocyte-specific promoter (aP2-lipin Tg) (278), or a cardiac-specific lipin-1

knockout model.

In conclusion, we have shown that expressions of lipin-1, -2 and -3 are
dynamically regulated by the interplay between glucocorticoid-, cAMP- and
insulin-dependent signalling in NRVMs. However, physiological changes in
cardiac gene expression were not observed after fasting except where there was
a compensatory response to lipin-1 deficiency, as seen in fld mice. Furthermore,
PAP activities were unchanged in 12 h fasted mouse hearts. In fact, the gene
expressions of Lpinl and Ppargcla as well as the PAP activities were decreased
in 24 h fasted hearts. In contrast, hepatic PAP activity was increased in 12 h and
24 h fasted animals, leading to the possibility that cardiac lipin-1 and PGC-1a
expressions are differentially regulated compared to the liver. This is possibly due
to differences in the expression of putative transcription factors responsible for
upregulating these two genes concurrently in the liver versus the heart. Finally,

we also demonstrated that glycerolipid synthesis in the heart can be sustained by
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the reservoir of PAP activity provided by lipin-2 and -3, even when lipin-1 is

depleted or absent as shown in Chapter 5.
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CHAPTER 5

THE CONSEQUENCES OF WHOLE BODY LIPIN-1 DEFICIENCY ON

CARDIAC FUNCTION AND METABOLISM
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5.1 Introduction

The lipins are bifunctional enzymes involved in glycerolipid synthesis as
PAP enzymes and transcriptional co-activators of FAO in combination with PGC-
1a and PPARa in the liver (133, 423). Instead of being considered as mutually
antagonistic processes, FAO and TG synthesis are now widely viewed as being
companion pathways since augmenting TG synthesis increases FAO (148, 149).
Also, the rate of FA release from lipolysis can dictate the rate of FAO (86, 87, 89,
187). While many proteins have been identified to contribute to cardiac FA
uptake and metabolism (124, 177), relatively little information is available about
the role of lipins in the heart. Lipin-1 appears to be the major lipin in the heart
because of the apparent absence of PAP activity in the hearts of lipin-1 deficient
mice (241). Lipin-1 consists of full-length lipin-1B, the lipin-1A splice variant as
well as another splice variant, lipin-1y, which is expressed mainly in brain (137,

228). Lipin-1B is the predominant isoform in the heart (228).

Since lipins have been shown to play crucial roles in FA and lipid
metabolism (100, 229, 238, 243, 268), we hypothesized that lipin-1 deficiency in
the heart would severely inhibit TG synthesis and FAO and thereby cardiac
function. As mentioned previously, the lipin-1 deficient fatty liver dystrophy (fld)
mice develop transient fatty livers and hypertriglyceridemia, which resolve upon
weaning (235-237). Fld mice are devoid of mature adipose tissue, which is
attributed to the role of lipin-1 in inducing PPARy expression during adipocyte
differentiation (268). The fld mouse is also insulin resistant and is prone to
developing atherosclerosis when fed a high cholesterol/cholate diet (237, 238). In

addition, phosphatidate (PA) accumulation in Schwann cells of fld mice leads to
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demyelination through aberrant ERK1/2 activation, which subsequently causes

the development of peripheral neuropathy (239, 240).

Consequently, we determined the expression of various regulators of
cardiac metabolism as well as cardiac function in vivo and ex vivo using
transthoracic echocardiography and the perfused working heart system,
respectively. Furthermore, the rates of FAO and glycerolipid synthesis were

measured in the perfused working hearts.

5.2 Characterization of lipins and PAP and LPP activities in fld hearts
FId mice were identified by their physical appearance resulting from their
lipodystrophy, and their lower body weights (Table 5.1) compared to controls. We
found no significant differences in serum glucose between 11-week old, 4 h
fasted fld and control mice (9.8+0.5 mM in controls compared to 9.7+0.3 mM in
fld mice). We also did not find any significant change in non-esterified fatty acid
levels in 19- to 23-week old fld and control mice that were deprived of food for 1
h; however, serum TG levels were significantly lower in the fld mice compared to

controls (Table 5.1).
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Table 5.1 Serum profile and blood pressure measurements in 19- to 23-
week-old fld (n = 4-8) and control (n = 5-9) mice after food was withheld for
1 h. Blood pressure measurements were performed by Brandi Sidlick
(Cardiovascular Research Centre, University of Alberta) and serum
measurements were carried out by Bernard Kok. This work was published
in the Journal of Lipid Research (374).

Measurement control fld p-value
Serum non-esterified FA (mM) 0.4+0.1 0.6+0.1 0.3
Serum TG (mM) 1.310.1 0.9+0.1 0.01
Systolic blood pressure (mmHg) 141+5 1355 0.4
Body weight (g) 33.2+1.0 22.2+0.4 3x10°

As expected, we found no significant mRNA expression of lipin-1A or -1B
in fld hearts (Figure 5.1A). However, mRNA expressions of lipin-2 and -3 were
increased by 40-50% in fld hearts (p < 0.03 and 0.004, respectively) (Figure
5.1A) while protein levels of lipin-2 were similar between genotypes (Figure 5.1B,
C). Although we could not obtain a successful Western blot for lipin-3, a recent
study showed that lipin-3 levels in fld hearts are similar to those in wild-type

hearts (266).

We then measured PAP activity in fld and control mice under optimum
conditions using either PA/PC mixed liposomes or PA/Triton X-100 micelles at
pH 7.4 or 6.5 (Figure 5.1D). The optimum assay conditions and the lack of
stimulation by other divalent cations in fld hearts are described in Appendix I.
Earlier work (241) showed no significant PAP activity in fld hearts using Triton X-
100-PA micelles as the substrate and we essentially confirmed this observation
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at pH 6.5 or 7.4 (Figure 5.1D). However, a Mg*-dependent, NEM-sensitive PAP
activity was detected using mixed PA/PC liposomes at both pH 6.5 and 7.4 in the
fld hearts at levels approximately 15-20% of that found in the control hearts

(Figure 5.1D).
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Figure 5.1 Expression and activity of lipins in control and fld hearts. (A)
MRNA expression of lipins in 11-week-old control (n = 7) and fld (n = 8) hearts.
(B) The lipin-2 antibody was verified by comparing lipin-2 in control (Lane 2) and
fld (Lane 3) hearts to recombinant lipin-2 protein (Lane 1) (upper panel). Ran
GTPase serves as the loading control. Representative Western blots showing
protein levels of lipin-1 and -2 in control and fld hearts with Ran GTPase as the
loading control (lower panel). (C) Densitometric analysis of single Western blots
for lipin-1 and -2 in samples from 11-week old fld (n=7) and control (n=7) hearts.
(D) Measurements of PAP activities using 5 mM Mg?* at pH 6.5 and 1.5 mM Mg**
at pH 7.4 with PA/PC liposomes or PA/Triton X-100 micelles together with Mg**-
independent, NEM-insensitive LPP activities in control (n = 3-5) and fld (n = 3-5)
hearts. The Ran GTPase antibody was kindly provided by Dr. Petra Kienesberger
from the laboratory of Dr. Jason Dyck (University of Alberta). All experiments
were performed by Bernard Kok and this work was published in the Journal of
Lipid Research (374).
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This value is similar to the work of Mitra et al. (266) who used **P-labeled
PA presented in Triton X-100 and measured the formation of water-soluble 32p,
However, this method over-estimates PAP activity unless precautions are taken
to Dblock phospholipase A type activities, which produce labelled
lysophosphatidate and glycerophosphate. These compounds can then be
converted to *P; by acid or alkaline phosphatases. All of these compounds are
extracted into methanol/water rather than chloroform phase and are included in
the measurement of “water-soluble” products. We avoided this complication by
measuring the formation of [*H]DG from [*H]PA and blocking the degradation of
DG with tetrahydrolipstatin. This latter technique provides a valid PAP assay that

can be used with tissue homogenates (212).

We conclude that the absence of lipin-1 severely decreases myocardial
PAP activity and lipin-2 and -3 contribute only about 15-20% of normal cardiac
PAP activity under the most optimum assay conditions we could find. LPP
activities, which are thought not to participate in TG synthesis (424), were similar

in fld and control hearts (Figure 5.1D).

5.3 Decreased cardiac function in fld mice in vivo

Having demonstrated that there was a significant decrease in PAP activity
in fld hearts, we next determined if cardiac function was affected in vivo. Non-
invasive transthoracic echocardiography was used to evaluate cardiac function in
19- to 23-week-old fld and control mice. The fld mice had significantly decreased
systolic function as indicated by reduced ejection fraction and fractional

shortening (Table 5.2). This corresponded with decreased end-diastolic left
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ventricular internal diameter measurements (Table 5.2). Stroke volume and
cardiac output, and measurements of pulmonary peak venous flows were also
drastically decreased in fld hearts (Table 5.2). We also determined cardiac

function in 10-week-old fld and control mice and found similar results (Table 5.2).

Heart sizes and tibia lengths of fld mice at 10 weeks of age were not
significantly different compared to age-matched control mice (Table 5.2).
However, these parameters were significantly lower in 19- to 23-week old fld
mice compared to corresponding control mice (Table 5.2). This suggests that the
cardiac dysfunction did not lead to compensatory hypertrophy and instead, it
resulted in a loss of heart mass. Systolic blood pressure was similar between fld
and control mice (Table 5.1) even though we might expect differences in vascular

capacity and demand since fld mice are lipodystrophic and smaller in size.
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Table 5.2 Measurements of cardiac dimensions and in vivo cardiac function
analyzed from transthoracic echocardiographies of 19- to 23-week-old fld (n
=7) and control (n = 8) mice as well as 10-week-old fld (n = 8) and control (n
=7) mice. These studies were performed by Donna Beker and Sandra Kelly
(Cardiovascular Research Centre, University of Alberta) and this work was
published in the Journal of Lipid Research (374).

Measurement 19- to 23-week-old 10-week-old
control fid control fid

Ejection fraction (%) 45+1 39+3* 52+4 41+3"

Fractional shortening (%) 22+1 19+2* 2612 202"

Left ventricular internal 4.26+0.07 3.83+0.09* | 3.99+0.07 3.76+0.04

diameter - diastole (mm)

Left ventricular internal 3.31+0.07 3.12+0.10 | 2.93+0.11 3.01+0.07

diameter - systole (mm)

Heart rate (beats per 410410 40315 416+11 437+11

minute)

Stroke volume (pl) 45+4 28+2* 36+2 24+2"

Cardiac output (ml/min) 19+1 12+1* 14.3+0.9 9.9+0.8'

Interventricular septum —  0.90+0.04 0.85+0.03 | 0.76+0.01 0.81+0.02

diastole (mm)

Interventricular septum —  1.17£0.06 1.05+0.04 | 1.07+0.04 1.03+0.03

systole (mm)

Left ventricular posterior ~ 0.89+0.04 0.88+0.04 | 0.76+0.03 0.81+0.03

wall — diastole (mm)

Left ventricular posterior ~ 1.14+0.04 1.08+0.03 | 1.07+0.06 1.03+0.04

wall — systole (mm)

Pulmonary vein s/d ratio  0.5+0.1 0.5+0.1 0.53+0.05 0.84+0.06"
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Table 5.2 continued

Measurement 19- to 23-week-old 10-week-old
control fld control fld

Pulmonary vein s wave 243+39 138+23* 266+25 276x22

(mm/s)

Pulmonary vein d wave 445+35 305+28* 507+40 342+37"

(mm/s)

Pulmonary vein a wave 157433 132+16 173+18 219430

(mm/s)

Pulmonary vein a wave 2442 2812 15+2 25+3"

duration (ms)

Tei index 0.81+0.04 0.86+0.04 | 0.79+0.05 1.01+0.13

[(IVRT+IVCT)/ET]

Isovolumic relaxation 22+1 26+2* 21+1 25+2

time (IVRT) (ms)

Isovolumic contraction 18+2 18+1 18+2 21+3

time (IVCT) (ms)

Ejection time (ET) (ms) 50+2 52+2 50+2 4612

Heart weight : tibia length  74+2 63x1° 72+2 71+3

ratio (mg/cm)

Heart weight (mg) 141+4 109+3° 134+5 127+3

Tibia length (cm) 1.91+0.01 1.73+0.03* | 1.86+0.02 1.80+0.04

Body weight (g) 33.2+1.0  22.2+0.4* | 28+1 23+1"

*p < 0.05 when compared to 19- to 23-week-old control mice, 'p < 0.05 when
compared to 10-week-old controls and 3p < 0.05 when compared to age-matched
controls as well as both 10-week-old fld and control mice.
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5.4 Metabolic gene and protein expression profiles in fld hearts

To determine if cardiac dysfunction in fld mice in vivo was linked to
changes in FA or glucose metabolism, we analyzed the expression of genes for
key metabolic regulators in control and fld hearts. We chose to analyze samples
from 11-week-old mice to determine if there were any changes in cardiac
metabolism in the absence of differences in relative heart size. mRNA levels for
PGC-1a and PPARa were increased in fld hearts (Figure 5.2A). We further
examined expression of PPARa target genes downstream of lipin-1 regulation
(100). Indeed, acyl-CoA oxidase-1 (ACOX-1) and CPT-1B gene expression were
upregulated. However, gene expressions of CD36 and medium-chain acyl
dehydrogenase (MCAD) were similar between fld and control hearts (Figure
5.2A). mRNA expression for enzymes in the TG synthesis and lipolysis pathways
were also similar between genotypes except for small increases in mRNA
expression of GPAT1 and DGAT1 (Figure 5.2B) in fld hearts. There were no
differences in mMRNA expression of CD36, glucose transporter 4 (GLUT4),
lipoprotein lipase, acetyl-CoA carboxylase (ACC), pyruvate dehydrogenase
kinase 4 and malonyl-CoA decarboxylase, which are known regulators of FA and

glucose metabolism (Figure 5.2A and C).
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Figure 5.2 mRNA expression for various proteins involved in cardiac
metabolism and function. (A) mMRNA expression of genes encoding peroxisome
proliferator-activated receptor a (PPARa), PPARy co-activator-1a (PGC-1a),
PPARRB/3, acyl-CoA oxidase 1 (ACOX-1), carnitine palmitoyl transferase-1b
(CPT-1B), medium-chain acyl-CoA dehydrogenase (MCAD), mitochondrial
transcription factor A (TFAM) and CD36 in 11-week-old fld (n = 8-11) and control
(n = 7-10) hearts was expressed relative to the housekeeping gene, Thp (TATA-
binding protein). Results for fld mice were then expressed relative to the control
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mice. (B) mRNA levels of long chain cyl-CoA synthetase 1 (ACS1), ACS4, ACS5,
glycerol 3-phosphate acyltransferase 1 (GPAT1), 1-acylglycerol 3-phosphate O-
acyltransferase 2 (AGPAT?2), diacylglycerol acyltransferase 1 (DGAT1), DGAT?2,
hormone-sensitive lipase (HSL) and adipose triacylglycerol lipase (ATGL) were
similarly determined. (C) The mRNA expression of genes encoding glucose
transporter 4 (GLUT4), fatty acid transport protein-1 (FATP1), lipoprotein lipase
(LPL), acetyl-CoA carboxylase-a (ACC-a), pyruvate dehydrogenase kinase 4
(PDK4), pyruvate dehydrogenase (PDH), malonyl-CoA decarboxylase (MCD)
and sarcoplasmic reticulum Ca*-ATPase (SERCA) were also measured.

*p < 0.05 when compared to controls. All experiments were performed by
Bernard Kok.

In addition to profiling gene expression, we determined the protein levels
and phosphorylation states of several important regulators of cardiac metabolism
and function. Expression and phosphorylation of Akt, ACC and AMP-activated
protein kinase (AMPK) were unchanged (Figure 5.3). There were also no
significant changes in FATP1 (fatty acid transport protein 1), GLUT4, ERK1/2 or
SERCA (sarcoplasmic reticulum Ca*-ATPase) (Figure 5.3), although mRNA

levels of SERCA were slightly increased (Figure 5.2C).
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Figure 5.3 Phospho- and endogenous protein levels in fld and control
hearts. (A) Representative Western blots and (B) densitometric analysis of
proteins in 11-week old fld (n = 6-7) and control (n = 6-7) mouse hearts. Total
protein was normalized to Ran GTPase and then expressed relative to control
values. Phospho-ERK1/2, phospho-Akt, phospho-ACC and phospho-AMPK were
normalized to Ran GTPase and expressed relative to total ERK1/2, Akt, ACC and
AMPK, which were also normalized to Ran GTPase. Phospho-ERK1 (long
exposure) and ERK2 (short exposure) were from the same blot but shown at two
different exposures. Total ERK1 (short exposure) and ERK2 (long exposure)
were similarly treated. Abbreviations: ACC, acetyl-CoA carboxylase; Akt, protein
kinase B; AMPK, AMP-activated protein kinase; SERCA, sarco/endoplasmic
reticulum calcium ATPase; FATP1, fatty acid transport protein 1; ERK1/2,
extracellular signal-regulated kinase 1/2. Antibodies were kindly provided by Dr.
Petra Kienesberger from the laboratory of Dr. Jason Dyck (University of Alberta).
All experiments were performed by Bernard Kok and this work was published in
the Journal of Lipid Research (374).

180



Interestingly, both adipose triacylglycerol lipase (ATGL) expression and
hormone-sensitive lipase (HSL) phosphorylation at serine 660 were decreased
(Figure 5.4A, B), which indicates reduced TG hydrolysis in fld hearts. We also
observed a decrease in long-chain acyl-CoA synthetase 1 (ACSL1) expression
and in the phosphorylation of pyruvate dehydrogenase (PDH) (Figure 5.4A, C).
ACSL1 deficiency has been shown to affect the acyl-CoA available for FAO (85)

and reduced phosphorylation of PDH leads to its increased activity (425).
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Figure 5.4 Protein expression of enzymes involved in FA metabolism. (A)
Representative Western blots of HSL (hormone-sensitive lipase), ACSL1 (acyl-
CoA synthetase long chain family member 1) and ATGL (adipose triacylglycerol
lipase) as well as (C) PDH (pyruvate dehydrogenase) in 11-week old fld and
control hearts. (B) Densitometric analysis of single Western blots for HSL,
ACSL1 and ATGL in addition to (D) PDH in 11-week old fld (n=6-7) and control
(n=6-7) hearts. Total ACSL1, ATGL, PDH and HSL were normalized to Ran
GTPase and then expressed relative to control values. Phospho-HSL and
phospho-PDH were normalized to Ran GTPase and expressed relative to total
HSL and PDH, which were also normalized to Ran GTPase. *p < 0.05 when
compared to controls. Antibodies were kindly provided by Dr. Petra Kienesberger
from the laboratory of Dr. Jason Dyck (University of Alberta). All experiments
were performed by Bernard Kok and this work was published in the Journal of
Lipid Research (374).
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5.5 Cardiac function and metabolism in ex vivo perfused working
hearts of fld mice

We next determined the effects of the changes in gene and protein
expression profiles on fatty acid and glucose metabolism in perfused working
hearts. We used 19- to 23-week old fld mice to determine if the smaller heart
sizes would further compromise cardiac function and metabolism. We
hypothesized that the absence of lipin-1 would decrease TG synthesis and FAO
in fld hearts, leading to cardiac dysfunction. To address this, we perfused control
and fld hearts ex vivo in the working mode. By using this system, the nutrient
supply to the perfused hearts of fld and control mice was equalized and
differences that result from the changes in hormonal balance in the lipodystrophic

fld mice in vivo were excluded.

Hearts isolated from 19- to 23-week old control and fld mice were
perfused for 30 min to deplete TG stores as much as possible (88). This was
followed by a 30 min perfusion with [°*H]oleate and [**C]glucose to determine
oleate accumulation in glycerolipids as well as oleate and glucose oxidation.
Oleate was used instead of palmitate because numerous studies have shown
that palmitate supplementation alone can cause lipotoxicity, which is not
observed with oleate (426, 427). Additionally, oleate incorporation into TG is
greater than or equal to that for palmitate (426, 428). When we analyzed
functional parameters in the fld and control hearts, we found that there were no
significant differences in contractility and function ex vivo (Table 5.3) even though
hearts from fld mice were significantly smaller than the controls (Table 5.1). This

was surprising since we had found cardiac dysfunction in vivo (Table 5.2).
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Table 5.3 Cardiac function of ex vivo perfused hearts from 19- to 23-week-
old fld (n = 5) and control (n = 5) mice over the 30 min perfusion period with
radiolabelled glucose and FA. These studies were performed by Grant
Masson from the laboratory of Dr. Jason Dyck (University of Alberta) and
the work was published in the Journal of Lipid Research (374).

Measurement control fld p-value
Heart rate (beats per min) 342421 307+31 0.4
Peak systolic pressure (mmHg) 57.9+0.4 60.7+£1.8 0.2
Developed pressure (mmHg) 12.9+0.8 13.9+2.7 0.7
Heart rate x peak systolic pressure 20+1 19+2 0.7
(x 10

Heart rate x developed pressure (x 4.4+0.4 4.4+1.1 1.0
10®)

Cardiac output (ml/min) 10+1 8+1 0.2
Aortic outflow (ml/min) 7£1 5+1 0.2
Cardiac power (mW) 1.03+0.08 0.87+0.16 0.4
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We also found no significant differences between control and fld hearts in
the rates of glucose (Figure 5.5A, left and middle panels) and oleate oxidation
(Figure 5.6A) when expressed relative to heart dry weight or cardiac power.
Glucose incorporation into glycogen was also similar between genotypes (Figure
5.5A, right panel). Cardiac glycogen accumulated when both fld and control
hearts were perfused with FA-free and glucose-containing buffer for 30 min, as
expected (Fig 5.5B). The perfusate was switched to oleate- and glucose-
containing buffer for another 30 min and we found that cardiac glycogen content
was depleted significantly following this period of perfusion, in the control, but not

the fld, hearts (Figure 5.5C).
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Figure 5.5 Glucose oxidation and incorporation into glycogen in ex vivo
working perfused fld and control hearts. (A) Glucose oxidation expressed per
mg of dry heart weight per min (left panel) or normalized per second per milliwatt
(middle panel) in perfused 19- to 23-week old fld (n = 5) and control (n = 5)
hearts; [**C]glucose incorporation into glycogen was measured in fld (n = 5) and
control (n = 5) mouse hearts (right panel). (B) Glycogen content in non-perfused
fld (n = 5) and control (n = 5) hearts or hearts after 30 min perfusion with glucose-
containing and FA-free buffer. Glycogen content after 30 min perfusion with
glucose-containing and FA-free buffer followed by another 30 min with glucose-
and oleate-containing buffer is also shown. 'p < 0.05 when compared to the
control hearts perfused for 30 min, and *p < 0.05 when compared to the non-
perfused fld hearts. The perfusions and analysis of glucose oxidation were
performed by Grant Masson from the laboratory of Dr. Jason Dyck (University of
Alberta). Glycogen measurements and [**C]glucose incorporation into glycogen
were carried out by Bernard Kok. This work was published in the Journal of Lipid
Research (374).
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We also determined cardiac TG content after each perfusion period
(Figure 5.6B). TG levels were depleted in control hearts after perfusion with FA-
free and glucose-containing buffer after 30 min as expected (Figure 5.6B).
However, there was no significant depletion of TG in fld hearts. When the
perfused hearts were switched to oleate- and glucose-containing buffer for
another 30 min, there was no significant change in TG levels at the end of the
perfusion for both fld and control hearts. This demonstrated that TG turnover was
at steady state during this 30 min period (Figure 5.6B). There were no significant
differences in the accumulation of [°H]oleate into total glycerolipids or TG in the

fld hearts compared to controls (Figure 5.6C).
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Figure 5.6 Oleate oxidation and accumulation in glycerolipids in fld and
control hearts. (A) Oleate oxidation is expressed per mg dry heart weight per
min (left panel) or normalized per second per milliwatt (right panel) in 19- to 23-
week old fld (n = 5) and control (n = 5) hearts after 60 min of perfusion. (B) TG
content in non-perfused fld (n = 7) and control (n = 7) hearts or fld (n=5) and
control (n=5) hearts after 30 min perfusion with glucose-containing and FA-free
buffer, as well as after 30 min perfusion with glucose-containing and FA-free
buffer followed by another 30 min with glucose- and oleate-containing buffer. (C)
[*H]oleate accumulation in glycerolipids extracted from fld (n = 5) and control (n =
5) hearts after 60 min of perfusion. (D) Phospholipid content in non-perfused fld
(n = 10) and control (n = 9) hearts. 'p < 0.05 when compared to the non-perfused
control group, and *p < 0.05 when compared to controls. The perfusions and
analysis of oleate oxidation were performed by Grant Masson from the laboratory
of Dr. Jason Dyck (University of Alberta). All other experiments were carried out
by Bernard Kok and this work was published in the Journal of Lipid Research
(374).
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However, oleate accumulation in PC, PE and Pl was increased by 1.95-,
1.9- and 3.49-fold, respectively (Figure 5.6C). Consistent with reduced cardiac
PAP activity, we found a 4.36-fold increase in the accumulation of oleate in PA in
fld hearts compared to controls (Figure 5.6C). Moreover, the mass of Pl and PS
were increased 1.21- and 1.35-fold, respectively, in fld hearts compare to
controls (Figure 5.6D). The mass of the other major phospholipids, including PA,
were not significantly different between groups. The relative composition of
different phospholipids in our study was similar to that reported previously (429).
As mentioned previously, DG can act as a signaling lipid to decrease insulin
signaling through activation of protein kinase C (176). Furthermore, ceramides
are another group of lipids known to induce insulin resistance (176). There was
no significant difference in the levels of DG and ceramide in fld hearts compared

to controls (Figure 5.7)
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Figure 5.7 Diacylglycerol and ceramide levels in fld and control hearts.
Diacylglycerol and ceramide levels were measured in the hearts of 11-week old
fld (n = 4) and control (n = 4) mice. This work was performed by Jay Dewald in
our laboratory.

189



5.6 Examination of the downstream signalling effects of aberrant
phosphatidate accumulation

PA accumulation can activate the mTORC1-p70S6 kinase-S6 ribosomal
protein signalling cascade (430, 431). As such, we determined whether mTORC1
signalling was increased in the fld mice due to aberrant PA metabolism as seen
in the perfused fld hearts. There was a very marked 14-fold increase in the
phosphorylation of S6 ribosomal protein in the fld hearts (Figure 5.8C, E, right
panel). Activation of S6 ribosomal protein occurs downstream of mMTOR complex-
1 (mTORC1) and p70S6 kinase. Correspondingly, p70S6 kinase phosphorylation
in fld mice was significantly increased (Figure 5.8B, E, left panel), although

MTOR phosphorylation was not (Figure 5.8A, E, left panel).
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Figure 5.8 mTOR-p70S6 kinase signalling in fld and control hearts.
Representative Western blots of (A) mTOR, (B) p70S6 kinase and (C) S6
ribosomal protein in 11-week old fld and control hearts. Densitometric analysis of
single Western blots for (D) total and (E) phosphorylated mTOR, p70S6 kinase
and S6 ribosomal protein in 11-week old fld (n=6-7) and control (n=6-7) hearts.
Total mMTOR, p70S6 kinase and S6 ribosomal protein was normalized to Ran
GTPase and then expressed relative to control values. Phospho-S6, phospho-
p70S6 kinase and phospho-mTOR were normalized to Ran GTPase and
expressed relative to total S6, p70S6 kinase and mTOR, which were also
normalized to Ran GTPase. *p < 0.05 when compared to controls. (F) mRNA
expression of proteins involved in endoplasmic reticulum stress response. mMRNA
expression in 11-week-old fld (n = 8-11) and control (n = 7-10) hearts was
expressed relative to Thp (TATA-binding protein). Results for fld mice were then
expressed relative to the control mice. *p < 0.05 when compared to controls.
Abbreviations: GRP78, 78 kDa glucose-regulated protein; CHOP,
CCAAT/Enhancer-Binding Protein Homologous Protein; XBP-1, X-box binding
protein 1. Antibodies were kindly provided by Dr. Petra Kienesberger from the
laboratory of Dr. Jason Dyck (University of Alberta). All experiments were
performed by Bernard Kok and this work was published in the Journal of Lipid
Research (374).
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Several studies show that activation of the mTORC1 pathway often
results in increased protein synthesis, cell enlargement, and eventually, cardiac
hypertrophy (432, 433). However, the hearts of 19- to 23-week-old fld mice were
significantly smaller compared to controls (Table 5.1). mTORCL1 activation has
also been recently implicated in the upregulation of endoplasmic reticulum (ER)
stress (434, 435). Therefore, we determined the gene expression of GRP78 (78
kDa glucose-regulated protein), which is an ER chaperone induced by ER stress,
and CHOP (CCAAT/enhancer-binding protein homologous protein), which is a
transcription factor mediating ER stress response, and found that they were
increased (Figure 5.8F). Moreover, there was an increase in the gene expression
of spliced XBP1 (X-box binding protein 1), which is highly indicative of ER stress
(Figure 5.8F) (436). Increased ER stress signalling associated with aberrant
MTORC1 activation through phosphatidate signalling could explain why the fld

hearts became smaller at 19- to 23-weeks of age.

5.7 Discussion

Lipin-1 is a unique protein with dual functions in promoting FA
esterification and FAO (133). During starvation and diabetes, the combined
effects of glucocorticoids and cAMP increase Lpinl gene transcription and thus
PAP activity in liver (133, 307). This increase, in addition to the translocation of
lipin-1 to membranes stimulated by unsaturated FAs, is thought to provide a
reservoir that maintains or increases the capacity for FA utilization and storage
(133, 241, 294). Furthermore, PAP activity is decreased in the hearts of insulin-
resistant JCR:LA corpulent rats (380) and lipin-1 expression is decreased in the
ventricles of Zucker diabetic fatty rats and in Type 2 diabetic patients (378). A

recent study showed that the regulation of lipin-1 expression in the heart was
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dependent on PGC-1a as well as ERRa and ERRy (266). However, the role of
lipin-1 in cardiac metabolism and function had not been systematically

determined.

We hypothesized that the dynamic regulation of lipin-1 expression in the
heart would be essential for regulating cardiac FA metabolism and function in
different physiological and pathological conditions. We expected that complete
lipin-1 deficiency would have dramatic effects on myocardial FA esterification and
oxidation, resulting in cardiac dysfunction. Indeed, fld mice exhibited systolic
dysfunction in vivo, as determined by non-invasive echocardiography. To
determine the effects of lipin-1 deficiency on cardiac metabolism, we first
assessed PAP activity in fld hearts. We concluded from our assays that fld hearts
have 15-20% residual PAP activity, which is explained by the expression of lipin-

2 and lipin-3 in fld hearts.

We chose to use the isolated perfused working heart model to study the
metabolic effects of the absence of lipin-1 in the heart alone. This allowed us to
determine the consequences for cardiac metabolism and function under a work
load using defined conditions in the absence of systemic factors or extraneous
signals from the circulatory system. The use of perfused working hearts is also
preferable to cultured cardiomyocytes for assessing the role of lipin-1 on FA and
glucose metabolism since metabolism is stimulated in a physiologically
appropriate manner by the need to perform mechanical work. Surprisingly,
cardiac function in the perfused fld hearts was not significantly different from the
control hearts even though the fld hearts were smaller. This suggests that the
cardiac dysfunction we observed in fld mice in vivo may be related to the
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systemic changes stemming from global lipin-1 deficiency, which can be
described as a combination of the absence of adipose tissue, the corresponding
decrease in adipokine secretion, whole-body insulin resistance, aberrant changes
in the circadian rhythm of whole-body metabolism (237, 277, 278) and higher
workload in vivo compared to ex vivo. We also found decreased circulating TG
levels in fld mice (Table 5.1), which could affect the availability of substrate for
cardiac work. We only measured serum FA levels after 2 h of food deprivation in
the light period and thus, we might not have detected abnormalities in the
fluctuation of plasma FA levels occurring during the diurnal cycle of the

lipodystrophic fld mice, which could also negatively affect cardiac function.

We expected that fld hearts would have decreased rates of glucose
oxidation because fld mice are insulin-resistant (237, 238). The fld mice had
similar circulating levels of glucose compared to controls, which was also shown
in a previous study (237). This latter work also found that fld mice are
hyperinsulinemic. Interestingly, there was no significant decrease in glucose
oxidation and no significant difference in glucose incorporation into glycogen
under defined conditions ex vivo, suggesting that insulin signaling in the heart is
not impaired. However, glycogen depletion in the control hearts was significantly
greater than in fld hearts when the perfusate was switched to glucose- and
oleate-containing buffer. It is likely that upon the reintroduction of FA in the
perfusate, glucose uptake and hence glycogen accumulation is decreased more
in the controls than fld hearts. Glucose utilization from glycogen stores might also
be greater in control hearts as compared to fld hearts. Furthermore, the levels of
DG and ceramide between fld and control hearts were not significantly different
(Figure 5.7), which again suggests that insulin signaling in the heart is not
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impaired since increased levels of DG and ceramide have been shown to induce
insulin resistance (176). Thus, insulin resistance in the fld mice is not reflective of
the ability of the fld hearts to respond to insulin and most likely is a result of the
impaired glucose uptake in other tissues such as skeletal muscle and the liver.
Most importantly, FAO was not different in isolated perfused fld hearts when
compared to the controls, suggesting that cardiac lipin-1 expression is not
essential for maintaining myocardial FAO. Consistent with unchanged glucose
and fatty acid utilization, gene and protein expression of several key proteins
involved in regulating glucose and FA metabolism were similar between fld and

control hearts.

Since fasting-induced expression of PPARa and its target genes in liver is
ablated by knocking down lipin-1 expression (100), we determined the effect of
lipin-1 deficiency on the transcriptional regulation of PPARa in the heart. We
found transcriptional upregulation of PPARa in the fld hearts in addition to
increased gene expression of the PPARa downstream targets, ACOX-1 and
CPT-1, while mRNA expression of other PPARa target genes was unchanged.
We had also determined the effect of a 12 h fast on Ppara gene expression in fld
and control hearts and found that Ppara transcript levels were unchanged
compared to fed fld and control hearts (Figure 4.5). Significantly, the gene
expression of PPARa in the heart had been previously shown to remain

unchanged in the starved state (394, 395).

The importance of PPARa in regulating FA metabolism is clear from all

the studies using cardiac-specific overexpression or knockout mice (23, 89, 102,
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114). However, it is likely that the extent of ligand-activated PPARa is more
important in the regulation of genes involved in FA uptake and oxidation rather
than the transcriptional upregulation of the gene encoding PPARa itself. Thus,
the increase in Ppargcla, Ppara, Acoxl, and Cptlb expression in the fld mice
could be attributed to a compensatory response in the absence of lipin-1.
Furthermore, there was increased activation of PDH in the 4 h fasted fld mice
compared to controls as shown by the decrease in phosphorylated PDH, which
suggests that glucose utilization is higher in the fld mice at this stage. This result
reflects the inability of the fld mice to utilize FAs to the same extent as control
mice in the fasted state (437). Overall, our results demonstrate that the absence
of lipin-1 in the heart does not overtly affect cardiac FAO and glucose metabolism
when assessed ex vivo. It is likely that the changes in cardiac function and
metabolic profiling in vivo are attributable to the effects of global lipin-1

deficiency, as previously mentioned.

The initial concentrations of TG in perfused hearts of fld and control mice
were similar. Considerable lipolysis took place in the control hearts during the 30
min incubation in glucose-containing buffer in the absence of oleate as was seen
from the decrease of about 50% in TG content. However, lipolysis was
decreased in hearts of fld mice since there was minimal TG depletion when fld
hearts were perfused with oleate-free buffer. This conclusion is consistent with
the decreased levels of both ATGL expression and HSL phosphorylation in the
11-week old fld hearts. When the perfused hearts were switched onto oleate- and
glucose-containing buffer, we demonstrated that TG levels were constant at the
start of this perfusion period compared to the end. This indicates that TG turnover
was at steady state during the perfusion with both oleate and glucose (89), unlike
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the initial perfusion period with glucose alone. There was no deficiency in the
ability of the fld hearts to accumulate [*H]oleate in TG. This was surprising since
we had hypothesized that TG synthesis would be compromised due to the 80%
decrease in PAP activity. This lack of effect of lipin-1 depletion is supported by
our experiments with NRVMs in Section 4 showing that knocking down PAP
activity by 50% does not change the rate of glycerol or oleate incorporation into
glycerolipids. Ultimately, our results with fld mice show that complete depletion of

lipin-1 does not significantly decrease the capacity of the heart to synthesize TG.

This is probably explained by the residual PAP activity, attributed to lipin-2
and/or lipin-3, in fld hearts. Although fld hearts express relatively high
phosphatidate phosphatase activity from their LPPs, these enzymes probably do
not participate in glycerolipid synthesis since their active sites are facing the
extracellular space or the lumenal sides of internal membranes (217, 424). By
contrast, glycerolipid synthesis occurs on the cytosolic surface of internal
organelles. It has been hypothesized that cytosolic PAP activity provides a
reservoir of activity that can be recruited to the endoplasmic reticulum in
response to the FA load (295, 296). Presumably, the reservoir of lipin-2 and
lipin-3 activity in fld hearts is sufficient to provide the capacity for relatively normal
rates of TG accumulation. Also, the accumulation of oleate in the major
phospholipids, PC and PE, was not compromised in fld hearts; in fact, there was
increased labeling of PC and PE with [*H]oleate in fld hearts. This observation
might be due to decreased fatty acid remodelling of phospholipids, which occurs

rapidly in the heart (428, 438).
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We also detected increased [*H]oleate accumulation in PA in the fld
hearts without observing an increase in total PA mass. The latter analysis of PA
mass was performed after completely separating PA from PS and Pl by
sequential chromatography on silica gel using a basic solvent system followed by
an acidic system (351). Presumably, the labeling experiment in perfused hearts
identified the pool of PA that is formed de novo by lipin activity, whereas the total
PA pool reflects the balance of a variety of enzymes including phospholipase D
and diacylglycerol kinase that contribute to PA turnover. Another group has
shown that there are increased PA levels in fld hearts as analyzed by liquid
chromatography/mass spectrometry (266). However, no details of the molecular
species of the PA are given and it is unclear whether the authors achieved
efficient separation of PA from the other phospholipids, as shown in previous
studies (439, 440). This would be essential since we have demonstrated an

increase in PS and Pl mass in the fld hearts.

Our group demonstrated that decreasing PAP activity diverts PA
metabolism to CDP-diacylglycerol and acidic phospholipid production (299). This
could contribute to the increased labeling of Pl and the increase in Pl mass that
we observed in fld hearts. The accumulation of PA, PS and Pl in the fld hearts
could lead to aberrant cell signalling. For example, PA accumulation in peripheral
nerves of fld mice increases ERK1/2 activation, leading to demyelination (240).
We did not observe significant increases in ERK1/2 phosphorylation in the fld
hearts. However, PA can also activate mTORCL1 leading to the downstream
activation of p70S6 kinase (430, 431), which phosphorylates and activates S6
ribosomal protein to promote cell growth (430, 431). In fact, activation of
MTORC1-p70S6 kinase leads to cardiac hypertrophy (441). We now show that
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there is an increase in signalling downstream of mTOR, i.e. increased p70S6
kinase phosphorylation in combination with a 14-fold increase in S6 ribosomal
protein activation. However, there was no evidence of cardiac hypertrophy in 11-
week-old mice, which is the age at which we first observed cardiac dysfunction.
Instead, the 19- to 23-week-old fld mice have significantly smaller hearts in the

absence of defective FAO.

Although the mTORCL1 signalling pathway is classically linked to cell
growth, recent studies have shown that mTORCL1 activation can also result in the
unfolded protein response and endoplasmic reticulum stress (434, 442). There
was increased GRP78 and CHOP gene expression as well as Xbpl splicing in
the fld mice, which could be due to mMTORC1 activation (435). The increased
endoplasmic reticulum stress response in fld mice could explain why the hearts
became smaller at 19- to 23-weeks of age. Alternatively, mMTORC1 has also been
implicated in regulating metabolism. Aberrant activation of mMTORCL1 increases
glycolysis and the oxidative arm of the pentose phosphate pathway (443).
Although we did not see differences in glucose oxidation, we did find increased
PDH activation. Other studies on fld mice show changes in energy patrtitioning in

vivo, which could aberrantly affect cardiac function (277, 278).

The present work provides a comprehensive assessment of the effects of
lipin-1 deficiency in fld mice on the work output of the heart in vivo and ex vivo
relative to the use of fatty acids and glucose as fuels. Lipin-1 deficiency lead to
cardiac dysfunction in fld mice as measured in vivo, probably as a consequence
of systemic factors stemming from global lipin-1 deficiency such as lipodystrophy,
modified hormonal regulation and fuel availability. When these factors were
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equalized in the perfused working heart system, there were no significant
differences in work output or the use of oleate and glucose for oxidative
metabolism. We conclude that TG accumulation in fld hearts is similar to controls
because of residual PAP activity resulting from lipin-2/3 and reduced TG
hydrolysis. Despite this, fld hearts displayed increased oleate accumulation in
PA, which could be linked to the mTORC1-p70S6 kinase signalling axis. This
does not compensate for the development of significantly smaller hearts in the fld
mice. Instead, aberrant mTORC1 activation could be associated with the
development of endoplasmic reticulum stress. The present work provides novel
information contributing to the understanding of lipin-1 in the regulation of

glycerolipid synthesis, energy partitioning and signalling in the heart.
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CHAPTER 6

GENERAL DISCUSSION AND FUTURE DIRECTIONS
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The lipins are critical PAP enzymes that catalyze the penultimate step in
TG synthesis, which is the conversion of PA to DG (133, 423). As such, lipins can
dictate the levels of PA and DG, which are also essential precursors for
phospholipid synthesis. PA is converted to CDP-DG by CDP-DG synthase and
CDP-DG serves as a substrate for the formation of phosphatidylinositol,
phosphatidylglycerol and cardiolipin (206, 207). In contrast, DG is required for the
synthesis of phosphatidylcholine and phosphatidylethanolamine (133, 206). Lipin-
1 has a second important function since it is involved in the activation of PPARy
and PPARa in the adipose tissue and liver, respectively (100, 228). Furthermore,
lipin-1 regulates SREBP signalling in fibroblasts (229) and can activate PPARy
for adipocyte differentiation (230, 268). Lipin-1 and -2 can also modulate

inflammatory signaling in adipocytes and macrophages (272-274).

Importantly, the expressions of lipin-1 and -2 in the liver are dynamically
regulated with increased transcription and protein expression in the fasted state
(100, 243, 307). The increased expression of lipin-1 in hepatocytes is dependent
on glucocorticoid- and cAMP-dependent signaling and this upregulation can be
blunted by insulin (307). Increased hepatic lipin expression in fasting is believed
to act as a compensatory mechanism to accommodate the large influx of FAs
into the liver by sequestering FAs into TG and facilitating TG secretion in VLDLSs.
Furthermore, the use of FAs as a fuel in the liver during fasting is augmented by
the upregulation of genes involved in FAO by PPARa in complex with PGC-1a
and lipin-1 (100). Thus, increasing evidence suggests that FAO and TG synthesis
can occur in concert instead of acting as mutually antagonistic pathways (86, 89,

148, 192). We also demonstrated that lipin-1, lipin-2 and lipin-3 gene expression

202



in neonatal rat ventricular myocytes are positively regulated by dexamethasone
(a synthetic glucocorticoid) and CPT-cAMP (membrane-permeable analogue of
cAMP resistant to phosphodiesterases), and this upregulation can be

antagonized by insulin signaling (Section 4.2).

Much of the work done to characterize the roles and regulation of lipins
was performed in the liver, adipose tissue and macrophages (133, 261, 423) and
little was known about the lipins in the heart. We hypothesized that the cardiac
lipins would be dynamically regulated in the fed and fasted state, similar to the
regulation in the liver. Surprisingly, the regulation of PAP activity during fasting in
liver and heart was different with increased PAP activity in the liver and
decreased cardiac PAP activity in 24 h fasted mice (Section 4.3). We
hypothesize that these differences are due to the differential regulation of PGC-
1a gene expression in liver compared to skeletal and cardiac muscle. Miura et al.
showed that there are 3 splice variants of the PGC-1a gene, which they labelled
PGC-1a-a, PGC-1a-b and PGC-1a-c (385). PGC-1a-b and PGC-1a-c are shorter
by four and thirteen amino acids, respectively, at the N-terminus compared to
PGC-1a-a (385). Furthermore, PGC-1a-b and PGC-1a-c are functionally similar
to full-length PGC-1a-a as measured by a luciferase gene reporter assay (385).
Significantly, the authors found that exercise-induced expression of PGC-1a was
due to upregulation of mMRNA levels encoding PGC-1a-b and PGC-1a-c with no
changes in PGC-1a-a (385). This induction is probably mediated through [,-
adrenergic signaling since the B,-adrenergic receptor agonist, clenbuterol, can
induce overall PGC-1a mRNA levels (266, 384, 444), and more specifically, this
upregulation is also entirely due to changes in PGC-1a-b and PGC-1a-c gene
expression (385).
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Conversely, PGC-1a-a is the main isoform in the liver and is the only one
out of the three splice variants to be induced by fasting (385). In contrast to the
heart, hepatic PGC-1a expression is important in the regulation of
gluconeogenesis (382, 383, 403) and VLDL secretion (413). These additional
roles of hepatic PGC-1a might explain why the regulation of PGC-1a expression
in the liver is different compared to skeletal and cardiac muscle. Importantly,
PGC-1a in hepatocytes is strongly induced by the combination of
dexamethasone and cAMP analogues or forskolin (307, 382, 403) with CREB
playing an important role in the regulation of PGC-1a expression (383). In
contrast, treatment with dexamethasone only causes a modest increase in PGC-
1a expression in NRVMs while CPT-cAMP has no effect (Section 4.2).
Unsurprisingly, hepatic PGC-1a mRNA levels are increased rapidly after an 8 h
fast (383) and remain high at 16 h of fasting (307) in mice. On the other hand, we
did not find an increase in PGC-1a gene expression in the heart after a 12 h fast
and Ppargcla expression as well as Lpinl expression was significantly

decreased after 24 h of fasting (1000 h to 1000 h the next day) (Section 4.3).

Lipin-1 expression correlates with PGC-1a expression to a high degree in
hepatocytes (307) and NRVMs (Section 4.2) as well as the liver (100, 307) and
heart (Section 4.3) (266). This is unsurprising because upregulation of lipin-1
expression is dependent on PGC-1a and decreased PGC-1a levels leads to
decreased lipin-1 expression (100, 266). Alternatively, tissue-specific
transcription factors that concurrently regulate Lpinl and Ppargcla gene
expression could be responsible for the differences see the heart compared to
the liver, as discussed in Chapter 4. Interestingly, Lehman et al. found an
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increase in PGC-1a expression in the hearts of 24 h fasted mice (fasting began
at 1700 h) (116). It is likely that the timing of the fast during the light/dark cycle
could explain the divergence in results because of differences in the physical
activity and food intake prior to fasting as well as diurnal variations in PGC-1a
expression. Therefore, it is likely that we would see an increase in cardiac lipin-1
expression in fasted mice if we used a more prolonged fasting period or if the

mice were placed on the 24 h fast immediately at the end of light cycle.

In summary, the regulation of lipin-1 and PGC-1a gene expression is
guite similar between rat hepatocytes and neonatal rat cardiomyocytes whereas
PPARa expression is not regulated by dexamethasone, CPT-cAMP or insulin in
cardiomyocytes. Unlike rat hepatocytes, lipin-2 and lipin-3 gene expression in rat
cardiomyocytes is increased by dexamethasone and CPT-cAMP. However, the
cardiac expression of lipins, PGC-1a and PPARa are not induced by fasting
whereas hepatic expression of lipin-1, lipin-2, PGC-1a and PPARa are known to
be robustly induced by fasting (243, 307, 383, 393). These differences in vivo are
probably reflective of the relative importance of the master transcriptional
regulators dictating the expression of lipin-1, PPARa and PGC-1a in the liver
such as TORC2, CREB and FOXO1 (100, 310, 311, 383, 445), compared to the
transcriptional regulators in the heart, e.g. NOR-1 and ERRa/y (266, 309).
Importantly, we demonstrated that PPARa expression in cardiomyocytes is not
increased after the induction of lipin-1 and PGC-1a expression, unlike in
hepatocytes. This result adds to the evidence that PPARa activation, rather than
the level of expression, is more important in the heart compared to the liver (86,

102, 396, 397). Further studies will be required to determine whether lipin-2 and -
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3 are regulated in vivo since the expression of these two lipin isoforms can be

induced by dexamethasone and CPT-cAMP in neonatal rat cardiomyocytes.

The regulation of the subcellular localization of the lipins is also an
important determinant of function by dictating the extent of association to the
endoplasmic reticulum and nucleus (133). Unsaturated FAs and phosphatidate
can stimulate the membrane association of lipins (138, 231, 241).
Phosphorylation of lipin-1 induced by insulin signaling can increase its cytosolic
localization by association with 14-3-3 proteins (229, 232). During fasting, the
influx of FA and decreased insulin signaling would promote lipin localization at
the endoplasmic reticulum and nucleus, which provides another means of
increasing the involvement of lipins in glycerolipid synthesis and FAO. We have
also confirmed the regulation of lipin-1 and lipin-2 translocation onto membranes
by unsaturated FAs (Section 3.2). In particular, the predominant lipin species
associated with membranes were shown to be the faster migrating lipins in
Western blots, again suggesting that the less phosphorylated lipins preferentially

localize to the membranes.

The translocation of lipins in the in vitro system using rat liver microsomal
membranes also verifies the hypothesis that membrane surface charge is an
important factor in the association of lipins onto membranes. The majority of the
negative charges on the membrane surface are probably donated by the
exogenously added FAs since acyl-CoA synthetases cannot produce acyl-CoA
esters for incorporation into glycerolipids because ATP was not added to the
assay. Furthermore, it is likely that the polybasic motif also known as the nuclear
localization sequence (NLS) on lipin-1 mediates this interaction (231).
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Translocation assays using rat liver microsomal membranes would determine
whether unsaturated FAs could stimulate the membrane association of a
recombinant lipin-1 mutant lacking the NLS. Overall, the combination of
electrostatic interactions between the lipins and the membrane surface and the
phosphorylation state of the lipins appear to regulate the extent of lipin interaction

with the endoplasmic reticulum membrane.

The presence of the polybasic NLS (nuclear localization sequence) and
the phosphorylation state of lipins also control translocation to the nucleus (229,
231). It is unclear whether lipin-2 and -3 can also localize to the nucleus.
Although both lipin-2 and -3 possess the NLS motif, they have not been shown to
be SUMOylated (276). On the other hand, lipin-2 and -3 also have the
transcriptional co-activator motif (LXXIL, where L represents leucine and |
represents isoleucine). Moreover, the transcriptional co-activator activity of lipin-2
has been demonstrated using the luciferase gene reporter assay containing
PPARa response elements at the promoter region (138). Studies examining the

subcellular localization of lipin-2 and -3 could address this hypothesis.

Our preliminary evidence in Section 3.3.2 also suggests that the protein
phosphatase-1 catalytic subunit y isoform (PP1ly) can bind to lipin-1B at the
“histidine-valine-arginine-phenylalanine” (HVRF) motif on lipin-1B (Section 3.4).
Importantly, mutating this motif from HVRF to HARA (where A is alanine)
prevents the binding of the recombinant lipin-1B mutant to PP1y (Section 3.4).
However, this mutation also leads to a loss of PAP catalytic activity. We will

determine whether the mutation causes protein misfolding by measuring the
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ultraviolet circular dichroism spectrum of the purified wildtype protein compared
to the HARA mutant with the help of Matthew Benesch and the laboratory of Dr.
Ronald McElhaney. Furthermore, experiments using competing peptides
containing the canonical PP1c interacting motif (RVXF, where X represents any
amino acid but proline) as well as control peptides in which the interacting motif is
mutated to RAXA will determine whether binding of wildtype lipin-1B to PP1y can

be competitively displace by the active, but not the control peptide.

The HVRF motif is conserved in lipin-2 and -3 and would likely bind to
PP1 as well. It is unclear whether the interaction between lipin-1B and PP1ly
serves as a means of dephosphorylating lipin-1B and enabling translocation to
the endoplasmic reticulum and nucleus or to regulate PP1y function (371). Harris
et al. did demonstrate that lipin-1 could be dephosphorylated by purified,
recombinant PP1a, suggesting that the interaction of lipin-1 with PP1 would act to
facilitate lipin-1 dephosphorylation (241). Translocation experiments using rat
liver microsomal membranes would determine whether lipin-1B and PP1y can co-
translocate. We can also assess whether lipin-1B translocation can be
augmented by dephosphorylation of lipin-1B by catalytically active PPly. PP1
activity assays in the presence of absence of different lipin isoforms will also
clarify whether interaction with lipins has any effect on its activity. Conversely, it
is unlikely that PP1y would have any effect on the PAP activity of the lipins since
dephosphorylation of lipins does not affect their PAP activities (241), except on

unidentified sites phosphorylated by cyclin-dependent kinase 1 (292).
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The phosphorylation of lipin-1B by insulin-dependent signaling promotes
14-3-3 interaction (232). We would also ascertain whether interaction of lipin-1B
with PP1y would be abrogated if recombinant 14-3-3 proteins were bound.
Plasmids encoding the 14-3-3 isoforms -B and -8, which are the two 14-3-3
isoforms shown to interact with lipin-1 (232), have been provided as a gift by Dr.
Greg Moorhead from the University of Calgary. The oligomerization state of the
lipins in the presence of PP1ly and 14-3-3 proteins can also be tested using gel
filtration chromatography techniques in collaboration with Tamara Arnold from the

laboratory of Dr. Charles Holmes.

The dephosphorylation of lipin-1 or its yeast orthologue is also partly
mediated by Dullard phosphatase and its regulatory subunit nuclear envelope
phosphatase 1-regulatory subunit 1 (NEP1-R1) (246, 304, 305). Dullard
phosphatase and its regulatory subunit are nuclear-localized (304, 305), whereas
PP1 subcellular localization is more ubiquitous (446, 447). Therefore, it might be
possible that dephosphorylation of lipin-1 to enable entry into the nucleus is
mediated by Dullard phosphatase whereas lipin-1 association with the
endoplasmic reticulum is dictated by PP1l. However, PPl isoforms are also
present in the nucleus (446, 447). One experiment that could determine whether
nuclear entry of lipin-1 is predicated on PP1 activity is to test if the lipin-1B HARA
mutant can translocate into the nucleus using confocal microscopy when
inhibiting mMTORCL1 activity like the studies performed by Peterson et al. (229).
These experiments can only be performed if the lipin-1B HARA mutant is

correctly folded, which we will measure by ultraviolet circular dichroism.
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Since a major mechanism of lipin action is the regulation of its subcellular
localization, these functional studies examining the interaction between lipin-1B
and PP1y could prove to be important in trying to understand how the lipins reach
their sites of action. The consequences of the lack of lipin action can be seen in
the phenotypes of lipin deficient models and patients, e.g. in the fld mice, and
patients suffering from rhabdomyolysis or Majeed syndrome with defects in PAP
activity because of mutations in lipin-1 and 2, respectively. Surprisingly, the
deleterious phenotypes appear to stem from an aberrant accumulation of
phosphatidate (PA) and the signaling events downstream of this bioactive lipid,
e.g. mMTORC1 and ERK1/2 activation (Section 5.5) (230, 240, 266, 271). In
contrast, glycerolipid biosynthesis appears to be sustainable even with very low
levels of the other lipin isoforms (Section 5.4). Besides mTORC1 and ERK1/2,
PA accumulation can also activate other targets such as protein kinase C-£, Sos,
Raf, phospholipase C-y, sphingosine kinase-1, and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (173, 175, 448). Therefore, aberrant
PA accumulation and sustained signaling downstream of PA could affect cell
proliferation, growth, vesicular trafficking, cytoskeletal rearrangements and stress
response. Microarray analysis of cells deficient in lipin isoforms, e.g. adult
cardiomyocytes from fld mice, could present indications as to which PA-
responsive proteins are aberrantly activated in the absence of particular lipin
isoforms. This approach could also identify novel proteins regulated by PA.
However, there is a possibility of differential regulation of PA-dependent signaling
in different cell types as shown by the lack of ERK1/2 activation in fld hearts
(Section 5.3) compared to the increased activation of ERK1/2 in adipocytes and

Schwann cells (230, 240).
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Overall, knowledge regarding the roles and regulation of lipins has
advanced significantly in the past few years. The importance of lipins in
glycerolipid synthesis, adipocyte differentiation, inflammatory signaling and
hepatic fatty acid oxidation has been clearly demonstrated (133, 261, 423). The
majority of the work in this thesis concentrated on lipins in the heart, in particular
lipin-1, since little work had been done to characterize the functions and
regulation of the cardiac lipins. We have demonstrated the regulation of lipin
expression in cardiomyocytes by glucocorticoids, insulin and cAMP. Furthermore,
we provide evidence that the regulation of lipin-1 expression in the fed and fasted
state coincides with the gene expression of PGC-1a. We also show that the
membrane association of lipin-1 and -2 can be promoted by unsaturated FAs and
that dephosphorylation of the lipins could be mediated by direct interaction with
PP1. Finally, glycerolipid synthesis in cardiomyocytes and ex vivo perfused
working hearts can be sustained by the low levels of lipin-2 and -3 when lipin-1
expression is diminished or completely absent, respectively. Instead, there is an
abnormal accumulation of phosphatidate as well as an increase in the activation
of MTORC1 signaling and the cellular stress response in the lipin-1 deficient fld
hearts. Future studies examining the interaction of lipin-1B with PP1y will provide
novel results with regards to the regulation of subcellular localization of the lipins,
and subsequently, their physiological actions. The complexity of this regulation is
highlighted by the potential interplay between insulin-dependent mTORC1
phosphorylation, 14-3-3 binding and sequestration as well as the interaction of
PP1 and Dullard phosphatase when stimulatory signals, such as the influx of

unsaturated FAs, promote membrane association.
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APPENDIX |

OPTIMIZATION OF THE PHOSPHATIDATE PHOSPHATASE ACTIVITY IN
FLD HEARTS AND THE DEVELOPMENT OF THE MALACHITE GREEN-

BASED PHOSPHATIDATE PHOSPHATASE ASSAY
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1 Introduction

The phosphatidate phosphatase (PAP) assay was designed by our group
as a sensitive method of measuring the PAP activities in cell lysates and tissue
homogenates before the identity of the PAP enzyme was discovered (212, 319-
321). After the lipins were discovered to act as PAP enzymes (134, 248), Harris
et al. measured little to no PAP activity in various organs of the lipin-1 deficient fld
mice, including the heart (241). However, it was unclear how these results could
be correct since PAP catalyzes an essential step in the glycerolipid biosynthesis,
which would be required for the turnover of PC and PE in the heart. Furthermore,
there were no developmental abnormalities in these mice. Since our assay
system is different from that used by Harris et al., we determined whether we

would obtain similar measurements.

2 Effects of different polyvalent cations and Tween-20 on PAP
activity in fld hearts

Initial attempts at measuring PAP activities in lipin-1 deficient (fld) hearts
showed similar results to those found previously (241). There was essentially no
Mg?*-dependent PAP activity in the fld hearts when assayed under standard
conditions at pH 6.5 using PA/PC liposomes and 5 mM MgCl, (Figure 1A). One
exception to the protocol described in Section 2.2.3 was the inclusion of Tween-
20, which had previously been shown to increase PAP activity (320). We wanted
to determine whether the inability to detect PAP activity in fld hearts was due to
limitations in the assay system or a preferential requirement for other cations in

measuring lipin-2 and/or -3 catalytic activity in the absence of lipin-1 activity.
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Figure 1 Effect of different cations on phosphatidate phosphatase (PAP)
activities in the hearts of lipin-1 deficient (fld) and control mice. (A) PAP
activities in the hearts of 11-week-old fld (n = 8) and control (n = 6) mice were
measured using 0.6 mM phosphatidate and 0.4 mM phosphatidylcholine mixed
liposomes in 100 mM Tris/maleate pH 6.5 with 5 mM MgCI, and 0.05% Tween-
20. Different concentrations of (B) Ca**, Na*, Mg, (C) Co** and Mn*" were used
to assay for PAP activity in 60 ug of protein from an fld heart at pH 6.5 in the
presence of 0.05% Tween-20 with 1 mM EDTA/L mM EGTA excluded. (D, E) A
similar assay was performed for the same cations mentioned above except that 1
mM EDTA/L mM EGTA was included. All experiments were performed by
Bernard Kok.
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When testing the effects of different divalent cations on the PAP activity in
an fld heart, 1 mM EDTA/1 mM EGTA was removed from the assay to prevent
chelating the divalent cations. Different concentrations of Mg®* were tested and
there was no stimulation of PAP activity in fld hearts; in fact, Mg®* appeared to
have an inhibitory effect (Figure 1B). Assaying PAP activity in the presence of
Co?*, Mn* and Ca®" cations produced similar results (Figure 1B, C).
Supplementation with Na* cations did not positively or negatively affect PAP
activity in fld hearts (Figure 1B). When 1 mM EDTA/1 mM EGTA was left in the
assay, the divalent cations were chelated and no longer affected PAP activity,

except for concentrations of Mg®* above 1 mM (Figure 1D, E).

Since there did not appear to be any changes in PAP activity when
different cations were tested, we looked to see if there were any other conditions
in the PAP assay that could be modified. Interestingly, PAP activity was
detectable in fld hearts at pH 6.5 and 7.4 using 5 mM and 1.5 mM MgCl,
respectively when 0.05%Tween-20 was excluded from the assay with PA/PC
liposomes as the substrate (Figure 2A, B). This result was surprising given that
Butterwith et al. found a stimulation of PAP activity with the addition of Tween-20
(320). To address this, we assayed samples from fld and control hearts as well
as NRVM lysates at different Mg®* concentrations in the presence or absence of
0.05% Tween-20. The PAP activities in both NRVM lysates and mouse hearts
were optimal at 1.5 mM MgCl, at pH 7.4 using PA/PC liposomes as the substrate
in the presence or absence of Tween-20 (Figure 2C, D). However, the addition of
0.05% Tween-20 significantly suppresses PAP activity in mouse hearts assayed
at 1.5 mM Mg®* (Figure 2D). A similar decrease in the presence of Tween-20 was
seen in the NRVM lysates (Figure 2C). Notably, Tween-20 appears to stimulate
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PAP activity at the higher, non-optimal Mg?* concentrations in the samples from
the hearts and NRVMs when assayed at pH 7.4 (Figure 2C, D). In contrast to the
PAP assay at pH 7.4, Tween-20 appears to suppress PAP activity in NRVM
lysates at pH 6.5 using the PA/PC liposomes, regardless of the Mg

concentration (Figure 2E).
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Figure 2 Effect of Tween-20 on phosphatidate phosphatase (PAP) activities
in the hearts of lipin-1 deficient (fld) and control mice as well as in neonatal
rat ventricular myocytes (NRVMs). PAP activities in fld (n = 3) and control (n =
3) hearts were assayed using 0.6 mM phosphatidate and 0.4 mM
phosphatidylcholine mixed liposomes in (A) 100 mM Tris/maleate pH 6.5 with 5
mM MgCl; or (B) 100 mM Tris/HCI pH 7.4 with 1.5 mM MgCl,, in the presence or
absence of 0.05% Tween-20. PAP activities in (C) 15 pg of protein from NRVMs
(n = 2) or (D) 60 ug of protein from fld (n = 3) and control (n = 3) hearts were
assayed using 0.6 mM phosphatidate and 0.4 mM phosphatidylcholine mixed
liposomes in 100 mM Tris/HCI pH 7.4 with different concentrations of MgCl,, in
the presence or absence of 0.05% Tween-20. (E) PAP activities in 15 ug protein
from NRVMs (n = 2) were also assayed using 0.6 mM phosphatidate and 0.4 mM
phosphatidylcholine mixed liposomes in 100 mM Tris/maleate pH 6.5 with
different concentrations of MgCl,, in the presence or absence of 0.05% Tween-
20. *p < 0.05 when compared to control samples assayed in the presence of
Tween-20. All experiments were performed by Bernard Kok.
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3 Effects of Mg?* concentrations, pH and substrate presentation on
PAP activity in fld hearts

Since PAP activity was detected in fld mice when Tween-20 was
excluded from the PAP assay, we next tested the effects of Mg®* on PAP activity
in fld and control hearts using two different assay systems. As expected, PAP
activities in both fld and control hearts were optimal at 5 mM and 1.5 mM MgCl,
at pH 6.5 and 7.4, respectively when PA/PC mixed liposomes were used as the
substrate (Figure 3A, B). Moreover, the reactions at both pH 6.5 and 7.4 were
linear over a wide range of protein concentrations from fld and control hearts

(Figure 3C, D).
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Figure 3 Effect of Mg?* on PAP activities in lipin-1 deficient (fld) and control
hearts and proportionality of the PAP assay using phosphatidate and
phosphatidylcholine mixed liposomes. PAP activities in 60 pg protein from fld
(n = 3) and control (n = 3) hearts were assayed using 0.6 mM phosphatidate and
0.4 mM phosphatidylcholine mixed liposomes in (A) 100 mM Tris/maleate pH 6.5
or (B) 100 mM Tris/HCI pH 7.4 with different concentrations of MgCl,. Different
amounts of protein from fld (n = 3) or control ( n = 3) hearts were assayed using
mixed liposomes containing phosphatidate and phosphatidylcholine at (C) pH 6.5
and (D) pH 7.4 in addition to 5 mM and 1.5 mM MgClI,, respectively. Regression
analysis was performed to determine the linearity of the PAP assays. All
experiments were performed by Bernard Kok.
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Another common method of measuring PAP activity is to present the
substrate in a Triton X-100 micelle. The advantage of this method of measuring
PAP activity is that Triton X-100 micelles are relatively uniform and adding low
amounts of different phospholipids into these micelles does not alter micellar
structure (262). As such, the surface dilution kinetic model, which accounts for
three-dimensional interactions between enzyme and micelle in solution and two-
dimensional interactions at the micellar surface, can be applied to this system
and precise measurements of enzyme kinetics can be performed (262). The
optimal Mg®* concentrations at pH 6.5 and 7.4 using PA/Triton X-100 micelles as
the substrate were 6 mM and 1 mM Mg*, respectively (Figure 4A, B). These
concentrations are similar to the optimal concentrations obtained using PA/PC
mixed liposomes. Interestingly, the PAP activities in fld hearts at pH 7.4 using 1
mM Mg?* were much lower than the measurements using the PA/PC liposomes
(Figure 3B versus Figure 4B). Furthermore, the PAP activities in fld hearts
measured using PA/Triton X-100 micelles were not linear over the same range of
protein concentrations (Figure 4C). On the other hand, the linearity of the PAP
reaction against PA/Triton X-100 micelles in control hearts was similar to the
measurements using PA/PC liposomes at pH 7.4. It should also be noted that
PAP activities in the fld hearts were nearly undetectable at 6 mM Mg** using the

PA/Triton X-100 micelles at pH 6.5 (Figure 4A).
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Figure 4 Effect of Mg®* on PAP activities in lipin-1 deficient (fld) and control
hearts and proportionality of the PAP assay using phosphatidate and Triton
X-100 mixed micelles. PAP activities in 60 ug of protein from fld (n = 3) and
control (n = 3) hearts were assayed using 0.1 mM phosphatidate and 0.9 mM
Triton X-100 mixed micelles in (A) 100 mM Tris/maleate pH 6.5 or (B) 100 mM
Tris/HCI pH 7.4 with different concentrations of MgCl,. (C) Different amounts of
protein from fld (n = 3) or control ( n = 3) hearts were also assayed using
phosphatidate/Triton X-100 micelles at pH 7.4 in the presence of 1 mM MgCl,.
Regression analysis was performed to determine the linearity of the PAP assay.
(D) The contribution of lipid phosphate phosphatase activities in mouse hearts (n
= 6) against phosphatidate using the mixed phosphatidate/phosphatidylcholine
liposomes or PA/Triton X-100 micelles was measured at pH 6.5 and 7.4 in the
absence of Mg®* or in the presence of optimal Mg®* concentrations and 8 mM N-
ethylmaleimide. *p < 0.05 compared to measurements at 0 mM Mg?* pH 7.4. All
experiments were performed by Bernard Kok.
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When measuring the PAP activities of the lipins, the hydrolysis of
phosphatidate by the LPPs must also be taken into account. Parallel assays
performed in the absence of Mg? or in the presence of the optimal Mg®*
concentrations and excess NEM are the two most common methods used to
account for LPP activity since LPPs are Mg**-independent and NEM-insensitive
(213, 449). Both methods of accounting for LPP activity are similar at pH 6.5 and
7.4 in the assay using PA/PC liposomes with the NEM-insensitive activity at 95%
and 90% compared to the Mg?*-independent activity, respectively (Figure 4D). In
contrast, the NEM-insensitive LPP activity is 70% that of the Mg®*-independent

activity at pH 7.4 using the PA/Triton X-100 micelles as the substrate (Figure 4D).

In conclusion, both methods of presenting PA in the PAP assay systems
are reliable and precise when PAP activities in the samples are easily detectable.
However, samples with very low PAP activities appear to be more easily detected

with PA/PC liposomes as the substrate.

4 Developing a non-radioactive method to measure PAP activity:
using malachite green to detect phosphate release from

phosphatidate

We wanted to test a non-radioactive method for detecting PAP activity as
a secondary means of measuring lipin-1 and -2 levels in cell lysates by
specifically measuring the release of inorganic phosphate from phosphatidate
hydrolyzed by PAP activity. The reason why we developed this assay was to test
whether the [°H]PA substrate prepared for the radioactive PAP assay (Section

2.2.2) was suitable for measuring PAP activities. The method of substrate
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preparation could have potentially produced [*H]dipalmitoyl-PA as the major

product and dipalmitoyl-PA is a poor substrate for lipin-1 PAP activity (137).

We based our methodology on principles outlined in two previous studies
(216, 450, 451). We first determined whether we could develop an assay that
could discriminate between free inorganic phosphate and other compounds like
glycerol 3-phosphate, glucose-6-phosphate and lysophosphatidate. A previous
study had demonstrated the usefulness of molybdate in preferentially interacting
with free inorganic phosphate to form a complex in a 12:1 ratio of molybdate to
phosphate (450). The cationic dyes, malachite green and crystal violet, can then
bind to the phosphate-molybdate complexes and the change in absorbance can
be measured. In our experiments, we chose to use malachite green, which is the
most sensitive of the cationic dyes (450). It should also be noted that the
standard phosphate assay, where ascorbic acid is used as a reducing agent to
form molybdenum blue, was found to be less sensitive than the assay using

malachite green (450).

Under acidic conditions, unbound malachite green has a different
absorption maximum compared to the dye bound to the complex (450). The
degree of colour change can be used to establish a linear detection range such
that the amount of inorganic phosphate release can be calculated. To increase
specificity, we also used perchloric acid to precipitate proteins as well as bound
lipids (216). Ammonium molybdate was then added to interact with free inorganic
phosphate and the complex of inorganic phosphate and molybdate was extracted

into isobutanol-benzene (1:1, by vol.). The phosphate-molybdate complex will
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partition into the organic phase unlike the other water-soluble phosphates, e.g.

glycerol 3-phosphate (216).

The specificity of the malachite green interaction with the
phosphomolybdate complex was tested by assaying 30 nmol of different
compounds containing phosphate groups and Na,HPO, was used as the positive
control. Only Na,HPO, had an absorbance at 600 nm above the background
value, showing that malachite green can only interact with free inorganic
phosphate complexed to molybdate (Table 1). This interaction was proportional
to the concentration of Na,HPO, (Figure 5A). When we assayed endogenous
PAP activity or overexpressed lipin-1 and -2 in HEK293 cell lysates, we
measured the rate of [PH]DG formation or the release of inorganic phosphate
from phosphatidate in parallel assays using the same samples and found that the

results were relatively similar (Figure 5B-D).
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Table 1 Detection of different phosphate-containing compounds using
molybdate and malachite green. Different compounds were reacted with 6 mM
ammonium molybdate and 0.122 mM malachite green in 0.45 M H,SO,, and the
absorbance was measured at 600 nm. All experiments were performed by
Bernard Kok.

Compound Absorbance (600 nm)
Blank 0.194
30 nmol Na,HPO, 2.477
30 nmol lysophosphatidate 0.204
30 nmol phosphatidate 0.199
30 nmol rac-glycerophosphate 0.193
30 nmol glycerol-2-phosphate 0.198
30 nmol D-glucose-6-phosphate 0.205
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Figure 5 Measurement of phosphate release from phosphatidate using
malachite green. (A) Different amounts of Na,HPO, were incubated under
standard PAP assay conditions at pH 6.5 using 5 mM MgCl, and the absorbance
of malachite green bound to the phosphate-molybdate complex was measured at
600 nm. (B) Endogenous PAP activity in HEK293 cells or PAP activities in
HEK293 cells inoculated with recombinant adenoviral vectors expressing (C)
lipin-1 and (D) lipin-2 were assayed by determining the amount of phosphate
released or by measuring the formation of [°H]diacylglycerol from
[*H]phosphatidate. All experiments were performed by Bernard Kok.

However, the lower detection limit of the malachite green assay was the
absorbance at 600 nm of 2.5 nmol phosphate. The traditional radioactive PAP
assay can measure 0.5 — 1 nmol [*H]DG formation at the lower limit. Moreover,
the upper range of the PAP assay is set at 10 — 12 nmol of PA hydrolyzed since
the assay is often not proportional to protein concentration after this upper limit is
reached. From these results, it is clear that using malachite green to measure

phosphate release from PA is a viable assay to measure PAP activity. This
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assay could enable us to measure PAP activity of recombinant lipin-2 and -3 as
well as mutant constructs with different PA substrates such as dioleoyl-PA

without having to prepare radioactive compounds in the future.

5 Discussion

The parameters and conditions established for the PAP assay used by
our group have been established since the 1980s (212, 319-321). It was shown
that PAP activity has a requirement for Mg®* and that other divalent cations, e.g.
Ca?*, Co® and Mn®" could also stimulate PAP activity (212, 218, 265).
Furthermore, the Mg**-dependent PAP activity could be differentiated from Mg?*-
insensitive PAP activity (contributed by LPPs) by their differing sensitivities to
thiol-alkylating reagents, such as NEM (213, 320). The contribution of the LPPs
in hydrolyzing PA is usually taken into account by assaying the samples in
parallel while excluding Mg®* or supplementing with NEM. Both methods are
equivalent when assaying PAP activity with PA/PC liposomes (Figure 4D).
However, there is a 30% decrease in the NEM-insensitive PAP activity from
LPPs compared to the measurements made without Mg®* when the PA/Triton X-
100 micelles were used, suggesting that measuring PAP activity in the absence

of Mg might be the more appropriate control in this instance.

Work by Butterwith et al. also demonstrated that PAP activity was
stimulated by the addition of 0.05% Tween-20. From these studies, we
established an optimal PAP enzymatic assay wherein PAP activities in cell or
tissue extracts were measured using the PA/PC mixed liposomes and the optimal
concentration of 5 mM MgCl, at pH 6.5. Furthermore, 0.05% Tween-20 was

supplemented in the assay. We continued to use these conditions until we
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discovered that samples from fld (lipin-1 deficient) hearts had no detectable PAP
activity (Figure 1A). This result was not surprising given that a previous study had

already established that fld hearts possessed little to no PAP activity (241).

We hypothesized that our PAP assay was unable to detect the PAP
activity of lipin-2 and -3, possibly due to a requirement for a different
concentration of Mg?* or for a divalent cation other than Mg*. This seemed
unlikely since our group in collaboration with Donkor et al. had detected activity
from recombinant lipin-2 and lipin-3 using our standard assay conditions (134).
Alternatively, fld hearts could truly be devoid of PAP activity and the DG required
for PC and PE biosynthesis in the fld hearts might be obtained from a different
route such as from monoacylglycerol by monoacylglycerol acyltransferase
activity. However, it is unclear how much this enzymatic pathway contributes to
glycerolipid synthesis in the heart. It is also thought that the LPPs are unlikely to
substitute for PAP in the glycerolipid biosynthetic pathway since the catalytic
sites of the LPPs face the lumen of organelles (217), whereas glycerolipid
biosynthesis occurs on the cytosolic side of the endoplasmic reticulum and, to

some extent, the mitochondria (125).

A previous study had shown that lipin-1 PAP activity can be stimulated by
Mn?* (137). We did not find stimulation of PAP activity with different cations and,
in fact, the divalent cations tested appeared to suppress the hydrolysis of [*H]PA.
These results are reminiscent of the studies performed by Jamal et al. who used
the same assay at pH 6.5 in the presence of PA/PC liposomes as described in
Section 2.2.3 to measure plasma membrane PAP activities (213). The only
exceptions were that 1 mM DTT was used instead of 0.6 mM DTT and
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microcystin-LR and tetrahydrolipstatin were absent. Jamal et al. showed that
PAP activities isolated from the plasma membrane are suppressed with
increasing concentrations of Mg®* and Ca*" (213). Since plasma membrane-
localized PAP activity can be attributable to the LPPs (215), it is most probable
that we were measuring the effects of divalent cations on the PAP activity of the
LPPs in fld hearts. Although we did not observe a stimulation of PAP activity in fld
hearts in our experiments, this does not mean that lipin-2 or -3 cannot be
stimulated by divalent cations other than Mg?* since the assay was conducted in
the presence of Tween-20, which suppressed PAP activity at pH 6.5 using
PA/PC liposomes (Figure 2A). It is possible that we might have demonstrated the
stimulation of PAP activity in fld hearts by Mn®*, Co?" or other divalent cations if
Tween-20 were excluded, with the caveat that the PAP activity of lipin-2/-3 in the
fld hearts only represented 20% of the total activity in control hearts using optimal
assay conditions (Figure 2A, B). Therefore, the determination of the effects of
different divalent cations on lipin-2 and -3 catalytic activities would be best
investigated using overexpressed recombinant lipin proteins. It should also be
noted that the Mg?*-dependence of recombinant lipin-2 and -3 expressed in 293T
cells were previously determined using PA/Triton X-100 mixed micelles as the
substrate, and it was shown that the PAP activities of lipin-1A, -1B, -2 and -3 are

optimum at the same concentration of Mg?* (134).

The effect of Tween-20 on the PAP assay was surprising given the results
obtained by Butterwith et al. in 1984. However, closer examination of the
conditions used by Butterwith et al. revealed that the samples were assayed at
pH 7.4 using 5 mM MgClI, (320). Under these conditions, Tween-20 does in fact
stimulate PAP activity (Figure 3.2D, E), although the assay was not optimum.
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The differential effects of Tween-20 on PAP activity could be related to the
availability of PA as a substrate. Tween-20 at 0.05% is equivalent to 0.4 mM,
which is four times its critical micellar concentration. Moreover, the
concentrations of PA and PC in the PAP assay are 0.6 and 0.4 mM, respectively.
Therefore, the decrease in PA hydrolyzed when Tween-20 is present at pH 6.5 is
probably due to the dilution of the surface concentration of PA. The same
principles would apply for the results seen at pH 7.4 and low Mg*
concentrations. However, there was a stimulation of PAP activity in the presence
of Tween-20 at higher Mg®* concentrations. The ionization of the phosphate
group of PA has a pK,; and pK,, of approximately 3.2 and 7.9 depending on the
composition of the micelle/liposome as well as the presence of different cations
(452, 453). Therefore, there would be approximately ten times more PA with two
ionized groups at pH 7.4 compared to that at pH 6.5. Mg?* would strongly chelate
these PA species at pH 7.4 and cause aggregation. The addition of 0.05%

Tween-20 could possibly decrease this aggregation and increase access of PAP

to the PA substrate.

It is unclear why low levels of PAP activity in the fld hearts are detectable
using PA/PC liposomes and not PA/Triton X-100 micelles, although PA/PC
liposomes could be more representative of the physiological substrate.
Alternatively, the surface concentration of PA could again be an important
consideration. PA/PC liposomes at a molar ratio of 3:2 compared to PA/Triton X-
100 at a molar ratio of 1:9 (10 mol% surface concentration) could be more
accessible to the limiting amounts of PAP activity from lipin-2 and -3 in fld tissue
especially since other proteins in the tissue homogenate might also bind to or
associate with liposomes. Thus, it might be possible to detect low levels of PAP
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activity using the Triton X-100 system if the concentration of PA in the assay
were increased. However, Han et al. demonstrated that purified lipin-1a, -18 and
-1y had equivalent K,,’'s of approximately 4.5 mol%. Furthermore, our group also
demonstrated that the K,,'s of HEK 293 cell lysates overexpressing lipin-2 and -3
were approximately 4-5 mol% (173). The likely explanation lies in the preference
of the LPPs for PA presented in mixed Triton X-100 micelles as opposed to
PA/PC liposomes (213, 321). As such, it would be more difficult to detect low
levels of lipin-2 and -3 PAP activity using PA/Triton X-100 micelles because of

the higher detection of LPP activities.

The use of malachite green to detect phosphate release from PA in the
PAP assay had been previously characterized by the laboratory of Dr. George
Carman (451). We also wanted to determine if our assay could be adapted to
detect phosphate release. The difference between these two studies was that we
did not purify the enzymes and, instead, we measured the PAP activity of
overexpressed lipins in cell lysates. Importantly, this assay enabled us to
measure the hydrolysis of PA prepared from egg yolk PC. This substrate consists
of multiple PA species containing various fatty acyl side chains such as palmitate,
oleate and linoleate as opposed to the [*H]PA, which could be predominantly
dipalmitoyl-PA. As previously mentioned, results from the malachite green assay
were similar to the radioactive PAP assay, although we detected 15-20% more
phosphate released from PA on average than [PH]DG formed. This result
suggests that PAP activity is less efficient at hydrolyzing the [*H]PA, which could
be predominantly [*H]dipalmitoyl-PA. Future preparation of the PA substrate
would include the use of oleate instead of palmitate (or a mixture of oleate and
palmitate) during the incorporation of [*H]palmitate into glycerol 3-phosphate
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using liver microsomal protein. Alternatively, this difference could also be due to
phosphodiesterase activity in the cell lysates against other compounds. Havriluk
et al. had previously raised the issue of high background when measuring cell
lysates using this assay (451). A parallel assay performed in the absence of PA

would have controlled for this.

In summary, the malachite green assay has a narrower range of detection
and also requires more methodological steps compared to the radioactive PAP
assay. Moreover, the use of benzene in the extraction procedure poses a health
risk. Overall, measuring phosphate release from PA with malachite green is a
viable alternative to detecting the formation of [°*H]DG. Although PAP activity
appears to be 15% less efficient at hydrolyzing the [*H]PA (which is predicted to
be predominantly [*H]dipalmitoyl-PA), the radioactive assay is still more sensitive
and less technically involved. There is also less risk of detecting non-specific
products. In conclusion, we prefer using the radioactive PAP assay because it is
still more sensitive in comparison and the range of detection is not as limited as

the malachite green assay.
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