University of Alberta

Regulation of Phosphatidate Phosphatase-1 (Lipin)
Expression in Rat and Mouse Hepatocytes by
Glucocorticoids, cAMP and Insulin

©

Boripont Manmontri

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfillment
of the requirements for the degree of Master of Science

Department of Biochemistry

Edmonton, Alberta
Fall 2008



Bibliothéque et
Archives Canada

I*. Library and
Archives Canada

Direction du

Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-47301-6
Qur file  Notre référence
ISBN: 978-0-494-47301-6
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par l'Internet, préter,
distribuer et vendre des théses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canad;

Conformément a la loi canadienne
sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



TO MY FAMILY



ABSTRACT

Phosphatidate phosphatase-1 (PAP1) is an enzyme essential for the synthesis of
triacylglycerol, phosphatidylcholine and phosphatidylethanolamine. Although much is
known about PAP1, the protein(s) responsible for PAP1 activity were not identified until
2006 when yeast PAP1 was shown to be the orthologue of mammalian lipin-1, -2, and -3.
My work used primary cultures of mouse and rat hepatocytes to study the hormonal
regulation of the expression of lipin-1, -2 and -3. Here I reported an increase in lipin-1
mRNA, and protein together with PAP1 activity induced by dexamethasone, a synthetic
glucocorticoid. The inductions were synergized by CPTcAMP and antagonized by
insulin. We conclude that lipin-1 is responsible for the inducible PAP1 activity that
results in increased TAG synthesis, causing steatosis found in many conditions such as

starvation, diabetes, and toxic conditions in the liver.
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CHAPTER 1

INTRODUCTION



1.1. Introduction

Obesity and the Metabolic Syndrome are becoming more prevalent in many countries
around the world. These conditions are strongly associated with an increased risk of
atherosclerosis, coronary thrombosis and stroke. Therefore, it is very important to
understand the changes in hormonal and metabolic balance which govern these
symptoms. For over two decades the Brindley lab has studied the effects of insulin and
other counter-regulatory hormones such as glucocorticoids or glucagon, as well as fatty
acids on the development of obesity, insulin resistance and metabolic syndrome [1-6]. It
has been shown that an imbalance of the various hormones can result in deleterious
effects. For example, glucocorticoids cause insulin resistance and increase the lipolytic
effects of growth hormone and catecholamines [7]. Excessive lipolysis in adipose tissue
results in an increased fatty acid load to the liver [8]. This in turn drives triacylglycerol
(TAG) synthesis and the secretion of very low-density lipoprotein (VLDL) [4]. The
Brindley lab has shown that the increase of TAG synthesis was achieved mainly through
the increase in phosphatidate phosphatase (PAP1) activity [2, 9] , which is catalyzed by a

family of lipin proteins [10]. The lipins are the main focus of this study.

1.2. TAG synthesis pathway

PAP1 is involved in penultimate step of TAG synthesis (Fig 1.2). In the TAG synthesis
pathway, glycerol-3-phosphate is acylated with acyl-CoA yielding LPA. The reaction in
this step is catalyzed by an enzyme called acyl-CoA:Glycerol-sn-3-phosphate
acyltransferase or GPAT [11, 12]. The glycerol-3-phosphate substrate is generated by the

reduction of dihydroxyacetone-3-phosphate by  dihydroxyacetone-3-phosphate



dehydrogenase or by the phosphorylation of glycerol by glycerokinase. The acyl-CoA
substrate is produced by one of several long-chain or very-long-chain acyl-CoA
synthetases [13, 14]. There are two isozymes of GPAT identified namely microsomal and

mitochondrial GPAT [15].

In the next step, LPA is acylated in the reaction catalyzed by acyl-CoA:1-acylglycerol-
sn-3-phosphate  acyltransferase or AGPAT (also known as lysophosphatidate
acyltransferase or LPAAT) [16]. The product obtained from acylation is PA, which is the
substrate for PAP1 as well as PAP2. AGPAT activity is located in both mitochondria and

microsomes [16]. The enzyme activity has been detected in the plasma membrane [16].

Following the synthesis of PA, DAG is produced from a removal of PA’s phosphate
group catalyzed by phosphatidate phosphatases (PAPs) [17]. There are two types of PAP
found in mammalian tissue namely PAP1 and PAP2. PAP1 is the main focus of this study

and will be discussed in detail afterwards.

Diacylglycerol lies at the branch point between PC, PE, and TAG synthesis [18]. In PC
production, choline is phosphorylated in ATP-dependent reaction [19]. Subsequently,
CTP:cholinephosphate cytidylyltransferase (CT) [19] catalyzes the formation of activated
intermediate CDT-choline [19]. In the final step, choline phosphotransferase mediates the

transfer of choline phosphate moiety of CDP choline to DAG yielding PC [19]. There are



two isoforms of CT namely CTa and CTP. CTa is predominately found in the nucleus

whereas CTp is cytoplasmic [19].

DAG also has another fate. In the final step of TAG synthesis pathway, DAG is
converted to TAG by enzymes called diacylglycerol:acyl-CoA acyltransferase (DGAT) 1
and 2 [20]. TAG produced becomes available for storage in a form of cytosolic droplets

or for VLDL secretion.

1.3 The Phosphatidate Phosphatases (PAPs)
The phosphatidate phosphatases are classified into phosphatidate phosphatase-1 (PAP1)
and phosphatidate phosphatases-2 (PAP2), the latter of which is also known as lipid

phosphate phosphatases (LPPs).

The phosphatidate phosphatase-1 (PAPI1, 3-sn-phosphatidate phosphohydrolase, EC
3.1.3.4) enzyme catalyzes the dephosphorylation of phosphatidate (PA), yielding
diacylglycerol (DAG) and inorganic phosphate (Figure 1.1). PAP1 has a principal role in
the synthesis of phospholipids and TAG through its product DAG. In addition, PAP1
generates and/or degrades lipid-signaling molecules such as DAG, for the activation of
protein kinase C, and it degrades PA, which is also bioactive [21]. The PAPI reaction is
the committed step in TAG synthesis (Figure 1.2). DAG, the product obtained from the
reaction, is used for both the production of TAG as well as phosphatidylcholine (PC) and

phosphatidylethanolamine (PE) [22-24].



PAPI1 activity is localized in the cytosol. It transiently interacts with the endoplasmic
reticulum at the cytosolic surface, where glycerolipid synthesis occurs [25]. Mammalian
phosphatidate phosphatase (PAP1) activity is Mg**-dependent and is inhibited by N-
ethylmaleimide (NEM) [17]. These characteristics distinguish mammalian PAP1 from
PAP?2 activities that also convert PA to DAG. PAP2 is now commonly known as a family
of lipid phosphate phosphatases (LPPs) that dephosphorylate a variety of lipid phosphate
esters. The LPPs are mainly involved in regulating signal transduction by bioactive lipid
phosphates such as PA, lysophosphatidate (LPA), sphingosine 1-phosphate and ceramide
1-phosphate [26-29]. The catalytic sites of the LPPs are localized to the external surface
of the plasma membrane or the luminal surface of internal membranes [27]. By contrast,
PA appears to be a specific substrate for PAP1 [10, 30} which is a required enzyme in the

biosynthesis of TAG, PC, and PE [31].

Unlike the LPPs, which do not have a Mg requirement, PAP1 requires Mg®* to function
[17, 32]. The requirement of the cofactor Mg?* ion is related to the catalytic motif
DxDxT within a haloacid dehalogenase (HAD)-like domain. The DxDxT motif is found
in a superfamily of Mg**-dependent phosphatase enzymes, and its first aspartate residue

binds the phosphate moiety in the phosphatase reaction [33, 34].

The following table summarizes the similarities and differences between the two

members of the PAP family, PAP1 and PAP2 (LPPs).



Table 1.1 Summary of major characteristics and properties of PAP1 and PAP2

Characteristics PAP1 PAP2 (LPPs)
Mg* Dependent Independent
NEM Sensitive Insensitive
Temperature Sensitivity >30°C >50°C
Localization Cytosol; translocates to ER Plasma Membrane
or nucleus
Specification PA Non-specific
Catalyzes dephosphorylation  Catalyzes dephosphorylation
of PA to DAG and Pi of bioactive lipid phosphates

1.4. Long Term Regulation of PAP1 Activity

Previous studies by the Brindley group showed that injecting rats with cortisol or
corticotrophin produced marked increases in PAP1 activity in the liver [35, 36].
Subsequent work with rat hepatocytes demonstrated that the glucocorticoid (GC) effect in
increasing PAP1 activity was synergized by glucagon and inhibited by insulin [1, 37]. It
has been shown that these GC-induced increases in PAPL activity provide the extra
capacity for the liver to sequester excess FAs as TAG when these FAs are not
immediately required for B-oxidation [31]. The interplay of effects of GC and insulin
explains the diurnal rhythm of PAP1 activity in rat livers [38]. The GC effect is also
consistent with the increases in hepatic PAP1 after sham operations, in liver remnants
after partial hepatectomy [6], starvation [35], diabetes [39], insulin resistance [40],
hypoxia [41], and toxic conditions [31]. Increases in hepatic PAP1 activity also occur in
response to dietary modification in rodents, for instance, when glucose or starch is
replaced by fructose, sorbitol, glycerol, or ethanol [5], and these effects are exaggerated

by high-fat feeding [42]. These dietary-induced changes in PAP1 are also associated with



increased GC concentrations relative to insulin. PAP1 activity is also increased in the
livers of alcoholic baboons [43] and human [44]. The involvement of GC in ethanol-
induced increases in PAP1 activity is confirmed because this is attenuated in

adrenalectomized rats [45].

Previous studies using primary cultures of rat hepatocytes have revealed a dramatic
increase in PAP1 activity when the glucocorticoid dexamethasone (dex) was added to the
culture medium. A synergistic effect was also observed with glucagon (glu) or cAMP.
The increases in PAP1 activity induced by dexamethasone and glucagon were attenuated
by insulin [1, 37]. Furthermore, glucagon increases the half-life of PAP1 activity by

about 2-fold whereas insulin decreases it [46].

1.5. Short Term Regulation of PAP1 Activity

PAP1 activity is primarily found in the cytosol and can translocate to the ER membrane
to gain access to its substrate, PA. PAP1 translocates to membranes of rat hepatocytes in
response to FAs or acyl-CoA [47, 48]. Cytosolic PAP1 acts as a reservoir of activity that
interacts with the ER or mitochondria to access newly synthesized PA [31]. This control
mechanism for the translocation of the enzyme inducing PAP1 activity to the ER
provides reserve capacity, which allows the liver to respond to almost any FA load and
sequester excess FA as TAG [31]. The sequestration of FA into TAG results in steatosis
in severe diabetes, stress reactions and in toxic conditions (including alcohol

intoxication).



It was previously shown that PAP1 translocation to the ER depends on the FA and acyl-
coA esters binding to the ER membranes [25]. The FA, acyl-CoA esters and PA, which
accumulate as a result of increased FA supply, are anionic amphiphiles. These species
provide a negative charge to the membrane and a feed-forward signal for TAG synthesis
by PAP1 [25]. This finding is consistent with the so-called “Nuclear Localization Signal
(NLS)” domains of the lipins, the proteins responsible for PAP1 activity (Fig. 1.3), which
are required for FA-induced translocation. Because the NLS domains are composed of
stretches of positively charged arginines and lysines, it also explains the observation that
cationic amphiphiles (e.g., chlorpromazine) displace PAP1 from the ER and overcome

the FA-induced translocation of PAP1 activity [49, 50].

In recent studies, one research group treated adipocytes with insulin and found that it
resulted in a reduction of electrophoretic mobility as well as an increase the
phosphorylation of Ser and Thr residues in lipin [51]. The same group also reported a
marked increase in the ratio of soluble to microsomal lipin-1 [52]. The finding that
insulin removes lipin-1 from the membrane compartments contradicts the fact that insulin

stimulates the synthesis of TAG in adipocytes.

In contrast to phosphorylation by insulin, lipin-1 is dephosphorylated by the action of
epinephrine and oleic acid [52]. It has been reported that PAP1 activity was not affected
by the hormone treatments by insulin or epinephrine, or by dephosphorylation of lipin-1

with protein phosphatase 1 [52]. The results suggest that insulin controls lipin-1 by



changing its localization rather than altering intrinsic PAP activity as measured with

artificial substrates [52].

As pertaining to my study, PAP1 activity in the liver is increased in response to elevated
conditions where glucocorticoids are elevated relative to the insulin level. The increase in

hepatic PAPI activity is commonly found in diabetes, hypoxia, and fatty liver [31].

To conclude, the physiological expression of PAP1 activity involves a FA-induced
translocation of the reservoir of cytosolic PAP1 to become functional on membranes of
the endoplasmic reticulum (ER), where PA is synthesized (Fig. 1.4) [48, 50]. The activity
of the membrane-bound PAP1 correlates closely with the conversion of PA to DAG and

the synthesis of TAG and PC in intact rat hepatocytes [50].

1.6. Identification of Lipin as PAP1 enzyme

In 2006, Han et al. sequenced a protein in yeast, which was previously known as SMP2
[30]. The gene for SMP2 encodes a protein of approximately 91 kDa, which has a
molecular function of phosphatidate phosphatase [30]. It was later named as PAH1 for
phosphatidic acid phosphohydrolase. The protein contains a conserved haloacid
dehalogenase (HAD)-like domain in the middle of the sequence, which contains a
DXDXT motif found in a superfamily of Mg* -dependent phosphatase and

phosphotransferase enzymes (Figure 1.3). The authors provided evidence that PAH1 is



Mg2+-dependent and insensitive to NEM [30] and that it is an ortholog of mammalian

lipin which was identified previously.

The identification of mammalian lipin began when Peterfy et al. found the fatty liver
dystrophy or fId locus and identified a gene of unknown function in this region [53]. Fid
is the gene whose mutation is responsible for lipodystrophy in fatty liver dystrophy
mouse. They reported that this gene is expressed in the liver of wild-type animals and is
absent from the fId animals. They proposed it as a candidate gene for the fId phenotype
[53]. They later named the gene responsible for the phenotype as Lpinl and the encoding
protein as lipin-1 [54]. Lipin-1 is found to be required for the normal development of
adipose tissue [55]. This finding allows further PAP1 study, which had been hampered by

the lack of a known gene responsible for its activity

Further study revealed that besides PAHI1 in yeast and lipin-1, -2, and -3 in mammals, a
single lipin gene ortholog is also found in other organisms. The gene was found in

nematode, fruit fly, fish and plants [54].

1.7. The Lipins

1.7.1 Overview of the lipins

There are three mammalian members in the lipin family, which consists of lipin-1, -2 and
-3. (Fig.1.4). Lipin-1 has two splice variants named lipin-1A and lipin-1B. Lipin-1A,
which has a predicted size of approximately 98 kDa, is found predominantly in the

nucleus; lipin-1B, whose size is approximately 102 kDa, is found primarily in the

10



cytoplasm [56]. Through sequence similarity analyses, the other two members of the lipin
family, lipin-2 and lipin-3, were discovered [54]. These latter members of the lipin

family share approximately 44-48% amino acid identity with lipin-1 [54].

The three members of the lipin-1 family share some similarity as well as distinct
properties. They share functional motifs such as the N- and C-terminal domains and the
HAD-like domain, and all have PAP1 activity. However, they exhibit distinct tissue
distribution and distinct diseases associated with mutated genes. Interestingly, Lipin-1A

and lipin-1B share similarity to CTa and CTp, respectively in terms of their localization.

1.7.2 Structure, tissue distribution, localization of the lipins and PAP1 activity

Donkor et al. studied the three members in the lipin family (Fig 1.5) and found that all
possess PAP1 activity [10]. They were found to be Mg?*-dependent and have distinct
tissue expression patterns. Lipin-1 is found predominantly in skeletal muscle, with lower
levels in adipose tissue, brain, and liver. Lipin-2 is found in liver and brain, while lipin-3
has significant expression in intestine and other regions of gastrointestinal tract such as
liver. The authors suggest that each lipin may perform similar biochemical functions but

may act in a tissue-specific manner [10].

1.7.3 Biological functions of lipins
Lipin-1 is required for the development of mature adipocytes [57, 58]. Studies carried out
in adipose tissue obtained from the fId mice as well as lipin-1 deficient cells revealed

significant defects in the induction of genes relevant to the adipogenic program. This

11



involves peroxisome proliferator-activated receptor y (PPARy) and CAAT enhancer

binding protein-o (C/EBPa), as well as their downstream target genes [55]. In contrast to
lipodystrophy which is caused by lipin-1 deficiency, overexpression of lipin-1 promotes
obesity. On a high-fat diet, lipin-1 transgenic mice gained weight at a faster rate than

non-transgenic mice, despite similar amount of food intake [59].

The expression of hepatic lipin-1 is promoted by PPARy coactivator la (PGC-la). In
turn, lipin-1 activates a subset of PGC-1a target pathways including B-oxidation and it
inhibits FA synthesis [60]. This is achieved through the formation of the lipin-1/ PPARo/
PGC-1a complex, which amplifies the control of hepatic metabolism by PGC-1a and

PPARy. The result is an activation of FA oxidation genes during fasting [60].

Lipin-1 levels in adipose tissue have been reported to increase insulin sensitivity and
reduced inflammatory cytokine expression in humans [61]. It has also been reported that
there was a negative correlation between lipin-1 expression levels and glucose
metabolism as seen in fasting glucose levels, insulin levels and insulin resistance [59]. By
contrast, in muscle, an enhanced lipin-1 expression results in obesity-relate to insulin
resistance [59]. A study has revealed that muscle-specific lipin-1 transgenic mice had
increased feed conversion efficiency and reduced oxygen consumption and energy
expenditure [59]. The muscle-specific lipin-1 transgenic mice also had increased fasting

glucose levels when they were fed a high-fat diet and increased plasma insulin levels
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when they were fed either a regular chow or a high-fat diet [59]. This implicates lipin-1

as one of the determinants in glucose homeostasis [61].

In a comparison of the diurnal metabolic fuel switching in wild-type mice and fId mice, it
has been reported that the fld mice exhibited abnormal fuel utilization throughout the
diurnal cycle [62]. The authors found that the inability of fld mice to store energy in
adipose tissue resulted in a compensatory increase in glycogen storage for use during
fasting and reliance upon hepatic FA synthesis to provide fuel for peripheral tissues
during a fed state [62]. They suggested a role for lipin in the coordination of peripheral

glucose and fatty acid storage and utilization [62].

Lipin-2 had been evaluated as a candidate gene responsible for an occurrence of high-
grade myopia or nearsightedness but this possibility was ruled out in 2005 [63, 64].
However, in the same year, mutations in lipin-2 were reported to cause Majeed
syndrome, which is characterized by chronic recurrent multifocal osteomyelitis and
congenital dyserythropoietic anaemia [65-67]. Since Majeed syndrome is an autosomal
recessive, autoinflammatory disorder, the study was carried out among Jordanians who
have a high prevalence of consanguinity. Three cases were reported with varying
severity. The authors speculated that this was probably due to different mutations
resulting in amino acid change and altered structure and function of the protein versus
truncated protein resulting in loss of function [65, 66]. The counterpart gene to lipin-2

identified in mouse is called pstpip2, whose mutation results in chronic multifocal
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osteomyelitis (cmo) [67, 68]. The cmo mice develop tail kinks and hind foot deformities

caused by osteomyelytis in the affected bones [68].

In addition to Majeed syndrome, a couple of research articles published reported that
lipin-2 is associated with insulin sensitivity, body mass index (BMI) and type-2 diabetes
[69, 70]. Unfortunately, the mechanisms by which lipin-2 causes the aforementioned
symptoms remain unknown. Currently, there is no information regarding the function of

lipin-3.

1.8. Hypothesis and Thesis objectives

For the past two decades, a great deal of research pertaining to PAP1 activity was delayed
due to the inability to purify or identify the structure of the enzyme. Fortunately, the
situation changed when Han et al. [30] published an article in February 2006 identifying

yeast PAP1 as an ortholog of mammalian lipin.

The discovery that the liver expresses the three lipins -1A, -1B, -2 and -3 [10], provokes
the question of which lipin(s) respond to hormonal regulation leading to the observed
physiological changes in the composite PAP1 activity. Previous studies showed that
PAP1 activity in adipose tissue decreased in starvation and diabetes [71]. Administration
of insulin could restore PAP1 activity in diabetic state within 2 h [72]. Because of the
short PAP1 activity restoration time, it is more likely that PAP1 activity was restored by
reactivation rather than from a new synthesis. Moreover, there were other studies which

reported that there was no change in PAP1 activity after 24-48 h of starvation [73] or
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there was a significant decrease in PAP1 activity but the activity was very slowly restored
at the beginning and then completely restored to the control value after 24-48 h of re-
feeding [74]. These studies suggest that the PAP1 activity in the adipose tissue cannot be
induced in a short term. Contrary to what is observed in the adipocytes, PAP1 activity in
the hepatocytes increased within 6 h when the cells were treated with corticosterone and

this increase was antagonized by insulin [75].

As mentioned earlier, each lipin exhibit distinct tissue expression patterns [10]. Lipin-1 is
the primary PAP] in adipose tissue and skeletal muscle whereas lipin-2 and lipin-3 are
the predominant PAP1 in the brain, liver and intestines [10]. A separate article reported
that the liver PAP1 activity was maintained in the fId mice, which lack lipin-1, but
express lipin-2 and -3 [60]. Because lipin-1 is the only PAP1 in adipose tissue and
previous experiments suggested that PAP1 activity in adipose tissue cannot be acutely
induced, we therefore hypothesize that lipin-2, lipin-3 or both, but not lipin-1, are
the inducible lipin(s) that can undergo differential regulation in hepatocytes in

response to hormones such as glucocorticoids, glucagon and insulin.

It is important to answer the question which lipin is the inducible lipin in the liver and to
describe the mechanisms that control the expression of these different lipins in response
to various hormones relevant to obesity and diabetes. What is drawn from this work
would help explain hormonal regulation of the different lipins and their individual

function in hepatic metabolism.
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In this present work, mouse and rat hepatocytes were used in a time course experiment
where responses of the cells to CPTcAMP, dex, glucagon and insulin were studied. The
results obtained from this study provide the first evidence for differential regulation of
the activity of different lipins in the liver. They help explain how the composite changes
in PAP1 (lipin) activity may coordinate increased TAG synthesis, B-oxidation, and
VLDL secretion in conditions of starvation, metabolic stress, insulin resistance and

diabetes.
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Figure 1.1 PAP1 catalyzes the removal of Pi from PA. PAP1 catalyzes the
dephosphorylation of PA to yield DAG. (adapted from Carman, G. M. and Han, G.,
2006) [21]
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Figure 1.2 Overview of triacylglycerol synthesis pathway. Triacylglycerol (TAG) is
synthesized from diacylglycerol, which could be generated by the cleavage of phosphate
group from phosphatidate (PA). This penultimate step in TAG synthesis is catalyzed by
phosphatidate phosphatase 1 (PAP1) or the lipins, and phosphatidate phosphatase 2
(PAP2), which is now known as lipid phosphate phosphatase (LPP) (from Coleman, R.
A.,2007) [76]
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Figure 1.3 Functional motifs and disease mutations in lipin proteins. N-LIP and C-
LIP domains exhibit conservation between family members and in lipin orthologs from
all species. NLS, nuclear localization signal; G84R, mutation in Lpin/ that causes
lipodystrophy; P, serine residue 106, which is known to be phosphorylated in response to
insulin, DXDXT, PAP1 enzyme active site; LXXIL, transcription factor interaction
domain; S734L, mutation in LPIN2 that causes Majeed syndrome. (adapted from Reue,
K. and Zhang, P.) [77]
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Figure 1.4 Translocation of PAP1 to ER membrane. PAP1/Lipin with a positively
charged NLS region translocates to the ER membrane in response to the negatively
charged fatty acids, acyl-CoA ester and PA that accumulate in the membrane [48, 50].
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tissue > Liver, Lipodystrophy (mouse)
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Liver, Brain > Other Majeed Syndrome
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Lipin-3 Intestine > Liver Not Known

Figure 1.5 The lipin protein family. Four lipin proteins are shown, with light blue bars
representing regions of highest amino acid identity, and pink line representing nuclear
localization signal. Lipin-1B has a white bar representing the exon encoding additional
33 amino acids. The corresponding site of expression and associated disease are listed.
(adapted from Reue, K. and Zhang, P.) [77]
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2.1 Collagen-coated dish preparation

The bottom of 6-cm and 10-cm culture dishes was coated with a solution of 1 mg/ml type
III calf-skin collagen dissolved in 0.013 M HCI. The solution was then removed. The thin
film of collagen left on the dish was air-dried in the tissue culture hood for 60 min.
Collagen-coated culture dishes were then rinsed once with sterile phosphate buffered
saline (PBS) and twice with sterile water. The culture dishes were left partly covered to
air-dry overnight. The dishes were used the following morning or stored at 4 °C for later
use within seven days. The collagen coating provides a supporting mesh for attachment

of the hepatocytes.

2.2 Hepatocyte perfusion

Male Sprague-Dawley rats (200 to 540 g) and C57BL/6J mice (22.5 to 32 g) were
euthanized and their hepatocytes were isolated. A combination of ether, metofane and
32.5 mg/kg sodium pentobarbital injection (euthanyl) were used to anesthetize the rat or
mouse to a state suitable for abdominal surgery. A reflex response test was repeatedly
performed to ensure that the animal was deeply anesthetized such that it would not feel

the pain caused by the procedure and was ready for the surgery.

Once the animal was in a surgical plane, a u-shaped incision was made with dissecting
scissors through the abdominal skin and muscle up to the diaphragm. The tissue flap was
pulled towards the animal’s chest to reveal the internal organs. The intestines were gently

moved to the left of the animal body to expose the hepatic portal vein.
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A ligation was made and loosely tied around the hepatic portal vein close to the liver. A
pair of forceps was used to pick up the top wall of the hepatic portal vein well below the
ligation, and then a small cut was made approximately 1 cm below the forceps’ position
with microscissors. The cut was carefully made such that the opening was just big
enough to allow the insertion of the round-ended needle. While the forceps were held in

place, a round-ended needle was inserted into the hepatic portal vein through the cut.

While the needle was held in place, the peristalsis pump was turned on to flush HBSS
with 0.5 mM EGTA through the liver. The ligature was tied tightly and the needle was
repositioned so that it rested between the animal’s midline and knee. The diaphragm was
quickly cut and the animal’s heart was immediately cut to allow the perfusate to run
through. The cutting of the heart and hence exsanguination served as euthanasia. The
animal’s death was confirmed 10 minutes after the procedure. Once the liver turned from

red to yellow, the upper vena cava was tied and the liver swelled.

The pump was stopped and HBSS with 1 mg/ml collagenase was then used to perfuse the
liver. The perfusion lasted 5-10 min or until a small indentation remained for a couple

seconds after the forceps tips were pressed on the liver.

The digested liver was dissected into a culture dish and the (mouse) gall bladder was
removed. The liver was quickly snipped into very small pieces with a pair of scissors.
The tissue was transferred to a 50-ml Falcon tube and topped with 25 mL of HBSS with

collagenase and pipetted up and down to further aid digestion. All animal experiments
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were performed according to guidelines established in the “Guide to the care and use of

experimental animals” by the Canadian Council on Animal Care.

2.3 Primary cell culture preparation

To stop digestion by collagenase, 25 mL of complete medium which is DMEM
containing 15% FBS and 100 units of penicillin and 100 ug of streptomycin/mL, was
added to the hepatocytes suspension. The mixture was strained through a coarse filter
(square weave wire mesh with 72 meshes per square centimeter) to remove large pieces
of tissue. The filtered suspension was then centrifuged at 800 rpm for 5 min to pellet the
cells. The supernatant was aspirated and the cells were resuspended in 25 mL of complete
medium. The wash was repeated twice before the cells were strained through a fine filter

(square weave wire mesh with 1,225 meshes per square centimeter).

A haematocytometer was used to determine the number of cells collected. Approximately
1.5 or 4.5 million cells were plated on 6-cm and 10-cm collagen-coated culture dishes,
respectively. The cells were incubated in an atmosphere of 95% air and 5% CO, for 45 to
90 min to allow attachment. The medium was changed to fresh medium once to remove
non-viable cells and the hepatocytes were incubated for a further 4 h to allow them to

spread.

2.4 Treatment
The medium was aspirated and the hepatocytes were rinsed twice with Hepes Buffered
Saline (HBS) prior to incubation with DMEM containing 0.1% BSA and hormone(s), or

agonist(s), or a combination of the two. All incubations contained 0.5% DMSO, which
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was used as a vehicle for dex. There was no significant change observed when compared

the effect of control (ddH,0) and DMSO.

The optimal concentration of the hormones and agonists used in the experiments were

previously determined by Pittner et al [37] and are as follows:

CPTcAMP (cAMP) 100 uM
Dexamethasone (dex) 100 nM
Glucagon (glu) 10 nM
Insulin (ins) 100 nM
Actinomycin D (ActD) 10 pg/ml
Cycloheximide (CH) 5 pg/ml

In the experiments where actinomycin D was used, the hepatocytes were pre-incubated
with the antibiotic for 30 min before dex treatment. Cycloheximide was added at the
same time as dex treatment. The hepatocytes were then incubated for the specified period

of time,

2.5 Cell lysate collections

2.5.1 Cell lysate collection for mRNA

The treatment medium was removed and the hepatocytes were rinsed twice with ice-cold
sterile HBS. The lysis/binding solution from RNAqueous kit (Ambion) was used to

collect the cell lysate, according to the manufacturer’s instructions. The cell lysate was

then processed immediately, or stored at -80 °C until use.
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2.5.2 Cell lysate collection for protein
The treatment medium was removed and the hepatocytes were rinsed twice with ice-cold
sterile HBS. The PAP1 lysis buffer, containing 250 mM sucrose, 0.15% Tween-20, 2 mM

DTT and 1% Protease Inhibitor cocktail, was used to collect the cell lysate. The cell

lysate was then processed immediately, or stored at -80 °C until use.

2.6 RNA extraction and reverse transcriptase reaction
Total RNA was extracted by using the RNAqueous kit (Ambion) and contaminating
DNA was removed by using the DNA-free kit (Ambion), according to manufacturer’s
instruction. The concentration and purity of the RNA was determined by using a
BioPhotometer (Eppendorf), which automatically determines the concentration (pg/ml)
and the Ajg/Azso ratio of the RNA samples. Reverse transcription was then performed to
generate cDNA by using Random Primers, Superscript II and RNAseOUT (Invitrogen),
according to manufacturer’s instruction. Polymerase Chain Reaction was performed on
an iCycler (Bio-Rad)
The following program was employed after the random primers were added:

65 °C 5 minutes

4°C Afterwards until collected for next step
The cocktail containing reagents for reverse transcriptase reaction was added and the
following program was employed:

25°C 10 minutes

42 °C 60 minutes
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95 °C 5 minutes
4°C Afterwards until collected for next step

The cDNA obtained was stored at 4 °C until used.

2.7 Real-time RT-PCR

Unless specified as obtained from literature, the primers used for real-time RT-PCR were
designed using Primer3 or PrimerExpress software and are shown in Table 2.1. The real-
time RT-PCR was performed using SYBR Green PCR reagent (Applied Biosystems) on
the 7500 Real time PCR system (Applied Biosystems). The products from the experiment
were identified on 2% agarose gels to determine correct size. The expected size of
products is shown in Table 2.2, whereas the gels showing PCR products for rat and
mouse experiments were shown in Figures 2.1 and 2.2, respectively. The gels were run at
150V for 70 min. Expression of the genes of interest was normalized to the house-
keeping genes cyclophilin A and GAPDH. In initial experiments, the relative changes in
mRNA expressions for the lipins were essentially the same when expressed relative to
either reference mRNAs. Therefore, subsequent results were expressed relative to
cyclophilin A mRNA. Since there was no significant difference between the ratio of each
time point within each treatment group, the ratio of the house-keeping genes, CycA to
GAPDH, of each treatment group were averaged and corresponding standard deviation

was determined. The result is presented in Figure 2.1 shown below.
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Figure 2.1 The average of the ratio of cyclophilin A to GAPDH mRNA expression of
each treatment group. Results are means + SD for 7 time points in each treatment group:
A, control (0.67 = 0.08); B, 100 pM CPTcAMP (0.74 £+ 0.08); C, 100 nM dexamethasone
(0.70 £ 0.16); D, 100 nM insulin (0.62 £+ 0.10); E, 100 nM dexamethasone + 100 pM
CPTcAMP (0.76 £ 0.10); F, 100 uM CPTcAMP + 100 nM insulin (0.69 + 0.10); G, 100
nM dexamethasone + 100 nM insulin (0.65 £ 0.15); H, 100 pM CPTcAMP + 100 nM
dexamethasone + 100 nM insulin (0.81 + 0.10).

One-way ANOVA was performed and the result showed that there was no significant

difference between the ratio of cyclophilin A to GAPDH mRNA expression among

treatment groups at P < 0.05.

The mRNA ratio of gene product of interest to that of CycA were expressed as ratio

relative to the value at time 0, which was set to be 1. The calculation method used was

based on the method found in an article by Rasmussen, R. [78].
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2.8 PAPI1 assay

The assay measures the formation of DAG from PA labeled with [*H]palmitate, which
was prepared by the method of Martin et al. [79]. The PA was mixed with non-
radioactive PC at 3:2 molar ration to ensure maximization of PAP1 activity relative to
PAP2 activity. Both PAP1 and PAP2 can cleave the phosphate group off PA to generate
DAG, yielding total PAP activity. Therefore, NEM was used to inhibit PAP1 activity in
parallel assays, and this value was then used to subtract from total PAP activity to give

PAP1 activity.

For the PAP1 assay, samples were assayed in 100 mM Tris/maleate buffer, pH 6.5, 5 mM
MgCl,, 2 mM dithiothreitol, 2 mg/ml FA-poor bovine serum albumin, 0.6 mM PA
labeled with [*H]palmitate, (about 1 x 10°> dpm/assay) and 0.4 mM phosphatidylcholine.
The reaction was initiated by the addition of 20 ul of the [PHJPA/PC mixture to the tubes
already containing the other components of the assay as well as the cell lysate sample
(enzyme) being measured. The tube was quickly submerged into a constantly shaking
waterbath set at 37 °C and the reaction was allowed to proceed for 60-75 minutes. The
reaction was then stopped by the addition of 2.2 mL PAP stop solution and alumina, and
vortexed to ensure mixing. After centrifugation at 2,800 rpm for 5 minutes, 1 mL of
organic layer was transferred to scintillation tube, and dried by immersing in 90 °C
waterbath and blown with hot air from a hair-dryer. The organic residue remained was re-
dissolved in 2 mL of Cytoscint solution. The scintillation tube was capped and vortexed

and let sit for 8 hours before quantitation by scintillation counting. The method was based
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on work done by Martin et al. [80]. Parallel incubations were performed in the presence
of excess (8 mM) NEM to inhibit PAP1 and to compensate for any PAP2 (LPP) activity.
The amounts of cell homogenate were adjusted such that the formation of DAG
consumed <15% of the PA added. Reaction rates were measured at three different protein
concentrations to ensure proportionality of the assay for each sample so that the relative

rates of PAP1 activity can be calculated.

2.9 Statistical analysis

All statistical analyses were carried out at 95% confidence interval using GraphPad Prism
4 software. The significance of differences among treatments was analyzed by using a
Student’s T-test, Newman-Keuls post hoc test for a one-way ANOVA, or a Bonferroni

test for a two-way ANOVA.

2.10 Recipe of solutions and media used in the experiment

1 mg/ml collagen solution
1 mg/ml type III calf-skin collagen
0.013 M HCI

PBS

8.1 mM NazHPO4'
1.1 mM KH,HPO4
138 mM NaCl

2.7 mM KCI

pHto 7.4

HBBS supplied with EGTA

HBBS (without calcium, magnesium or NaHCO5)
19.43 mM glucose

4.17 mM NaHCOs3

25 mM HEPES

0.5 mM EGTA

pHto 7.4
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Supplied with 1% 1 mg/ml insulin prior to use

HBBS supplied with collagenase

HBBS (without sodium bicarbonate)

19.43 mM glucose

4.17 mM NaHCO;3

25 mM HEPES

pHto 7.4

Supplied with 1% 1 mg/ml insulin and 1 mg/ml collagenase prior to use

Complete medium for primary hepatocyte culture
DMEM

15% FBS

100 units of penicillin and 100 ug of streptomycin/mL

Starvation medium for primary hepatocyte culture treatment

DMEM

0.1% BSA

Supplied with antibiotic, agonists or hormones specified in each treatment

HBS
50 mM HEPES
138 mM NaCl
2.7 mM KCl
pH to 7.4

PAP1 Lysis buffer

250 mM sucrose

0.15% Tween-20

2mM DTT

1:100 Protease Inhibitor cocktail

PAP substrate

100 mM Tris/maleate buffer, pH 6.5

5 mM MgCl,

2 mM dithiothreitol,

2 mg/ml FA-poor bovine serum albumin

0.6 mM PA labeled with [*H]palmitate, (about 1 x 10° dpm/assay)
0.4 mM phosphatidylcholine.

PAP stop solution
95% Chloroform
5% Methanol
0.08% Olive oil
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Table 2.1. Oligonucleotide primers used for real-time RT-PCR

Protein Forward Primer Reverse Primer Reference
Cyclophilin A caccgtgttcttcgacatcac ccagtgctcagagctcgaaag [81]
Mouse GAPDH tgtgtccgtegtggatctga cctgcttcaccaccttcttga
Mouse Lipin-1A gectgetegtgaatectet cgatgcatcccgacagegt [56]
Mouse Lipin-1B cagcctggtagattgecaga geagcectgtggceaattca [56]
Rat Lipin-1 tcactacccagtaccaggge tgagtccaatectttccecag
Rat Lipin-1B agcagcctggtagattgtca taaggggctggagtctticat
Rat and mouse Lipin-2  tagatgcagaccctgttcce ctggtgctggcttettttgt
Rat and mouse Lipin-3  aaagactggacacaccaggg  tgctggatatcactcaggca
Mouse PGC-1a ggcacgcagecctattca cgacacggagagttaaaggaaga
Mouse PPARa actacggagttcacgcatgtg  ttgtcgtacaccagcttcage [82]
Rat PGC-1a cacaacgcggacagaactga  ccgceagatttacggtgceatt
Rat PPARa tggagtccacgcatgtgaag cgccagctttagccgaatag

Where not referenced, primers were designed by Primer3 or Primer Express v2.0 Software using

default parameters
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Table 2.2. The expected size of products from PCR reaction

Gene Size (bp)
Rat Mouse
CycA 114 114
Lipin-1 154 N/A
Lipin-1A N/A 123
Lipin-1B 270 225
Lipin-2 116 112
Lipin-3 253 263
PPAR« 63 76
PGC-la 73 65
GAPDH N/A 77
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Figure 2.2. The PCR product of different rat genes of interest amplified by
oligonucleotide primers for rat. The products were separated in 2% agarose gel.
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Figure 2.3. The PCR product of different mouse genes of interest amplified by
oligonucleotide primers for mouse. The products were separated in 2% agarose gel.
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CHAPTER 3

RESULTS AND DISCUSSION
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3.1 Introduction

In order to investigate the regulation of the expression of different lipins in the liver,
primary cultures of mouse and rat hepatocytes were used in the experiments. On one
hand, the mouse hepatocytes were used so that what is learned from this work can be
related to genetic mouse models that already exist [54, 83], or will be later created. On
the other hand, the rat hepatocytes were chosen since earlier work performed on rat
hepatocytes had shown significant changes in PAP1 activity when the cells were treated

with glucagon, dexamethasone, CPTcAMP and insulin [1, 46].

Primary cultures of mouse or rat hepatocytes were incubated for various times with
different combinations of hormones. The cell lysates obtained at the end of treatment
were used in real-time RT-PCR measurement, Lipin-1 Western Blot analysis and PAP1
activity assay to determine the lipins mRNA expression, lipin-1 protein expression and

the total PAP1 activity, respectively.

3.2 Lipins mRNA Expression

3.2.1 Hormonal regulation of lipin-1 mRNA expression

In mouse hepatocytes, the relative mRNA levels for lipin-1A and lipin-1B were increased
by dex and reached a peak after 3 and 4 h respectively (Figs. 3.1A & 3.1C). This dex
effect on lipin-1A and lipin-1B was amplified by about 2-fold at their peak by CPTcAMP
(Figs. 3.1A & 3.1C), or in the case of lipin-1B by about 1.5 fold by glucagon (Fig. 3.2A).

The amplification of the dex effect for lipin-1A by glucagon did not reach statistical
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significance. CPTcAMP or glucagon had no significant effect in increasing the mRNA
for lipin-1A or lipin-1B compared to the control (DMSO-treated) incubations (Figs. 3.1A,
3.1C & 3.2A). Insulin alone had no significant effect on the relative mRNA
concentrations for lipin-1A or lipin-1B compared to the non-treated control. However, it
attenuated the effects of dex, and dex with CPTcAMP or glucagon by approximately 50%

(Figs. 3.1B, 3.1D & 3.2A).

For rat hepatocytes work, primers for total lipin-1, instead of lipin-1A, and lipin-1B were
used since the sequence for these lipins were predicted nucleotide sequences and the
primers designed based on the predicted nucleotide sequences did not work properly. In
rat hepatocytes, the relative mRNA levels for lipin-1 and lipin-1B in the non-treated
controls declined approximately 70% as the incubation proceeded (Figs. 3.3A & 3.3C).
Dex increased the level of both lipin-1 and lipin-1B mRNAs relative to the value at zero
time of incubation and even more so when compared to the non-treated control at the
equivalent time. Their relative mRNA levels reached a peak by 8 h of incubation.
CPTcAMP, or glucagon alone had no significant effect on the levels of lipin-1 and lipin-

1B mRNA (Figs 3.2B, 3.3A & 3.30).

As shown in figures 3.2B, 3.3A and 3.3C, CPTcAMP or glucagon appeared to have a
slight effect in increasing the dex-induced increase in the levels of lipin-1 and lipin-1B
mRNAs. However, the increase of lipin-1 and -1B mRNAs reached statistical

significance only at 8 h and 4 h points, respectively. Insulin alone had no significant
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effect on lipin-1 or lipin-1B mRNA level. However, it acted antagonistically,
significantly decreasing the effects of dex alone, or dex with CPTcAMP or glucagon

(Figs. 3.2B, 3.3B & 3.3D).

3.2.1.1 The effect of Actinomycin D and Cycloheximide

Actinomycin D blocked the dex effect on increasing the levels of mRNA for lipin-1A or
lipin-1B in mouse hepatocytes (Figs. 3.4A & 3.4B) and for lipin-1 and lipin-1B in rat
hepatocytes (Figs. 3.5A & 3.5B). These results demonstrate that transcription is required
for increased mRNA expression. In mouse hepatocytes, cycloheximide, which is an
inhibitor of protein synthesis, reduced the increase of relative lipin-1A and lipin-1B
induced by dex (Figs, 3.4D & 3.4E). On the contrary, the dex-induced expression of
mRNAs for lipin-1 and lipin-1B in rat hepatocytes was not decreased by the presence of
cycloheximide (Figs. 3.5C & 3.5D). Interestingly, there was an increase in the level of
lipin-1 and -1B mRNA concentration when actinomycin D and cycloheximide were used
to treat the control dishes. This could possibly result from superinduction, which in some
cases could be attributed to decreased mRNA degradation and blockade of translation

[84].

3.2.1.2 Relationship of PPARa and PGC-1a mRNA expression to that of lipin-1
In mouse hepatocytes, full induction of hepatic lipin-1 expression under conditions such

as fasting requires the presence of PGC-la [60]. In addition, lipin-1 also interacts

physically with both PGC-1a and PPARa [60]. To understand if the effects of dex,
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CPTcAMP and insulin on the lipin-1A or lipin-1B mRNA expression depend upon
preceding changes in the transcription for PGC-1a. and PPARa, the time course and

hormonal requirements for PGC-1a and PPARa expression were determined.

In mouse hepatocytes, the increase of relative PGC-1ae mRNA level reached maximum
after incubating with CPTcAMP for 4 h. Dex alone had no significant effect on the
expression of PGC-la mRNA. However, it synergized the action of CPTcAMP and
increased the level of PGC-1oo mRNA level by approximately 2-fold (Fig. 3.6A). Insulin
did not significantly alter these effects of CPTcAMP and dex + CPTcAMP on PGC-1a

mRNA level (Fig. 3.6B).

Dex increased PPARa mRNA expression after 4 h of incubation (Fig. 3.6C). CPTcAMP
alone had no effect on PPARa mRNA expression, however it delayed the maximum

expression of PPARa to 8 h. Insulin alone had no effect on PPARa mRNA expression

and did not significantly alter the effect of dex, or dex + CPTcAMP (Fig. 3.6D).

In rat hepatocytes, CPTcAMP significantly increased PGC-1a mRNA expression, which
increased to a greater extent when CPTcAMP was used in combination with dex. The
maximum increase of PGC-1ao mRNA occurred at 8 h of incubation (Fig. 3.7A). Insulin
had no significant effect on the expression of PGC-1a mRNA. Although it seemed like

insulin slightly brought down the expression of PGC-1a when the rat hepatocytes were
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treated with CPTcAMP and dex + CPTcAMP, the decrease did not reach statistical

significance (Fig. 3.7B).

Dex alone increased the expression of PPARa mRNA by 8 h of incubation (Fig. 3.7C),
but in contrast to mouse hepatocytes, CPTcAMP partly attenuated the dex effect. As in
mouse hepatocytes, insulin alone did not alter the expression of PPARa mRNA (Fig.
3.7D). However, insulin greatly attenuated the dex-induced increase in mRNA for

PPARa, whose effect was absent in mouse hepatocytes.

The results from both mouse and rat hepatocytes show that the inductions of PGC-1a and
PPARa mRNA expression by CPTcAMP and dex, respectively, occur at the same time
or slightly delayed, rather than preceding that for lipin-1A and lipin-1B. Dex alone does
not increase PGC-1a mRNA expression and therefore the induction of lipin-1 mRNA
production by dex cannot rely on an indirect effect through PGC-la production. In
addition, insulin does not block the increase of PGC-loo mRNA in mouse or rat
hepatocytes. Therefore, the insulin effect in decreasing the production of lipin-1A and
lipin-1B mRNA cannot be mediated through decreasing the transcriptional regulation of

Lpinl by regulating PGC-1a expression.

3.2.2 Hormonal regulation of lipin-2 mRNA expression
For mouse hepatocytes, no treatment employed increased the expression of lipin-2

mRNA (Figs. 3.1E & 3.1F). As a matter of fact, the expression of lipin-2 mRNA
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decreased during the incubation period in the non-treated controls, and in dex- or insulin-
treated hepatocytes which were not different from control. The presence of CPTcAMP
alone, or in combination with dex, or insulin maintained the mRNA at the starting level
for about 8 h. For rat hepatocytes, lipin-2 mRNA level was reduced by all treatments
compared to control over the period of incubation under all conditions (Figs. 3.3E &

3.3F).

3.2.3 Hormonal regulation of lipin-3 mRNA expression

Treatment of mouse hepatocytes with dex increased the relative lipin-3 mRNA
concentrations by about 4-fold after 8 h (Fig. 3.1G). CPTcAMP, or insulin alone had no
significant effect relative to the non-treated control, but both decreased the dex-induced

increase in lipin-3 mRNA (Fig. 3.1H).

In rat hepatocytes, none of the hormonal treatments changed lipin-3 mRNA levels
relative to the non-treated control (Fig. 3.3G). There appeared to be a gradual increase in
lipin-3 mRNA levels during the 18 h of incubation even in the non-treated control (Fig.

3.3H).

3.2.3.1 The effect of Actinomycin D and Cycloheximide

Treating mouse hepatocytes with actinomycin D or cycloheximide resulted in the
inhibition of the dex-induced increase in lipin-3 mRNA (Figs. 3.4C, and 3.4F). Both of

these inhibitors also attenuated the lipin-3 mRNA expression in the non-treated control
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hepatocytes after 8 h (Figs. 3.4C and 3.4F). One explanation for these results is that the
transcription of lipin-3 mRNA in mouse hepatocytes is dependent on the continuous
synthesis of an unidentified protein. Another explanation is rapid degradation of existing

resting levels of the mRNA.

3.3 Lipin-1 protein expression
According to the results obtained from the studies, which indicated that dex induced
increases in lipin-1 mRNA levels, we investigated whether this resulted in an increase in

the expression of lipin-1 protein.

Dr. Meltem Sariahmetoglu used the cell lysates collected from the mouse and rat
hepatocyte experiments to determine the level of lipin-1 protein expression. The quality
of the lipin-1 antibody was determined using V5-tagged recombinant lipin-1A, -1B, -2,
and -3, and was shown not to cross-react with lipin-2 and lipin-3 (Fig. 8A from the article
attached to the appendix). It was also tested against proteins isolated from wild-type and
fld mice adipose tissues, which served as positive and negative controls respectively (Fig.
8B from the article attached to the appendix). These results showed that lipin-1 antibody

can be used to detect lipin-1 in Western blot analysis.

The Western blot analysis for lipin-1 used lysates from mouse and rat hepatocytes
incubated with a combination of hormones consisting of CPTcAMP, dex and ins for 8

and 12 h, respectively. The results are shown in Figs. 8B & 8C from the article attached
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to the appendix. Quantification of the results revealed that dex increased lipin-1 protein in
hepatocytes of both species. This dex-effect is enhanced when dex was used in
combination with CPTcAMP. Insulin alone did not have any effect on the expression of

lipin-1 protein, but it significantly attenuated the effect of dex+CPTcAMP.

As shown in the Western blot of lipin-1 (Fig. 9A from the article attached to the
appendix), actinomycin D and cycloheximide blocked the increases in mouse and rat
lipin-1 protein levels induced by dex. This was reflected in the lack of increase in PAP1
activity (Fig. 3.8). These results demonstrated that the dex-induced increase in lipin-1

expression and PAP1 activity depends upon both transcription and translation.

3.4 PAP1 activity

PAP1 activity was measured in order to investigate the relationship with the increases of
lipin mRNA level, lipin-1 protein level, and the PAP1 activity. In mouse hepatocytes,
there was an increase in PAP1 activity by approximately 1.7 fold, when compared to the
activity at time zero, after incubating with dex for 8 h (Fig. 3.9A). This increase in PAP1
activity was further increased to approximately 2.3 fold when the hepatocytes were
treated with dex + CPTcAMP (Fig. 3.9A). The increases observed remained relatively
constant until at least 16 h. CPTcAMP alone as well as insulin alone did not result in a
significant change in PAP1 activity (Figs 3.9A & 3.9B). However, insulin partially

attenuated the effect of dex and dex + CPTcAMP (Fig. 3.9B).
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In rat hepatocytes, there was an increase in PAPI activity by approximately 2.5 fold
when the cells were incubated for 12 or 18 h, compared to the activity at the beginning of
incubation (Fig. 3.9C). CPTcAMP alone did not significantly alter PAP1 activity, but it
prevented the decline of up to 70% in activity that occurred at 18 h in the untreated
controls or in insulin-treated cells (Fig. 3.9C). These results are compatible with the
known stability of PAP1 activity in rat hepatocytes. PAP1 activity in untreated or insulin-
treated cells has a half-life of 5-7 h, and this is increased to 12 h by glucagon (through
cAMP) [46]. Incubating the hepatocytes with dex + CPTcAMP resulted in a significant
increase in PAPI activity of approximately 4 fold after 12 or 18 h of incubation (Fig.
3.9C). Insulin acted antagonistically with dex and dex + CPTcAMP (Fig. 3.9D) and

decreased the relative PAPI activity.

The increase of lipin-1 mRNA precedes the increase of lipin-1 protein and PAP1 activity
as expected. The peak of lipin-1A and -1B mRNA in mouse hepatocytes and lipin-1 and -
1B in rat hepatocytes occurred at 4 and 8 h, respectively, after incubation whereas the
increase in PAP1 activity peaked at 8 and 12 h. As seen in Fig. 3.1 and 3.3, there was a
significant drop in the level of lipin-1A and -1B mRNA in mouse hepatocytes and lipin-1
and -1B mRNA in rat hepatocytes 4 h after the level of lipin-1 mRNA has reached its
peak. However, the level of PAP1 activity of both mouse and rat hepatocytes as shown in
figure 3.9 were sustained. This drop in the mRNA of different lipin-1 isoforms after the
dex induction suggested that there was a greater turnover for lipin-1 mRNA than that for

lipin-1 protein and PAP1 activity.
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Figure. 3.1. Interaction of dexamethasone, cAMP and insulin in controlling mRNA
expression for lipin in mouse hepatocytes. Mouse hepatocytes were incubated for the
times shown with 100 nM dexamethasone (dex), 100 uM CPTcAMP (cAMP), 100 nM
insulin (ins) alone or in combination as indicated. Relative mRNA concentrations for the
different lipins were measured by real-time RT-PCR and expressed relative to that for
cyclophilin A. Results are expressed as means + S.EM. for 3-15 independent
experiments. The significance of the differences (p<0.05) are indicated as follows: *,
different from the untreated control value; §, dex alone different from dex + CPTcAMP
treatment; and ] incubation with insulin decreases the effect of dex alone or dex +
CPTcAMP.
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Figure. 3.2. Interaction of dexamethasone, glucagon and insulin in controlling mRNA
expression for lipin-1 in mouse and rat hepatocytes. Mouse (4) and rat (B) hepatocytes
were incubated for 4 and 8 h, respectively, with 100 nM dexamethasone (dex), 10 nM
glucagon (glu), 100 nM insulin (ins) alone or in combination as indicated. The relative
mRNA concentrations for the different lipins were measured by real-time RT-PCR and
expressed relative to that for cyclophilin A. Results are means + S.E.M. for 3 to 15
independent experiments for the mouse and 3 to 8 experiments for the rat. The
significance of the differences (p<0.05) are indicated as follows: *, different from the
untreated control value; §, dex alone value is significantly different from dex with
CPTcAMP treatment; I, incubation with insulin decreases the effect of dex alone or dex
+ glucagon.
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Figure. 3.3. Interaction of dexamethasone, cAMP and insulin in controlling mRNA
expression for lipin in rat hepatocytes. Rat hepatocytes were incubated for various times
with 100 nM dexamethasone (dex), 100 pM CPTcAMP (cAMP), 100 nM insulin (ins)
alone or in combination as indicated. The relative mRNA concentrations for the different
lipins were measured by real-time RT-PCR and expressed relative to that for cyclophilin
A. Results are expressed as means + S.E.M. for 3 to 8 independent experiments. The
significance of the difference (p<0.05) are indicated as follows: *, different from the
untreated control value; §, dex alone different from dex with CPTcAMP treatment; and §
incubation with insulin decreases the effect of dex alone or dex + CPTcAMP.
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Figure. 3.4. Effects of actinomycin D and cycloheximide on the dexamethasone-induced
increase in mRNA for lipin-1A, -1B and -3. Mouse hepatocytes were treated with or
without dexamethasone (dex) in the presence, or absence of 10 pg/ml actinomycin D
(cells were also pre-incubated for 30 min with actinomycin D), or 5 pg/ml
cyclohexamide. For measuring mRNA production for lipin-1A and -1B, or lipin-3, the
hepatocytes were incubated for 4h, or 8h, respectively, as decided from Fig. 1. White
columns show values for incubations in the absence of inhibitor, whereas black and
hatched columns indicate the presence of actinomycin D or cycloheximide, respectively.
Results are means + S.E.M. for three independent experiments, except for Panel F where
means + ranges are shown for two experiments. The significance of the differences
(p<0.05) were evaluated with a Student’s t test and are indicated as follows: *, dex
treatment different from the untreated control value; §, the actinomycin D, or
cycloheximide result is different from the equivalent incubation without these inhibitors.
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Figure. 3.5. Effects of actinomycin D and cycloheximide on the dexamethasone-induced
increase in mRNA for lipin-1, and -1B. Rat hepatocytes were treated with or without
dexamethasone (dex) in the presence, or absence of 10 pg/ml actinomycin D (cells were
also pre-incubated for 30 min with actinomycin D), or 5 pg/ml cyclohexamide. For
measuring mRNA production for lipin-1, lipin-1B, and lipin-3, the hepatocytes were
incubated for 8h. White columns show values for incubations in the absence of inhibitor,
whereas black and hatched columns indicate the presence of actinomycin D or
cycloheximide, respectively. Results are means + S.E.M. for three independent
experiments. The significance of the differences (p<0.05) were evaluated with a
Student’s t test and are indicated as follows: *, dex treatment different from the untreated
control value; §, the actinomycin D, or cycloheximide result is different from the
equivalent incubation without these inhibitors.
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Figure. 3.6. Interaction of dexamethasone, cAMP and insulin in controlling mRNA
expression for PPARa and PGC-la in mouse hepatocytes. Mouse hepatocytes were
incubated for the times shown with 100 nM dexamethasone (dex), 100 uM CPTcAMP
(cAMP), 100 nM insulin (ins) alone or in combination as indicated. Relative mRNA
concentrations for PGC-1a (4 and B) and PPARa (C and D) were measured by real-time
RT-PCR and expressed relative to that for cyclophilin A. Results are expressed as means
+ S.E.M. for 3 independent experiments. The significance of the differences (»<0.05) are
indicated as follows: *, different from the untreated control value; and §, dex alone
different from dex + CPTcAMP treatment.
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Figure. 3.7. Interaction of dexamethasone, cAMP and insulin in controlling mRNA
expression for PPARa and PGC-1la in rat hepatocytes. Rat hepatocytes were incubated
for the times shown with 100 nM dexamethasone (dex), 100 uM CPTcAMP (cAMP), 100
nM insulin (ins) alone or in combination as indicated. Relative mRNA concentrations for
PGC-1o (4 and B) and PPARa (C and D) were measured by real-time RT-PCR and
expressed relative to that for cyclophilin A. Results are expressed as means + S.E.M. for
3 independent experiments. The significance of the differences (p<0.05) are indicated as
follows: *, different from the untreated control value; §, dex alone different from dex +
CPTcAMP treatment; and § incubation with insulin decreases the effect of dex alone or
dex + CPTcAMP.
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Figure. 3.8. Actinomycin D and cycloheximide block the dex-induced PAP1 activity.
Mouse and rat hepatocytes were pre-incubated with or without 10 pg/ml actinomycin D
(Act D) or 5 pg/ml cycloheximide (Cyclo) for 30 min. The inhibitors were maintained in
the subsequent incubations in the presence or absence of 100 nM dex, which for mouse
and rat hepatocytes were 8 h and 12 h, respectively. These times were based upon the
results in Figs. 3.1 and 3.3. The figure shows PAP1 activity relative to the equivalent
incubation in the absence of inhibitors or dex. Results are means + S.EM. for 3
independent experiments with mouse hepatocytes and means + ranges for 2 experiments
with rat hepatocytes. The measurement of PAP1 activity was partly performed by Dr.
Meltem Sariahmetoglu and Mr. Jay Dewald.
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Figure. 3.9. Interaction of dexamethasone, glucagon and insulin in controlling PAP1
activity in mouse and rat hepatocytes. Mouse (4 and B) and rat (C and D) hepatocytes
were incubated for various times with 100 nM dexamethasone (dex), 100 uM CPTcAMP
(cAMP), 100 nM insulin (ins) alone or in combination as indicated. The average PAP1
specific activity at the beginning of the incubation was 32 + 15 (n=7)and 36 + 12 (n =
5) nmol DAG produced/min per mg protein for mouse and rat hepatocytes, respectively.
The results are expressed relative to the initial untreated value, which was normalized to
1. Results are means + S.E.M. for 3-9 independent experiments. The significance of the
differences (p<0.05) are indicated as follows: *, different from the untreated control
value; §, dex alone value is significantly different from dex + CPTcCAMP treatment; §,
incubation with insulin decreases the effect of dex alone or dex + CPTcAMP. The
measurement of lipin-1 expression and PAP1 activity were partly performed by Dr.
Meltem Sariahmetoglu and Mr. Jay Dewald.
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3.5 Discussion

The identification of lipin proteins as PAP1 enzymes [30] makes it possible to investigate
the modulation of PAP1 activity that occurs in response to various physiological and
pathological conditions at the molecular level. Donkor et al. have demonstrated that the
liver expresses lipin-1A, -1B, -2, and -3 [10]. This enables us to continue the study on
how each lipin responds to glucocorticoid, glucagon, and insulin. Moreover, it was very
interesting to understand the functions of individual lipins and the reason for changes in

the composite PAP1 activity that had been described previously [1, 37, 46].

The result from real-time RT-PCR experiments performed using mouse or rat
hepatocytes shows that the hormonal control is similar between the two rodent species.
The two splice variants of Lpinl gene, lipin-1A and lipin-1B, are induced at the
transcriptional level by dexamethasone, a synthetic glucocorticoid. This dex action,
especially in mouse hepatocytes, was synergized by glucagon through cAMP. Insulin
antagonized these effects of glucagon and dexamethasone in both rat and mouse
hepatocytes. Insulin can block the effects of glucagon by stimulating phosphodiesterase
activity and diminishing the increase in cAMP. In these experiments, CPTcAMP, which
is a synthetic analog of cAMP that cannot be readily degraded by phosphodiesterase, was
used [85]. The result shows that insulin exerts similar antagonistic effects on Lpinl
transcription that were produced by CPTcAMP. This indicates that insulin exhibits a

more direct effect on lipin-1 expression than by just decreasing cAMP concentrations.
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Despite their difference in terms of localization, there is no evidence that the combination
of hormones used regulates the relative expression of the two lipin-1 splice isoforms in
hepatocytes. The dex-induced increase in PAP1 activity depended upon an increase in the
expression of Lpinl gene and lipin-1 mRNA. This increase is subsequently followed by
an increase in lipin-1 synthesis and protein expression, which was directly shown by the
Western Blot analysis presented in the article attached. Additional evidence is provided
to support this conclusion in the experiments where actinomycin D and cycloheximide
were used to block the increase of lipin-1 mRNA and lipin-1 protein expressions,

respectively.

The results obtained from the real-time RT-PCR experiments revealed that lipin-2 and
lipin-3 expression is differently regulated compared to lipin-1. Incubation of mouse
hepatocytes with dex resulted in a time-dependent increase in lipin-2 mRNA when
compared to control. In rat hepatocytes, on the contrary, a decrease in lipin-2 mRNA was
observed. A significant increase in lipin-3 mRNA was observed in response to dex in
mouse hepatocytes, and this was attenuated by CPTcAMP. In rat hepatocytes, on the
other hand, there was no significant change in lipin-3 mRNA level when treated with dex
or dex + CPTcAMP in comparison to control. These results demonstrate that the increase
of lipin-2 and lipin-3 transcription did not contribute to the increased PAP1 activity,
which depended upon increased transcription and translation, induced by dex +

CPTcAMP. Despite the fact that there was an increase in lipin-3 mRNA induced by dex

57



observed in mouse hepatocytes, the induction of lipin-3 mRNA parallels with the
increase in PAP1 activity at 8 hours after incubation. Therefore it is evident that lipin-3 is
not contributing to PAP1 activity at the same time as lipin-1, but it is possible that lipin-3
contributes to PAP1 activity at the later time. At the moment, the measurement of the
level of lipin-2 and lipin-3 protein is not possible due to the lack of suitable antibodies

needed to detect the proteins in crude liver lysates.

The conclusion that an increase in PAP1 activity induced by dex and dex + CPTCAMP is
accounted for by an increase in lipin-1 expression is strongly supported by studies in
vivo. There was a lack of an increase in PAP1 activity of the livers of fasted fId mice,
which do not express lipin-1, compared to approximately 2-fold increases in control mice
[52]. Lipin-1 transcription and lipin-1 protein levels in the livers of wild-type mice are
increased after fasting or dex injection [60]. In an experiment done by our colleagues,
there was an increase in the level of expression of lipin-1A, -1B, and PGC-1a mRNA,
but not lipin-3 mRNA in fasted mice [86]. To our surprise, the level of lipin-2 mRNA
was doubled in the fasted mice livers [86]. This is unlikely to have occurred by GC
action, based upon my hepatocyte work. It could have resulted from a cAMP effect, since
this second messenger seemed to increase the concentration of lipin-2 mRNA in mouse
hepatocytes relative to the non-treated or dex-treated cells. However, the physiological
significance of the increased lipin-2 mRNA in fasted mice is uncertain, due to the lack of
increase in hepatic PAP1 activity in fld mice after fasting [52]. This evidence supports the

conclusion that increased lipin-1 mRNA and protein expression account for the increase

58



in PAP] activity, which occurs when there is increased GC level relative to the insulin
level. This is supported by the discovery by Zhang et al. that the lipin-1 promoter
contains a functional GC response element and that the dex effect is mediated through the
GC receptor [87]. These authors recently characterized the position of glucocorticoid
response element (GRE) in the Lpinl promoter using reporter gene transcription,
electrophoretic mobility shift, and chromatin immunoprecipitation assay. They showed
that the GC receptor binds to the Lpin/ GRE and this leads to a transcriptional activation
in adipocytes and hepatocytes. This molecular mechanism of lipin-1 induction suggests
that lipin-1 may serve as an important mediator of glucocorticoid effect on lipid and
lipoprotein metabolism. The work published by Zhang et al. [87] has revealed that PAP]
activity in adipocytes can be induced by glucocorticoids through a GRE. While what is
learned from the article contradicts the basis of the original hypothesis, it was not until
half a year after my work was completed when the article by Zhang et al. became

available.

In addition, there could be other factors that also contribute to the increase in PAPI
activity observed. Glucagon, through cAMP, increases the half-life of GC-induced PAP1
activity by about 1.7 fold, from 7 to 12 h [46]. This could contribute to the increased
lipin-1 protein expression produced by dex + CPTcAMP. Second, CPTcAMP could
affect PAP1 activity through its phosphorylation [22, 37]. Brindley et al. have provided
indirect evidence for this prior to the discovery of the lipins. Direct evidence regarding

phosphorylation of yeast PAPI (also known as SMP2 and PAH1) was recently described
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[88]. According to work done in adipose tissues [51, 52], the level of lipin-1
phosphorylation is controlled by the balance of signaling from insulin versus cAMP. The
changes in phosphorylation of lipin-1 were not reflected in changes in PAP1 activity as
measured in vitro [52]. However, there was evidence showing that treatment of liver
cytosol with phosphatases did decrease total PAP1 activity [22]. The major effect of
lipin-1 phosphorylation appears to be to regulate its subcellular distribution [52] and

thereby regulates its physiological expression and subsequently activity [31].

Thirdly, it could be that lipin-1 and PAPI activity is regulated through interaction with
other proteins, such as PGC-1a and PPARq [60]. Lipin-1 has also been shown to serve
nuclear functions by acting as an inducible coactivator of the PGC-1a-PPAR« circuit to
increase hepatic fatty acid oxidation and ketogenesis [60]. Not only does lipin-1 amplify
signaling by PGC-1a and PPARa, but PGC-1a is required as a coamplifier of lipin-1
expression in the liver. Therefore, induction of lipin-1 expression in fasted or in dex-
treated mice is partially attenuated when PGC-1a is totally deficient, indicating a partial
dependence on PGC-1a. Hepatic lipin-1 expression is also increased in type 1 and type 2
diabetes, conditions in which PGC-la expression is elevated [60]. The result which
shows that cycloheximide partially inhibits the dex-induced production of lipin] mRNA
in mouse hepatocytes indicated that the induction of cotranscriptional regulators such as
PGC-1a, may be required for full lipin-1 expression. A similar effect of cycloheximide
was not observed in rat hepatocytes. This might suggest that the level of endogenous co-

transcriptional regulators in the rat hepatocytes is sufficiently high for sustaining the level
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of lipin-1 transcriptional induction. Significantly, CPTcAMP had only a marginal effect
in increasing the dex-induced production of lipin-1 mRNA in rat hepatocytes, whereas

the effect was more marked in mouse hepatocytes.

As reported previously [89, 90], PGC-1a mRNA was increased when mouse or rat
hepatocytes were treated with CPTcAMP. Dex alone had no significant effect on the
level of PGC-1ao mRNA, but it greatly synergized CPTcAMP action. On the contrary,
dex effectively increased PPARa. mRNA expression as earlier described [91], and there
was little if any effect of CPTcAMP. These changes in the level of PGC-1a and PPARa
are compatible with what was observed in starvation and diabetes [89, 90]. Although
insulin decreases the signaling effects of PGC-la in vivo [89, 90], there was no
significant effect of insulin in directly decreasing the expression of PGC-1a mRNA in
mouse or rat hepatocytes. The results obtained for PGC-1a agree with previous work
with mouse hepatocytes [90]. Although lipin-1 expression depends partly on the presence
of PGC-1a [60], the dex + CPTcAMP effect in increasing the mRNA for PGC-1a and
PPARa mRNA do not precede the maximum expression of lipin-1. In addition, the
inhibition of lipin-l mRNA expression by insulin probably results from an action on
transcription of the Lpinl gene, because insulin did not block the stimulation of PGC-1a.
In the case of PPARq, there was an inhibition of the dex-induced effect in rat

hepatocytes, but not in mouse hepatocytes.
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In liver, the interaction of lipin-1 with PGC-1a and PPARa promotes the transcriptional
regulation of enzymes involved in 3-oxidation, and this is also a response to starvation or
diabetes [60]. Brindley et al. proposed that the GC-induced increase in PAP1 activity
could be an adaptive response to protect the liver against an increased FA load on
lipotoxicity in starvation and diabetes [31, 37]. However, TAG accumulation in the liver
could itself also be lipotoxic [92]. The work done here has provided evidence that lipin-1
is responsible for the GC-induced increase in PAP1 activity, which was previously shown
to increase hepatic glycerolipid synthesis [36]. As the concentration of FA increases and
exceeds P-oxidation capacity, PAP1 translocates to ER membranes to facilitate the
storage of excess FA as TAG. The accumulated fat droplets results in steatosis {31]. The
FA-induced translocation of lipin-1 also occurs in adipocytes and this facilitates limited
FA recycling to TAG during active lipolysis [52]. TAG synthesis in the liver should not
be regarded as a process antagonizing p-oxidation. It should be viewed as a companion
pathway since the stored TAG is turned over and FA used for oxidation [31]. Besides
facilitating TAG synthesis, increased lipin-1 expression also promotes the transcription of

key enzymes in FA oxidation [60].

Another possibility is that the stored TAG is hydrolyzed, and together with exogenous
FA, they are re-esterified for VLDL production. The secretions of TAG and
apolipoprotein B are also increased by GC, and insulin antagonizes this action [93-95].

Hepatic PAP1 activity is also positively correlated with circulating TAG [31, 40, 95], and
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the changes in the level of lipin-1 are probably partly responsible for the regulation of

VLDL secretion.

Recent work done by Bou Khalil et al. (submitted to JLR) [96] have shown that the
effects of GC in increasing hepatic expression of lipin-1A and lipin-1B are involved in
the stimulation of hepatic TAG synthesis and increased secretion of TAG and
apolipoprotein B. They provide evidence that after the expression of lipin-1A and lipin-
1B in the rat liver hepatoma, McA-RH7777 cells, PAP1 activity increased as did the
synthesis and secretion of DAG, TAG and PC when the cells were in basal condition or
supplemented with oleate. They also reported that in the latter condition, the secreted
TAG was mainly associated with the larger and less dense VLDL; and smaller and denser
VLDL;. In addition, they showed that there was an increase in the secretion efficiency
and a decrease in the intracellular degradation of apoB100 when lipin-1A and lipin-1B
were expressed. These results are consistent with the levels of lipin-1 controlling the
assembly and secretion of VLDL. In a report where DGAT was overexpressed in mouse
liver, there was an increase in TAG content of the liver but no increase in the production
rate of VLDL TAG or apoB [97]. This finding contradicts the common belief that hepatic
TAG synthesis modulates the VLDL production. Because VLDL production and
secretion requires other lipids and proteins such as PC, PE, and apoB100, an increase of
DGAT activity and TAG alone need not influence the production of VLDL. Unlike
DGAT whose activity is at the ultimate step in TAG synthesis, the activity of lipin is at

the branch point of both TAG synthesis and phospholipid synthesis. Therefore lipin-1
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appears to be an important regulator of both TAG and phospholipid biosyntheses since it
controls the synthesis of DAG substrate for TAG, PC and PE production and can

decrease the degradation of apoB100.

It is also possible that the responses of hepatic PAP1 to GC, glucagon, and insulin are

coregulated with those of enzymes involved in controlling gluconeogenesis [1, 31].
Transcription of key gluconeogenic enzymes is also regulated through PGC-la and
PPARa. The coregulation of lipin-1 expression and the physical interactions of lipin-1
with PGC-la and PPARa [60] might participate in modulating and integrating
gluconeogenesis with the increased capacity for hepatic TAG synthesis and p-oxidation

in starvation and diabetes. This mechanism may account for the 40% decrease in hepatic

glucose production during fasting in liver of fld mice [62].

Overexpression of lipin-1 in the liver can be beneficial for patients who suffer from
diabetes. Because diabetes patients develop insulin resistance and have an increased
circulating fatty acid load to the liver, the increased lipin-1 expression and hence PAP1
activity can increase the liver’s capacity for converting the toxic fatty acids into TAG.
This could be protective. On the other hand, it is important to take into account the fact
that diabetic patients develop hyperinsulinemia because of insulin resistance and insulin
normally attenuates lipin-1’s PAP1 activity. In this sense, the increase in hepatic PAP1
(lipin-1) activity is a marker for dysfunctional metabolism that predispose to

cardiovascular diseases [9].
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Due to the fact that enhanced lipin-1 expression in the adipose tissue can decrease insulin
resistance, it could be beneficial for type-2 diabetes patients who developed insulin
insensitivity to have an overexpression of lipin-1 in their adipocytes. This is often
achieved by administration of PPARY agonist, Rosiglitazone [98]. However, increased
lipin-1 expression in adipose tissue can lead to increased fat mass. Therefore type-2
diabetes patients ought to beware of this side effect. Similar to enhanced lipin-1
expression in adipocytes, overexpression of lipin-1 in skeletal muscle can also lead to
obesity. However, unlike in the adipose tissue, overexpression of lipin-1 in skeletal

muscle can result in insulin resistance.

To conclude, Lpinl transcription in mouse and rat hepatocytes is induced by GC. cAMP
synergizes this effect and insulin antagonizes it. There was no significant increase in the
expressions of lipin-2 in both mouse and rat hepatocytes. Even though there was an
increase in lipin-3 mRNA in mouse hepatocyte at a single time point, a similar increase
was absent in rat hepatocytes. Thus it is the dex-induced increase in lipin-1 expression,
but not lipin-2 and lipin-3, which contributes to the increased PAP1 activity in the liver.
The increase in lipin-1 mRNA of both splice variants, lipin-1o and lipin-1p, subsequently
results in an increased lipin-1 protein expression as well as PAP1 activity. This increase
in PAP1 activity was also observed in starvation and diabetes. The FA-stimulated
association of lipin-1 with the nucleus probably allows it to regulate transcription and

increase FA oxidation in starvation and diabetes. Increased lipin-1 expression also
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increases the liver capacity for glycerolipid synthesis and VLDL secretion. This is
achieved as the accumulated FA causes lipin-1 to translocate to the ER, where TAG is
produced. In turn, TAG builds up causing steatosis observed in starvation, diabetes,

ischemia, toxic conditions, and ethanol intoxication.
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CHAPTER 4

FUTURE DIRECTIONS
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4.1. Mechanism of lipin transcriptional regulation

One area of study that follows my work would be to identify how cAMP and insulin
regulate the induction of lipin-1 expression by glucocorticoids. Dex promotes the
transcription of Lpinl through an identified glucocorticoid response element [87]. Based
on computer prediction analysis, the putative cAMP response element binding-protein
(CREB) and forkhead box A2 (FOXA2) sites were found in the lipin-1 nucleotide
sequence (as shown in Fig 4.1). The CREB site is a well-characterized site where a
transcription factor called cAMP response element binding protein (CREB) binds to the
specific DNA sequence and alters the transcription level of specific genes. CREB is a
member of a large family of transcription factors with a basic region leucine zipper
(bZIP), which mediates both sequence-specific binding and dimerization. CREB is
activated through phosphorylation on a serine residue in response to protein kinase A,
which is activated by cAMP. The phosphorylated CREB then binds to CREB-binding
protein (CBP), a co-activator which then makes contact with other components resulting

in the induction of transcription [99, 100].

FOXAZ2 is a hepatocyte nuclear factor, which is a subset of transcription factors. We have
learned that insulin attenuates the GC and cAMP stimulation of transcription for lipin-1
in mouse and rat hepatocytes, and from previous work that the regulation of PAP1
expression by insulin, GC and cAMP parallels that of key enzymes of gluconeogenesis
and the increased capacity for p-oxidation [1]. Insulin suppresses the expression of

several key enzymes involved in gluconeogenesis through the forkhead transcription
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factor, FOXO1 [89, 90]. The insulin signaling pathway also regulates Foxa2. In the case
of B-oxidation and ketogenesis, insulin regulates the activity of Foxa2 through Akt-
mediated phosphorylation, which promotes its nuclear exclusion and prevents the
stimulation of transcription [101]. Because lipin-1 expression is linked to increased FA
supply and B-oxidation, Foxa2/Hnf3 sites [102] were searched for in the lipin-1 promoter

and the putative sites were found (Fig. 4.1).

Future work will involve the expression of various constructs of lipin-1 promoter
segments linked to the luciferase reporter (gift from Dr. Karen Reue) into RH7777 rat
hepatoma cells. The constructs which were generated at different lengths and were
expressed relative to the lipin-1 transcription start site are as follow: -2.045 kb, -1.6 kb, -
0.95 kb, -0.8 kb, -0.65 kb, and -0.25 kb. These constructs have been used in collaborative
work with Dr. Reue to identify the GRE sites required for the regulation of lipin-1
transcription [87]. The GRE site is found to be located within approximately the first 300
bp of the gene promoter. Since this GRE site is near the transcription start site, it will be
possible to study the effects of other transcription factor binding sites which are situated
on the promoter upstream of the GRE site, while in the same time being able to induce
lipin-1 expression by dex. Due to the fact that RH7777 rat hepatoma cells are easier than
hepatocytes to transfect, the experiment will be carried out in these hepatoma cells.

However, electroporation will be used to confirm the result in hepatocytes.
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After transfection, the RH7777 cells would then be treated with dex and compounds of
interest such as CPTcAMP or insulin and the level of luciferase activity can be measured.
It is predicted that CPTcAMP will increase the dex-induced expression of luciferase
activity while insulin will attenuates it. The results obtained from this experiment will
give information on the mechanism for the regulation of lipin-1 transcription by cAMP
and insulin. Once the putative C/REB and Foxa2 sites have been determined, the next
step would be an identification of these response elements. Mutation study will determine
if the putative C/REB and Foxa2 sites identified earlier are required for the regulation of

lipin-1 by cAMP and insulin.

2. Lipins mRNA Stability
My work identified how glucocorticoids interact with glucagon and insulin to control the
transcription of the Lpin-1 gene. The other component that would change mRNA for

lipin-1A and lipin-1B levels would be the hormonal control of mRNA degradation.

To investigate the stability of lipin mRNA, the primary culture of hepatocytes will be
treated with actinomycin D to inhibit the synthesis of new mRNA. Then, they will be
treated with compounds of interest such as glucagon, dexamethasone, CPTcAMP and
insulin. The relative concentration of lipin mRNA will be measured over in a time course
and the half-life for the mRNA will be calculated from each treatment and then compared
with the non-treated control to see if any hormonal treatment results in an alteration of

the mRNA half-life.
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3. Western blotting for lipin-2 and lipin-3

Our laboratory has commissioned the production of antibodies for lipin-2 and -3 that give
satisfactory Western blots with recombinant lipins expressed in HEK 293 cells. One of
the possible next steps is to investigate directly whether there is a change in the level of
lipin-2 and -3 protein expression following the hormonal and agonist treatment.
However, my work and that from fId mice indicates that lipin-1 is the glucocorticoid-
inducible lipin. Therefore, it is unlikely that the results obtained from this experiment will

contribute to the increased PAP1 observed when hepatocytes are treated with GC.

4. Lipin protein degradation

Previous studies have shown that there was a decrease in the decay of PAPI activity
when the hepatocytes were treated with 10 nM glucagon or cGMP in the presence of
cycloheximide to prevent new proteins including PAP1 synthesis. Conversely PAP1
activity declined more quickly when 500 pM insulin was used [42]. A pulse-chase
experiment can now be carried out to study the degradation of the lipins by employing
the anti-lipin-1, -2, and -3 antibodies which are now available. In the pulse period, the
cells will be treated with [*>S]methionine/cysteine followed by replacement with a non-
radioactive methionine/cysteine medium. Compounds of interest such as glucagon,
dexamethasone, CPTcAMP and insulin will be added to the medium at the beginning of
the chase period and the cell lysate will be collected over the chase period. The three
lipins will be immunoprecipitated and separated by SDS-PAGE. Scintillation counting of

radio-labeled lipin proteins will be used to determine the amount of each **S-labelled

71



lipin, allowing determination of the effect that each hormone has on the half-life of the

different lipins.

5. ApoB and MTP mRNA expression

Previous studies have shown that glucocorticoids can increase PAP1 activity and hence
the capacity of the liver to synthesize TAG [1]. Furthermore, glucocorticoids can also
stimulate the production of apoB and drive the secretion of VLDL [93, 94, 103]. By
contrast, insulin attenuates the glucocorticoid stimulation [1, 93], which resembles the
control of lipin-1 activity. Direct expression of lipin-1A and -1B in RH7777 cells also
stimulates the production of apoB and increases its stability (submitted for publication)
[96]. In order to assemble and secrete VLDL, a protein called microsomal triglyceride
transfer protein (MTP) is required [104, 105]. We hypothesize that the change in lipin-1
expression may occur upstream of the change in MTP and ApoB expression. Moreover,
lipin-1 itself may participate in controlling the expression level of MTP and ApoB, both
of which are essential components for VLDL production and secretion. Therefore, it is
interesting to study the time-course expression of both apoB and MTP mRNA in a time-
course relative to the expression of the lipins. We expected to see an increase of lipin-1
preceding an increase of ApoB and MTP. If this holds true, it would also be interesting to
overexpress lipin-1 in hepatocytes isolated from fId and control mice liver to determine if

there is a change in the expression level of MTP and ApoB.
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To summarize, GC increases the expression of lipin-1 mRNA in the primary culture of
hepatocytes isolated from rat and mouse liver. cAMP synergizes this GC-induced
increase in lipin-1 mRNA while insulin antagonizes it. No significant increase in the
expression of lipin-2 and lipin-3 mRNA was observed when treated by GC. The increase
in lipin-1 mRNA expression is responsible for the increases in lipin-1 protein level and
PAP1 activity, which are found in conditions such as starvation and diabetes. The
increase in PAP1 activity, found when there was a higher concentration of GC relative to
insulin, enhances the liver capacity for hepatic glycerolipid synthesis and is reflected as

steatosis in metabolic syndrome.
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GGACCTGCTTAACCRACACCTCCGCTCACTTCCTGGATTGTARAACTGAGTACGGAATCG
AGGATGCTGTACTGCTGAGCCCAGGATTGGCTCCTTCCTCCTCTAGCTAGAGTCATTAGG
TTATTTCCCCTCTTCCGACTTGGGCTGAACACAGCAGGTACTGGGATTGGCTCAGGGGAT
CACCTCAGTTCTCTGGCTGAGTCACAGCTCAGCGGCAGGAGCGTGGCTG
AGGGCCCCACCAGGGGGGCTCCAGACTTTGCCGGGTTAGAACACCTGGGCTTCA
GTGCGACCATCTCCTGTGACCTAGTGAATGTTTCTGAGAT
> TCTTCTTATAGGCAGCAGGCAAAGCTGGTCCTATCTTTGCT
ACTCAGAGCTGTCTGGGTGCGTTTGCGGTTGTGTGTGCGGGTTCCAGACCCCAGGTTCAT
TTGTGGGGTAAGGGCTTTGGGCTGGACTTTATGTGTTCAGATTCTCCTCCACCTGCTTCA

; | ACAGAATGTAAGACTGTA
GGCTGGGGGTGTGGAGGATGGAGGAGATGATGGAGG
TGGGGCAGGGTGCCTTCATTCTGGGGTCCAGAACCCCAGGACTTTGTGGGCAGCGGAGACL
AACCCTTGTGGCTACTTGTGTTGCCCCAAGTGCAGCTGGAGCGCTTCCACCTCTGTCTTT
ATGCTCAGAGTCACCCTGCCTGTGCTGATCTCCTGAGCACTGGGGTGGAGGCAGCCCAGC
CTGGCTCAGTTCCCTTGCAGGTCTTCGGTGGCCTGGTCTTGGACTGGGGTCCTAGCTTGC
TTGGTGGGCAGAATCCCTTGAGAGGGATCTCCAGTGCCTCGGAAACCCAGTGTGGGGGTG
GGGGTGGG CCGGAAAGCAGAGGGATTGGAAGTTCGTGGTCAC
CTTTAGATTCGTAGATTTTAGGACCAGTTTGGGGTACACAAGCCACTCCTCCCTGGACCT
CCCCACGAACTAGTTTTTCTCAAGGTGGGACGCACCCGTCATCATTCTGACCTCCCTCTC
CTGGGTTGCTTGTGGCTGGCATCCATTTCTGACTCATATTTCTGCATATAGTTTCCGGTG
ACAGGTACATTATACTTGGGCTCTCTCTGTTGGTCTACGAGACCCCAGGTATATGTTCTC
CAGCAGTCTTCCTCAAGG GC CTGTCCCCCAGAAAGCACTGACTCTTCGGAG
GGTTGTTGTATATATA CTGGATGTAGCTCAGTTAGCGGATGTGA
AGCTCTGGGGTCCATTCCCGGC GCATAAAGTAGGCATGGTGGGGGTAGGATTGCCTGT
TTGGGAGGTAAGATAGGCAGATCCGAAGTGCAGGGTCATCCAGGAACCC
ATAGAAAGCTTGAGGCAAGCCCGGGATATAGGAGTCCTTGTCTCCTAGTAGTCTCGTGAC
A TTAAGAGTGACTTGGTCTGACTTG% >CCAGACCTGGCATTGTC
: » TTCCTGGCTCTGCTGACTGGTGGTGAATGTTAGCCAGGAGGGAGGCAG
GATGTGGGAGTGCTAAGATTAGGAATTGATCCCTAGCTTGTGACAGGCACATCAGGGGAA
GAACTAATTGTAAACTGACATAAGGTCAAAACAGGGTCAGGCTGTGGAAT TAGAAGACTT
TGGCTGCCTACTCCCTGGAACGCCAAGGCAGACAGTCCAGTCTGGGGAGGGATGGGATGE
GAAGGGGGAGGCGGGGATATGAGAGGGAGGTGGGAGGTGGGGTGGGGTGGGGGGGGGGTC
TGTGGGCTCTGAAAGCATCCCAGCAGCACGCTCCTCCAGAGTCCCCTGGCGTCGCCCCGG
AGACTCCGCCTCCTTTCAGGCCCCGCCCCTTGCCGTGCTTTAGCTGACAGCCGCTCCGGE

AAGGCAGCCACACGCGTGCGCGCCTGCTCGTGAATCCTCTTGGT

GAGTAGCAATGGGGA

HNEF38; Hepatic nuclear factor 3 beta (Foxa2) binding sites
CREB; Cyclic AMP response element-binding protein binding sites

C/EBP; CCAAT/enhancer binding protein

Overlap

Figure 4.1. Mouse Lpinl promoter showing possible regulation sites for modulating GC-
induced expression. The sequence is from -2040 to +70 kb. The search has been done
using MATCH™ (Matrix Search for Transcription Factors Binding Sites) in
TRANSFAC Professional®.
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APPENDIX

Glucocorticoids and cyclic AMP selectively increase
hepatic lipin-1 expression, and insulin acts antagonistically
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Absiract  Glucocorticoids (GCs) inercase hepatic phospha-
tidate phosphatase (PAP1) activity. This is baporant in
enhancing the liver's capacity for storing fatty acids as
trineylglycerols (TAGs) that can be used subsequently for
B-oxidation or VLDL secretion. PAP] catdyzes the conver-
sion of phosphatidate to diacylglyeerol, a key substeate for
TAG and phosphiolipid biosynthesis. PAP enzynws in liver
include lipin-1A and -1B (alternatively spliced isofonns) and
two distinet gene products, lipin-2 and lipin-3. We deter-
mined the mechanisms by which the compaosite PAP'L
aclivity is regulated using rat and mouse hepatocytes, Leve
els of lipin-1A and -1B mRNA were increased by dexaracth-
asone (dex; a sytithetic GC), and this resulted in inereased
lipin-1 synihesis, protein levels, and PAP] activity. The stim-
ulatory effect of dex on lipin-1 expression was enhanced
by glueagon or cAMP and sntagonized by insulin. Lipin-2
and lipin-3 mRNA were not increased by dex/cAMP, in-
dicating ihat increased PAPL activity is auributable spe-
cifically to enhanced lipin-1 expression i This work
provides the first evidence for the differential regulation
of lipin activities. Selective lipin-l expression explains the
GO and cAMP effects on increased hepatic PAPY activity,
which oeeurs in hepatie steatosis during starvation, diahe-
tes, stress, and  ethanol unhumptmum\imtmnmn B.,
M. Sariahmetogly, [ Donkor, M. B Khalil, M. Sundaram,
7. Yao, K. Reue, R Lehner, and DL N Biindley. Gluco oorti-
coids and eyclic AMP selectively increase hepatic lipin-d
expression, and insulin acls antagounistically. J. Lipid Res.
2008. 49: 1056-1067.

Supplementary key words  B-oxidation » diabetes « ethanol ingestion
fasrivgg * ghrcagon + hypertriglyceridemia » steatosis » rriacyiglyceral
synthesis

‘\eLurmmhcm phosphatidate phosphatase {PAP1) activity
is Mg” dependent and is inhibited by Methylmaleimide

Maruseript vewived 11 Janeary 2008 and in toviied form 31 fawaary 2004

Published, JLR Papers in Pregs, B z,ebmar) 15, 2008,
DO 141194/l MSDO013-JLR200

W56  Journal of Lipid Research Volume 49, 2008

Intwersity of Califomia,

(1). These characteristics distinguish mammalian PAP]
from PAP2 activites that also convert phu‘;phmidam {PA}
w diacvlglycerol (DAG). PAP2 is now commonly known
as a family of lipid phosphate phosphatases (LPPs) that
dephosphorylate a variety of lipid phosphate esters. The
LPPs are mainly involved in regulating signal transduction
{2). By contrast, PAPT appears 1o be specific for PA as a
substrate (3, 4) and is a required enzyme in the biosyn-
ihvesis of wiacviglycerol (TAG), pimsphatidylchn!im, anc
phosphatidylethanolamine (3).

Our previous work showed that injecting ratws with cor-
tisol or corticowropin produced marked increases in PAPI
activity in the liver (6, 7). Subsequent work with rat he
patocytes demonstrated that the ghicocorticoid (GC) ef
fect in increasing PAP1 activity was synergized by glucagon
and inhibited by insulin (8, ). We showed that these GG
induced increases in PAPL activity provide the extra ca-
pacity for the liver 1o sequester excess FAs as TAG when
these FAs are not inmediately required for Boxidation
{51, The interaction of GO with insulin explains the di-
wnal rhythun of PAPT activity in rat livers (103, The GO
effect is also consistent with increases in hepatic PAPT
seen after sham operations or in liver remnants after
partial hepatectomy (11), instarvation (8}, diabetes (12),
insuline resistance (13), and hypoxia (14), and in toxic
condigons (5}, Increases in hepatic PAPL also occur in
response o dietary modification in rodents, for instance,
when glucose or starch is replaced by fructose, sorbitol,
glycerol, or ethanol (15), and these effects are exagger-
ated by high-fat feeding (16). These changes in PAPL are

Abbresiations  CPTeAMP, B{d-chlorophenyithio cyclic AMPLDAG,
dincylglycerol; dex, dexamethasone; ER, endoplasmic redeubim; GG,
ghacocoriooid; LPP, Hphl phosphage phosp hatase: PA. phosphaidace;
PAPL, phosphatidaie phosphiatase; POC-la, peroxisome profiferator-
‘wuv,w:d R0 (‘plmmac thvator-log TAG, tiaevighoerol,
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also associated with inereased GO concentrations relative
to insulin, PAP] activity is also increased in the livers of
baboons (17) ard human aleohotics (18). The inwhe-
ment of GC in ethanolinduced increases in PAPL acuivity
is confirmed because this is attenuated in adrenalecto-
mized rats (19},

The physiological expression of PAPL activity involves
a FAdnduced tanslocation of the reservolr of cytosolic
PAPI to become functonal on membranes of the en-
doplasmic reticalum (ER}, where PA s synthesized (20,
21). The activity of the membrane-bound PAPI correlates
closely with the conversion of PA to DAG and the synthe-
sis of TAG and phosphatidéicholine in intact rar hepa-
tocytes (21).

Further work in this area was severely hampered be-
cause of the inability of any group to purify or identify
the structire of PAP1. This stuation changed with a pab-
lication by Han, Wu, and Carman (4), who identified
the yeast PAPL (PAHL previously known as SMP2) as
an ortholog of mamnwalian lipin. Thev also showed that
recombinant mammalian lipin-1 had PAPL activity, Mam-
mals express a family of liping consisting of lipin-14 and
s splice variant lipin-1B, plus lipin-2 and lipin-3 22}, In
mature adipocyies, lipin-LA is preferentially located in the
nucleus, wherens most of the lipinIB is found in the
evtosol (233, Our recent studies demonstraged thag all of
these lipins possess Mg -dependent PAP1 activity and
that they are expressed in a tissaespecific mamner (3). For
example, lipin-1 provides the majority, if not all, of the
PAPL activity in white and brown adipose tissue, skeletal
muscle, and heart, whereas liver expresses lipin-1, -2, and
% (3, 24). This observation explains why the fid mouse,
which has a null muation in the Lpinl gene, exhibins
lipodystrophy, because lipin-1 is required for the develop-
ment of mature adipocytes by regulating the expression
of peroxisome proliferatoractivated recepror y (PPARy)
and TAG synthesis (25). The fld mouse also develops a
farty liver and hypertriglyeeridemia in the preweaning pe-
riod, which indicates an ability of the Hver to synthesize
and secrete TAG (26). This capacity in the fld mouse is
explained by the expression of PAP1 activity through lipin-
2 and -3 (3, 24). In facy livers from fld mice show nor-
mal PAP] activity and increased lipin-3 mRNA levels,
presumably as an adaptive response 10 the lack of lipin-1
(3} In addition o controlling TAG synthesis, lipin-1 in-
creases the capacity of the liver for Boxidation in fasting
by facilitating vanseripdonal regulation by peroxisome
profiferator-activated recepor-coactivator-la {PGC-1a)
and PPARw (27).

The discovery that the liver expresses lipin-dA, -1B, -2,
and -3 (8) provokes the question of which lipins respond
o hormoenal regulation to explain the observed physio-
logical changes in the composite PAPT activity, Answering
this question and describing the mechanisms that control
the expression of the different lipins are essential to -
tablishing rheir functions in hepatic merabolism and for
understanding the hormonal regulaion of their expres-
sion. To investigate this, we compared the responses of
primary cultares of rar and mouse hepatocytes over a time
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course after trearment with hormones and 8- {d-chloro-
phenyithio) cyclic AMP (CPTcAMP), The resulis show
that the members of the fipin family were differentally
regulated by dexamethasone (dex), glucagon, and insu-
lin. Dex with glucagon or CPTCAMP markedly increased
total PAPL acdvity, and this effect was accounted lTor by
the increased synthesis of lipin-l. Insulin attenuated the
dex- + CPTeAMP-indueced inereases in lipin-1 synthesis.
These results provide the first evidence for the differen-
tial regulation of the activity of differentliping in the liver,
They help to explain how the composite changes in PAPL
(lipin} activity may coordinate increased TAG synthesis,
Broxidation, and VLDL secretion in conditions of star-
vation, metabolic stress, insulin resistance, and diaberes.

METHODS

Muaterials

Dex. CPTCAMP. insulin, and glucagon was purchased from
SignueAddrich (St Louis, MO). Rabbit polyvclonal antbodies
agains lipinel were prepared in accordance with University of
Outawa Heary Institute regulatons relatdng w Animal Care
Procedures using the peptide SKTDSPSRKKDKRSRHLCADG
essentially us described previously (#8). The antibody was used at
a ditution of 1:500, Mouse monoctonal antibody for the VB g
and GAPDH were purchased from Invitrogen and Sigma and
used at diluions of 1:1L000 and 1:5000, respectively. Secondary
antibodies were IRDye 800 goat anti-tabbit IgG (Rockland Ime-
munochemicals, Gilbermyille, PA) and goat antimouse 1gG con:
fugated to Alexa Fluor 680 (Molecular Probes, Eugene, OR).

Preparation and culture of hepatocytes

Hepatooyies were prepared from male Sprague-Dawley rats
(200540 ) or GHTBL/G mice (225-32 g) a5 described pros
viousty (29). They were plated onto collagen-coated dishes in
DMEM conmining 15% serum in an atmosphere of 95% air
andd 5% COy For 45-80 min to allow atachment. The mediun
was changed w remowe nonsiable cells, and the hepatocytes
were incubated for a further 4 h to allow them to sprearl. The
medimm was then changed, and the hepatocytes were incubated
tor different times i serumedres medium containing 0.1% BSA
with the wddition of hommones or agonbis as indicated. Al
incubations contained 0.5% DMSO, which was used as a whicle
for dex.

Gene expression analysis in fasting/ refeeding conditions
Livers were harvested from 16 week old ferale C57BL/6]
mice after fusdng for 16 h (fasted samples) or fasting for 16 h
fsllowed by refeeding for 4 h (refed sumples). Total RNA was
isolated with TRIzol (Invitrogen, Carlshad, CA) and cDNA syn-
thesized from 2 pg of RNA using the Ouanisoript reverse vane
wriptase kit (Qiagen, Valencia, CA). Reaktime RT-PCR was
purfm‘mcd with the iCycler (Bin-Rad, Hereules, CA) using SYBR
Green PCR reagens (Qlagen ) s described previousty (25). Gene
expression was normalized o level of Be-microglobin and 185
RNA. Primers used for this fasting study are bisted in Table 1,

RNA guantitation lor hepatocyte samples by
real-time RT-PCR

RNA was collected wsing the RNAqgueous Kit (Ambion, Inc
Austin, TX) according o the manufacturer’s direcdons. Reverse
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TABLE 1, Oligonucleotide primers nsed for reabtiine RGPCR in fasting experiments with mice

Provcin Forvapd Promer Reverse Primer Refrronce
Mouse 18 rRNA accgragetagguataatgea goctoagiieogaaaacea
Mouse Bemicrogiobin gletiicageaagractgpic CAaAi g CACCARACe 48
Maouse tipinlA EHICCLCCAGCCCCAGLECTE Bragrelgiggeaatea 23

: cageokggagatigroaga BeAgCCIgIggoantica i)
Maouse Hpte2 agrygacLecatcancgiag CCCARAECANCARACIEEL k]
Manse Hpine3 LR RATIRE FAtgAcAAgEE CACTRLAARIACCOCIgTT 3
Mouse PGCla CHACAgAc A racagy (U CHAgC A v
Mouse PPAR aatgeaalicgruiggaag LReCHgacCgearg 8

PGC e, pewsisonse profiferaroractvated receprorcond dvaoe-1og PPARw, peroxisome prolifemeoracthared
recepior o Where not referenced, primers were designed by Prienerd or Primer Express version 2.0 software usi
p W t reft 1og lessgnexd bw P Jor I E 1+ 2.0 software uste

default parameters.

ranscription was performed wsing SuperScript I, random
primers, and RNaseOUT according to instructions from the sup-
plier (lavitrogen). PCR wis performed on an iCyder (Bio-Rad)
using SYBR Green POR reagents (Applied Biosystems, Foster
City, CA). Primer sequences for PCR are liswed io Table . Gene
expression was normalized to the housekeeping genes cyclo-
phitin Aaud GAPDH. In inital experiments, the refative changes
in mRNA expression for the liping were essentindly the same
when expressed relative o both reference mRNAs; therefore,
wee routinely expressed results relative to cvclophilin A miRNA,

Measurement of PAP1 activity

Hepatocytes were hsed in 0.25 M sucrose containiog 2 mM
dithiothreitol, 0,15% Tween 2, and a protease inhibior cock
wit (Sigma). We developed the following assay specifically to
give aceumte measurements of relative PAPL actisity in tissae
amnd cell homogenatey, which e able 10 metabolize PA by sev
eral dilferent routes (3, 30). We chose to measure the foram.
ton of DAG from PA labeled with | ll]ga!mnaw (‘3, My in
preference 1o the release of watersoluble P from | [**PIPA. In
fiver or hepatocvie homogenates, ghyeerol P can be produced
by phusp}mhk:a.w A action, and this product is further converted
o norganic TP (513, Thus, this ey assay with orade snayoe
prvpamrmm b h(‘ usedd with care wy ensure that the mes
sured P is only produced by PAP activity (42), We also mixed
the PA in the molar mtio of %2 with nonradisactive PO, beoause
this form of the subsrate maximizes PAPL acvily relative to
that of PAFZ (1), In our assays, ~<90% of the PAP activity is
from PAP1 {8). Had we used Triton X-HH w solubilize the

PA_ this wonld extract lipids, hydrophobic proteins, and aoe
phiphilic proteins from the homogenates, and the advantuge of
this "defined substrate” would immediately be tost. Mowover,
the wse of PA dissolved in micelles of Triton X100 favars
PAP2 activity relative to that of PAPT (1), It & important in as-
says for PAPL o eliminaie the contribution from PAPZ, and
this i best done in these mammalian systems by inhibiting
PAPT activity with Nethylmaleimide rather than by trying ©
eliminaie the effecs of endogenous Mgw (34, 383, This value
was then subtracted from the ol acdyvin to give PAPE activiey,
Thus, maximizing the PAPL ac ;i\’iry viebrbe wy PAPZ makes this
carrecion smadler and leads 1o greaier precision in estimating
PAFT activity in tgssue and cell horsogenates. We also discovered
that adding Tween-20 0 the homogenates stabilizes and in-
s PAPT acivity (34). In additon, FPween-20 appears w
mininize the breakdown of the DAG product by lipases in the
assay, making the use of tetrahydrolipstaiin w nhibit this activiey
unnecessasy (3).

Briefly, samples were assaved in 100 mM Tris/maleate
butfer, ptl 6.5, 5 mM MgCly, 2 mM dnhmthrmml 2 mg/mi
FApoor BSA, 0.6 mM PA L\hf*!vd with [* H | patmitate {1 X
10° dpm/assay), and 0.4 mM phusphdhd\)chahlw The
I"{H]IJA(, product was pur:!:u] using aluming and then guan-
dtated by scintifladon cowing (33). Parallel incubadons were
performed in the presence of excess (8 mM) Methyimaleimide
to inhibit PAPT and to compensate for any PAPE (LPP) activity
in this assay (30). The amount of cell homogenate was ad-
justed so thae the formacion of DAG consumed <15% of the
PA added. Reaction rates wore meassured at three different
protein concentrations to ensure the proportdonality of the ussay

TABLE 2. Oligonudeotide primers used for reabtime RIPCR in he patocyte experimenis
Prowin Forward Primer Reverse Primer Reference
Cyelophilin A cacegigictiogacateac coaglg cEcagagetogaay 49
Mouse GAPIIT EgrCCgIOgtigacign COHRECACCRCCIECTEGA
Motse lipine1A FOCLECICH FRAICCICE CRALTCALCCCFATAEC. 23
Mause Hpinl B mgcx g tagatigooaga GEALCCLELERCARTECA 2
Rat tipin-] LEALCARHEC L CHARCCHTC O
Rat lipin-18 O REAR AL A AR RE R LR R tCEE Lt
Rar and mionse Bpin-2 TAEALR L ARACCC LI CLS U UL ROLCIERRL
Rat and mowse liphe-§ AL EACAUHCCA Y O EATRLCAC FCAYLC
Minme PGC-la gEracgeageicatica CRACAT gEARAR hAXAE HaagA
Mouse PPARx ACEACHEAY SECACHCALRLE L ICREATAC TAg C LA 50

Rar PG
Rat PPAR:

CACRALCRRACAGIATIEA
tggagreCaCgCatggag

CCRCARLIBCRHE CATL
cfreageitageogastag

Where not veferenced, primess were desipned by Primer3 or Primer Express version 2.0 software using

default parsmeters,
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for vach sample, so that the velative rnes of PAPT acdvity can

be calcniated,

Expression of recombinant lipins

LipindA, 1B, 2, and -3 that were wagged with a Vb epilope
were ﬂxprmmd in HEK 943 cells as described previousty (3). and
these were used W test the specificity of the lipin-1 antibody.

Western: blot analysis

Protein concenmrations in cell hsates were determined using
the Bradford protein assay (Bio-Rad). Identical amounts of pro-
tein (100 p) were mixed with a commerdial loading bulfer
{Invitrogen), and proteing were separated by SDSPAGE (35)
wsing 8% gels. The protwins were tansfesred onio nitrocellutose
membranes (Bio-Rad), which were blocked with Cdyssey® blocke
g butter (Li-Cor Biosciences, Lincoln, NE). Membranes were
then incubated with rabbit antibocdios for lipind or mouse
monadonal antbody for GAPDH or V5. The membranes wore
then wished and incubuted with IRDye 800 gout anirabbic [gG
and goat antimouse IgG conpugated 1o Alexa Fluor GO,
respectively, Simuitancous hmages obiained ar 700 and 300 nm
were guan hied using the Odyssey® hvager Sysem (LiCor).

Statistical analysis

The significance of differences among eatments was ana
Waed using 2 Newman-Keuls post hoo st for a one-way ANDVA
or 2 Bonferront test with a two-avay ANOVAL

RESULTS

To investigate how the expression of different lipins is
regidated in the liver, we used primary cultires of mouse
hepatoeytes to relate this work 1o various mouse genetic
models thar exist or will be created. We also nsed rat he-
patocyies, because our earlier work showing marked
hormone-induced changes in PAP] activity was performed
with the rat. We incubated the hepatocyies for various
thineswith an oprinyem (100 nM) concentration {(9) of dex,
a svnthetle GO, becanse the natural corticosterone is effi-
clently degraded by hepatacyies (9). We also derermined
interactions of dex with glucagon, CPTcAMP, or insulin,

Hormonal regulation of the expression of mRNA for
lipiee1A and -1B

In mouse hepatocytes, the relative mRNA levels Tor
lpin-1A and -IB were increased by dex and reached a
peak after ~4 h {Fig. 1A, C). This dex effect was ampli-
fied by the presence of CPTCAMP (Fig. 1A, C) ar by
glucagon in the case of lipin-18 (Fig. 2A). CPTcAMP or
glucagon alone had no significant effect in increasing the
mRNA for lipinlA or -1 compared with the unteated
{control} incubations (Figs, 1A, C, 24). Insulin alone had
no significant effect on the relative mRNA concentra-
tions for lipin-1A or -1B compared with the nontreated
control. However, it attenuated the effects of dex alone
and dex with CPTcAMP or glucagon (Figs. 1B, I, 2A).

For work with rat hepatooytes, we chose to use prim-
ers for towml lipin-l and lipin-1B, because at the begin-
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Fig, 1. lnreracrion of dexamerhasone (dex), cAMP, and insulin

i conerolling mRNA expresdon for lipin in monse hepaiocytes.
Mouse heparocytes were incabared for the tdines shown with 100 nM
dex (Dex), 100 wM B dchliorophenylthio) cyelic AMP (CPTeAMDP,
cAMP)Y, and 100 oM insabin (Tos alone or i combination as inde
caped. Reladve mRNA concentanons for the differens lipins wore
measired {A-H) by reaktime RTWPCR and expressed relative o
that for cyclophilin A, Resules are expressed as means = SEM for
313 imdependent experiments, The significance of the dilfer
ences (P« 0.05) is indicated gy follows: * different from the us.
treated control value; f dex alone different from dex + CPTeAMP
treatmen; § incubadion with insufin decreases the effect of dex
alone or dex + CPTeAMP.

ning of this work we were uncertain about the nucleotide
sequences for these lipins. The levels of mRNA {or
lipin-l and -1B in the nonweated controls declined as
the incubation proceeded (Fig. 34, C). Dex increased
the levels of these mRNAs relutive 1o the value at thme
of incubation and even more s0 compared with the
nontreated control at the equivalent dme. Maximum
increases were obtained after 4-8 h of ncubation.
CPTcAMP or glucagon alone had no significant effect
on the levels of mRNA for lpin-l and -1B (Figs. 2B,
3A, B). Although CPTcAMP or glucagon appeared (o
have a slight effect in angmenting the dex-induced
increase in the levels of mRNA for toral lipin-l and -1B,
this anly reached stadstical significance {or lipin-1 and -1B
at the B and 4 h, respectively. Insulin alone had no sig-
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Fig, 2. lowracdon of dex, ghecagon, and nsolin in conrofling
mRNA expression for Hpined in mouse and rat hepatocytes. Mouse
(A) and rac (B) hepatooytes were incubared for 4 and 8 h, respec
dvely, with 10 nM dex (Dex) 1 oM plucagon {(Glad, and 100 oM
msulin (Ing) alone or In combination as indicated, The relatve
mRNA concentrations for the different lpiss were measured by
realeime RT-PGR and expressed relative to that for cyelophilin A,
Results are means = SEM for 3-15 independent expeaiments for
the mouse and for 3 to 8 experiments for the m. The dgnificance
of the differences (P <0 (M5) is indicated as follows: * different
from the untreated conmol valwe; * dex alone b significandy
difterent from dex -+ CPFITAMP meatment t incubation with in-
sulin decreases the effect of dex alone or dex + ghecagon,

nificant effecr on MRNA levels for lipin-1 ar -1B, bur i
decreased the effects of dex alone, or dex with CPTcAMP,
or glucagon (Figs. 2B, 3B, D).

Actinomycin D) blocked the dex effect on the levels of
mRNA for lipined A or -1B in mouse hepatocytes (Fig, 4)
and for lipin-1 and -1B in rar hepatocytes {results not
shown)., This demonsoates that the increase in mRNA
depends on increased transcription. Conversely, the dex-
induced expression of mRNA for lipinl and <18 in rat
hepatocytes was not decreased by the presence of cy-
cloheximide, an inhibitor of protein synthesis (results
not shown). With mouse hepatocytes, cycloheximide de-
creased the relative dexdnduced increase in mRNA for
lipin-1A and -1B (Fig. 4D, E).

Hormunal regulation of expression of mRNA for lipin-2
For mouse hepatocyies, no treatment that we nsed
increased lipin-2 mRNA levels (Fig. 1E, F}. In fact, the
expression of mRNA for lipin-2 decreased during the in-
cubation period in the nontreated controls and in dex- ov
insulin-treated hepatoeytes. The presence of CPTcAMP
alone, or in combination with dex, or insulin maintained
the mRNA ar the starting level for ~8 h. For rat hepa-
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Fig, 3. Interaction of dex, cAMP, and insulin in controlling mRNA
expression for lipin in rat hepatocytes. Rat hepatocyes were
ncabated for wrious does with 100 oM dex (Dex). 100 pM
CPTCAMP {cAMP), and 100 oM insudin (Ind) aone or in come
Binmation a indicated, The relative smBRNA conventeations for the
ciffereny lipins were yesaured (A-H) by realsime RUPPCR and
xXpre vedativie o thar for cyclophifin AL R re expressed ay
means & SEM for three wo cight independene experiments. The
sgmbcace of the differences (P < 0.05) & ndicated as follows:

* differont from the untreared conerol vabee; ¥ dex alone ditferent
fiom dex + CPTCAMP weamment; | incubation with insulin de
croases the offect of dex alone or dex + CGPToAMP.

tocytes, lipin-2 mRNA levels decreased over the period
of incubation under all conditons (Fig. 3K, ¥).

Hormonal regulation of expression of mRNA for lipin-3

Treannent of mouse hepatocytes with dex increased
the refative lipin-3 mRNA concentrations by ~4-fold after
8 h (Fig. 1G), CPTeAMP or insudin alone had no signif
icant effect relative to the nontreated eontrol, but both
decreased the dex-induced nerease in lipind mRNA
(Fig. 16, H). Treatment with actinomycin D or cvelo-
heximide also blocked the dexdnduced increase in
mRNA (Fig. 4C, F). These inhibitors also auenuared
the expression of lpin-3 mRNA in the nontreated con-
trol hepatocytes after 8 h (Fig. 4C, F) or 4 h {resulis not
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Fig. 4. Effects of actinomycin D and eycdoheximide on the dex-
induced increase i wRNA for HpindA, -1, and -3, Moose
hepntocytes were treated with or without dex (Dex) in the prosence
ar absence of 10 pg/ml actinomycin D (cells were abo preincu
Bated for 30 wmin with actinomycin IN (A=C) or § pg/ml cycho
heximide (D-F), To measure mRNA production for lipindA
and <18 or lipin-3, the hepatoiytes were incabated for 4 or 8 h,
respectively, based apon the rdme required o achieve oprimurn
stimukation of mRNA production o show in Fig. 1, Whine cohonns
show vakues for incutations i the atsence of inhibior, wherens
hlack and hawhed columns indicaie the presence of actnonyvin
D or evelohexidde, respectively, Resuls are micans & SEM for
three independent experiments, except for F, where means %
anges are shown for two expesimess. The signifieance of the
differences (P < 0.05), a5 ovaluated with a Sowdent’s feest, s ine
dicated as follows: ¥ dex weaoneny different from the unweated
control value; ® the actinomycin 1) or ovclpheximide result s dif
ferent from the equivalent incubation without these inhibitors,

shown). One explanation for these results is that the
manscription of lipin-3 mRNA in mouse hepatocytes is de-
pendent on the rapid synthesis of an unidentified protein.

In rat hepatocytes, none of the hormonal treatments
changed lipin-3 mRNA levels relative 10 the nontreated
control (Fig. 3G, H). There appeared to be a gradaal in-
crease in lipin-3 mRNA levels during the 18 h of incu-
bation even in the nontreated control (Fig. 3G, H). This
effect was blocked by actinomyein D or cvclohexdmide
{results not shown),

Relationship of the expression of mRNA for peroxisome
proliferatoractivated receptor-coactivator-lo and PPARw
to that of lipin-1

Full induction of hepatic lipin-l expression nnder
conditions such as fasting recuires the presence of per-
oxisome prolileratoractivated receptor-conctivator-le
{(PGC-1ag, and lipin-l also interacts physically with hoth
PGC-Toe and PPARa (27). To understand whether the
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elfects of dex, CPTcAMP, and insulin on the expression
of mRNA for lipin-17 or -1B depend upon prior changes
in the manscription for PGGla and PPARw, we de-
termined the time conrse and hormonal requiremenis
for expression.

In monse hepatocytes, the maximum effect of
CPTeAMP in increasing mRNA expression for PGG-lo
was achieved by 4 h. Dex alone had no significant effect
an the expression of mRNA for PGC-la, bur it synergized
the action of CPTcAMP (Fig. 5A). Insulin did not sig-
nificantly affect these actions of CPTeAMP and dex +
CPTeAMP (Fig, 5B).

Dex produced maximum increases in mRNA expres-
sion for PPARa by 4 I (Fig. 53C). CPTeAMP alone did not
change the mRNA expression, but there was an indication
that it might have delayed the maximum expression of
PPARq. Insulin did not modify the effect of dex ov dex +
CPTeAMP significantly (Fig. bD).

In rat hepatocvtes, CPTeAMP increased mRNA expres-
ston for PGG e, especially in the presence of dex. The
maximum increase ocawrred after ~8 h (Fig. 6A, B).
Insutin had no significant effect in inhibiting these actdons
of CPTCAMP and dex + CPTeAMP.

Dex alone increased the mRNA for PPARx after 8 h
(Fig. 6C, D), but in contrast io mouse hepatocytes, CPTeAMP
pantly attennated this effect. There was also a pronounced
effect of insulin in attenyating the dex-induced increase in
mERNA for PPARe, which was ot seen in mouse hepawcytes.

These results from mouse and rat hepatocytes show
that the induction of mRNA expresion for PGC-lo and
PPARx by CPTeAMP and dex, respectively, occurs at the
samne dme rather than preceding that for lipin-lA
and <18, Dex alone does ot increase the expression of
PGC-Ta mRNAL therefore, the des-nduced production of
lipin-1 mRNA cannot rely on an indirect elfect through
PGC-1o production. Also, insudin does not block the in-
crease in mRNA for PGC-1a in mouse or rat hepatocytes.
Therefore, the insulin effect in decreasing the production
of mRNA for lipin-1A and -1B cannot be mediated by
deereasing the transeription regalation of Lpinl by reg-
ulating PGG-le expression.

Dex and CPTeAMP increase PAP] activity in mouse and
rat hepatocytes, and insulin partially blocks these effects

These experiments were designed 1o relate the changes
in the lipin mRNA concentrations to those in PAPL ac-
tvity. Dex increased total PAPL activity in mouse hepa-
3 sy~ 1.8old after 8 h of incubation compared with
the aciivity at the beginning of the incubation (Fig, TA).
The dexdnduced increase in PAPL activity was enhanced
1o >2fold when CPTCAMP was added together with dex
{Fig. 7A). These increases in PAPL activity remained il
at least 16 h. When added alone, CPTeAMP had no
significant effect on PAP] activity. Insalin alone also had
no significant effect on PAPL activity, but iv partially re-
versed the increases produced by dex or dex + CPTeAMP
(Fig. 7B).

In rat hepatocytes, dex increased PAPL activity by
~2.540ld after incubation for 12 or 18 h compared with
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¥ig. 5. Interaction of dex, cAMY, and insulin in congrolling
mBNA expression for peroxisome proliferator-ctic
vated receptor a (PPARa) and peroxisome profiferaty.
activated  receptor-coactivatorloe (PGC-la) i mouse
hepatocytes. Monse hepatooyies were incubated for the
thines shown with 1040 nM dex (Dex), 100 uM OPTeAMP
[eAMEP), and 100 oM insutin (Ing) alone or o combina.
tion as indicated, Relative mBRNA concentrations for
POl (A B and PPARa (€, DY were measurcd by
reabtime RT-PGR and oxpressed reladive o that for oycho-
phifin A Resieles are expressed womeans & SEM for thiree
independent experiments, The significance of the differ
ences (P < DOBY &8 tndioated as follows: * different from
the wrented control walue; ¥ dex alone different from
dex + CPTeAMP wreatment.
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the activity at the beginning of the incubatdon (Fig. 7C).
CPTcAMP did notincrease PAPL activity, but it prevenied
the decline of up to 70% in activity that ocoanred after
18 I in the untreared controls or in insulin-reated cells
{Fig. 7C, D). These resuldts are compatible with the kiown
stability of PAP] activity in rat hepatocytes. PAPT activity
in wmtreared or insulin-reated cells has a halidile of 5-
7 h, and this is increased to 12 by glucagon {through
cAMP) (36). Adding CPTcAMP together with dex in the
present experiments produced a synergistic effect, and
increases of >4-fold in PAP] activity were obtained after
12 and 18 h (Fig. 7C). Insulin attenuated the actions of
dex alone or dex + CPTeAMP (Fig. 7D},

Dex and CPTcAMP increase lipin-l synthesis and protein
levels, and insulin attenuates these effects

The purpose of these experiments was o investigaie
whether the dexinduced increases in lipin-1 mRNA ex-
pression result in increased expression ol lipin-1 protwein,
To do this, we lirst validated the quality of the antibody

that we used. Figure 8A shows the results of a Western
blot for recombinant ipin-1A, -1B. 2, and -3 containing
a Vi g that were individually expressed in HEK 283 celis
{31, The blots were probed simultancously with mouse
monoclonal and-Vh antibody and rabbit polyclonal ant-
lipin-1 antibody. The results show coincident detection
of lipin-1A and -1B by the aniidipin-1 antibody and V5
antibodies. There was no crossreactivity of the anti-ipin-
antibody with Hpin-2 and -3, The second 1est was 1o com-
pare the Western blots from adipose tissue of wild-vpe
mice and /il mice, which are deficient in lipin-1 (3). The
rabbit antibody detected lipin-l in the sample from a
wildsype mouse, but there was no response with the same
amount of protein from the fd mouse (Fig. 8B). These
results provide evidence that the lipin-1 antibody can spe-
cifically detect Hipin-1A and -1B.

Figure 8B also shows the Western blots for lipin-1
from mouse and rat hepatoevtes that were incubated
for & and 12 h, respectively, with the various combina-

tons of hormones and CPTcAMP based upon the

Fig. 6. Inwraction of dex, ¢AMP, and insulin In conmrol-
Hng mRNA expression for PPARe and PGC-la in rat
hepautooyies, Rag hepatocywes were Incubated for the tines
shown with 100 nM dex (Dex), 100 uM CPTcAMP
{cAMPY, and 100 nM ingulin (Ins) alone or in combina.
tion 93 indicated. Relative aRNA concenmations for PGCe
To (A, B) and PPARe (C, D) were measared by reabrime
RT-PCR andd expressed relative 1o that for cyelophilin A
Results are expressed as means SEM far three in-
dependent experiments. The significance of the differ
enees (P 05) & indicated a8 follows: * different from
the watreated control wiue; ¥ dex alone differeat from
dex + UPTCAMP weanmeny, ¥ incubation with insulin
decreases the effect of dex alone wr dex + CPTcAMP.
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chianges in PAP1 activity from Fig.
protein from these samples was Joaded onto each
lane, and GAPDH was used as an additonal loading con-
trol (Fig. #13). The results for lipin-1 were expressed rel-
ative to GAPDH, and the average results are ilftusrrated

A

kDa anti-Ligin-1 anti-vs
150 s ’ . .
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100~ =i
Lipin A <18 2 “4A1B -2 2

Lipin-1 protein
S =2 N W e~

7. The same antount of

hation with sl decreases the effect of dex alose or
dex + CPTrAMP.

in Fig. 80, Lipin-1 was detected as muldple bands, which
probably represent different phosphorslation states (24},
lncubation of mouse hepatocytes with dex increased the
relative lipin-1 protein tevels hy ~2.5-fold, and this was
further increased o ~4.5-fold when CPTcAMP was

Fig. 8. Inwraion of dex, ghuagon, and insalin in cone
Mouse roliing lipio-] expression in mouseand rat hepatocyes. A
Wastern blots for different Vi-mgged liping that were de-
Mouse teted sinahancously with 2 mbbit polyclonal anddipin]
antibody and a2 mouse monoclonal and-V5H antibody. B
Rat Represenadise Western blots for mouse and it hvpm
tocytes that were incubamd for 8§ and 12 b, respex tivily,
Rat with HHY oM dex (Dex), 100 pM CPTcAMP (cAMP), and

100 nM insdin (Ins) alone orin combination asindicawed.
A marker for Hpind is shown on the right side, where
ardipose tssue oxtracts from wildaype (W and fd mice
were wsed,. The lower Western bloe are for GAPDH,
which was wsed as a loading conrob G Means o SEM for
the refadve expression of lipin.l afer normalizadgon
against GAPDH for cach reavnent Resulis are for three
oy four mdependone f eriments, T ¢
differences (P <0 00N} is indicared £
from the unwreawd control value dex alome i sig
nificanty different from dex 4 CPTCAMP meament; Hine
cubation with Bnsalin decresses the effect of dex alone o
dex + CPTeAMP.
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present (Fig. 8C) CPTcAMP had no signiticant effeat
on lipin-1 protein levels when added alone. Insulin alone
had no effect on lipin-1 protein levels, but it attemted
the effects of dex and dex + CPTcAMP. The results
are expressed relative 1o the nontreated control at the 8 h
time point. This value was ~80% of that at the begin-
ning of the incubation,

Incubation of rat hepatocyres with dex increased
the relative lipin-l protein levels by ~44old, and this in-
creased 10 ~G-fold when CPFTeAMP was also presenr
{Fig. 8B, C). Incubation with CPTeAMP alone had no
significant effect on lipin-1 protein levels, Insulin alone
also had no sigrificant effect, bur it hlocked the elfecis
of dex and atenunated the actions of dex + CPTcAMP.
Lipin-1 protein levels decreased by ~50% in the non-
treated controls after the 12 h incobadon (results not
shown). Therefore, the relaive inereases in the expres-
sion of lipin-1 with dex and dex -+ CPT¢cAMP that are
shown in Fig. 8B would be approximately halved if ex-
pressed relative to the value at the beginning of the
incobation, By comparison, the resuls for the mouse
would only be affected by ~10%.

The dex-induced increases in lipin-l protein levels in
rat and rowse hepatocytes were blocked by actinomyein
1 or cveloheximide, and this was reflecred in the Tack of
inerease in PAPL activity (Fig. 9A, B). These combined
resuhts demonstrate that dhe des-induced increase in lipin-
Loand PAPL activity depends upon increases in both
transcription and tnslanon,

Effects of [asting mice on the expression of mRNA for
different lipins in the liver

The nexe sesies of experiments were performed to re-
late our observations with hepatocyies 1o the effects of
fasting mice on the expression of mRNA for different
lipins, PPARa, and PGC-lain the fiver. mRNA concentra-
tions for lipin-14, -18. and 2 were increased, on average,
by 4.3, 8.2 and 2.4-fold respectvely, but there was no
significant change in mRNA for lipin-3 {Fig. 10}, Fasting
also increased the mRNA for PGC-la by 2.4-0old, as ex-
pected (37), although the apparent increase for FPARe
did not reach statistical significance.

DISCUSSION

The receny identification of lipin proteins as PAPI
enzymes made it possible to investigate the molecular hasis
for the modulation of PAP1 activity fhat occurs in vanous
plnsivlogical and pathological conditions. The liver ex-
presses lipin-1A, -1B, -2, and -3; therefore, it was essential
to elucidate how each lipin responds 1o GO, glucagon,
andl msulin to understand the functions of individual
lipins and the reason for changes in the com posite PAP]
activity, Qur present experiments with rat and mouse he-
patocvies demonsirate a level of hormonal control that ix
preserved between these rodent species. The lipin-1A
and -1B isoforms, alternative splice variants of the Lpinf
gene, are indueced at the wanscriptional level by the ac-
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Fig. 8. Actinomycin D and cycloheximide block the dessinduced
expression of Hping and PAPT activity, Mowe and rat hepatocytes
were preincubated with or without 1 pg/mi actinomywein D (Ao
Dy or 5 pg/mi eveloheximide (Cyclo) for 30 min. The iohibitors
were maintained o the subsequent incabaions in the presence or
absence of I nM dex, which for mouse and rat Bepaocytes were
Rand [2 b, respectively. These tmes were based upon the resalisin
Fig. 4. A Representative Western bloes, B: PAPL activity reladve o
the equivalere tncabadon in che absence of inbibieors or dex
Results are means & SEM for three independenc experiments with
mowse hepamevies and moeans © rnges for two experiments with
rai hepatocytes,

tion of dex. This dex action, especially in mowse hepa-
tocytes, was synergized by glueagon, whereas insulin
attenuared this effect. Insadin can block the effects of gloe
cagon by stimulating phosphodiesicrase activity and di-
minishing the ncrease in cAMP. However, we also ased
CPTeAMP, which is not readily degraded by phosphodi-
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(fed samples), Resulis are means & S for three mice in cach
proup, and significant differences compared with the fed values
are indicated (¥ P< 0.05).
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esterase (38}, and observed the same insulin atenvaton
of Lpinl wanscripten. This resulr indicates that insulin
exerts a more direct effect on lipin-1 expression.

There s no evidence that the hormonal combinations
we used regulate the relative expression of the lipin-d
splice olorms in hepatocvtes. The dexdnduced in
in PAPT activity depended upon manseription of the
Lpinl gene and increased lipin-l mRNA, which was fol
lowed by increases in lipin-1 synthesis and protein ex-
pression. This conclusion is supported by the effects of
actinomycin D and evcloheximide, which blocked the in-
crease in these parameters.

Owr results dempnsirate that the expression of lipin-2
and -3 is regulated in a distinct manner from that of
lipin-1, Incubation of mouse and rat heparocytes with dex
resulted o a timedependent decrease in Hpin-2 mRNA,
Dex did produce small increases in lipin8 mRNA in
mouse hepatseytes, but this effect was blocked by GPT-
cAMP. Iy rat hepatoeytes, there was no significant effectof
dex or dex 4+ CPTCAMP on lipin-3 mRNA expression
refative to nontreated controls. Therelore, increased
transcription of the Lpin2 and Lpind genes did not
contribute to the dex + CPTcAMP-induced increase in
PAP] activity in isolated rat or mouse hepatocytes, which
depended upon ingreased transcription aml translation.
At present, we are unable o perform satisfactory Western
blot analysis for lipin-2 and -3 because we lack convineing
evidence that the antibodies we possess selectively identify
lipin-2 or -3 in hepatocyte exiracts,

Our conclusions that the dex-and dex + cAMP-induced
increases in PAPT activity are accounted tor by increased
lipin-1 expression are scrongly supported by studies in vivo,
Livers of fasted fld mice, which do not express lipin-l.
do not show increases in PAPL activity compared with
~2fold increases in control mice (24} Lipin-l transcrip-
rion and lipin-l protein levels in the livers of wild-type
mice are increased after fwting or dew injection (27). In
our experiments with fasted mice, we also obscrved
increases in mRNA for lipin-1A, -18, and PGCla bt
not {for lipin-3. Surprisingly, the relative mRNA concen-
wation for lipin-2 was doubled In the livers of fasted
mice. This is unlikely to have occurred by GO action,
based upon our hepatocyte work, It could have resulted
from a cAMP effect, because this second messenger ap-
peared 1o inerease the relaive concentation of lipin-2
mRNA In mouse hepatocyies relative o the nontreated,
or dex-treated, cells. Flowever, the physiological signili-
cance of the inereased lipin-2 mRNA in lasted mice is
uncerfain, because of the lack of increase in hepatic
PAP1 activity in fld mice after fasting (24). The combined
i‘(ﬁgl\h:ﬁ from (“'X'{“N’*l“ifﬂf‘ﬂiﬂ in ViV{) ST.TOHB'IY’ SIIPI')()I‘I CHir
conchusion that inereased lipin-1 expression accounts for
the increased PAPL acrivity that occurs when there ik
increased GO action compared with insulin.

However, there could be other factors thar contribute
o the observed increase in PAPT activity. First, we estab-
lished thay glucagon, tirough cAMP, increases the hall-
life of GCinduced PAPL activity (which we now ascribe
to lipin-1) from ~7 10 12 h (36). This could contribute 1o
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the inereased expression of the lipin-l protein that is
produced by dex + CPTcAMP. Second, CPTcAMP could
affect PAPT aciivity through its phosphorviation, and we
provided indirect evidence for this before the lipins were
discovered (8, 39). Direct evidence for the phosphoryla-
tinn ot veast PAPT (PAFTY has now been obtained (40}, In
aclipose tissue, the level of lipin-1 phosphorylation is con-
rotled by the halance of signaling from insulin versus
cAMP (24, 98). These changes in lipin-1 phosphorvlation
were not reflected in changes in PAP1 activity as mea-
sured in vitro (24}, although treatment of liver cytosol
with phosphatases did decrease total PAPI activity in ear-
lier work (39). The major effect of lipin-1 phosphoryla-
tion appears (o be to regudate its subcellular distribution
{24} and its physiological expression (5).

A third explanaton for the reguladon of lipin-] and
PAPT activity i through interaction with other proteins,
including PGC-la and PPARx (27). Not only does lipin-l
amplify signaling by PGC-1a and PPAR«, but PGLA1a is
required as a coamplifier of lpin-1 expression in the
liver. Thus, induction of 1ipinwl expression in fasted or
in dexqreated mice s partially attenuated when PGC-la
is totally deficient, indicating a partial dependence on
PGCG-lo. Hepatic lipinel expression is also increased in
type 1 and type 2 diabetes, conditions in which PGC-la
expression is increased (27). Our results showing that
cycloheximitde partially inthibits the dex-induced produc-
tion of lipin-1 mRNA in mouse hepatoeytes indicate that
the induced EXPression of r{tut,mnscripl:ifmal regulators,
inchuding PGC-Io, may be required for full lipin-1 ex-
pression. In rat hepatocytes, cvcloheximide produced
no significant decrease in lipin-l mRNA expression.
This coudd indicate that the endogenows levels of oo-
transcriptional regudatons for lipin-d mRNA production in
rat hepatocvies are suflicient © sustain high levels of
ranseriptional induction. Significantly, CPTcAMP had
only a marginal effect in increasing the dex-dinduced pro-
duction of lipin-1 mRNA in rat hepatocytes, whereas the
etfect was more marked in monse hepatocytes.

As expected [rom previous work (37, 41), mRNA for
PGC- Lo was increased by CTPeAMP in mouse and rat he-
patocytes (Figs. 5, 6. Dex alone had no significant effect
on the relative mRNA for PGC-la, bur it strongly syn-
ergized the CPTCAMP action, By contrast, dex was effective
in increasing mRNA expression for PPARo, as expecred
{42y, and there was lintle i any effect of CPTeAMP. These
combined observations are compatible with the ncreased
expression of PGCG-1a and PPARa in starvation and di-
abetes (37, 41). Although insulin decreases the signaling
effects of PGC-1oin vive {87, 41), there was no significant
effect of insulin in directly decreasing the expression of
PGC-lo mRNA in mouse and rat heparocytes. Qur results
for PCGO-la agree with previous work with mouse he-
patocytes (41). Although lipin-1 expression depends pardy
on the presence of PGC-la (27), the effects of dex +

FTCAMP inincreasing the mRNA for PGC-locand PPARq
do not precede the maxmum expression of mRNA for
lipin-1A or -1B. Also, the inhibition of lipin-1 mRNA ex-
pression by insulin probably results from a direet action
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o ranseription of the [pind gene, becanse insulin did
not block the stimulated increase in mRNA for PG o
In the case ol PPARw, we did see an attenuation of the
dex induction in mRNA concentrations in rat heparo-
eytes, but this insulin effect was not observed with the
mouse hepatocytes.

In liver, the interaction of lipin-1 with PGC-la and
PPARa promotes the transcriptional regnlation of en-
avmes involved in B-oxidation, and this is also a response
to starvation and diabetes (27). We proposed that the
Grincduced increase in PAP] activity could be an adap-
tve response o protect the liver against an increased
FA load and Hpotoxicity in starvation and diaberes {5, 8}
However, the acoumulation of TAG in the liver could
also be lipotoxic (43}, We now show that lipin-] specifically
is responsible for the GGAnduced increase in PART ac-
tvity, which we previously showed o resul in increased
hepatic glweeralipid synthesis (7). As FA concentrations
increase and exceed the capacihy for Boxidation, PAP1
transiocates to ER membranes o facilitate the storage of
the excess FA as TAG in fat droplets, resulting in steatosis
{5). The FA-induced translocation of lipin-l ocowrs in
adipocytes (24). TAG synthesis in the liver should not be
viewed simply as antagonistic to Boxidaton. It is & com-
panion pathway, because these TAC stores are trned over
and the FA s used for oxidation (5), Increased lipin-}
expression, in addition 1o faciliming TAG synthesis, also
promotes the transcription of key enavanes in FA oxida-
tiem (27},

Alternatively, the stored TAGs are hydrolyzed, and 1o-
gether with exogenous FAs they are reesterified for
VLDL production. The secretions of TAG and apolipo-
protein B are also increased by GO, and insulin antag-
onizes this action (44-46). Hepatic PAP] activity s also
pesitively correlated with circulating TAG (5, 13, 47), and
the changes in the level of lipin-l are probably pardy
responsible for the regulation of VLML secretion.

We alse estublished that the hepatic responses of
PAPL 1o GC, ghicagon, and insulin are coregalated with
those of enmvmes involved in conmolling gliconeogene-
sis {5, 9}, Transeription of key ghiconeogenic enavines is
also regulated through PGC-Ta and PPARe. The coregula-
tion of lipin- expression and the physical interactions of
lipin-1 with PGG-La and PPARa (277 could help to mod-
ulate and integrate ghiconeogenesis with the increased
capacity for hepatic TAG svnthesis and Boxidation in
starvation and diubetes. In this respect, it may be sig-
nificant that the livers of fid mice show a 40% decrease
in hepatie glucose production in fasting (48).

In conclusion, GO increases the transcription of the
Lpinl gene. cAMP synergizes this GO cffect in specifically
ingreasing the expression of lipin] mRNA in rat and
mose hepatocyies, and there was no significant increase
in mRNA for lipin2 and -3, The effect of dex + CPTeAMP
in inereasing lipin-l mRY\:\ production was attermated by
insulin. This conorol of the wanscription of the Lgpinl gene
explains the inereased synthesic and expression of lipin-1A
and -1B. This in twn accounts for the increased PAP]
activity that is observed after treating hepatocvtes with
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dex + CPTeAMP o1 in vivo in starvation and diaberes. The
FAsstimulated  association of lipin-l with the nucleus
probably enables it to regalate ranseription and increase
FA oxidation in starwfion and cinberes. Higher expres
sion of lipin-l also increases the capacity for hepadc
glycerolipid synthesis and secretion in VLDL. This capacity
is expressed as FA acoumnilates and lipin-1 ranslocates 1o
the ER, where TAGs are produced. This lipin-l-induced
increase in TAG synthesis s reflected in vivo in the
steatosis that is observed in starvation, diabetes, fschemia,
wyxic eorlitions, and ethanol inwxication B3
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