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The lipid composition of biological membranes is crucial
for many aspects of organelle function, including growth,
signalling, and transport. Lipins represent a novel family
of lipid phosphatases that dephosphorylate phosphatidic
acid (PA) to produce diacylglycerol (DAG), and perform
key functions in phospholipid and triacylglycerol biosyn-
thesis and gene expression. In addition to its role in lipid
biosynthesis, the yeast lipin Pah1p and its regulators
are required for the maintenance of a spherical nuclear
shape. This review summarizes recent advances in our
understanding of the yeast lipin Pah1p and highlights
the possible roles of phospholipid metabolism in nuclear
membrane biogenesis.

Key words: DAG, ER, lipin, nuclear membrane, PA, Pah1p,
phospholipids, yeast

Received 11 February 2009, revised and accepted for pub-
lication 13 April 2009, uncorrected manuscript published
online 15 April 2009, published online 20 May 2009

The shape and size of many eukaryotic membrane-bound
organelles is dynamic and can change during the cell
cycle or development (1,2). These changes depend on
the coordinated production, transport and remodelling
of phospholipids, the major structural components of
lipid bilayers and the activity of membrane-associated
proteins. Furthermore, homeostatic mechanisms must be
in place to ensure that the shape and size of organelles
is appropriate for their metabolic needs. The molecular
mechanisms by which cells coordinate lipid biogenesis
with organelle shape, size and number remain poorly
understood.

An organelle that undergoes remarkable changes during
the cell cycle and development is the nucleus (3).
For example, in yeast, nuclear membrane expansion
allows anaphase to take place within a single nuclear
compartment that partitions between the mother and the
daughter cells (4). In metazoans, the nuclear membrane
expands at the end of the cell cycle to accommodate
chromatin decondensation (5). Moreover, a number of
specialized cell types undergo ‘nuclear differentiation’,
like the mammalian blood cells where nuclei can be highly

lobed and segmented or spermatocytes and myocytes
where nuclei can become very elongated (6). Maintenance
of proper nuclear structure is important for cell physiology
as highlighted by the identification of several diseases
that are associated with changes in nuclear shape and are
caused by mutations in nuclear envelope proteins (7).

During the last years there has been significant progress
in characterizing protein components of the nuclear enve-
lope and deciphering the mechanisms of nucleocytoplas-
mic transport. On the other hand, little is still known about
the mechanisms underlying the biogenesis, remodelling
of the nuclear membrane, and the role of lipid biosynthesis
and signalling in these processes. Here | will review data
on a novel class of lipid phosphatases, the lipins, focusing
primarily on the functions of Pah1p, the Saccharomyces
cerevisae member of this family, in lipid and nuclear
membrane biogenesis. Where appropriate, insights from
mammals will be discussed to highlight the similarities
and the differences between the two systems.

A new player in lipid metabolism

The lipins define a novel family of Mg?t-dependent
phosphatidate phosphatase (PAP1) enzymes that catalyze
a fundamental reaction in lipid biosynthesis, namely the
dephosphorylation of PA into DAG (8). Lipins are well
conserved throughout the eukaryotic kingdom and exhibit
similar overall primary organization. They are relatively
large proteins (close to 100 kDa) and contain a conserved
amino-terminal domain (N-LIP) of unknown function, a
carboxy-terminal catalytic domain (C-LIP) harbouring a
DXDXT motif found in a superfamily of Mg?*-dependent
phosphatases with diverse specificities and a putative
nuclear localization signal (NLS) (Figure 1). In addition,
lipins from yeast species carry an acidic stretch at their
C-terminal ends. All lipins lack transmembrane domains
and therefore must first translocate onto membranes
in order to dephosphorylate PA. Lipins localize to the
cytoplasm but can also be found into the nucleus in
adipocytes and hepatocytes (see later). Fungi, nematodes
and insects express one lipin, whereas mammals express
three paralogues called lipin 1, 2 and 3 (9).

In both yeast and higher eukaryotes, DAG produced
by the dephosphorylation of PA is (a)acylated to
produce triacylglycerols (TAG), an essential storage
form of energy and fatty acids deposited in lipid
droplets (10,11), and (b) used for the synthesis of
phosphatidylethanolamine (PE) and phosphatidylcholine
(PC), the two most abundant membrane phospholipids,
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Figure 1: Domain organization of lipins. All members of the lipin family contain a conserved N-terminal domain (N-LIP) of an unknown
function and a C-terminal catalytic domain that contains a HAD-like phosphatase motif (DIDGT). Within these two domains, the sequence
identity between the yeast and the three mammalian orthologues is around 45%. Pah1p and lipins from other yeast species also contain
a C-terminal acidic stretch. The red star indicates the position of the mutation of the conserved glycine residue (G84R, corresponding to

G80 in Pah1p) identified in the fld mouse that causes lipodystrophy.

by the Kennedy pathway (12,13) (Figure 2). Yeast cells and
hepatocytes also use PA to produce PE and PC through a
second parallel route known as the cytidine diphosphate
diacylglycerol (CDP-DAG) pathway (12,13) (Figure 2).

For a long time it has been known that a soluble PAP1
activity translocates onto the cytosolic side of intracellular
membranes, but the identity of the enzymel(s) was
unknown (14-16). The Saccharomyces cerevisae lipin
Pah1p/Smp2p was the first PAP1 enzyme to be cloned and
characterized at the molecular level (8). Deletion of PAHT
led to the accumulation of PA but also the concomitant
reduction of DAG and TAG levels and changes in
PE and PC amounts (8). Further studies demonstrated
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Figure 2: Simplified overview of phospholipid biosynthetic
pathways in yeast and the role of Pah1p. PA is a key
precursor that is used for the synthesis of the major phospholipids
phosphatidylethanolamine (PE) and phosphatidylcholine (PC)
through cytidine diphosphate diacylglycerol (CDP-DAG) or, in the
presence of choline and ethanolamine, through DAG (Kennedy
pathway). Therefore, regulation of the conversion of PA to DAG,
catalyzed by Pah1p, will affect both pathways. CDP-DAG and DAG
give rise to Pl (phosphatidylinositol) and TAG (triacylglycerols),
respectively. Pathways that generate PA are indicated in blue:
glycerol 3-phosphate (G-3-P) or dihydroxyacetone phosphate
(DHAP) are converted through a series of acylations (not depicted
here) into PA. PA can also be generated by phosphorylation of
DAG by Dgklp and by hydrolysis of PC by the phospholipase
D Spo14p.
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that the mammalian lipin 1, 2 and 3 are also PAP1
enzymes (8,17,18) and that mammalian lipins can rescue
the yeast pah7A mutant (19). Consistent with the role of
lipins in TAG production, lipin 1 was originally identified
as the gene mutated in the fatty liver dystrophy (fld)
mouse (9). This mouse displays features of generalized
lipodystrophy, characterized by significant reduction in
the adipose tissue mass and in the cellular lipid droplet
content (9). The mutated residue in the fld mouse is a
conserved glycine in the N-LIP domain required for the
enzymatic activity of both Pah1p and lipin 1 (17,18,20).
Together these data established that Pah1p and lipin
1 have essential roles in lipid droplet and phospholipid
metabolism. In addition to their biosynthetic roles, PA and
DAG are also important in signal transduction cascades.
Regulation of the “signalling’’ pools of PA and DAG is
thought to involve a second type of PA phosphatase
activity that does not require Mg?* as a cofactor and is
known as PAP2 or LPP (14,21). In contrast to PAP1, these
transmembrane enzymes are relatively non-selective for
their substrate as, in addition to PA, they act on several
other phosphorylated lipids.

Regulation of Pah1p function

PAH1/SMP2 was independently identified as a dosage
suppressor of the spo7A and nemT7A deletions (22).
Spo7p and Nem1p genetically interact with components of
the nuclear pore and form a transmembrane complex that
localizes to the nuclear/ER membrane and dephosphory-
lates Pah1p (22,23). Nem1p, a member of the CPD phos-
phatase family (24), is the catalytic subunit while Spo7p is
the regulatory subunit that binds to the catalytic domain
of Nem1p and is required for the phosphatase activity of
the holoenzyme (22). Interestingly, the fission yeast lipin
Ned1 displays genetic and two-hybrid interactions with
a nucleoporin and factors involved in nucleocytoplasmic
transport, providing another link between lipin and nuclear
envelope function (25).

Pah1p is phosphorylated in vivo on at least 12
sites, including seven Ser/Thr-Pro (S/T-P) motifs (26).
Mobility shift and dephosphorylation assays indicate that
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some of these phospho-S/T-P residues are targeted
by the Nem1p—Spo7p complex (26). A septuple S/T-P
Pah1p phosphorylation null mutant (Pah1p-7P) displayed
higher specific activity when compared to the wild-type
enzyme (26). Thus, phosphorylation of Pah1p inhibits its
PAP1 activity and consistent with this nem7A and spo7A
deletion strains accumulate phosphorylated Pah1p and
display the same phenotypes as those described for the
pah1A knockout (22,23) (see later).

The regulation of Pah1p and lipins by phosphorylation
appears to be complex and is probably mediated by mul-
tiple kinases. Pah1p is phosphorylated in mitotic cells
in a Cdk1/Cdc28p-dependent manner (22). In addition,
recent high-throughput studies have identified another
Cdk, Pho85p and the Dbf2p—Mob1p complex, a com-
ponent of the mitotic exit network, as putative Pah1p
kinases (27-29). Similar to budding yeast, Ned1 (25) and
the mammalian lipins 1 and 2 (19) are mitotically phospho-
rylated and in the latter case phosphorylation decreases
the PAP1 activity of the enzymes. This in turn could con-
tribute to the inhibition of phospholipid biosynthesis that
takes place in mammalian cells at the G2/M phase (30).
In addition, lipin 1 is phosphorylated in response to insulin
treatment in rat adipocytes in an mTOR-dependent man-
ner (31), whereas in mouse adipocytes, phosphorylation
of lipin 1T on multiple sites correlates with a decrease of its
microsomal-bound pool (18). Consequently, phosphoryla-
tion of lipins could also control their subcellular localization.
Thus, it is possible that distinct kinases/phosphatases
might be involved in the recruitment and the activation of
Pah1p/lipins to different organelles to control PA and DAG
levels in response to cellular needs.

Considering the multitude of functions of PA and DAG in
biosynthetic and signalling pathways, this complexity is
not surprising. In yeast, phospholipids used for biogenesis
of membranes can be synthesized by two pathways (13)
(Figure 2). The dephosphorylation of PA by Pahlp is a
branching point that may govern whether phospholipids
will be synthesized via the Kennedy pathway, or via
the CDP-DAG pathway (Figure 2). Moreover, as Pahl1p
also produces DAG necessary for the synthesis of TAG,
regulation of its activity could be important for TAG
homeostasis during the cell cycle and the availability
of TAG-derived fatty acids that are used for membrane
biogenesis (32). DAG has many other roles such as in
secretion and Golgi function (33), but currently it is not
known whether these DAG pools are affected by Pah1p.

The role of Pah1p in the regulation of
phospholipid biosynthesis

Besides these metabolic roles, Pah1p has a key signalling
function in the transcriptional regulation of genes encoding
phospholipid biosynthetic enzymes. In yeast, PA levels
co-ordinately control the transcription of many genes
encoding for enzymes of the CDP-DAG and the Kennedy
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pathways (34). This regulation depends on three factors:
(a) a sequence in the promoters of these genes known
as UAS\o (35-37), (b) the heterodimeric Ino2p-Ino4p
complex that binds to UAS|yo and activates transcription
of the downstream genes (38,39) and (c) the PA-binding
protein Opilp that represses transcription of these
genes (40,41). When the levels of PA are high, Opilp
is excluded from the nucleus by binding to PA on
the ER membrane and Ino2p-Ino4p-driven transcription
is derepressed. When the PA levels are low, Opilp is
released from the membranes and translocates into the
nucleus to repress transcription (41). Conditions such as
inositol availability, growth phase and nutrient depletion
can affect PA levels and, as a result, influence UAS|yo-
dependent transcription (34).

Mutations in the Nem1p-Spo7p complex that result
in hyperphosphorylation of Pah1p (22), or mutations in
Pah1p itself (20,22), result in transcriptional derepression
of UAS|yo-containing genes. On the other hand, overex-
pression of the more active Pah1p-7P phosphorylation
null mutant causes inositol auxotrophy (26). Inositol
auxotrophy is caused by the constitutive repression of
the inositol 1-phosphate synthase (INO7) gene, the most
highly regulated UASyo-containing gene (34). Notably,
the inositol auxotrophy of the Pah1p-7P cells can be
rescued by the deletion of the Opilp repressor (26). The
fact that the transcription of UAS|yo-containing genes
responds to changes in the catalytic activity of Pahlp
indicates that Pah1p-derived PA regulates transcription
through the Opilp signalling pathway. However, when
compared with the single opi1A mutant, the pahT1AopiTA
double mutant exhibits a synergistic effect on the
transcriptional derepression of two UAS|yo-containing
genes, INOT and OPI3(26). This suggests that Pahlp
regulates the transcription of these genes in an Opilp-
independent mechanism as well. The nuclear envelope
plays an important role in the transcriptional regulation of
many genes (42), including INO7 (43). As the activity of
Pah1p can dramatically affect nuclear envelope structure
(see below), additional effects on the expression of
UAS|no-containing genes cannot be ruled out.

Chromatin immunoprecipitation studies have shown that
a pool of a Pah1p-protein A fusion associates with the
promoters of three UAS|\o-containing genes (22). This
has led to the suggestion that Pah1p might interact with
the transcription machinery to regulate gene expression.
Interestingly, in addition to its cytosolic localization,
mammalian lipin 1 can also localize to the nucleus in
hepatocytes in an NLS-dependent manner (44) and in
adipocytes (9). Nuclear lipin 1 can act as a transcriptional
co-activator of fatty acid oxidation and adipogenic genes,
through direct interactions with nuclear receptors (45,46).
This has led to the suggestion that lipins can regulate
lipid metabolism at multiple levels (47), but currently
there is no evidence that Pah1p has similar functions
in yeast. Nevertheless, a pool of dephosphorylated
Pah1p may also enter the nucleus in order to regulate
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PA/DAG homeostasis at the inner nuclear membrane.
Nem1p and Spo7p contain putative NLS's (48), although
direct evidence that they can localize to the inner
nuclear membrane is lacking. Moreover Dullard, the
mammalian orthologue of Nem1p that dephosphorylates
lipin 1, localizes to the inner nuclear membrane (49,50).
The determination of the subcellular localization of the
endogenous Pah1p will be crucial to address further some
of these questions.

Linking lipin function to nuclear membrane
biogenesis in yeast

The nucleus is delimited by the nuclear envelope, which
consists of two closely opposed lipid bilayers, the outer
and inner nuclear membranes (5). The outer membrane is
continuous with the endoplasmic reticulum and functions
in secretion and lipid biosynthesis while the inner mem-
brane faces the nucleoplasm and functions as a platform
for the binding of chromatin. The outer and inner nuclear
membranes are connected at the highly curved domains
present around the nuclear pore complexes (NPCs).

In yeast, nuclear envelope structure can undergo dramatic
structural reorganization, during its so-called ‘closed
mitosis’ (4), mating (51) and ascospore formation (52).
Moreover, changes in the protein composition of the
nuclear membrane can affect its structure. For example,
mutations or overexpression of nuclear pore (53) or
inner nuclear envelope proteins (54) disrupts nuclear
envelope organization. Furthermore, mutations of certain
components involved in ER to Golgi transport can cause
nuclear envelope defects (55,56). Finally, mutations in
the acetyl-CoA carboxylase MTR7/ACC1, a key enzyme
involved in fatty acid biosynthesis result in the separation
of the outer and inner nuclear membranes (57).

Deletion of NEM1, SPO7 or PAHT has a unique effect
on nuclear structure: instead of the round nuclei typical
of wild-type yeast, these mutants display irregularly

shaped nuclei with long stacks of membranes that
contain nuclear pores and appear to be in contact with
the nuclear envelope (22,23) (Figure 3). Similar defects
were described in mutants of the fission yeast Ned1,
which is also impaired in chromosome maintenance (25).
In wild-type cells, the nucleolus adopts a crescent-like
morphology and it is found in close association with part
of the nuclear membrane (4). In spo7 and pah1 mutants
the expansion of the nuclear membrane takes place in
the area of the nuclear envelope that is associated with
the nucleolus while the remaining nuclear membrane
that is associated with chromatin appears to resist
expansion (58). As a result, the organization of the bulk
DNA does not appear severely affected in nem1, spo7 and
pah1 mutants (22,23,58). However, it is still possible that
the lipid composition of the nuclear/ER membrane might
impact on the function of chromatin or on its nuclear
envelope anchoring given the multiple synthetic lethal
interactions of pah7A with enzymes involved in DNA
metabolism such as histone modifications, transcription
or DNA repair (69,60). Notably, an analogous situation
where the nucleolus dissociates from bulk chromatin
while the nucleus changes shape, has been described
in cells exposed to mating pheromone, but whether this
depends on the Pah1p pathway is not known (61).

Three observations suggest that changes in PA home-
ostasis are responsible for the nuclear membrane expan-
sion. Firstly, the membrane expansion can be caused
by a catalytically dead Pah1p (20). Secondly, mutations in
upstream biosynthetic steps that lower PA levels decrease
the nuclear membrane expansion in pah1A cells (62).
Thirdly, overexpression of Dgklp, a novel nuclear/ER
membrane DAG kinase that generates PA, can pheno-
copy the effects of pah7A (62,63). Thus a distinct nuclear
membrane subdomain expands as a result of changes
in PA metabolism but how direct is the PA involvement
in this process is not known. Given the role of PA in
the transcriptional induction of phospholipid biosynthesis,
one possibility could be that increased membrane lipid
biogenesis accounted for by the CDP-DAG pathway,

4

e

Figure 3: Nuclear structure in pah7A cells. Thin section electron microscopy of wild-type (PAH1) or pahlA cells stained with
potassium permanganate. Inset panels show enlargements of areas of the nuclear envelope in pah7A cells (highlighted by arrows) that
display membrane proliferation. N, nucleus; V, vacuole. Bars, 0.5 um. Reprinted by permission from Macmillan Publishers Ltd: EMBO

J. (22) © (2005).
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drives the growth of the nuclear membrane. Inactivation
of the PA signals downstream of Pah1p by either delet-
ing the transcriptional activator Ino2p or overexpressing
the repressor Opilp, can restore normal nuclear shape
in nem1A spo7A or pahlA deletion mutants (22). This
observation suggests that de novo phospholipid synthesis
is necessary for nuclear expansion in these cells. On the
other hand, transcriptional derepression of phospholipid
biosynthesis cannot, solely, account for the membrane
expansion because the opiTA cells appear to have round
nuclei (26). Therefore, it is likely that besides increased
lipid synthesis, additional factors are involved. It must
be noted that pah7 mutants produce membranes with a
significantly altered phospholipid composition (8,20) that
could, by either changing the physical properties of
lipid bilayers or the binding of effector proteins, pro-
mote membrane expansion. Previous studies have shown
that nuclear envelope targeting of amphipathic proteins
that could promote membrane curvature, induce nuclear
membrane proliferation by an unknown mechanism.
These include Nup53 in yeast (64), CTP:phosphocholine
cytidylyltransferase-a (CCTa) in mammals (65) or Kugelk-
ern in Drosophila (66). Changes in certain lipids at the
nuclear membrane of pah1A cells might play an analo-
gous role: PA and the PC:PE ratio can affect the physical
properties and curvature of membranes and return of
their levels to normal correlates with re-establishment of
wild-type nuclear shape in dgk71A pahlA cells (62).

Given that the nuclear-ER membranes form one con-
tinuous compartment, changes in the structural orga-
nization of the ER could also impact on the shape of
the nucleus. Recent evidence in mammals suggests that
nuclear envelope dynamics depend on the restructuring
of ER membrane domains mediated by reticulons, con-
served ER proteins that are necessary to maintain proper
ER tubular structure (67-69). In yeast, the ER adopts a
more sheet-like appearance in spo/A cells (568); on the
other hand the overexpression of Dgkl1p does not dis-
rupt tubular ER morphology (62). In C. elegans, two very
recent studies reported that downregulation of Lpin-1,
the single lipin orthologue in that organism, disrupts ER
organization and causes the appearance of membrane
sheets (70,71). Inaddition, it also causes defects in nuclear
lamina disassembly, nuclear envelope breakdown (NEBD),
chromosome segregation and nuclear structure (70,71).
The defects in NEBD can be significantly rescued by
lamin co-depletion (70). Whether lipin regulates directly
the nuclear envelope dynamics or whether the nuclear
envelope defects are a consequence of the disruption of
the ER network remains to be determined.

How the nuclear membrane expands in yeast during
anaphase to allow sister chromatid separation within a
single nuclear compartment is not known. By controlling
the amount and the type of phospholipids synthesized
at the nuclear/ER membrane, Pah1p activity may play
an important role in this process. Because chromatin
binding to the inner nuclear envelope may restrict gross
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remodelling of nuclear structure, the nucleolus-associated
membrane might define a more plastic area of the
envelope where lipids and membrane can be added
or reorganized, as previously suggested for the spo”/
mutants (58). Moreover, two membrane fission events
of the nuclear envelope, take place in proximity of the
nucleolar-associated membrane. The first is the resolution
of the mother—daughter nuclei at the end of anaphase (4),
and the second is the pinching off of part of the nucleus
into the vacuole during the piecemeal microautophagy
of the nucleus (72). Whether these events, that require
extensive membrane bending and remodelling, are
also influenced by Pah1p-dependent changes on lipid
metabolism is currently not known.

Lipins in mammalian cells may also regulate organelle
membrane biogenesis. Lipin 1 is highly upregulated during
the increased phospholipid biosynthesis that drives ER
and Golgi expansion when B-lymphocytes differentiate
into antibody-secreting cells (73), or during ER membrane
expansion resulting from the overexpression of the
transcription factor XBP1 (74). Lipin 1 may be involved
in these processes through its function in the biosynthetic
production of DAG that is needed for membrane
formation. Therefore, both Pah1p and lipins could have
roles in the biogenesis of membrane-bound organelles,
although the specific pathways involved in yeast and
higher eukaryotes may differ.

Concluding remarks

Since Pah1p has been only very recently identified and
our understanding of its function is still limited, there
are several questions that need to be addressed. Pah1p
is a soluble enzyme that must respond to changes in
membrane composition. Understanding the temporal and
spatial regulation of the membrane recruitment of Pah1p
is essential in order to define its functions in lipid and
organelle biogenesis. Moreover, apart from its role in the
biosynthetic production of phospholipids, it is also possible
that Pah1p can regulate more local PA/DAG pools. This
is particularly relevant to a number of mammalian cell
types that co-express all three lipin paralogues, raising the
possibility that different lipins could control phospholipid
homeostasis of different membranes within the same cell.

One unexpected finding was that mammalian lipin 1 has
a distinct intranuclear pool with functions in gene expres-
sion. How the two roles, that of the lipid biosynthetic
enzyme and transcriptional regulator, are related is not
well understood. It will be important to address the possi-
ble intranuclear and inner nuclear membrane functions of
Pah1p. The role of Pah1p in nuclear structure highlights
the importance of phospholipid metabolism in nuclear
membrane biogenesis, an area of research where little is
still known. How changes in PA or DAG are translated
into an expanded subdomain of the nuclear envelope
and do these lipids, or other metabolically linked ones,
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have a role during cell cycle or developmentally induced
changes of nuclear shape? Is there a role for PA and
DAG in the structural organization of ER subdomains? It
will also be important to differentiate between PA- and
DAG-dependent mechanisms and examine the role of
their protein effectors in the function of Pah1p. Finally,
advances into the biology of Pah1p may also provide valu-
able insights into the function of lipins and the pathways
that regulate fat metabolism in mammals.
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