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1. OVERVIEW OF DIACYLGLYCEROL KINASES (DGKS)

Diacylglycerol (DAG) is an important lipid that is both an
intermediate in lipid biosynthetic pathways and can act as a
signaling lipid. The majority of signaling DAG is generated by
hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2) by
the enzyme phospholipase C (PLC), but DAG can also be
generated when phosphatidic acid phosphatases remove the
phosphate headgroup from phosphatidic acid (PA) (Figure 1).
Signaling DAG serves to activate or recruit to membranes a
number of proteins, including protein kinase C (PKC) isoforms,
Ras-guanyl-nucleotide-releasing proteins (RasGRP), and chi-
maerins, which are Rac GTPase activating proteins (GAPs).
Like DAG, PA is an intermediate in lipid biosynthetic pathways
and can also activate several signaling proteins. Because of their
importance, it is crucial that the intracellular levels DAG and PA
be tightly regulated, which is accomplished by the diacylglycerol
kinases and phosphatidic acid phosphatases. As such, these
enzymes have numerous important functional roles.

1.1. Unique Aspects of DGKs from Multicellular Organisms
DGKs have been identified in most organisms that have been

studied, and it appears that they have gained specialization in
more complex species. For example, bacteria express only one
DGK, which is an integral membrane protein capable of phos-
phorylating DAG and other lipids such as ceramide. This DGK
does not appear to have structural elements that allow regulation
of its activity, indicating that the limiting factor is access to its
substrates. A recently identified eukaryotic enzyme that similarly
phosphorylates several different lipid substrates, called multi-
substrate lipid kinase (MuLK)1 or acylglycerol kinase (AGK),2 is
not structurally similar to the DGKs and is not included in this
review.

1.2. Mammalian Isoforms of DGK
Unlike bacteria and yeast, multicellular organisms express

more than one, and often several, DGK isoforms that can be
grouped by common structural elements into five subfamilies
(Figure 2). The DGKs expressed in mammals are the best
characterized, and 10 of them have been identified.3�5 Like
DGKs in other multicellular organisms, all of the mammalian
DGKs have two common structural features: at least two
cysteine-rich C1 domains and a catalytic domain. The C1
domains are homologous to the DAG-binding C1A and C1B
motifs of PKCs,6 but the C1 domain closest to the catalytic
domain has an extended region of 15 amino acids not present in
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C1 domains from other proteins or in the other C1 domains of
DGKs. Mutations within this extended region significantly
reduced kinase activity, indicating that this extension appears
to contribute to DGK activity.7 In theory, DGKC1 domains bind
DAG, perhaps localizing them to where DAG accumulates.
However, it is still controversial whether all DGK C1 domains
can bind DAG or whether only some of them are capable of
binding this lipid. Of several that were tested, only the C1
domains of DGKs β and γ could bind DAG analogues
(phorbol esters), while the C1 domains of DGKs δ, η, and θ
did not bind.8�10 These results were in agreement with sequence
alignments performed by Hurley and colleagues,6 who predicted
that only the C1 domains from DGKs β and γ could bind DAG
while other DGK C1 domains were sufficiently different from
those in PKCs that they might not bind DAG. Supporting the
possibility that DGK C1 domains might serve alternative func-
tions, the C1 domains of some DGKs, like those in other
proteins, can act as protein�protein interaction sites. Indeed,
the C1 domains of DGKζ associate with β-arrestins,11 and they
bind directly to Rac1.12 It will be enlightening to test the phorbol
ester binding capacity of all DGK C1 domains and to solve their
crystal structures so that we can understand the differences
between the C1 domains of DGKs and other proteins that
contain them.

The catalytic domains in DGKs are composed of accessory and
catalytic subunits. Inmost cases, these subunits are joined to create
an uninterrupted catalytic domain. However, in the type II DGKs
δ, η, and k,4,13,14 these domains are separated by a long peptide
sequence that does not have any apparent functional motif. Each
catalytic subunit has an ATP binding site where mutation of a

glycine in this motif to an aspartate or alanine renders the DGK
kinase dead.15�17 Evidence suggests that some DGK catalytic
domains may also require other motifs for maximal activity
because catalytic domains from DGKs ε, ζ, and θ have very little
DGK activity when expressed as isolated subunits (M.K.T. and R.
M.E. unpublished observations and ref 7), although the isolated
catalytic domain of DGKR retained about 1/3 the activity of a fully
active DGKR N-terminal truncation mutant.10 Thus, it appears
that unlike bacterial DGK, several mammalian DGK catalytic
domains require other motifs for maximal activity. It is possible
that these othermotifs somehow function in coordination with the
catalytic domain.

In addition to the C1 and catalytic domains, DGKs contain
other structural domains that form the basis of the five subtypes.
In general, these other domains help regulate the level of kinase
activity or the localization of the enzyme or both. For example,
type I DGKs, R, β, and γ, have calcium-binding EF hand motifs
that make these enzymes more active in the presence of
calcium. Evidence from mutational studies indicates that when
the EF hand motifs of DGKR bind calcium, a conformational
change occurs that allows membrane association and activation
of the enzyme.18 Type II DGKs, δ, η, and k, have pleckstrin
homology (PH) domains near their amino termini. This
domain in DGKδ has been shown to bind weakly and non-
selectively to phosphatidylinositols,19,20 but binding these
lipids did not significantly affect its activity.19 DGKs δ and η
also have a sterile alpha motif (SAM) at their carboxy termini. A
recent study shows that SAM domains of DGKδ bind zinc at
multiple sites and might allow DGKδ to form oligomers.21 A
mutant of DGKδ containing a SAM domain refractory to zinc
binding exhibits partially impaired localization to the cytoplas-
mic puncta and enhanced localization to the plasma membrane
in response to TPA stimulation, thus suggesting that zinc may
play an important role in the assembly and physiology of
DGKδ.21 There is also further evidence that SAM domain
interactions sequester DGKδ away from membranes to limit its
access to diacylglycerol.22

The only type III DGK, ε, does not have identifiable structural
motifs outside of its C1 and catalytic domains. But despite its lack
of identifiable regulatory domains, this is the only DGK that
displays specificity toward acyl chains of DAG; it dramatically
prefers DAGs with an arachidonoyl group at the sn-2 (middle)
position of the glycerol backbone. Its preference for arachidonoyl-
DAG suggests thatDGKεmay be a component of the biosynthetic
pathway that accounts for the enrichment of PIP2 with arachidonic
acid.23 This possibility is discussed in more detail below. Type IV
DGKs, ζ and ι, have a motif enriched in lysines and arginines that
acts as a nuclear localization signal and is a substrate for conven-
tional PKCs. Thismotif is homologous to the phosphorylation site
domain of the myristoylated alanine-rich C kinase substrate
(MARCKS) protein, and phosphorylation of this domain limits
nuclear localization of theseDGKs. The ζ and ιDGK isoforms also
have four ankyrin repeats and a PDZ bindingmotif at their carboxy
termini that may be sites of protein�protein interactions. The
only type V DGK, θ, is distinguished by three C1 domains, a PH
domain, and a Ras-association domain within the PH domain. To
date, no binding partners for the PH and Ras-association domains
have been identified.

1.3. Alternative Splicing
Six of the ten mammalian DGK isoforms (DGKs β, γ, δ, ζ, η,

and ι) have been demonstrated to undergo alternative splicing

Figure 1. (A) Different enzymatic pathways can produce diacylglycerol
(DAG) and phosphatidic acid (PA). PLC enzymes generate DAG that
can be phosphorylated by DGKs to produce PA. In another pathway,
phospholipase D (PLD) hydrolyzes phosphatidylcholine (PC) or
phosphatidylethanolamine making PA that can be further hydrolyzed
by PAPs to generate DAG. To date, there is little definitive evidence to
suggest that the DGK and PAP reactions are coupled. Both DAG and PA
can act as signaling lipids and are also intermediates in lipid biosynthetic
pathways. (B) DAG and PA have the same general structure but contain
different functional groups attached to the third (sn-3) carbon. Depend-
ing on their molecular structure, the fatty acyl groups confer different
signaling properties to the DAG or PA.
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(Figure 2). In most cases, this splicing alters either the localiza-
tion or the activity levels of the enzymes. Two of the three type I
enzymes are alternatively spliced. DGKβ, for example, has two
splice variants that differ at their carboxy -termini.24 These two
splice variants have similar activity, but the shorter variant of
DGKβ does not translocate to the plasma membrane following
growth signals or treatment with phorbol esters, while the longer
variant does. The physiological significance of this alternative
splicing is not clear. DGKγ is also alternatively spliced,25 with the
shorter splice variant missing a portion of its catalytic domain. As
expected, this truncation renders the enzyme inactive. The
mRNA encoding both DGKγ splice variants was detected in
several tissues, while only the active, longer variant was detected
in brain and retina. Again, the physiological significance of this
splicing is not clear, but it suggests that there is a biological role
for kinase inactive DGKγ.

Type II DGKs also undergo alternative splicing. DGKδ, for
example, is variably spliced at its amino terminus.26 DGKδ2, the
longer variant, is widely expressed in both normal tissues and
various cancer cell lines, while DGKδ1, the shorter variant, has a
more limited spectrum of expression. The amino terminus of
DGKδ2 is proline-rich, and this region appears to impede
translocation of the enzyme to the plasma membrane upon
exposure of cells to phorbol esters. In contrast, DGKδ1, which
does not have the proline-rich amino terminus, rapidly relocates
from the cytoplasm to the plasma membrane upon exposure of
cells to phorbol esters. Phorbol esters also have opposing effects
on the expression levels of endogenous DGKδ splice variants:
they increase the levels of DGKδ2 and reduce the levels of
DGKδ1. Activation of the epidermal growth factor receptor
(EGFR) similarly induces expression of DGKδ2, indicating that
this splice variant might be an important regulator of signals
downstream of the EGFR. Another type II DGK, DGKη, is also

alternatively spliced, which results in one variant (DGKη2)
having a SAM domain while the other variant (DGKη1) lacks
it.27 DGKη1 is expressed in most tissues and cancer cell lines,
while DGKη2 has a more limited expression pattern. In addition,
DGKη1 was found to have higher specific activity compared with
DGKη2, and domain swapping experiments suggested that the
SAM domain might serve to negatively regulate DGKη2, possi-
bly through an indirect effect of binding to another SAM
domain.27 This domain also appeared to promote prolonged
retention of DGKη2 on endosomes following exposure of cells to
osmotic or oxidative stress. Finally, the abundance of the DGKη
splice variants was differentially regulated by glucocorticoids and
phorbol esters: both agents augmented expression of DGKη1
mRNA and reduced the expression of DGKη2.27

Both type IV DGKs undergo alternative splicing. At its amino
terminus, the gene encoding DGKζ is spliced to form a longer
variant, DGKζ2, which is predominantly expressed in skeletal
muscle.28 The shorter variant, DGKζ1, is expressed in most
tissues. Both splice variants have similar activity levels, but
DGKζ2 appears to be predominantly localized in the nucleus
while DGKζ1 is found both inside and outside of the nucleus.
Their distinct localization patterns likely dictate their ability to
regulate RasGRP1, which is discussed in more detail below. The
other type IV DGK, DGKι, is differentially spliced to form three
variants.29 One variant (DGKι1) is the full length enzyme,
another (DGKι2) lacks the ankyrin repeats, and the third variant
(DGKι3) is truncated within the catalytic domain. DGKs ι2 and
ι3 are predominantly associated with membrane compartments,
while the ankyrin repeats retained in DGKι1 appear to help
localize a portion of the enzyme in the cytoplasm. In addition to
affecting localization, the splicing also alters the specific activity
levels of the enzymes: DGKι1 has the highest activity levels,
DGKι2 has about 50% of that activity, and DGKι3, as expected, is

Figure 2. Themammalian DGK family. Based on structural motifs, the 10mammalian DGKs are divided into five subtypes. Alternative splicing of some
DGK isotypes generates even more structural diversity. Alternative splicing variants are designated by a number following the Greek letter. Many of the
DGKs contain other unique structural domains that are not shown.
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inactive. Like splicing of other DGK isoforms, the biological
function of alternative splicing of DGKι is not clear.

Given the extensive alternative splicing that is known to occur
withinmammalianDGK genes, it would not be surprising if other
DGK genes not discussed above are also differentially spliced.
Clearly, the diversity of the DGK family is enhanced by alter-
native splicing, but the functions of the differentially spliced
variants needs to be studied in much more detail.

1.4. Organ Distribution
Most tissues express several different DGK isoforms, and even

within the same cell type, more than one DGK isoform can exist.
For example, we detected all known DGK isoforms in mouse
brain extracts30 and have found expression of at least six DGK
isoforms in mouse embryo fibroblasts (M.K.T. unpublished
observations). In general, when several DGKs are expressed in
tissues or cells, they are from different subfamilies, suggesting
that each subfamily carries out a distinct biological function. But
because no one has assayed the relative expression levels of the
DGK family in a systematic way, it is difficult to directly compare
the expression levels of DGK isoforms in each tissue. However,
one way to compare the levels of DGKs in tissues is to examine
the frequency at which cDNA clones, called expressed sequence
tags (ESTs), of each DGK are identified in cDNA libraries
prepared from different tissues. This information is available at
the National Center for Biotechnology Information (NCBI,
www.ncbi.nlm.nih.gov), which collects EST profile data. It
should be noted that these data only approximate the levels of
DGK mRNA in a given tissue and are not meant to be definitive.
Given that caveat, this database suggests that most tissues express
at least one member of each DGK subfamily, with brain and
hematopoeitic organs particularly enriched in DGKs. The EST
data also suggests that DGKs R and ζ are the most commonly
expressed isoforms, with both of them being expressed in almost
every tissue examined. Conversely, DGKs β, k, and ι are
expressed at much lower levels and in fewer tissues compared
with other DGK isoforms. DGKβ, for example, is expressed
predominantly in nerves and brain, indicating an important role
for this isoform in neural tissue. Because of the fairly ubiquitous
expression patterns of most DGK isoforms, it is perhaps more
interesting to consider outliers in this data set such as tissues that
express a single DGK isoform or only a few DGKs. The limited
DGK expression profile in these tissues probably suggests that
the DGKs that are expressed have particularly important func-
tions. For example, DGKε is the only DGK isoform that has been
identified in adipose tissue, DGKγ is the only isoform isolated
from pituitary tissue, only DGKs R and θ have been identified in
bone marrow, and DGKs R, δ, and ζ are the most abundant
isoforms in lymphocyte-rich tissues such as lymph nodes, spleen,
and thymus. Alternatively, no DGK ESTs have been isolated
from parathyroid tissue, suggesting that DGK activity might be
dispensable in parathyroid glands. While identifying the tissue
distribution of each DGK is enlightening, it is perhaps more
informative to understand the specific function of each DGK in
these tissues by studying their subcellular distribution, their
modes of regulation, and their physiological roles in model
systems. These issues are discussed in detail below.

1.5. Subcellular Distribution
DGKs have been identified in a number of cell compartments,

including the nucleus (Figure 3). Their localization within the
nucleus is not surprising because it has a phosphatidylinositol
cycle that is regulated separately from plasma membrane

phosphatidylinositol signaling.31 Diverse extracellular stimuli
such as growth factors can lead to generation of nuclear DAG in
temporally distinct patterns,32,33 and several groups have de-
monstrated that nuclear DAG fluctuates during the cell cycle.31

Nuclear DAG appears to have important functional roles, so it is
not surprising that several DGKs have been detected in the
nucleus. DGKs R, ζ, and ι shuttle into and out of the
nucleus,17,34�36 while a significant fraction of DGKθ localizes
there constitutively.37 These nuclear DGKs appear to be
confined to separate, distinct regions of the nucleus: DGKs θ,
ζ and ι have been identified in discrete, unidentified regions
within the body of the nucleus,17,34,37,38 while DGKR appeared
to predominantly localize around its periphery.35 Their distinct
intranuclear localization patterns might be expected because
nuclear DAG signaling is likely compartmentalized as indepen-
dently fluctuating pools that have distinct fatty acid composi-
tions.39 The specific nuclear roles of DGKs R and ζ are
discussed in detail in section 3.1.

In addition to localizing within the nucleus, DGKs are also
found throughout other parts of the cell (Figure 3). Most of them
are at least partly localized at the plasma membrane either
constitutively, in the case of DGKk,4 or following stimulation
with specific agonists. For example, DGKR translocates to the
plasmamembrane following engagement of the T cell receptor,40

DGKδ1 translocates there upon exposure to phorbol esters,26

and DGKs ζ and θ are found at the plasma membrane following
activation of some G protein-coupled receptors.41,42 Presumably,
their function at the plasma membrane is to attenuate DAG
signaling initiated by specific receptors, several examples of
which are discussed in section 1.6.

In addition to the plasma membrane, DGK activity has been
detected in cell fractions containing cytoskeleton components
along with other proteins involved in cytoskeleton dynamics.43

Consistent with this, DGKθwas found to associate with RhoA,44

DGKβ colocalized with actin filaments,45 and DGKζ interacted
with several proteins involved in actin dynamics.3 In most cases,
the physiological significance of their interactions with cytoske-
leton components is not entirely clear, but there are data
demonstrating that DGKs can modulate cytoskeleton remodel-
ing. For example, DGK inhibitors augmented platelet secretion
and aggregation,46 and DGKζ is involved in actin dynamics,47

which is discussed in more detail in section 3.2. DGKs have also
been found to colocalize with organelles. DGKγ, for example,

Figure 3. Cell distribution of mammalian DGKs.
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colocalizes with theGolgi,45 DGKs ε and δ appear to reside in the
endoplasmic reticulum,45,16 and DGKs δ and η have been found
to be localized on endosomes (ref 27 and M.K.T. unpublished
data). Again, little is known of the precise functional roles of
these DGKs in each organelle, but some specific cases are
discussed below.

1.6. Specific Interactions of DGKs with Other Proteins
As noted above, each DGK isotype is expressed in numerous

tissues, and multiple DGK isotypes are often expressed in the
same tissue and even within the same cell. Their overlapping
expression patterns suggest that each DGK might have a specific
set of biological functions. Evidence indicates that DGKs achieve
specificity of function through their ability to regulate discrete
pools of DAG. This occurs when DGK isoforms translocate to
specific cellular compartments where they metabolize DAG. For
example, DGKζ was shown to mediate DAG signaling down-
stream of the M1 muscarinic receptor (M1R), a seven-trans-
membrane receptor (GPCR).11,41 Its translocation to M1R
required binding to β-arrestins, which are scaffolding proteins
that bind GPCRs. Blocking the interaction of β-arrestins with
DGKζ attenuated DAG metabolism. The binding site on DGKζ
for β-arrestins mapped to the C1 domains,11 and mutating either
of the C1 domains abolished translocation of DGKζ.11,41 Since
β-arrestins bind other GPCRs, this mechanism is likely broadly
applied to limit DAG signaling initiated by many different GPCR
agonists. Indeed, overexpressing DGKζ enhanced decay of ERK
phosphorylation following activation of the gonadotropin-releas-
ing hormone receptor, another GPCR.48 In addition to influen-
cing DAG signaling, DGK isotypes also generate PA, which can
affect numerous proteins. This mechanism is discussed in more
detail in section 5.1.

In addition to achieving specificity of function that is dictated
by their intracellular localization (Figure 3), a second level of
specificity occurs when DGKs bind to a unique subset of DAG-
or PA-activated proteins in order to regulate their activity. This
concept agrees with an emerging body of evidence indicating
that specificity in signal transduction is often achieved by
gathering together signaling proteins in common pathways
along with their regulators.49 Based on these two mechanisms
that allow DGKs to achieve functional specificity, the outcome
of DGK activity depends on the binding partners of each DGK
isoform and the location in the cell where they bind these
proteins. The effects that individual DGKs exert can be quite
different. A clear example of this concept has been demon-
strated for the type IVDGKs, ζ and ι, which are structurally very
similar but have opposing effects on Ras signaling. DGKζ was
found to attenuate Ras signaling, both in vitro50,51 and in vivo,51

while DGKι, which is structurally similar to DGKζ, enhanced
Ras signaling.52 These opposing effects on Ras are due to the
ability of these DGKs to bind and inhibit specific RasGRP
enzymes, which are DAG activated guanyl nucleotide exchange
factors for Ras and Rap proteins. When DAG is abundant,
RasGRP proteins activate Ras, Rap, or both. Because RasGRPs
differ in their ability to regulate Ras or Rap, the outcome of
RasGRP regulation by a DGK depends on which RasGRP is
affected. For example, by metabolizing DAG, DGKζ inhibits
the activity of RasGRP1,50 which predominantly affects Ras.
Thus, when DGKζ was overexpressed, Ras activation was
reduced because RasGRP1 was inhibited.50 Conversely, in
conditions of DGKζ deficiency, Ras activity was enhanced
because RasGRP1 was abnormally active. Its ability to regulate

RasGRP1 was unique among the five other DGK isotypes that
were tested; even an alternatively spliced form of DGKζ did not
inhibit RasGRP1.50 DGKι on the other hand binds and
predominantly inhibits RasGRP3,52 which affects both Ras
and Rap. In conditions of DGKι deficiency, RasGRP3 activity
was augmented, which led to excessive activation of Rap.
Conversely, Ras activity was not increased but instead was
reduced, suggesting that DGKι predominantly affected the
ability of RasGRP3 to activate Rap, which then interfered with
and reduced Ras signaling. Collectively these observations
indicate that DGKs achieve functional specificity based upon
the company that they keep.

Additional examples of DGKs specifically binding to DAG
target proteins to regulate their activity have been published.
For example, DGKR was also shown to bind and inhibit
RasGRP1,53,54 and DGKζ can bind and regulate PKCR.53,54

Thus, it appears that DGKs commonly associate with and
modulate proteins that are regulated by DAG. And given their
ability to generate PA, it is not surprising that DGKs also bind
and modulate proteins whose activity is regulated by PA. For
example, through their ability to produce PA, DGKs have been
shown to regulate either directly or indirectly Rac1, mTOR, and
phosphatidylinositol-4-phosphate 5-kinase enzymes. These ex-
amples are discussed in detail in section 5.1. Based on the
structural diversity of the DGK family, it is likely that each DGK
regulates a distinct set of DAG signaling proteins, a concept that
is supported bymouse knockout studies showing that mice with
targeted deletion of individual DGK isoforms have distinct
phenotypes.30,52,55�57

1.7. Regulation of DGK Activity
Activation of DGKs is complex and usually requires translo-

cation of the DGK to a membrane compartment where it can
bind to appropriate cofactors or other proteins. Additional
regulation of their activity occurs by post-translational mod-
ifications. This complexity allows tissue- or cell-specific regula-
tion depending on the availability of cofactors and the type of
stimulus that the cell receives.

DGKR demonstrates the complex regulation of DGKs.
Upon stimulation of T cells, DGKR translocates to at least
two membrane compartments depending upon the agonist
used. Stimulation of T cells with IL-2, for example, causes
DGKR to translocate from the cytosol to a perinuclear
region,15,58 while activation of the T cell receptor results in
translocation to the plasma membrane.15 Once it arrives at a
membrane compartment, the activity of DGKR can be mod-
ified by the availability of several cofactors. Calcium binds to
the EF hand structures and stimulates its DAG kinase activity,
and lipids such as phosphatidylinositol 3-kinase lipid pro-
ducts, phosphatidylserine, and sphingosine also activate
DGKR.59,60 Finally, DGKR can be phosphorylated by several
protein kinases, including PKC isoforms and Src. Although
the consequences of these phosphorylations are not clear,
evidence suggests that phosphorylation by Src enhances DAG
kinase activity.61 Thus, several events can modify the activity
of DGKR, and combinations of them appear to fine-tune its
activity depending upon the cellular context.

Like DGKR, other DGK isotypes appear to be regulated by
access to DAG through membrane translocation and by the
availability of various cofactors. Members of eachDGK subfamily
appear to be regulated similarly, although probably there are
subtle differences between subfamily members owing to
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alternative splicing, tissue-specific expression patterns, unique
binding partners, and subcellular localization. Similar to DGKR,
the other type I DGKs are activated when they bind calcium via
their EF hand motifs. Type II DGKs have a PH domain, and this
motif in DGKδ binds to phosphatidylinositols, which do not
activate DGKδ but might provide a localization cue.13,19 Of note,
conventional PKC isoforms phosphorylate serines within the PH
domain, and this phosphorylation inhibits translocation of full
length DGKδ1 or its isolated PH domain to the membrane.62

Type II DGKs may also be negatively regulated through their
SAM domains.27 The activity of types III and IV DGKs can be
modified by lipids: DGKε is inhibited by phosphatidylinositols
and by phosphatidylserine, while type IV DGKs are activated by
these anionic phospholipids.63 The activity of type IV DGKs is
also strongly regulated by their ability to access DAG in specific
subcellular compartments. Both DGKs ζ and ι are imported into
the nucleus, which requires their MARCKS homology domain
that acts as a nuclear localization signal.17,34 Nuclear import of
DGKζ is regulated by conventional PKCs, which phosphorylate
the MARCKS domain to inhibit this process.17 Another level of
nuclear import regulation appears to occur when the syntrophin
family of scaffolding proteins binds to the carboxy-terminal PDZ
binding domain of DGKζ. Binding to syntrophins sequesters
DGKζ in the cytoplasm.64 A third level of regulation occurs
through a nuclear export signal in DGKζ.65 Thus, nuclear
accumulation of type IV DGKs is exquisitely regulated, suggest-
ing an important nuclear function for these isozymes. Finally,
DGKθ, a type V DGK, is inhibited when it associates with active
RhoA,7 and it translocates to the plasmamembrane when PKCs ε
and η phosphorylate it.42

1.8. Physiological Roles
Given the number of mammalian DGKs, their structural

complexity, and their extensive tissue distribution, it is not
surprising that these enzymes contribute to numerous biological
processes. For example, based on their abundance in leukocytes
and on inhibitor studies, DGKs have long been known to
modulate leukocyte functions, but the DGK isoforms responsible
for these effects were not known. Recently, however, studies in
knockout mice have demonstrated that DGKs R and ζ suppress
immune cell activation through the T cell receptor.55,56,66,67

DGKζ also appears to function in mast cells downstream of
the immunoglobulin E receptor and in macrophages down-
stream of Toll-like receptors.68,69 Several DGKs have also been
shown to modulate signaling events downstream of other plasma
membrane receptors in a variety of cell types. For example, DGKs
δ and η are required for proper EGFR signaling,30,70 and DGKR
acts downstream of the HGF and VEGF receptors.71,72 In
addition, DGKs help regulate small G protein signaling. For
example, DGKs ι and ζ regulate Ras and Rap signaling by virtue
of their ability to bind and regulate RasGRP exchange
factors,50,52 and DGKs γ and ζ help modulate the activation
state of Rac1, albeit in opposing ways.12,73 Finally, DGKε was
found to be necessary for the maintenance of several signaling
lipids in neuronal cells, and its deletion in mice protected them
from induced seizures.57 Collectively, these studies underscore
the importance of DGKs in lipid signaling events and demon-
strate the diversity of their functions. Many of these functions are
discussed in more detail below.

2. FUNCTIONAL ROLES OF DGKS AT THE MOLECULAR
AND BIOCHEMICAL LEVEL

2.1. Down Regulation of Diacylglycerol (DAG) and Up
Regulation of Phosphatidic Acid (PA)

DGKs play a major role in cellular signaling by converting
DAG to PA, regulating the balance between these two important
lipid signaling molecules. Further modulation of this balance can
be achieved by formation of DGK complexes with proteins that
regulate DAG production or act as downstream effectors of DAG
or with proteins that act downstream of PA to efficiently couple
with the PA-dependent signaling.3,74,75

DAG is well-known to regulate different cellular processes,
mostly through binding to C1 domains that are found in many
proteins including protein kinase C (PKC).76,77 In addition
to modulating classical and novel DAG-sensitive PKC iso-
forms by removing DAG, DGKs have also been found to
negatively regulate several other signaling proteins, such as
RasGRP1,50 RasGRP3,52 UNC-13,78,79 β2-chimaerin,80 and
protein kinase D.81 Also it was found that DAG activates
some transient receptor potential channels that do not have
C1 domains.82

The product of the reaction catalyzed by DGK, PA, has also
been shown to regulate a wide variety of cellular events,
including cytoskeletal rearrangement, proliferation, and cell
survival.83 It is also required for vesicle trafficking and stimula-
tion of DNA synthesis and is potentially mitogenic. These
effects are likely due to the ability of PA to regulate a number of
signaling proteins, such as Sos, a Ras GEF (guanidine-nucleo-
tide-exchange factor), Ras-GAP, phosphatidylinositol 5-ki-
nases, Raf-1, PAK1, and PKCζ.

It is believed that each PA species, saturated and unsaturated,
can differentially activate proteins. PA produced by DGKs is
enriched in polyunsaturated fatty acids, particularly arachidonate.
It was shown that the PA produced by DGKR was necessary for
stimulated T lymphocytes to progress to S phase of the cell
cycle35 and that PA produced by DGKζ activates PAK1, which
then causes actin rearrangements.47

The conversion of DAG to PA, catalyzed by DGKs, is also
the first step in the resynthesis of phosphatidylinositols (PI).
Therefore DGKs are crucial components of the PI cycle (see
section 2.2).

Figure 4. PI cycle between the plasma membrane and endoplasmic
reticulum (ER).
Reprinted with permission fromMilne et al.88 Copyright 2010 American
Chemical Society.
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2.2. Role of DGK in the PI Cycle
Several lines of evidence indicate that among all of the

mammalian DGK isoforms, DGKε is uniquely involved in the
PI cycle. All of the lipid intermediates in the PI cycle are enriched
in arachidonoyl groups in the sn-2 position. The only DGK
isoform that shows substrate specificity in vitro for DAG with an
arachidonoyl acyl chain at the sn-2 position is DGKε.84,85 Both
the substrate and product of the reaction catalyzed by DGK,
DAG and PA, are intermediates in the PI cycle (Figure 4). Hence
the DGK-catalyzed step is a fundamental step in the PI cycle. Not
only is there enrichment of arachidonic acid at the sn-2 position,
but there is also the enrichment of sn-1 acyl chain of PI cycle
intermediates with stearoyl. Thus, the most common acyl chain
composition of lipid intermediates in the PI cycle is 1-stearoyl-2-
arachidonoyl, and the DAG substrate with this acyl chain
composition is phosphorylated at the highest rate compared
with other molecular species of DAG.86 This same acyl chain
preference is also exhibited in the competitive inhibition of
DGKε by phosphatidic acid.86 No other isoform of DGK exhibits
any acyl chain specificity. Recently lipidomics analysis has been
carried out to compare the acyl chain composition of the major
phospholipids in normally proliferating mouse embryonic fibro-
blasts (MEFs) derived from wild-type versus DGKε or DGKR
knockout mice.87 Dramatic differences between wild-type and
DGKε knockout cells in arachidonate-containing lipids were
observed for multiple classes of glycerophospholipids and poly-
phosphatidylinositides. The peaks from mass spectrometry are
identified by their mass/charge ratio and presented in the formX:
Y where X is the total number of carbon atoms and Y the total
number of double bonds in both acyl chains of the phospholipid.
The lipidomics data demonstrated that the 38:4 species of PI
deceased from 33% of the total cellular PIs in the wild-type cells
to 24% in the DGKε knockout cells, a dramatic decrease of
27%.87 Further, 18:0 (stearoyl)-containing PI decreased by 29%
in DGKε knockout cells compared with the wild-type samples (p
< 0.01).86 This is in contrast to the observation that despite the
similarity between 16:0 and 18:0 acyl chains, deletion of DGKε
results in a larger decrease in 18:0 compared with 16:0 PI,
supporting DGKε’s selectivity for an sn-1 stearoyl acyl chain of
DAG86 in addition to the arachidonoyl specificity for the sn-2
position. These results provide in vivo evidence of DGKε’s
selectivity for DAG with a 1-stearoyl-2-arachidonoyl acyl chain
composition resulting in the enrichment of PI with this acyl chain
composition. Hence, DGKε can affect PIs that are neither
substrates nor products of the DGK reaction but are influenced
by DGKε through the PI cycle.

In contrast to the observations with DGKε, no differences in
the acyl chain composition of any phospholipid class or DAG
were observed between wild-type and DGKR knockout cells.
There was also no significant difference in the concentrations of
any of the DAG species between the wild-type and DGKε
knockout MEFs. However, the cells from the DGKR knockout
mice had a higher concentration of DAG, consistent with the lack
of down regulation of the major fraction of DAG because of the
absence of DGKR. This is in contrast withDGKε that is primarily
responsible for enrichment of only a fraction of PIPn, that is,
species with arachidonoyl acyl chains.

One of the proposed roles of DGK in regulating metabolism
has been suggested to be the removal of the signaling lipid DAG.
The results with the DGKR knockout MEFs are in accord with
this explanation, since removal of this isoform results in a slower
loss of DAG and hence an increase in its concentration. We

anticipate that this effect is typical of most, if not all, mammalian
isoforms of DGK, apart from DGKε, because these isoforms
phosphorylate all forms of DAG with equal rates. This is not the
case, however, for DGKε, which has specificity for catalyzing the
phosphorylation of SAG. Hence there is less effect on the total
concentration of DAG since SAG appears to be the principle
form of DAG that is phosphorylated by DGKε and the other
species of DAG should not change their concentration.

However, the unique enzyme specificity of DGKε does not
explain certain other observations. The degree of specificity of
DGKε for SAG compared with other structurally related forms of
DAG with small differences in acyl chain length or degree of
unsaturation is relatively modest. However, the enrichment of PI
cycle intermediates with SA forms of the lipids is substantial. This
can be explained by the fact that the PI cycle is a catalytic cycle in
which the intermediates are regenerated each time the cycle goes
around. As a consequence, there is a progressive enrichment of
SA forms of the lipid intermediates as a consequence of the
cyclical nature of this metabolic pathway. In addition, although,
as stated above, most species of DAG increase to a similar extent
in DGKR knockout MEFs, the 38:4 species and closely related
DAG species are exceptions that remain unchanged in DGKR
knockout cells.87 The principle component of this DAG would
be the species SAG, an intermediate in PI cycling. One explana-
tion for the lack of increase of 38:4 DAG when all of the other
species of DAG increase inDGKR knockoutMEFs is that there is
compartmentalization in the cell so that SAG is in a compartment
that contains DGKε but not DGKR. Hence the deletion of
DGKR has no effect on this species of DAGbecause the substrate
is not physically accessible to the enzyme. However, this does not
explain why there is no change in 38:4 DAG in DGKε knockout
MEF.87 We also observe that there is a decrease in the concen-
tration of all of the lipid intermediates of the PI cycle in the
DGKε knockout cells.88 Perhaps two things counterbalance each
other, that is, an increase in 38:4 DAG as a result of lowering the
conversion of SAG to SAPA as a consequence of knocking out
DGKε and a decrease in 38:4 DAG as part of an overall decrease
in PI cycle lipid intermediates. The reason for the lowing of the
concentrations of PI cycle intermediates is that when the PI cycle
is slowed the intermediates in the PI cycle will be metabolized by
alternative routes to other products. Inhibiting any step in the PI
cycle will slow all the steps in the cycle, because the PI cycle is a
catalytic cycle in which intermediates are regenerated each time
the cycle goes around. There is also a feed-forward mechanism
within the PI cycle in which the PA generated by DGK activates
phosphatidylinositol-4-phosphate 5-kinase (PI4P5K), which cat-
alyzes the conversion of PI4P to PIP2, one of the steps in the PI
cycle. It should be noted, however, that SAPA is not a potent
activator of human type IR PI4P5K but rather PAs with
dipolyunsaturated acyl chains are found to be the best
activators.89 Hence there are twomechanisms by which knocking
out DGKε will slow the PI cycle, one is directly by removing the
enzyme that catalyzes one of the steps in the PI cycle, that is, the
conversion of SAG to SAPA, and the other mechanism is through
the lowering the concentration of SAPA, an intermediate in the
PI cycle, resulting in a lowering of all the PI cycle intermediates.
Although PA can also be formed through the action of phos-
pholipase D, the path through DGK appears to be the more
important one for cell regulation.90

Another observation, that goes counter to the hypothesis that
the sole function of DGK is to down-regulate the DAG signal,
comes from observations that electrical stimulation of the brains
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of mice leads to a transient increase in arachidonoyl-containing
DAG.57 Interestingly, this increase is greater in wild-type mice
compared with DGKε knockout mice. Again this observation is
contrary to the concept of DGK lowering the level of DAG.
However, the observation would be consistent with the idea that
removing DGKε slows the PI cycle and hence results in the
lowering of all the intermediates in the cycle.

We can thus conclude that whatever the details of the
regulation of lipid intermediates of the PI cycle, it is clear that
DGKε, but not other isoforms of DGK, is the predominant
enzyme that catalyzes the step of the PI cycle in which SAG is
phosphorylated to SAPA.

3. ROLE OF DGK AT THE CELLULAR LEVEL

3.1. Cell Division and Proliferation
DGKs have been shown to modulate cell cycle dynamics by

several different mechanisms. As noted above, several DGK
isoforms are found within the nucleus where they are thought
to regulate DAG or PA signaling that occurs as part of the nuclear
phosphatidylinositol cycle.91 DAG is present in nuclear prep-
arations and appears to fluctuate with the cell cycle, but the
specific pattern of its accumulation is not clear because of the
many different methods used to isolate nuclei. However, most
data suggest that nuclear DAG peaks shortly before S phase and
promotes the G1/S transition,92 facilitating cell cycle progres-
sion. Consistent with this and emphasizing the importance of
nuclear DAG signaling in the cell cycle, cells overexpressing
DGKζ were inhibited from progressing to S phase, presumably
because DGK reduced the levels of nuclear DAG.17 A kinase
inactive mutant DGKζ did not affect the cell cycle, further
supporting a model in which DGKζ modulates the cell cycle
by metabolizing nuclear DAG.17 The targets of nuclear DAG are
not clear at this point, and it is still somewhat of a mystery exactly
where within the nucleus DAG and other signaling lipids exist.
However, one clue to the function of nuclear DGKζ and DAG
might be that DGKζ localizes with chromatin within the
nucleus93 and also binds, through its MARCKS homology
domain, the retinoblastoma protein (pRB)94 the best-known
function of which is to repress transcription of E2F-regulated
genes that are needed for cell proliferation. Binding of pRb
augments the activity of DGKζ and their association is inhibited
when protein kinase C phosphorylates the MARCKS homology
domain in DGKζ.95 The retinoblastoma protein also binds other
lipid kinases and may act as a scaffold protein to integrate nuclear
phosphatidylinositol signaling. This complex of proteins could
provide a link between changes in nuclear signaling lipids and cell
cycle regulation.

DGKs R, γ, ι, and θ have also been observed in nuclei,96 and
some are confined to specific compartments within the nucleus.
This compartmentalization suggests that DGK isotypes have
specific roles in the nucleus. Their roles within the nucleus
remain largely unexplored, but there is evidence that DGKs can
have both positive and negative effects on the cell cycle. For
example in T lymphocytes, the PA produced by nuclear DGKR
appears to be necessary for IL-2-mediated progression to S phase
of the cell cycle,35 and expression of a kinase-deficient mutant
DGKγ reduced cell cycle progression.96 Collectively, these data
indicate both the complexity and importance of lipid signaling
and DGK function in the nucleus, but it is clear that further work
needs to be done to completely understand their nuclear roles.

In addition to affecting cell cycle progression by modulating
lipid signaling events within the nucleus, DGKs also regulate cell
proliferation from outside of the nucleus. They accomplish this
task largely by modulating signaling cascades that promote cell
cycle progression. For example, both DGKδ and DGKη are
necessary for proper cell proliferation by virtue of their regulation
of EGFR signaling,30,70 and DGKR is required for cell prolifera-
tion mediated by a constitutively active anaplastic lymphoma
kinase fusion protein.97 These DGKs modulate proliferation by
different mechanisms, and in the case of DGKη, it appears that its
activity is not required tomodulate cell proliferation. The roles of
these DGKs in cell proliferation and cancer are discussed in more
detail in section 4.2.

3.2. Cell Morphology: Cytoskeletal Rearrangements
It was found that some DGK isoforms are localized to the

cytoskeleton, suggesting their role in regulating cytoskeleton
rearrangements. Thus, it was shown that DGKR is required for
growth-factor-induced cell migration and ruffling, through
activation of Rac small-GTPase and coordination of its
localization.98 Recently, the details of this signaling pathway
were unveiled. Chianale et al.71 showed that upon hepatocyte
growth-factor stimulation, DGKR, through production of PA,
regulates the recruitment of atypical PKCζ/ι in complex with
RhoGDI and Rac to ruffling sites of epithelial cells. In turn,
activation of atypical PKCζ/ι promotes the release of Rac from
the inhibitory complex with RhoGDI, leading to its activation
and, consequently, to formation of membrane ruffles. Another
isoform, DGKγ, was shown to colocalize with F-actin upon
phorbol ester treatment.76 A number of observations suggest
that DGKγ acts as an upstream suppressor of Rac1 and,
consequently, lamellipodium/membrane ruffle formation.
Thus, it was proposed that DGKγ might affect cytoskeleton
dynamics through regulating Rac1 activity during leukemia cell
differentiation.99 It is also possible that by affecting Rac1
activity, DGKγ indirectly regulates gene expression of proteins
responsible for the differentiation.100 Additionally, it was
found that in response to epidermal growth factor cell stimula-
tion, DGKγ activates β2-chimaerin, a Rac-specific GAP, most
likely through PA produced by its catalytic activity, thus
suggesting that β2-chimaerin is an effector molecule that
functionally links DGKγ with Rac1.80

Recently it was found that the epsilon isoform of DGK is
colocalized with actin stress fibers in isolated rat aortic smooth
muscle cells.101 It was shown that upon serotonin-stimulated
contraction of the cells, DGKε was detected diffusely in the
cytoplasm without a filamentous stress fiber pattern. Moreover,
inhibition of Rho-associated kinases by Y-27632 or inhibition of
actin polymerization by cytochalasin B lead to a decrease in the
intensity of DGKε signal on stress fibers, thus, suggesting that
DGKε interacts with actin stress fibers and may be involved in
their stability in vascular smooth muscle cells.

DGKζ was reported to interact with the cytoskeleton near the
plasma membrane at the leading edge of migrating cells.12 This
interaction occurs through DGKζ�syntrophin complex, which
is translocated from the cytosol to the plasma membrane upon
PKC-dependent phosphorylation of the DGKζ�MARCKS�
PSD in skeletal muscle.102 It was shown that in N1E-115
neuroblastoma cells a complex formed by DGKζ, syntrophin,
and Rac1 controls neurite outgrowth.12 And recently it was
demonstrated that DGKζ-deficient fibroblasts were defective
in Rac1-regulated processes, such as lamellipodia formation,
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membrane ruffling, migration, and spreading.47 The results of
this study suggest that DGKζ forms a stable complex with
PAK1 and RhoGDI that acts as a Rac1-selective RhoGDI
dissociation factor. Thus, DGKζ through generating PA acti-
vates PAK1, which leads to the dissociation of RhoGDI from
Rac1, causing changes in cytoskeleton dynamics.

3.3. Movement of Lipid among Organelles
Different isoforms of DGK are found in different locations

within the cell.45 We have discussed herein (section 1.5) current
knowledge about the subcellular localization of the various
isoforms of DGK. Their specific location will contribute to a
depletion of DAG and a build up of PA in the organelle in which a
particular isoform is located. To maintain homeostasis there
would have to be a compensatory movement of lipids among
organelles or stimulation of other metabolic steps.

There is one metabolic pathway for which lipid movement
between organelles plays a critical role. This is PI cycling in
which DGK, particularly DGKε, catalyzes one of the steps. This
cycle involves steps that occur only in the endoplasmic reticu-
lum (ER), while the stimulation of other steps occurs in the
plasma membrane. There are also reactions that take place in
both membranes. Nevertheless, PI is synthesized only in the ER
while the formation and cleavage of PIP2 occurs mainly in the
plasma membrane, although there are enzymes in the ER that
can phosphorylate PI.103 It is possible that there is a limited
amount of PI cycling within the ER that does not require lipid
transfer. However, in order for the PI cycle to be efficient and
sensitive to hormone stimulation, there must be transfer of PI
from the ER to the plasma membrane and counterbalancing
transfer of lipid, in the form of DAG, PA, or both, from the
plasma membrane to the ER.

PI formed in the ER can be transferred to the plasma
membrane by both specific lipid transporters104,105 and vesicular
transport. There is also recent evidence (T. Balla, personal
communication) that PI can be formed in small particles that
are present outside of both the ER and the plasma membrane.
These particles carry PI synthetase and may be responsible for
delivering PI to other membranes of the cell. It has been shown
that PA is required for vesicular trafficking. PA regulates fusion
through promotion of negative membrane curvature.83 More-
over, PIP2 also regulates vesicular transport.

106 Hence the rate of
the vesicular transport component of movement of PI from the
ER to the plasma membrane is subject to modulation by the
concentration of certain intermediates of the PI cycle. If the PI
cycle is inhibited, as for example by the removal of DGKε, then
the concentration of PI cycle lipid intermediates will decrease
resulting in the further slowing of the cycle because of loss of lipid
factors that facilitate vesicular transport of lipids from the ER to
the plasma membrane.

Less is known about the transfer of lipid from the plasma
membrane to the ER. It is known that there are contact sites
where there is close juxtaposition of the ER and plasma
membranes. It is at these sites where lipid transfer may be
facilitated.107�110 With regard to the PI cycle, there are two
lipids that could be transferred in this direction to complete the
cycle, either DAG or PA. DGKε is present in both the ER and
the plasma membrane.45,111 Hence the SAG formed from the
PIP2-specific phospholipase C in the plasma membrane can
either be transferred to the ER where it would be converted to
SAPA by the DGKε in the ER or be converted to SAPA in the
plasma membrane, also by DGKε, and then the SAPA would be

transferred to the ER. Little information is available with regard
to which of these two pathways has greater importance for
completing the PI cycle. It is known that PA transfer is not
dependent on soluble lipid carriers or on vesicular transport112

as was the case of PI transfer to the plasma membrane. In
addition to transfer from the plasma membrane, there is an
alternative pathway for the de novo synthesis of PA from
glycerol-3-phosphate directly in the ER.113 Using acyl-CoA's,
PA is first synthesized and undergoes maturation in the
remodeling pathway that includes acylation of lyso-PA
(Lands’ cycle).114 This newly synthesized PA can then enter
the PI cycle in the ER through a CDP-dependent reaction
catalyzed by CDP-diacylglycerol synthase. CDP-diacylglycerol
synthase is not found in the plasma membrane, nor can the
plasma membrane synthesize PA from small molecule precur-
sors. However, the acyl chain composition is very similar for PI
or PA in the ER vs the plasma membrane, but the acyl chain
profile for PI is very different from that for PA.88 The reason the
acyl chain composition of these two lipid classes are different is
that there are other major sources of PA, independent of the PI
cycle. The other major source of PA is as a product of reactions
catalyzed by phospholipase D. Since there are different lipid
metabolizing enzymes in the two membranes, the ER and the
plasma membrane, the similar acyl chain composition of PI and
of PA in the two membranes provides good evidence for the
facile exchange of these two lipid species between the two
membranes.

3.4. Formation of lipid droplets
In addition to its function as a lipid signal, DAG is also a key

intermediate in lipid metabolism.115 It is the substrate for the
synthesis of the phospholipids PC, PE, and PS, and through
its conversion to PA by DGK, DAG provides the precursor,
PA, for the synthesis of PI, phosphatidylglycerol, and cardi-
olipin. In addition, SAG can be acted upon by a phospholipase
A1 to produce 2-arachidonoyl glycerol, an important ligand
for the CB1 cannabinoid receptor.116 In addition, DAG can
be acted upon by acyl-CoA:diacylglycerol acyltransferase to
form triglycerides.

DAG is not only a precursor for the formation of fats for lipid
storage, but it is also the trigger for the formation of lipid droplets
through the recruitment of proteins, such as perilipin, that
facilitate lipid droplet formation.117 Lipid droplets can be formed
from caveolae in some cells, but more generally, lipid droplets
arise in the ER as a result of the accumulation of DAG between
the phospholipid leaflets.118,119 Thus in addition to altering the
concentration of the lipid signaling molecules, DAG and PA,
DGK also inhibits the formation of lipid droplets both by
removing DAG, which both removes the immediate substrate
for the formation of triglycerides, as well as removing the lipid
signal that triggers the formation of the lipid droplet structure.

4. RELATIONSHIPS OF MOLECULAR AND CELLULAR
PROPERTIES TO PHYSIOLOGICAL FUNCTION

4.1. Regulation of Immune Function
Based on inhibitor studies, DGKs have long been known to

modulate leukocyte functions, but the specific DGKs responsible
for these effects were not known. Recently, however, studies in
knockout mice have demonstrated important roles for DGKs R
and ζ in white blood cells. For example, lymphocytes from
DGKζ knockout mice had excessive Ras signaling following T



6195 dx.doi.org/10.1021/cr1004106 |Chem. Rev. 2011, 111, 6186–6208

Chemical Reviews REVIEW

cell receptor stimulation, and consequently, they were hyper-
proliferative.55 The abnormal Ras signaling in the DGKζ-deficient
lymphocytes was probably due to high levels of DAG that then
activatedRasGRP1.50DGKζ also appears to function downstream
of the immunoglobulin E receptor inmast cells and downstreamof
Toll-like receptors in macrophages.68,69 But unlike its role down-
stream of the T cell receptor, its function in these cells might be to
produce PA rather than to metabolize DAG.

Similar to DGKζ, DGKR also functions downstream of the T
cell receptor, and deleting its gene in mice or treating lympho-
cytes with inhibitors of DGKR enhancedT cell receptor signaling
and promoted proliferation.56,66 Ultimately, DGKR deficiency
caused T lymphocytes to become resistant to anergy, a state of
tolerance to antigens. Conversely, overexpressing DGKR pro-
moted anergy. Like DGKζ, DGKR appears to modulate DAG
and RasGRP1 signaling downstream of the T cell receptor so that
in conditions of DGKR deficiency, DAG levels rise, RasGRP1 is
activated, and Ras signaling is abnormally high. Consistent with
this model in which a DGK modulates lymphocyte tolerance by
regulating DAG and RasGRP1 signaling, deleting DGKζ, which
is known to regulate RasGRP1, similarly modulated T cell
anergy.56 Together, these data indicate that DGKs R and ζ
regulate lymphocyte tolerance through their ability to regulate
DAG signaling downstream of the T cell receptor. Since both of
these DGKs appeared to function similarly in lymphocytes, it was
not surprising to find that lymphocytes in which both DGKR and
DGKζ had been deleted had severe defects in T cell maturation,
and a small portion of the double knockout mice developed
thymic lymphomas when they expressed a transgene that pro-
moted thymic tumorigenesis.67 Collectively, these data indicate
that DGKs R and ζ have prominent and synergistic roles in
regulating T lymphocyte signaling. In addition to DGKR and
DGKζ, other DGK isoforms are expressed in leukocytes, but
their specific function in vivo remains to be established.

4.2. Cell Proliferation and Cancer
DAG has long been known to facilitate cell transformation. For

example, cell lines that overexpress PLCγ, which causes excess
DAG, have a malignant phenotype.120 Conversely, cells manipu-
lated to reduce the expression of PLCs β, γ, or δ have a suppressed
growth response.121 Additionally, there are elevated DAG levels in
cells overexpressing Ras and other oncogenes.122�125 Although
implicating the transforming potential of excess diacylglycerol,
these studies did not address a direct role for DAG in this process.
More direct evidence that abnormally high DAG levels are
involved in cellular transformation comes from studies using
phorbol esters. This complex family of compounds promotes
tumorigenesis by acting as DAG analogues that are metabolized
very slowly. This results in prolonged activation of proteins that
would normally bind DAG only briefly. Based on the tumor-
promoting properties of phorbol esters, it is likely that abnormally
elevated DAG levels caused by its dysregulated metabolism would
have similar tumor promoting effects. As such, one would predict
that reduced expression or activity of DGKs would lead to
excessive DAG levels that could promote cell transformation.

Probably the best example of a DGK that negatively regulates
DAG and consequently limits the transforming potential of this
lipid is DGKζ, which functions both inside and outside of the
nucleus to achieve its effects. Within the nucleus, DGKζ limits
DAG levels and consequently alters cell cycle dynamics, and as
expected, overabundance of DGKζ slowed the cell cycle.17

Outside of the nucleus, DGKζ regulates DAG signaling

downstream of the T cell receptor to affect RasGRP1, an enzyme
that helps promote proliferation following engagement of the T
cell receptor. As expected of a negative regulator of RasGRP1,
DGKζ-deficient lymphocytes had excessive Ras activation and
were hyperproliferative following activation of the T cell recep-
tor. DGKR also appears to modulate RasGRP1 and its deletion
also led to hyperproliferation of T cells68 (Figure 5A). These
results lent credence to the possibility that deleting or inhibiting
a DGK would universally promote cell transformation as a
consequence of excessive DAG signaling. However, that has
not been the case: DGK deficiency reduces the transformation
potential of cells at least as often as it promotes transformation.
For example, disruption of the DGKι gene in mice led to
significantly fewer skin tumors.52 These effects were in contrast
to those of disrupting the DGKζ gene, which led to a trend
toward more tumors. These differences between DGKι and
DGKζ were caused by selective regulation of different RasGRP
enzymes: deletion of DGKι promoted the activity of RasGRP3,
which activated Rap1, leading to reduced Ras activity,52 while
deleting DGKζ promoted the activity of RasGRP1, which led to
excessive Ras activity50 (Figure 5B). Thus, it appears that even
though DGKs negatively regulate DAG signaling, the effects of
manipulating their function depend on the targets that are
downstream of that specific DGK isoform.

Figure 5. Role of DGKs in cancer and cell proliferation. (A) DGKR or
DGKζ deficiency results in increased cell proliferation andmore tumors.
(B) DGKι deficiency results in decreased cell proliferation and fewer
tumors. (C) DGKδ deficiency leads to significantly reduced levels and
activity of the EGFR, resulting in decreased cell proliferation. PI3K,
phosphatidylinositol 3-kinase; Cbl, E3 ubiquitin ligase; EGFR, epider-
mal growth factor receptor; USP8, ubiquitin-specific protease 8; EGFR-
Ub, ubiquitinated EGFR.
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Another example of a DGK whose deletion reduces the
transformation potential of a cell is DGKδ. Cells in which the
gene encoding DGKδ had been deleted had abnormally high
DAG levels.30 But despite the excessive DAG, DGKδ-deficient
mice had a phenotype very similar to epidermal growth factor
receptor (EGFR) null mice.30 The EGFR is a prominent cancer
target that is highly expressed or excessively active in many
cancers. In DGKδ-deficient cells and tissues, the levels and
activity of the EGFR were significantly reduced. These defects
in EGFR signaling were due, in part, to excessive PKC activity
that led to reduced activation of EGFR, promoted its degrada-
tion, and reduced the proliferation of cells30,126 (Figure 5C).
Thus, even though DGKδ deficiency led to excessive DAG levels,
this did not result in transformation, but instead it reduced
proliferation. Similar to DGKδ, another type II DGK, DGKη,
also appears to modulate EGFR signaling. Like DGKδ, when the
levels of DGKη were reduced, cell proliferation was inhibited,70

offering additional evidence that DGKs do not universally inhibit
cell growth. The effects of DGKη on signaling downstream of the
EGFR appeared to be independent of its DGK activity.

Finally, some DGK isoforms can have opposing effects on
cell proliferation. As noted above, deletion of DGKR in
lymphocytes led to their hyperproliferation following engage-
ment of the T cell receptor. Thus, downstream of the T cell
receptor, DGKR acts to limit cell proliferation. The effects of
deleting DGKR in this context are likely due, in part, to
accumulation of DAG and consequent activation of
RasGRP1.50 In contrast to its effects downstream of the T cell
receptor, in lymphocytes treated with interleukin-2, DGKR
promoted cell cycle progression,58 and in lymphoma cells
expressing an activated form of the anaplastic lymphoma kinase
receptor, DGKR also promoted proliferation.97 These con-
trasting effects of DGKR were probably due to its subcellular
localization or the targets of DAG or PA that DGKRmodulates.
They serve as an example of the diverse roles that DGKs have in
the process of cell proliferation and tumorigenesis.

4.3. Brain Function
Most of DGK isoforms are expressed abundantly in the brain

and some of them in retina, suggesting the physiological im-
portance of this protein in the central nervous system and visual
function. In situ hybridization analysis showed that mRNA for
each isoform is expressed in a distinct pattern in the brain.127

Thus, DGKR is detected in glial cells in the white matter but not
in the neurons,127 and this enzyme was proposed to be an
important component of myelin regeneration.128

Although DGKβ localization is not limited to the brain tissues,
in rat brain, it is expressed specifically in those areas that are
important in synaptic transmission of cognitive and emotional
processes in the central nervous system.129,130 It was also found
that in the hippocampus DGKβ is detected not only in projection
neurons but also in interneurons and is abundant at perisynaptic
sites and that DGKβ induces dendrite outgrowth and spine
maturation in developing hippocampal neurons through its
enzymatic activity.131 Shirai et al. showed further that mem-
brane-localized DGKβ regulates the neurite spine formation and
its loss results in lower spine density causing impairment of LTP
in the hippocampal CA1 region and memory related to cognitive
functions, including spatial and long-termmemory.132Moreover,
it was shown that localization pattern of DGKβ in the pituitary
intermediate lobe is similar but not identical to that of dopamine
2-like receptor (D2R) and PLCβ4, suggesting that the D2R/

PLCβ4�DGKβ cascade is likely to operate dopaminergic trans-
mission in the intermediate lobe cells.133 A recent study also
demonstrated that DGKβ knockout mice showed psychomotor
behavioral abnormalities, such as hyperactivity, reduced anxiety,
and reduced depression, that were attenuated by the adminis-
tration of the mood stabilizer lithium but not haloperidol,
diazepam, or imipramine.134 These lithium-sensitive behavioral
abnormalities in DGKβ knockout mice are suggested to be due
to the impairment of Akt-glycogen synthesis kinase 3β signaling
and cortical spine formation.134

The DGKγ isoform is expressed abundantly in brain and
retina, whereas most other tissues express an inactive truncated
form of DGKγ.25 It was suggested that there is a functional
correlation between DGKγ and PKCγ through attenuation of
PKCγ activity by DAG consumption.115 PKCγ is predomi-
nantly localized in the postsynaptic dendrites in the hippo-
campal pyramidal cells, and the activation of postsynaptic PKC
appears to be necessary for the induction of LTP.135 Because
DGKγ is also highly expressed in the same cells, it could
suggest the involvement of DGKγ in LTP through negative
regulation of PKCγ.

DGKε isoform is very abundant in brain and retina,57 but it is
more interesting that its brain distribution mirrors that of mGluR1
(G-protein-coupled glutamate metabolic receptor 1),136 suggest-
ing thatDGKε regulatesmGluR-depending signaling. Studies with
DGKε-deficient mice showed that they are resistant to electro-
convulsive shock with shorter tonic seizures and faster recovery
than wild-type mice.57 Moreover, hippocampal dentate gyrus
neuronal cells from DGKε knockout mice showed resistance to
long-term potentiation. Importantly, these responses are asso-
ciated with impairment of the PI cycle through reduced PIP2
degradation and reduced accumulation of free arachidonic acid,
since conversion of arachidonoyl-DAGbyDGKε is the first step in
the resynthesis of PIs. The data also suggest that DGKε positively
modulates kindling epileptogenesis137 and that DGKε signaling is
required for regulation of epilepsy-induced genes, such as COX-2
(cyclo-oxygenase 2) and tyrosine hydroxylase.138

DGKδ demonstrated a broad neuronal expression with high
levels in pyramidal neurons in the neocortex and hippocampus
and within internal granule cell neurons of the cerebellum.139 In
contrast to the effect caused by DGKε deficiency, it was reported
that a patient lacking DGKδ2 isoform exhibited developmental
delay and seizures, suggesting that up-regulation of this enzyme
can be a potential drug target for epilepsy.140

DGKζ seems to be the isoform that is most abundantly
expressed in the brain, with the highest levels in hippocampus,
cerebral and cerebellar cortices, and olfactory bulb.127 One of the
important functions of DGKζ is a regulation of neurite formation
by directing translocation of its complex with RacGDP and
syntrophins to growth cones.12

It was also suggested that DGKζ efficiently regulates synaptic
local DAG concentration for the maintenance of normal spine
density and excitatory synaptic transmission.141 DGKζ is re-
cruited to excitatory synapses by PSD-95, which may target
DGKζ close to the proteins that initiate DAG signaling (NMDA
receptors and mGluRs) to tightly couple DAG production to its
conversion to PA. Under normal conditions, DGKζ is shown to
be expressed in neurons but not in glial cells.142 However, it was
found that under pathological conditions, such as cerebral
ischemia or infarction, DGKζ quickly disappears from ischemic
neurons but later appears in glial cells,143 suggesting a role for
DGKζ in glial functions under pathological conditions. Further it
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was demonstrated with the brain cryoinjury model that DGKζ
is induced in activated microglia in the course of glial scar
formation.144

Another suggested function of DGKζ in brain is a control of
body fat accumulation by regulating DAG levels in the leptin
signaling pathway. Leptin regulates body weight through activa-
tion of the Ob�Rb receptor, and mutations in this hormone or
its receptor decrease DGKζ activity in the hypothalamus and
cause abnormal obesity.145

DGKη was shown to be expressed dominantly in the brain,130

and recently this isoform was linked to the pathogenesis of
bipolar disorder.146 It was demonstrated that the association of
the DGKH gene with bipolar disorder was replicated at the
haplotype level in a Sardinian sample,147 but it was not confirmed
for individual SNPs.148 In another study, it was shown that
DGKH gene expression levels in individuals with bipolar disorder
were 25% higher than in controls, although the bipolar disorder
group did not differ significantly from the schizophrenia group,
bringing the possibility that this increase is not specific for the
bipolar disorder.149

DGKθ is detected ubiquitously in the gray matter region,
similar to DGKε distribution, suggesting a general role in
neuronal functions.150 The studies with Caenorhabditis elegans
provide evidence that DGKθ, by regulating local DAG levels,
may participate in the regulation of synaptic transmission. Thus,
ablation of DGK-1, a DGKθ orthologue, in C. elegans led to an
increase in synaptic transmission, as well as defects in feeding
behavior, locomotion, and egg laying.79

In addition to synaptic transmission, DGKθ may play an
important role in gene transcription and regulation in neuronal
cells.151 Although nuclear localization of DGKθ in a variety of
cell types was confirmed in several studies,38,152 the physiological
significance of the nuclear DGKθ has not yet been established.
However, it was shown that by producing PA, DGKθ activates
the nuclear receptor steroidogenic factor 1, a transcription factor
responsible for activation of cytochrome P450 transcription and
regulation of steroidogenesis.153 Further, silencing of DGKθ
expression, but not DGKζ, inhibits CYP17 transcription.

Together, these data suggest that DGKs have multiple func-
tions in the regulation of the nervous system, yet much more
needs to be understood about the specific roles and physiological
significance of each isoform.

4.4. Cardiac Function
Based on Northern blot analysis, the two principle isoforms

of DGK that are expressed in the heart are DGKε and DGKζ,
along with a lower level of DGKR.154 Interestingly, the two
principle DGK isoforms of cardiac muscle appear to exhibit
opposite changes in response to myocardial dysfunction. After
myocardial infarction, levels of DGKζ are greater in the
periphery of the necrotic tissue, which could be attributed to
granulocytes and macrophages infiltrating into this area.154 In
contrast, the expression of DGKεwas lower in the infarcted and
border areas.154 In a similar manner, cardiac hypertrophy affects
DGKε and DGKζ in different ways. After aortic banding,
expression of mRNA of DGKε significantly decreases but that
of DGKζ does not.155

In contrast to the opposite changes in expression levels of
DGKε and DGKζ in response to myocardial damage, both of
these DGK isoforms have been shown to protect against cardiac
dysfunction resulting from several causes. In the case of DGKε
the increased heart weight and cardiac dysfunction observed in

wild-type mice as a result of transverse aortic constriction was
abolished in mice with cardiac-specific expression of DGKε.156 It
is known that the signal transduction pathway from a GRq

protein-coupled receptor (GPCR) plays a critical role in the
development of cardiac hypertrophy and heart failure.157,158

Stimulation of this signal transduction pathway with phenylephr-
ine resulted in the accumulation of DAG and the translocation of
PKC isoforms to membranes. These effects were blocked in the
mice with cardiac-specific expression of DGKε.156 In addition,
the up regulation of the transient receptor potential channel as a
result of transverse aortic constriction is attenuated in the mice
with cardiac-specific expression of DGKε.156 These results show
that the cardiac expression of DGKε can reverse cardiac dysfunc-
tion and improve survival by controlling cellular DAG levels and
the expression of the transient receptor potential channel.

Similar experiments were done with DGKζ, rather than
DGKε, showing that increased expression of DGKζ also pro-
tected the heart from damage. Several studies have focused on
this isoform in relation to the heart, in part because it is the
predominant isoform in the rat myocardium.154 It has been
shown that overexpression of DGKζ in rat neonatal cardiomyo-
cytes, as well as in vivo in mouse hearts, prevents over activation
of PKC and improves the course of left ventricle remodeling in
the infarcted myocardium,159 in cardiac hypertrophy induced by
angiotensin II or by phenylephrine,160 and in pressure-induced
cardiac hypertrophy,161 as well as inhibiting myocardial atrophy
and restoring cardiac function in mice with streptozotocin-
induced diabetes mellitus.162 In analogy with the inhibition of
GRq-induced effects on the mouse heart by DGKε,156 similar
results were observed with the overexpression of DGKζ.163,164

Although in response to myocardial damage, the two principle
cardiac isoforms of DGK change expression levels in opposite
directions, overexpression of both DGKε and DGKζ in the heart
results in protection against myocardial damage by a variety of
mechanisms. Of course these two results are not necessarily
contradictory because the two phenomena are independent of
each other. Nevertheless, the similar effects with regard to cardiac
protection is surprising because of the marked differences
between these two isoforms with DGKζ being an amphitropic
protein that can also translocate to the nucleus, while DGKε
appears to be permanently membrane bound. Additionally,
DGKε but not DGKζ exhibits specificity for DAG substrates
with arachidonoyl groups. Each of the isoforms of DGK appears
to have unique functions, and in general one isoform cannot
replace another. It is therefore surprising that both DGKζ and
DGKε appear to have the same protective effects and both
apparently act by inhibiting the GRq pathway. Further studies are
required to completely understand this phenomenon.

4.5. Glucose Homeostasis
In rodents, glucose-induced insulin resistance is associated

with increased intracellular DAG.165 Insulin resistance is asso-
ciated with obesity, and since DAG not only acts as a second
messenger in signaling but also has a role in lipid metabolism as
a precursor of triglycerides and phospholipids, it was not clear
whether the DAG that accumulated during insulin resistance
was involved in lipid signaling or in lipid metabolism. However,
recent data indicate that the excessive DAG that accumulates in
the insulin-resistant state has a direct signaling role in promot-
ing insulin resistance. Moreover, it appears that DGKδ is
involved in modulating the levels of this DAG. Chibalin et al.
found abnormally low expression of DGKδ and reduced DGK
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activity in skeletal muscle from type 2 diabetic patients.166 In
diabetic rodents, they found that they could rescue the reduced
levels of DGKδ protein and DGK activity by normalizing their
blood sugar. Together, these data suggested that DGKδ might
be involved in glucose homeostasis. Indeed, in DGKδ haploin-
sufficient mice, which expressed about half of the normal levels
of DGKδ, they found increased levels of DAG, glucose intol-
erance, and obesity. The underlying mechanism for DAG-
induced insulin resistance in the DGKδ haploinsufficient mice
is incompletely understood, but resistance appeared to be
caused, in part, by increased PKC-mediated serine phosphor-
ylation of insulin receptor substrate 1 and subsequent down
regulation of glucose transport. It is not clear yet whether other
DGKs participate in insulin signaling, but several of them,
including DGKs R, ε, and ζ are expressed in skeletal muscle,166

suggesting that they might act in this pathway as well.

4.6. Vision
Lipid intermediates of the PI cycle including DAG, PA, and

PIP2 are important secondary messengers in the vertebrate rod
outer segment (ROS),167 the membrane containing the photo-
receptor, rhodopsin. This membrane has an unusual acyl chain
composition with about half of the phospholipid acyl chains
being docosahexanoic acid (22:6). These acyl chains are highly
enriched in the principle phospholipids of this membrane, PC,
PE, and PS. However, the lipids of the ROS that are intermedi-
ates in the PI cycle are present as minor components of just a few
percent but have a very different acyl chain composition with
little 22:6 and the predominant species being 18:0 and 20:4168 as
is found in other membranes.

Unlike verterbrates, transduction of the light signal in
Drosophila melanogaster is initiated by phospholipase C-cata-
lyzed hydrolysis of PIP2 initiating the PI cycle. The lipid
intermediates of this cycle including PIP2, DAG, and PA have
important roles in the phototransduction process for
Drosophila.169�171 DAG appears to have a dual role in the
Drosophila retina, causing either stimulation of phototransduc-
tion through a PKC-independent pathway or a PKC-dependent
inhibition of this process.172 The importance of DGK in the
retina of Drosophila is demonstrated by the finding that
mutation of the rdgA gene, which encodes for Drosophila
DGK2, an ortholog of mammalian DGKι, causes severe,
light-dependent retinal degeneration. The mutation results in
constitutive TRP channel activity173 and appears to be involved
with the DAG intermediate in the PI cycle.174 The finding that
there is no increase in the total DAG concentration in the rdgA
mutants175 may be a consequence of only a minor fraction of
the total DAG changing concentration, that is, the DAG
intermediate in the PI cycle. Another indication of the im-
portance of DGK in retinal damage in rdgA mutants is the
finding that loss of function mutations in a phosphatidic acid
phosphohydrolase (Lazaro) reverses the rdgA mutant
phenotype.176,177 These results are consistent with PA being
an important lipid signal for retinal degeneration. This is also
suggested by the retinal degeneration observed in phospholi-
pase D-null flies.178 Since DGK-catalyzed phosphorylation of
DAG is another pathway for PA production, DGKs are
important for the functioning of the Drosophila retina.

Signal transduction in the vertebrate retina also involves an
important role for DGK through down-regulating DAG as an
activator of PKC. PKC regulates the activity of several proteins
involved in the photocycle including the R and β subunits of

transducin,179 the γ-subunits of cyclic GMP-phosphodiesterase,180

cyclic GMP-gated channel,181 arrestin,182 and rhodopsin.183 Three
different isoforms of DGK are highly expressed in mammalian
retina in different studies. These isoforms are DGKε,184,185

DGKγ,25,186,187 and DGKι.34 The presence of the various isoforms
of DGK in the retina is interesting with regard to the acyl chain
composition of lipid intermediates of the PI cycle. Because of its
specificity for substrates with arachidonoyl groups, DGKε could
contribute to the enrichment of lipid intermediates of the PI cycle
with this acyl chain. This is particularly important in the retina
where there is an abundance of docosahexanoyl acyl chains in the
major phospholipid components but the exclusion of this acyl chain
as a major constituent of PI cycle lipid intermediates.168 Other
isoforms that are expressed in the retina do not show acyl chain
specificity. For example, the activity of DGKγ against dioleoyl
glycerol is comparable to its activity against SAG and only slightly
higher than its activity against didecanoyl glycerol.25 Clearly DGK
plays an important role in retinal function by facilitating certain lipid
metabolic pathways. Because of the unusual acyl chain composition
of the phospholipids of the retinal membrane, the acyl chain
specificity of DGK isoforms is of particular importance. How this
impinges on the roles of different DGK isoforms in this organ is yet
to be determined.

5. INTER-RELATIONSHIPS

5.1. Role of PA Derived from DGK Activity
PA, itself, has a broad array of signaling properties that are

very distinct from those of DAG. For example, PA can bind and
regulate numerous proteins including phosphatidylinositol-4-
phosphate 5-kinase,188 RasGAP,189 Raf-1 kinase,190 p21-acti-
vated kinase 1,191 mammalian target of rapamycin (mTOR),192

atypical PKCs,193 p47phox,194 sphingosine kinase,195 the tran-
scriptional repressor Opi1p,196 and the catalytic subunit of
protein phosphatase-1.197 As such, their ability to generate PA
suggests that DGKs might also influence biological events not
only by metabolizing DAG but also by producing PA. This
would not be surprising based on what is known about PA
signaling in plants. Seven DGK genes (AtDGK1�7) have been
identified in Arabidopsis thaliana,198 and in rice, there are eight
putative DGK isoforms.199 In plants, numerous PA targets
have been identified,200 and they vastly outnumber DAG
targets, so it has been hypothesized that the primary role of
DGKs in plants is to generate PA rather than to consume
DAG.201 PA in plants is usually produced in response to stress,
suggesting that DGKs might influence the stress response.
Supporting this possibility, expression of plant DGKs is
induced in response to stresses such as wounding, chemicals,
and fungal infection,198,199 and overexpression of a rice DGK
in tobacco plants enhanced the resistance of those plants to
disease.199 Although it is not clear exactly how plant DGKs are
protective in conditions of stress, they are probably critical
effectors in the stress response.

Given their potential role in PA signaling in plants, it was not
surprising that mammalian DGKs appear to modulate proteins
by producing PA. One example of this mechanism is the ability
of DGKζ to modulate the activity of phosphatidylinositol-4-
phosphate 5-kinase (PI4P5K) type IR. The PI4P5K enzymes
are potently activated by PA,202 and DGK activity was found to
co-immunoprecipitate with a complex that included a
PI4P5K.43 Together, these observations suggested that DGKs
might modulate PI4P5K activity by generating PA. Indeed,
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DGKζ colocalized and co-immunoprecipitated with PI4P5K
type IR, and its expression dramatically promoted the genera-
tion of PIP2 in cells.3 A kinase-dead DGKζ also co-immuno-
precipitated with the PI4P5K but failed to enhance its activity.
Collectively, these data indicate that localized PA generation,
rather than a conformational change mediated by association
of the PI4P5K with DGKζ, augmented PI4P5K activity.

In a separate study, DGKζ was shown to mediate DAG
signaling downstream of the M1 muscarinic receptor (M1R), a
seven-transmembrane receptor (GPCR).11,41 As noted above, its
translocation to M1R required binding to β-arrestins, which are
scaffolding proteins that bindGPCRs. It was subsequently shown
that PI4P5K type IR also translocated to GPCRs by binding to β-
arrestins, and its function at the GPCR was to promote inter-
nalization of the receptor.42 Since DGKζ also binds β-arrestins,
this collection of observations raises the possibility that DGKζ
might function in this complex not only to metabolize DAG but
also to promote PI4P5K activity by generating PA. This would
provide a two-step mechanism to shut down the M1R receptor,
where DGKζ first metabolizes DAG to reduce this signaling lipid
and then the PA that it produces activates the PI4P5K enzyme in
order to promote receptor internalization. This hypothetical
model has not been specifically tested, but it agrees with data
showing that transgenic overexpression of DGKζ in mouse
myocardium protects the mice against cardiac hypertrophy
initiated by excessive activation of a GPCR.160

DGK activity was also shown to co-immunoprecipitate with
Rac1,43 a member of the Rho family of GTPases that helps
regulate changes in actin organization. It was subsequently
demonstrated that DGKζ directly interacted with Rac1 and
colocalized with it at sites of actin remodeling.102 Overexpressing
DGKζ induced neurite outgrowth that was inhibited by a
dominant-negative Rac1, indicating that DGKζ promotes the
activity of Rac1.12 In an elegant series of experiments, Abramovici
et al. recently demonstrated that DGKζ promotes Rac1 activity
by producing PA, which activates p21-activated kinase 1
(PAK1).47 PAK1 in turn, phosphorylates Rho guanine dissocia-
tion inhibitor (RhoGDI),203 a protein that was also identified in
DGK precipitates.43 This phosphorylation of RhoGDI causes it
to release Rac1, which enables its activation.204 Supporting this
mechanism, PAK1 phosphorylation was reduced and dissocia-
tion of RhoGDI from Rac1 was attenuated in DGKζ-deficient
fibroblasts. These defects were rescued by exogenous PA and by
expression of wild-type DGKζ but not by kinase-dead DGKζ.
Additionally, DGKζ stably associated with both PAK1 and
RhoGDI. Together, these data indicate that through its ability
to produce PA, DGKζ has a major role in regulating Rac1-
mediated signaling. A similar mechanism was recently demon-
strated where, following activation of the c-Met receptor tyrosine
kinase, DGKRmodulates Rac1 activation and consequent mem-
brane ruffling through its ability to produce PA. But unlike the
example of DGKζ, the PA produced by DGKR activates atypical
PKC isoforms ι and ζ, which presumably phosphorylate RhoGDI
to relieve its inhibition of Rac1.71

The serine/threonine kinase mammalian target of rapamycin
(mTOR) is an important intermediate in several pathways that
manage cellular responses to environmental stress. Its activity is
regulated, in part, by PA, which appears to compete with
rapamycin for a binding site on mTOR. There is strong evidence
indicating the phospholipase D (PLD) isoforms are largely
responsible for providing the pool of PA that activates mTOR.205

But there is evidence that DGKζ might also activate mTOR

under some circumstances. For example, overexpression of
DGKζ, but not DGKR, led to enhanced, serum-induced phos-
phorylation of p70 S6 kinase (p70S6K), a major downstream
target of mTOR, and rendered the cells resistant to the effects of
rapamycin.75 Conversely, RNAi-mediated knockdown of DGKζ
reduced phosphorylation of p70S6K. PA appeared to be im-
portant in this mechanism to activate mTOR, because DGKζ
could not promote activation of a mutant mTOR that had
reduced ability to bind PA. Collectively, these data indicate that
DGKζ can activate mTOR, presumably through its ability to
generate PA. The target of this PA, however, is not clear because
another report showed in the same cell line that inhibiting PLD
almost completely abolished serum-induced S6 kinase activity,
indicating that PLD is largely responsible for activating
mTOR.192 It is possible then that instead of directly activating
mTOR, DGKζ instead activates PI4P5Ks, which could provide
PIP2, an important activator of PLD enzymes.206 Regardless of
the mechanism, these data suggest that DGKζ can potentially
activate mTOR and that it does so by producing PA.

Finally, there is evidence that DGKs might regulate addi-
tional cell responses through their ability to modulate the
levels of PA. But the targets of PA in these cases are not as
well-defined. For example, compound mutant mice lacking
both DGKζ and DGKR have defects in T cell development
that can be partially rescued by exogenous PA.67 And defec-
tive Toll-like receptor (TLR) signaling in macrophages from
DGKζ-deficient mice was rescued by addition of exogenous
PA.69 The role of PA is not clear, but it might be necessary to
inhibit PI 3-kinases, which were excessively active in the
DGKζ-deficient cells. Finally, a recent report suggested that
PA derived from DGKR influenced neutrophil responses to
antineutrophil cytoplasmic antibodies.207 Collectively, these
observations indicate that DGKs R and ζ regulate immune
cell function not only by influencing DAG levels but also by
producing PA.

5.2. Deacylation of PA To Form LPA Signals
Phospholipids can be modified by hydrolysis of one of the

two acyl chains. In particular, phosphatidic acid, the product of
DGK-catalyzed reactions, can be converted into lysophospha-
tidic acid (LPA) (Figure 6). In addition to the formation of LPA
from PA by a phospholipase, LPA can also be formed by the
action of autotaxin, an extracellular enzyme with phospholipase
D activity that can convert other lysophospholipids to LPA.

Figure 6. The main pathways implicated in DAG and PA synthesis.
ATX, autotoxin; CEPT1, choline/ethanolamine phosphotransferase 1;
LPAAT, LPA acyltransferase; LPP, lipid phosphate phosphatise; PAP,
PA phosphohydrolase; SM, sphingomyelin; SMS, sphingomyelin
synthase.
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LPA is involved in many cellular processes including cell
proliferation, prevention of apoptosis, cell migration, cytokine
and chemokine secretion, platelet aggregation, smooth muscle
contraction, and neurite retraction. LPA has a particularly im-
portant role in brain where this lipid messenger has been found in
significant concentration208 and receptors for LPA are also found
in both developing and mature brain.209 The absence of LPA
signaling results in defective brain cortical development.210 The
effects of LPA on cortical neurogenesis are through receptor-
mediated intracellular calcium signaling.211,212 LPA also binds to
villin and inhibits actin regulatory functions of villin.213 By this
mechanism, LPA can also affect the cell cytoskeleton.

LPA signaling can result in several diverse pathologies. LPA
accumulates in the central atheroma of human atherosclerotic
plaques and is the primary platelet-activating lipid constituent
of plaques.214 LPA is also involved in prostate215 and ovarian216

cancer development. Lysophospholipids also have key regula-
tory roles in tumor angiogenesis.217 The early phase of micro-
glial activation is involved in de novo LPA production resulting
in nerve-injury-induced neuropathic pain.218,219

There are two types of LPA, those with the acyl chain in the sn-
1 position and those with the acyl chain in the sn-2 position.
These are formed by phospholipase A2 and by phospholipase A1,
respectively. In general these two types of LPA also differ by the
1-acyl-LPA having a saturated acyl chain and the 2-acyl-LPA
being unsaturated.

LPAs play an important role in signal transduction in many
diverse processes. They bind to seven different G-protein
coupled receptors (GPCRs).212,220 Although this complex
group of signal transduction mechanisms has been elucidated,
there is little information available with regard to the different
affinities of structurally different LPAs for these receptors. One
of the limitations of such studies is the relative chemical
instability of 2-acyl-LPA because of intramolecular acyl group
migration. However, the significant structural difference be-
tween 1-acyl-LPA and 2-acyl-LPA makes it almost certain that
these two forms of LPA would have different affinities for
specific receptor binding sites.

5.3. Acylation and Deacylation of DAG
Acylation and deacylation of DAG are the key reactions in

the synthesis of triacylglycerols (TAG) and monoacylglycerols

(MAG), which play important functions in a variety of
processes in mammals such as intracellular energy storage,
protection from the potentially toxic effects of excess of fatty
acids, lactation, lipid transportation, and others.221 A major
pathway of TAG synthesis is the glycerol 3-phosphate (G-3-
P) pathway, which begins with the acylation of G-3-P with a
fatty acyl-CoA by enzyme glycerol-phosphate acyltransferase
(GPAT), producing lysophosphatidic acid (LPA) (Figure 7).
LPA can be further acylated by LPA acyltransferase (LPAAT)
and dephosphorylated by phosphatidic acid phosphorylase
(PAP) to yield diacylgycerol (DAG).222 The final step is a
reaction of converting DAG to TAG, catalyzed by diacylgly-
cerol acyltransferase (DGAT). In this pathway, the acylation
at the first position of the DAG chain depends on the
subcellular location. Thus, in the mitochondria and peroxi-
somes only saturated fatty acids are added, whereas in the
ER both saturated and unsaturated fatty acids are added.223

The acylation at the second position of DAG by LPAAT takes
place predominantly in the ER. Although different iso-
forms of LPAAT catalyze the same reaction, they have
specificity for different acyl-CoA's.224 Thus, it was shown
that LPAATβ has the highest activity with 18:1, 18:2, and
R18:3 acyl-CoA.225

The second pathway for TAG synthesis starts with the
acylation of MAG with a fatty acyl-CoA by monoacylglycerol
acyltransferase (MGAT), yielding DAG (Figure 7). This path-
way is found in specific cell types, such as enterocytes, hepato-
cytes, and adipocytes,226 and it plays an important role in storing
energy in the form of TAG. So far, three isoforms of MGAT have
been identified �MGAT1, MGAT2, and MGAT3. All isoforms
are localized in the ER, although they differ in tissue expression
pattern. Thus, MGAT1 was detected mainly in stomach, kidney,
and adipose tissue, whereas MGAT2 and MGAT3 were found in
the small intestine.221

These two pathways of TAG synthesis share the final step in
converting DAG to TAG, catalyzed by diacylglycerol acyltrans-
ferase (DGAT).222 There are two isoforms of DGAT enzymes
in mammals, DGAT1 and DGAT2. DGAT1 is a member of the
mammalian ACAT gene family,227 and it is a part of membrane-
bound O-acyltransferases (MBOAT).228 DGAT2 is a member
of a new family of acyltransferases that includes MGATs and
wax monoester synthases. Both DGAT1 and DGAT2 also
utilize MAG as a substrate in addition to DAG.229 Several
reports were published on the DGATs specificity for fatty acyl-
CoA substrates of specific chain length and desaturation. Thus,
it was shown that DGAT1 preferred a monounsaturated sub-
strate, 18:1-CoA, as compared with saturated 16:0-CoA,
whereas DGAT2 did not show such a preference.230 In another
study DGAT2 purified from Mortierella ramanniana showed
preference for 12:0-CoA compared with 18:1-CoA.231 When
the activity was compared for DAGs, the enzyme exhibited
higher activities with short- and medium-chain fatty acyl
moieties, such as 6:0, 8:0, and 10:0, rather than longer chains,
such as 12:0, 14:0, 16:0, and 18:0.231

Since TAG is the major energy store, it can be reconverted to
DAG for further synthesis of complex lipids. The sequential
deacylation of TAG is performed by specific lipases, and it results
in the release of a fatty acid at each step with the generation of
DAG, MAG, and glycerol. The first fatty acid is removed from
TAG by adipose triglyceride lipase to produce DAG substrate,
which is then hydrolyzed by DAG lipase to generate another fatty
acid and MAG (Figure 7). As the final step, MAG is converted to

Figure 7. Acylation and deacylation of DAG. DAGL, DAG lipase;
DGAT, diacylglycerol acyltransferase; GPAT, glycerol-phosphate
acyltransferase; MGAT, monoacylglycerol acyltransferase; TAGL,
TAG lipase.
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fatty acid and glycerol by MAG lipase.232 Hydrolysis of DAG can
be performed by DAG lipase (DAGL) at both sn-1 and sn-2
positions. DAGL was implicated in numerous signaling pro-
cesses. Thus, in platelets upon thrombin stimulation, it pro-
duces arachidonic acid, facilitating further thromboxane and
prostaglandin synthesis.233 DAGLR and DAGLβ, two closely
related sn-1 DAGL isoforms, are responsible for the synthesis of
2-arachidonoyl-glycerol (2-AG), an endocannabinoid that acti-
vates the cannabinoid receptor type 1. It was demonstrated that
DAGLR and DAGLβ tissue distribution is different and that
DAGLR is the major biosynthetic enzyme for 2-AG in the
nervous system, whereas DAGLβ plays a more important role
in regulating 2-AG levels in the liver.234 It was also demon-
strated that both DAGLR and -β �/� mice exhibit decreased
levels of not only 2-AG but also free arachidonic acid, suggest-
ing that DAGLs control levels of both lipids. Further, DAGLR
was shown to play an essential role in regulating retrograde
synaptic transmission and adult neurogenesis.235

Thus, pathways involving acylation and deacylation of DAG
are a crucial part not only of TAG and MAG synthesis and,
therefore, energy storage but also of many signaling cascades
through endocannabinoid synthesis.

5.4. Other Sources of DAG: PA-Phosphohydrolases, PLC,
Sphingomyelin Synthetase

Diacylglycerol (DAG) has unique functions in the cell,
since it is not just a simple intermediate in lipid metabolism,
but also an important membrane component and a key second
messenger in multiple cellular signaling cascades. But there is a
difference between the DAG that acts as a signaling lipid and
the DAG that is an intermediate in lipid biosynthesis. It
appears that the physiologically relevant DAGs are those
containing a polyunsaturated acyl chain in the sn-2 position
and that the DAGs composed of saturated fatty acids have
weak signaling properties. Thus, it suggests that DAGs with
different acyl chain compositions should come from different
sources. Indeed, there are several enzymes catalyzing the same
chemical reactions involving DAG, such as PA phosphohy-
drolase (PAP), lipid phosphate phosphatase (LPP), phospho-
lipase C (PLC), and sphingomyelin synthase (SMS),
proposing that DAG has distinct functions in the metabolic
and signaling pathways.

PAP and LPP enzymes utilize two main de novo pathways of
DAG synthesis in yeast and mammals.223 Through the first
pathway, DAG is synthesized from glycerol-3-phosphate,
whereas in the second, it is synthesized from dihydroxyace-
tone-3-phosphate. Both pathways lead to the generation of
LPA and then to PA, which is converted into DAG by PAPs
and LPPs (Figure 6). LPPs are integral membrane proteins,
previously known as Mg2+-independent and N-ethylmalei-
mide-insensitive phosphatidate phosphatases (PAP2).236

There are three LPPs (LPP1 and a splice variant LPP1a,
LPP2, and LPP3), which hydrolyze a wide variety of lipids
that include PA, LPA, sphingosine-1-phosphate, ceramide-1-
phosphate, and diacylglycerol pyrophosphate.237 The LPPs
are localized in both plasma membrane and internal mem-
branes. The active site of the LPPs is exposed on the outer
surface of plasma membranes or the lumenal surface of
internal membranes to facilitate the access of the lipid
substrates to the LPPs, since lipid phosphates do not readily
cross membranes.238

In contrast to LPPs, PAPs have specificity for phosphatidic
acid only. Based on information about sequence homology,
a group of mammalian enzymes called lipins were recognized
to have PAP activity. Three mammalian lipins were found
(lipin-1 with two alternative splicing variants, lipin-1A
and lipin-1B, lipin-2, and lipin-3), all of which strictly require
Mg2+ for activity.

In addition to de novo synthesis, there are three alternative
pathways for DAG production: by sphingomyelin synthase,
by phospholipase C, and through the phospholipase D path-
way (Figure 6). Phospholipase D (PLD) metabolizes glycer-
ophospholipids, such as PC, PI, and PE, to produce PA, which
can be converted to DAG by PAP or LPP. DAG generated
through the PLD�PAP pathway predominantly contains
saturated fatty acids; therefore it is generally believed that
the main PAP function is to serve in lipid biosynthesis or to
terminate PA signaling when coupled with PLDs and not to
initiate DAG signaling.

Sphingomyelin synthase (SMS) catalyzes the transfer of
phosphocholine from PC onto ceramide, yielding sphingomye-
lin and DAG as a side product. Two SMS genes, SMS1 and
SMS2, have been cloned.239 SMS1 is located in the trans-Golgi
apparatus, whereas SMS2 is mostly located at the plasma
membrane. It was also shown that SMS1 and SMS2 expression
positively correlate with levels of sphingomyelin in lipid rafts
and that SMS1 has been implicated in the regulation of
sphingomyelin level in the lipid rafts and raft functions such
as endocytosis and apoptosis.240

Phospholipase C (PLC) catalyzes the production of DAG by
hydrolyzing the phosphate bond on glycerophospholipids, such
as PC and PI. Interestingly, mammalian PC-specific PLC has
not yet been cloned and fully characterized, although a number
of studies demonstrated the expression of PC-PLC isoforms in
mammalian cells.241 Another much better characterized PLC,
PI-specific PLC, is a key enzyme in the DAG generated
signaling processes. To date, 13 mammalian PLC isoforms
have been identified and categorized into six groups: PLC-β, -γ,
-δ, -ε, -ζ, and -η.242 Induction of PLC activity not only increases
membrane DAG levels but also forms inositol-1,4,5-tripho-
sphate, which leads to the release of Ca2+ from the ER, thus
activating several signaling cascades. DAG generation by PI-
PLC is highly dependent on extracellular stimuli, and the DAG
produced acts as a second messenger and is not usually
consumed for metabolic purposes.243

5.5. PA vs DAG for Phospholipid Synthesis
There are two pathways for the synthesis of the major

phospholipids of mammalian cells (Figure 6). One is by the
activation of PA through its reaction with CTP to produce CDP-
DAG that then is transformed by reaction with inositol to yield
PI. The other pathway involves the activation of serine, choline,
or ethanolamine with CTP to produce a CDP-alcohol that in
turn reacts with DAG to yield PS, PC, or PE. Thus to produce PI,
PA is activated, while to produce PC, PE, or PS, the headgroup
alcohol is activated. Of course different enzymes are involved in
these two pathways for phospholipid synthesis, and they are also
distinguished by producing lipids with different acyl chains. In
the case of PI, it is predominantly stearoyl or arachidonoyl lipids,
while with PC, PE, and PS, there is a larger variety of acyl chains.
Interestingly, the substrate of the DGK-catalyzed reaction, DAG,
is also a substrate for the enzymes that synthesize PC, PE, and PS,
while the product of the DGK-catalyzed reaction, PA, is the
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substrate for making CDP-DAG, which then goes on to make PI.
Hence, the interconversion of lipids catalyzed by DGK could also
contribute to determining the relative proportion of different
lipid classes in the membrane.

6. CONCLUSIONS AND FUTURE DEVELOPMENTS

DGKs play an important role in cell signaling. They
catalyze the conversion of one lipid signal, DAG, to another,
PA. In addition to the importance of DAG and PA to
signaling, these lipids are also the precursor of other lipid
signals including lysophosphatidic acid and 2-arachidonoyl
glycerol, both of which bind to their own specific GPCRs.
Not only is the reaction catalyzed by DGKs a focal point for
several signaling pathways, but it is also a step in several lipid
biosynthetic pathways, perhaps the most important of which
is in the synthesis of phospholipids. In particular, the reac-
tion catalyzed by DGK is the first step in synthesis of PI
through the PI cycle, thus having importance both as a
pathway for lipid synthesis and for signal transduction
through phosphorylated forms of PI. The synthesis of
DAG also can occur through the action of sphingomyelin
synthetase, thus providing a site of interaction between
glycerolipid synthesis and sphingolipid pathways. DAG is
also a precursor for triglycerides, as well as stimulating the
formation of lipid droplets. Hence, in the absence of acti-
vated DGK, more DAG will be converted to triglycerides and
will form lipid droplets.

Different isoforms of DGK affect thesemetabolic or signaling
pathways to different extents. These differences come about
because of expression of specific isoforms in different organs,
different subcellular localization, and interaction with different
proteins that may be part of other signal transduction or
metabolic pathways, different modes of activation of DGK
isoforms as well as different intrinsic catalytic properties of
these isoforms. With regard to the last factor, there is only one
documented example of a different intrinsic catalytic property
of a DGK isoform. It is the specificity of DGKε for arachido-
noyl-containing substrates. This specificity also suggests a
special role of DGKε in PI cycling since the lipid intermediates
in this pathway are rich in the acyl chains that preferentially
interact with DGKε.

DGKs are known to modulate many cellular functions
including cell proliferation, as well as cell morphology. There
is no established pathology that is caused by the lack of a
functioning DGK isoform, but several pathological conse-
quences have been observed as a result of knocking out a
single isoform. Additionally, the resulting phenotype of the
knockout animals is different for different DGK isoforms.
Specific examples have been given in this review and include
immune, brain, and cardiac function, as well as vision.

There is potential for developing therapies based on the
modulation of DGK activity. There have been several sugges-
tions for using DGK as a drug target in disease.115,139,244,245

The importance of DGKε and lipid signaling in epilepsy has
been shown, suggesting that modulation of the activity of
DGKε could provide a novel drug target for this disorder.136

Another brain disorder for which DGK has been implicated is
bipolar disease. The gene for DGKη is most altered in bipolar
disease resulting in decreased concentrations of DAG and
lower activation of PKC.246 DGKζ is the predominant DGK
isoform in heart and its activity has been shown to affect

cardiac function. This isoform has been suggested to be a
target for diabetic cardiomyopathy,162 atrial fibrillation,164 left
ventricular remodeling,159 heart failure,163 and cardiomyocyte
hypertrophy.247 DGKε has also been shown to have impor-
tance in restoring heart function under chronic pressure
overload.156 There is also evidence that DAG regulates the
level of the guanine nucleotide exchange factor, Ras GRP, and
that in CD8+ T cells the level of DAG is regulated by DGKζ.
As a consequence, mice with DGKζ-deficient T cells exhibit
enhanced digital signaling of RasGRP and grew smaller
tumors but with no signs of any autoimmune disease. It was
suggested that DGKζ is a novel target to enhance antitumor
immunity. Additionally, because of the well-known involve-
ment of DAG in cell proliferation, DGK inhibitors have been
sought for use in cancer chemotherapy.248 The type II DGK
inhibitor, R59022, suppresses cell polarity in Walker carci-
nosarcoma cells and inhibits cell locomotion by increasing
DAG concentrations.249 With regard to cell motility, DGK is
required for cell invasiveness and anchorage-independent
growth in estrogen receptor negative breast cancer cells.
DGK has been suggested as a target to limit the invasiveness
of such tumors.250 Some hypoglycemic agents activate DGK
to lower DAG levels. It has been suggested that new ther-
apeutic agents for diabetic nephropathy could target inhibi-
tion of the DAG�PKC extracellular signal-regulated kinase
pathway.251 This same group also showed that R-tocopherol
enhanced DGK activity and could prevent glomerular dis-
function in diabetes.252 It was suggested that DGK activation
could be used in the treatment of diabetic nephropathy by
inhibiting the DAG�PKC pathway. Administration of R-
tocopherol was also shown to improve insulin sensitivity on
skeletal muscle. Both R-tocopherol and ω-3 fatty acids
activated DGK and inhibited phosphatidate phosphorylase
resulting in the reduction of DAG and enhanced insulin
sensitivity.253

It can thus be appreciated that there is a wide variety of
situations for which modulation of DGK activity can be a
potential drug target. This is because the lipid substrate and
product, DAG and PA, are modulators of many signal transduc-
tion pathways. However, the final application of DGK inhibitors
or activators to the clinic is currently nonexistent. There are a
number of complexities in developing specific drugs for this
purpose. There are 10 isoforms of mammalian DGK, each
having some unique function, as well as some common over-
lapping functions. It is therefore difficult to have a specific target
since it has been difficult to design inhibitors for individual
isoforms and even if this is accomplished, there will be remain-
ing isoforms with some overlap of function that can substitute
for the therapeutic target. Nevertheless, there is still the
possibility in the future to design drugs that will affect specific
isoforms of DGK and target them to tissues in which these
drugs will have a dominant effect.

There are no known diseases for which mutation of a DGK
isoform is responsible. However, with 10 different isoforms and
some overlap of function among them, such defects would
make it difficult to identify the situations in which such a
mutation would be more likely. Also in many cases defects in
one DGK isoform may not lead to an identifiable pathology in
basal conditions but nevertheless result in pathology under
certain circumstances.

It is clear that DGK is a potential drug target. However, its
importance in medicine has not been fully evaluated or



6203 dx.doi.org/10.1021/cr1004106 |Chem. Rev. 2011, 111, 6186–6208

Chemical Reviews REVIEW

exploited because of some of the complexities alluded to above.
Nevertheless, we believe that its importance as a drug target
will be realized in the coming years.

AUTHOR INFORMATION

Corresponding Author
*Tel. 905 525-9140. Fax 905 521-1397. E-mail: epand@
mcmaster.ca.

BIOGRAPHIES

Yulia V. Shulga received her B.Sc. degree in Ecology and
Environmental Management from Novosibirsk State Univer-
sity, Russia. She obtained her M.Sc. degree in Chemistry
working in the Laboratory of Molecular Mechanisms of
Carcinogenesis at the Institute of Molecular Biology and
Biophysics, Novosibirsk, Russia. She is currently a Ph.D.
student in the laboratory of Prof. Richard M. Epand in the
Department of Biochemistry and Biomedical Sciences at
McMaster University, Hamilton, Canada. The main focus of
her research is to study the structural and functional proper-
ties of diacylglycerol kinases.

Matthew Topham is an investigator at Huntsman Cancer
Institute and associate professor of medicine and adjunct
associate professor of oncological sciences at the University
of Utah School of Medicine. He studies lipid signaling events
that are important in cancer and has specific interests in the
diacylglycerol kinases and cyclooxygenase 2. The goals of his

laboratory are to explore these enzymes as drug targets for the
treatment of colorectal and lung cancer.

RichardM. Epand received his A.B. from the Johns Hopkins
University and his Ph.D. in Biochemistry from Columbia
University. He then gained research experience in the labora-
tories of Harold Scheraga at Cornell University and with
Professor Luis Leloir at the Instituto de Investigaciones
Bioquímicas in Buenos Aires. Dr. Epand is currently a Pro-
fessor in the Department of Biochemistry and Biomedical
Sciences at McMaster University in Hamilton, Ontario, Ca-
nada. Dr. Epand has received the Avanti Award in Lipids from
the Biophysical Society and has been elected a Fellow of that
society. He has also been granted a Senior Investigator Award
from the Canadian Institutes of Health Research. Dr. Epand
is currently the Editor-In-Chief of Chemistry and Physics
of Lipids. He has over 450 manuscripts published in peer
reviewed journals as well as having edited several books. The
research interests of Dr. Epand’s laboratory have focused on
the properties of membranes and on the interaction between
membrane proteins and the surrounding lipids with a goal of
understanding how these interactions modulate biological
function.

ABBREVIATIONS
Cbl E3 ubiquitin ligase
DAG diacylglycerol
DAGL DAG lipase
DGAT diacylglycerol acyltransferase
DGK diacylglycerol kinase
EGFR epidermal growth factor receptor
EGFR-Ub
ubiquitinated EGFR
ER endoplasmic reticulum
GAP GTPase-activating protein
GPCR G-protein-coupled receptor
LPA lysophosphatidic acid
LPAAT LPA acyltransferase
LPP lipid phosphate phosphatase
LTP long-term potentiation
MAG monoacylglycerol
MARCKS
myristoylated alanine-rich C kinase substrate
MEF mouse embryonic fibroblasts
MGAT monoacylglycerol acyltransferase
mGluR G-protein-coupled glutamate metabolic receptor



6204 dx.doi.org/10.1021/cr1004106 |Chem. Rev. 2011, 111, 6186–6208

Chemical Reviews REVIEW

PA phosphatidic acid
PAP PA phosphohydrolase
PC phosphatidylcholine
PE phosphatidylethanolamine
PI phosphatidylinositol
PI cycle phosphatidylinositol cycle
PIP2 phosphatidylinositol-4,5-bisphosphate
PI3K phosphatidylinositol 3-kinase
PI4P5K phosphatidylinositol-4-phosphate 5-kinase
PKC protein kinase C
PLC phospholipase C
PLD phospholipase D
PS phosphatidylserine
RasGRP Ras-guanyl-nucleotide-releasing protein
SAM sterile alpha motif
SAG 1-stearoyl-2-arachidonoyl glycerol
SAPA 1-stearoyl-2-arachidonoyl phosphatidic acid
SMS sphingomyelin synthase
TAG triacylglycerol
USP8 ubiquitin-specific protease 8

REFERENCES

(1) Waggoner, D. W.; Johnson, L. B.; Mann, P. C.; Morris, V.;
Guastella, J.; Bajjalieh, S. M. J. Biol. Chem. 2004, 279, 38228.
(2) Bektas, M.; Payne, S. G.; Liu, H.; Goparaju, S.; Milstien, S.;

Spiegel, S. J. Cell Biol. 2005, 169, 801.
(3) Luo, B.; Prescott, S. M.; Topham, M. K. Cell. Signalling 2004,

16, 891.
(4) Imai, S.; Kai, M.; Yasuda, S.; Kanoh, H.; Sakane, F. J. Biol. Chem.

2005, 280, 39870.
(5) Topham, M. K.; Prescott, S. M. Thromb. Haemostasis 2002,

88, 912.
(6) Hurley, J. H.; Newton, A. C.; Parker, P. J.; Blumberg, P. M.;

Nishizuka, Y. Protein Sci. 1997, 6, 477.
(7) Los, A. P.; van Baal, J.; de Widt, J.; Divecha, N.; van Blitterswijk,

W. J. Biochim. Biophys. Acta 2004, 1636, 169.
(8) Shindo, M.; Irie, K.; Ohigashi, H.; Kuriyama, M.; Saito, N.

Biochem. Biophys. Res. Commun. 2001, 289, 451.
(9) Shindo, M.; Irie, K.; Masuda, A.; Ohigashi, H.; Shirai, Y.;

Miyasaka, K.; Saito, N. J. Biol. Chem. 2003, 278, 18448.
(10) Sakane, F.; Kai, M.; Wada, I.; Imai, S.; Kanoh, H. Biochem. J.

1996, 318 (Pt 2), 583.
(11) Nelson, C. D.; Perry, S. J.; Regier, D. S.; Prescott, S. M.;

Topham, M. K.; Lefkowitz, R. J. Science 2007, 315, 663.
(12) Yakubchyk, Y.; Abramovici, H.; Maillet, J. C.; Daher, E.; Obagi,

C.; Parks, R. J.; Topham,M. K.; Gee, S. H.Mol. Cell. Biol. 2005, 25, 7289.
(13) Sakane, F.; Imai, S. I.; Kai, M.; Wada, I.; Kanoh, H. J. Biol. Chem.

1996, 271, 8394.
(14) Klauck, T. M.; Xu, X.; Mousseau, B.; Jaken, S. J. Biol. Chem.

1996, 271, 19781.
(15) Sanjuan, M. A.; Jones, D. R.; Izquierdo, M.; Merida, I. J. Cell

Biol. 2001, 153, 207.
(16) Nagaya,H.;Wada, I.; Jia, Y.; Kanoh,H.Mol. Biol. Cell2002, 13, 302.
(17) Topham, M. K.; Bunting, M.; Zimmerman, G. A.; McIntyre,

T. M.; Blackshear, P. J.; Prescott, S. M. Nature 1998, 394, 697.
(18) Merino, E.; Sanjuan, M. A.; Moraga, I.; Cipres, A.; Merida, I.

J. Biol. Chem. 2007, 282, 35396.
(19) Takeuchi, H.; Kanematsu, T.; Misumi, Y.; Sakane, F.; Konishi,

H.; Kikkawa, U.; Watanabe, Y.; Katan, M.; Hirata, M. Biochim. Biophys.
Acta 1997, 1359, 275.
(20) Park, W. S.; Heo, W. D.; Whalen, J. H.; O’Rourke, N. A.; Bryan,

H. M.; Meyer, T.; Teruel, M. N. Mol. Cell 2008, 30, 381.
(21) Knight, M. J.; Joubert, M. K.; Plotkowski, M. L.; Kropat, J.;

Gingery, M.; Sakane, F.; Merchant, S. S.; Bowie, J. U. Biochemistry 2010,
49, 9667.

(22) Harada, B. T.; Knight, M. J.; Imai, S.; Qiao, F.; Ramachander, R.;
Sawaya,M. R.; Gingery,M.; Sakane, F.; Bowie, J. U. Structure 2008, 16, 380.

(23) Prescott, S. M.; Majerus, P. W. J. Biol. Chem. 1981, 256, 579.
(24) Caricasole, A.; Bettini, E.; Sala, C.; Roncarati, R.; Kobayashi, N.;

Caldara, F.; Goto, K.; Terstappen, G. C. J. Biol. Chem. 2001, 277, 4790.
(25) Kai, M.; Sakane, F.; Imai, S.; Wada, I.; Kanoh, H. J. Biol. Chem.

1994, 269, 18492.
(26) Sakane, F.; Imai, S. i.; Yamada, K.; Murakami, T.; Tsushima, S.;

Kanoh, H. J. Biol. Chem. 2002, 277, 43519.
(27) Murakami, T.; Sakane, F.; Imai, S.; Houkin, K.; Kanoh, H.

J. Biol. Chem. 2003, 278, 34364.
(28) Ding, L.; Bunting, M.; Topham, M. K.; McIntyre, T. M.;

Zimmerman, G. A.; Prescott, S. M. Proc. Natl. Acad. Sci. U.S.A. 1997,
94, 5519.

(29) Ito, T.; Hozumi, Y.; Sakane, F.; Saino-Saito, S.; Kanoh, H.;
Aoyagi, M.; Kondo, H.; Goto, K. J. Biol. Chem. 2004, 279, 23317.

(30) Crotty, T.; Cai, J.; Sakane, F.; Taketomi, A.; Prescott, S. M.;
Topham, M. K. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 15485.

(31) Irvine, R. Sci. STKE 2002, 150, 1.
(32) Leach, K. L.; Ruff, V. A.; Jarpe, M. B.; Adams, L. D.; Fabbro, D.;

Raben, D. M. J. Biol. Chem. 1992, 267, 21816.
(33) Divecha, N.; Banfic, H.; Irvine, R. F. EMBO J. 1991, 10, 3207.
(34) Ding, L.; Traer, E.; McIntyre, T. M.; Zimmerman, G. A.;

Prescott, S. M. J. Biol. Chem. 1998, 273, 32746.
(35) Flores, I.; Casaseca, T.; Martinez-A, C.; Kanoh, H.; Merida, I.

J. Biol. Chem. 1996, 271, 10334.
(36) Wada, I.; Kai, M.; Imai, S.; Sakane, F.; Kanoh, H. FEBS Lett.

1996, 393, 48.
(37) van Blitterswijk, W. J.; Houssa, B. Cell. Signalling 2000, 12, 595.
(38) Tabellini, G.; Bortul, R.; Santi, S.; Riccio, M.; Baldini, G.;

Cappellini, A.; Billi, A. M.; Berezney, R.; Ruggeri, A.; Cocco, L.; Martelli,
A. M. Exp. Cell Res. 2003, 287, 143.

(39) D’Santos, C. S.; Clarke, J. H.; Irvine, R. F.; Divecha, N. Curr.
Biol. 1999, 9, 437.

(40) Sanjuan, M. A.; Pradet-Balade, B.; Jones, D. R.; Martinez, A.;
Stone, J. C.; Garcia-Sanz, J. A.; Merida, I. J. Immunol. 2003, 170, 2877.

(41) Santos, T.; Carrasco, S.; Jones, D. R.; Merida, I.; Eguinoa, A.
J. Biol. Chem. 2002, 277, 30300.

(42) van Baal, J.; de Widt, J.; Divecha, N.; van Blitterswijk, W. J.
J. Biol. Chem. 2005, 280, 9870.

(43) Tolias, K. F.; Couvillon, A. D.; Cantley, L. C.; Carpenter, C. L.
Mol. Cell. Biol. 1998, 18, 762.

(44) Houssa, B.; deWidt, J.; Kranenburg, O.; Moolenaar, W. H.; van
Blitterswijk, W. J. J. Biol. Chem. 1999, 274, 6820.

(45) Kobayashi, N.; Hozumi, Y.; Ito, T.; Hosoya, T.; Kondo, H.;
Goto, K. Eur. J. Cell Biol. 2007, 86, 433.

(46) Nunn, D. L.; Watson, S. P. Biochem. J. 1987, 243, 809.
(47) Abramovici, H.; Mojtabaie, P.; Parks, R. J.; Zhong, X. P.;

Koretzky, G. A.; Topham, M. K.; Gee, S. H. Mol. Biol. Cell 2009,
20, 2049.

(48) Davidson, L.; Pawson, A. J.; Lopez de Maturana, R.; Freestone,
S. H.; Barran, P.; Millar, R. P.; Maudsley, S. J. Biol. Chem. 2004, 279,
11906.

(49) Pawson, T.; Scott, J. D. Science 1997, 278, 2075.
(50) Topham, M. K.; Prescott, S. M. J. Cell Biol. 2001, 152, 191135.
(51) Zhong, X. P.; Hainey, E. A.; Olenchock, B. A.; Zhao, H.;

Topham, M. K.; Koretzky, G. A. J. Biol. Chem. 2002, 277, 31089.
(52) Regier, D. S.; Higbee, J.; Lund, K. M.; Sakane, F.; Prescott,

S. M.; Topham, M. K. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 7595.
(53) Jones, D. R.; Sanjuan, M. A.; Stone, J. C.; Merida, I. FASEB J.

2002, 16, 595.
(54) Luo, B.; Prescott, S. M.; Topham, M. K. J. Cell Biol. 2003,

160, 929.
(55) Zhong, X.; Hainey, E. A.; Olenchock, B. A.; Jordan, M. S.;

Maltzman, J. S.; Nichols, K. E.; Shen, H.; Koretzky, G. A. Nat. Immunol.
2003, 4, 882.

(56) Olenchock, B. A.; Guo, R.; Carpenter, J. H.; Jordan,M.; Topham,
M. K.; Koretzky, G. A.; Zhong, X. P. Nat. Immunol. 2006, 7, 1174.



6205 dx.doi.org/10.1021/cr1004106 |Chem. Rev. 2011, 111, 6186–6208

Chemical Reviews REVIEW

(57) Rodriguez de Turco, E. B.; Tang, W.; Topham, M. K.; Sakane,
F.; Marcheselli, V. L.; Chen, C.; Taketomi, A.; Prescott, S. M.; Bazan,
N. G. Proc. Natl. Acad. Sci. U.S.A. 2001, 98, 4740.
(58) Flores, I.; Jones, D. R.; Cipres, A.; Diaz-Flores, E.; Sanjuan,

M. A.; Merida, I. J. Immunol. 1999, 163, 708.
(59) Cipres, A.; Carrasco, S.; Merino, E.; Diaz, E.; Krishna, U. M.;

Falck, J. R.; Martinez, A.; Merida, I. J. Biol. Chem. 2003, 278, 35629.
(60) Topham, M. K.; Prescott, S. M. J. Biol. Chem. 1999, 274, 11447.
(61) Baldanzi, G.; Cutrupi, S.; Chianale, F.; Gnocchi, V.; Rainero, E.;

Porporato, P.; Filigheddu, N.; van Blitterswijk, W. J.; Parolini, O.;
Bussolino, F.; Sinigaglia, F.; Graziani, A. Oncogene 2008, 27, 942.
(62) Imai, S.; Kai, M.; Yamada, K.; Kanoh, H.; Sakane, F. Biochem. J.

2004, 382, 957.
(63) Thirugnanam, S.; Topham, M.; Epand, R. Biochemistry 2001,

40, 10607.
(64) Hogan, A.; Shepherd, L.; Chabot, J.; Quenneville, S.; Prescott,

S. M.; Topham, M. K.; Gee, S. H. J. Biol. Chem. 2001, 276, 26526.
(65) Evangelisti, C.; Gaboardi, G. C.; Billi, A. M.; Ognibene, A.;

Goto, K.; Tazzari, P. L.; McCubrey, J. A.; Martelli, A. M. Cell Cycle 2010,
9, 384.
(66) Zha, Y.; Marks, R.; Ho, A. W.; Peterson, A. C.; Janardhan, S.;

Brown, I.; Praveen, K.; Stang, S.; Stone, J. C.; Gajewski, T. F. Nat.
Immunol. 2006, 7, 1166.
(67) Guo, R.;Wan, C. K.; Carpenter, J. H.;Mousallem, T.; Boustany,

R.M.; Kuan, C. T.; Burks, A.W.; Zhong, X. P. Proc. Natl. Acad. Sci. U.S.A.
2008, 105, 11909.
(68) Olenchock, B. A.; Guo, R.; Silverman, M. A.; Wu, J. N.;

Carpenter, J. H.; Koretzky, G. A.; Zhong, X. P. J. Exp. Med. 2006,
203, 1471.
(69) Liu, C.H.;Machado, F. S.; Guo, R.; Nichols, K. E.; Burks, A.W.;

Aliberti, J. C.; Zhong, X. P. J. Exp. Med. 2007, 204, 781.
(70) Yasuda, S.; Kai, M.; Imai, S.; Takeishi, K.; Taketomi, A.; Toyota,

M.; Kanoh, H.; Sakane, F. J. Biol. Chem. 2009, 284, 29559.
(71) Chianale, F.; Rainero, E.; Cianflone, C.; Bettio, V.; Pighini,

A.; Porporato, P. E.; Filigheddu, N.; Serini, G.; Sinigaglia, F.;
Baldanzi, G.; Graziani, A. Proc. Natl. Acad. Sci. U.S.A. 2010, 107,
4182.
(72) Baldanzi, G.; Mitola, S.; Cutrupi, S.; Filigheddu, N.; van

Blitterswijk, W. J.; Sinigaglia, F.; Bussolino, F.; Graziani, A. Oncogene
2004, 23, 4828.
(73) Tsushima, S.; Kai, M.; Yamada, K.; Imai, S.; Houkin, K.; Kanoh,

H.; Sakane, F. J. Biol. Chem. 2004, 279, 28603.
(74) Cai, J.; Abramovici, H.; Gee, S. H.; Topham, M. K. Biochim.

Biophys. Acta 2009, 1791, 942.
(75) Avila-Flores, A.; Santos, T.; Rinc�on, E.; M�erida, I. J. Biol. Chem.

2005, 280, 10091.
(76) Sakane, F.; Imai, S.; Kai, M.; Yasuda, S.; Kanoh, H. Biochim.

Biophys. Acta 2007, 1771, 793.
(77) Nishizuka, Y. Science 1992, 258, 607.
(78) Chase, D. L.; Pepper, J. S.; Koelle, M. R. Nat. Neurosci. 2004,

7, 1096.
(79) Nurrish, S.; S�egalat, L.; Kaplan, J. M. Neuron 1999, 24,

231.
(80) Yasuda, S.; Kai, M.; Imai, S.; Kanoh, H.; Sakane, F. FEBS Lett.

2007, 581, 551.
(81) Rozengurt, E.; Sinnett-Smith, J.; Zugaza, J. L. Biochem. Soc.

Trans. 1997, 25, 565.
(82) Lucas, P.; Ukhanov, K.; Leinders-Zufall, T.; Zufall, F. Neuron

2003, 40, 551.
(83) Cazzolli, R.; Shemon, A. N.; Fang, M. Q.; Hughes, W. E.

IUBMB Life 2006, 58, 457.
(84) Tang, W.; Bunting, M.; Zimmerman, G. A.; McIntyre, T. M.;

Prescott, S. M. J. Biol. Chem. 1996, 271, 10237.
(85) Walsh, J. P.; Suen, R.; Lemaitre, R. N.; Glomset, J. A. J. Biol.

Chem. 1994, 269, 21155.
(86) Lung, M.; Shulga, Y. V.; Ivanova, P. T.; Myers, D. S.; Milne,

S. B.; Brown, H. A.; Topham, M. K.; Epand, R. M. J. Biol. Chem. 2009,
284, 31062.

(87) Milne, S. B.; Ivanova, P. T.; Armstrong, M. D.; Myers, D. S.;
Lubarda, J.; Shulga, Y. V.; Topham, M. K.; Brown, H. A.; Epand, R. M.
Biochemistry 2008, 47, 9372.

(88) Shulga, Y. V.; Myers, D. S.; Ivanova, P. T.; Milne, S. B.;
Brown, H. A.; Topham, M. K.; Epand, R. M. Biochemistry 2010, 49,
312.

(89) Shulga, Y. V.; Topham, M. K.; Epand, R. M. J. Mol. Biol. 2011,
409, 101.

(90) Antonescu, C. N.; Danuser, G.; Schmid, S. L. Mol. Biol. Cell
2010, 21, 2944.

(91) Divecha, N.; Banfic, H.; Irvine, R. F. Cell 1993, 74, 405.
(92) Banfic, H.; Zizak, M.; Divecha, N.; Irvine, R. F. Biochem. J. 1993,

290, 633.
(93) Hasegawa, H.; Nakano, T.; Hozumi, Y.; Takagi, M.; Ogino, T.;

Okada, M.; Iseki, K.; Kondo, H.; Watanabe, M.; Martelli, A. M.; Goto, K.
J. Cell. Biochem. 2008, 105, 756.

(94) Los, A. P.; Vinke, F. P.; de Widt, J.; Topham, M. K.; van
Blitterswijk, W. J.; Divecha, N. J. Biol. Chem. 2005, 281, 858.

(95) Los, A. P.; de Widt, J.; Topham, M. K.; van Blitterswijk, W. J.;
Divecha, N. Biochim. Biophys. Acta 2007, 1773, 352.

(96) Matsubara, T.; Shirai, Y.; Miyasaka, K.; Murakami, T.;
Yamaguchi, Y.; Ueyama, T.; Kai, M.; Sakane, F.; Kanoh, H.; Hashimoto,
T.; Kamada, S.; Kikkawa, U.; Saito, N. J. Biol. Chem. 2006, 281, 6152.

(97) Bacchiocchi, R.; Baldanzi, G.; Carbonari, D.; Capomagi, C.;
Colombo, E.; van Blitterswijk, W. J.; Graziani, A.; Fazioli, F. Blood 2005,
106, 2175.

(98) Chianale, F.; Cutrupi, S.; Rainero, E.; Baldanzi, G.; Porporato,
P.; Traini, S.; Filigheddu, N.; Gnocchi, V. F.; Santoro, M. M.; Parolini,
O.; van Blitterswijk, W. J.; Sinigaglia, F.; Graziani, A.Mol. Biol. Cell 2007,
18, 4859.

(99) Hass, R.; Bartels, H.; Topley, N.; Hadam, M.; K€ohler, L.;
Goppelt-Str€ube, M.; Resch, K. Eur. J. Cell Biol. 1989, 48, 282.

(100) Schmidt, A.; Hall, M. N. Annu. Rev. Cell Dev. Biol. 1998,
14, 305.

(101) Nakano, T.; Hozumi, Y.; Goto, K.; Wakabayashi, I. Cell Tissue
Res. 2009, 337, 167.

(102) Abramovici, H.; Hogan, A. B.; Obagi, C.; Topham,M. K.; Gee,
S. H. Mol. Biol. Cell 2003, 14, 4499.

(103) De Matteis, M. A.; Godi, A. Nat. Cell Biol. 2004, 6, 487.
(104) Bankaitis, V. A.; Mousley, C. J.; Schaaf, G. Trends Biochem. Sci.

2010, 35, 150.
(105) Schaaf, G.; Ortlund, E. A.; Tyeryar, K. R.; Mousley, C. J.; Ile,

K. E.; Garrett, T. A.; Ren, J.; Woolls, M. J.; Raetz, C. R. H.; Redinbo,
M. R.; Bankaitis, V. A. Mol. Cell 2008, 29, 191.

(106) Martin, T. F. Curr. Opin. Cell Biol. 2001, 13, 493.
(107) Levine, T.; Loewen, C. Curr. Opin. Cell Biol. 2006, 18, 371.
(108) Anderie, I.; Schulz, I.; Schmid, A.Cell. Signalling 2007, 19, 582.
(109) Pichler, H.; Gaigg, B.; Hrastnik, C.; Achleitner, G.; Kohlwein,

S. D.; Zellnig, G.; Perktold, A.; Daum, G. Eur. J. Biochem. 2001,
268, 2351.

(110) Holthuis, J. C. M.; Levine, T. P. Nat. Rev. Mol. Cell Biol. 2005,
6, 209.

(111) Decaffmeyer, M.; Shulga, Y. V.; Dicu, A. O.; Thomas, A.;
Truant, R.; Topham, M. K.; Brasseur, R.; Epand, R. M. J. Mol. Biol. 2008,
383, 797.

(112) Whatmore, J.; Wiedemann, C.; Somerharju, P.; Swigart, P.;
Cockcroft, S. Biochem. J. 1999, 341 (Part 2), 435.

(113) Fagone, P.; Jackowski, S. J. Lipid Res. 2009, 50, S311.
(114) Shindou, H.; Shimizu, T. J. Biol. Chem. 2009, 284, 1.
(115) M�erida, I.; Avila-Flores, A.;Merino, E.Biochem. J. 2008, 409, 1.
(116) Di Marzo, V. Pharmacol. Res. 2009, 60, 77.
(117) Skinner, J. R.; Shew, T. M.; Schwartz, D. M.; Tzekov, A.;

Lepus, C. M.; Abumrad, N. A.; Wolins, N. E. J. Biol. Chem. 2009,
284, 30941.

(118) Krahmer, N.; Guo, Y.; Farese, R. V., Jr.; Walther, T. C. Cell
2009, 139, 1024.

(119) Beller, M.; Thiel, K.; Thul, P. J.; Jackle, H. FEBS Lett. 2010,
584, 2176.



6206 dx.doi.org/10.1021/cr1004106 |Chem. Rev. 2011, 111, 6186–6208

Chemical Reviews REVIEW

(120) Chang, J. S.; Noh, D. Y.; Park, I. A.; Kim,M. J.; Hebok, S.; Ryu,
S. H.; Suh, P. G. Cancer Res. 1997, 57, 5465.
(121) Nebigil, C. G. Biochemistry 1997, 36, 15949.
(122) Kato, M.; Kawai, S.; Takenawa, T. J. Biol. Chem. 1987,

262, 5696.
(123) Kato, H.; Kawai, S.; Takenawa, T. Biochem. Biophys. Res.

Commun. 1988, 154, 959.
(124) Preiss, J.; Loomis, C. R.; Bishop, W. R.; Stein, R.; Neidel, J. E.;

Bell, R. M. J. Biol. Chem. 1986, 261, 8597.
(125) Wolfman, A.; Macara, I. G. Nature 1987, 325, 359.
(126) Cai, J.; Crotty, T. M.; Reichert, E.; Carraway, K. L., 3rd;

Stafforini, D. M.; Topham, M. K. J. Biol. Chem. 2010, 285, 6952.
(127) Goto, K.; Kondo, H. Adv. Enzyme Regul. 2004, 44, 187.
(128) Chakraborty, G.; Reddy, R.; Drivas, A.; Ledeen, R. W.

Neuroscience 2003, 122, 967.
(129) Goto, K.; Kondo, H. Proc. Natl. Acad. Sci. U.S.A. 1993, 90,

7598.
(130) Goto, K.; Kondo, H. Chem. Phys. Lipids 1999, 98, 109.
(131) Hozumi, Y.; Watanabe, M.; Otani, K.; Goto, K. BMCNeurosci.

2009, 10, 99.
(132) Shirai, Y.; Kouzuki, T.; Kakefuda, K.; Moriguchi, S.; Oyagi, A.;

Horie, K.; Morita, S. Y.; Shimazawa, M.; Fukunaga, K.; Takeda, J.; Saito,
N.; Hara, H. PLoS ONE 2010, 5, No. e11602.
(133) Hozumi, Y.; Watanabe, M.; Goto, K. J. Histochem. Cytochem.

2010, 58, 119.
(134) Kakefuda, K.; Oyagi, A.; Ishisaka, M.; Tsuruma, K.; Shimazawa,

M.; Yokota, K.; Shirai, Y.; Horie, K.; Saito, N.; Takeda, J.; Hara, H. PLoS
ONE 2010, 5, No. e13447.
(135) Saito, N.; Shirai, Y. J. Biochem. 2002, 132, 683.
(136) Cole-Edwards, K. K.; Bazan, N. G. Neurochem. Res. 2005,

30, 847.
(137) Musto, A.; Bazan, N. G. Epilepsia 2006, 47, 267.
(138) Lukiw, W. J.; Cui, J. G.; Musto, A. E.; Musto, B. C.; Bazan,

N. G. Biochem. Biophys. Res. Commun. 2005, 338, 77.
(139) Sakane, F.; Imai, S.; Kai, M.; Yasuda, S.; Kanoh, H. Curr. Drug

Targets 2008, 9, 626.
(140) Leach, N. T.; Sun, Y.; Michaud, S.; Zheng, Y.; Ligon, K. L.;

Ligon, A. H.; Sander, T.; Korf, B. R.; Lu, W.; Harris, D. J.; Gusella, J. F.;
Maas, R. L.; Quade, B. J.; Cole, A. J.; Kelz, M. B.; Morton, C. C. Am. J.
Hum. Genet. 2007, 80, 792.
(141) Kim, K.; Yang, J.; Zhong, X. P.; Kim, M. H.; Kim, Y. S.; Lee,

H.W.; Han, S.; Choi, J.; Han, K.; Seo, J.; Prescott, S. M.; Topham,M. K.;
Bae, Y. C.; Koretzky, G.; Choi, S. Y.; Kim, E. EMBO J. 2009, 28, 1170.
(142) Hozumi, Y.; Ito, T.; Nakano, T.; Nakagawa, T.; Aoyagi, M.;

Kondo, H.; Goto, K. Eur. J. Neurosci. 2003, 18, 1448.
(143) Nakano, T.; Hozumi, Y.; Ali, H.; Saino-Saito, S.; Kamii, H.;

Sato, S.; Kayama, T.;Watanabe, M.; Kondo, H.; Goto, K. Eur. J. Neurosci.
2006, 23, 1427.
(144) Nakano, T.; Iseki, K.; Hozumi, Y.; Kawamae, K.;Wakabayashi,

I.; Goto, K. Neurosci. Lett. 2009, 461, 110.
(145) Liu, Z.; Chang, G. Q.; Leibowitz, S. F. J. Biol. Chem. 2001,

276, 5900.
(146) Baum, A. E.; Akula, N.; Cabanero, M.; Cardona, I.; Corona,

W.; Klemens, B.; Schulze, T. G.; Cichon, S.; Rietschel, M.; N€othen,
M. M.; Georgi, A.; Schumacher, J.; Schwarz, M.; Abou Jamra, R.; H€ofels,
S.; Propping, P.; Satagopan, J.; Detera-Wadleigh, S. D.; Hardy, J.;
McMahon, F. J. Mol. Psychiatry 2008, 13, 197.
(147) Squassina, A.; Manchia, M.; Congiu, D.; Severino, G.;

Chillotti, C.; Ardau, R.; Piccardi, M.; Zompo, M. D. Mol. Psychiatry
2009, 14, 350.
(148) Manchia, M.; Squassina, A.; Congiu, D.; Chillotti, C.; Ardau,

R.; Severino, G.; Del Zompo, M. Neurosci. Lett. 2009, 467, 67.
(149) Moya, P. R.; Murphy, D. L.; McMahon, F. J.; Wendland, J. R.

Int. J. Neuropsychopharmacol. 2010, 13, 1127.
(150) Houssa, B.; Schaap, D.; van der Wal, J.; Goto, K.; Kondo, H.;

Yamakawa, A.; Shibata, M.; Takenawa, T.; van Blitterswijk, W. J. J. Biol.
Chem. 1997, 272, 10422.
(151) Tu-Sekine, B.; Raben, D. M. J. Cell. Physiol. 2009, 220, 548.

(152) Tabellini, G.; Billi, A.M.; Fala, F.; Cappellini, A.; Evagelisti, C.;
Manzoli, L.; Cocco, L.; Martelli, A. M. Cell. Signalling 2004, 16, 1263.

(153) Li, D.; Urs, A. N.; Allegood, J.; Leon, A.; Merrill, A. H., Jr.;
Sewer, M. B. Mol. Cell. Biol. 2007, 27, 6669.

(154) Takeda, M.; Kagaya, Y.; Takahashi, J.; Sugie, T.; Ohta, J.;
Watanabe, J.; Shirato, K.; Kondo, H.; Goto, K. Circ. Res. 2001, 89, 265.

(155) Yahagi, H.; Takeda, M.; Asaumi, Y.; Okumura, K.; Takahashi,
R.; Takahashi, J.; Ohta, J.; Tada, H.; Minatoya, Y.; Sakuma, M.;
Watanabe, J.; Goto, K.; Shirato, K.; Kagaya, Y. Biochem. Biophys. Res.
Commun. 2005, 332, 101.

(156) Niizeki, T.; Takeishi, Y.; Kitahara, T.; Arimoto, T.; Ishino,
M.; Bilim, O.; Suzuki, S.; Sasaki, T.; Nakajima, O.; Walsh, R. A.;
Goto, K.; Kubota, I. Am. J. Physiol. Heart Circ. Physiol. 2008,
295, H245.

(157) Hunter, J. J.; Chien, K. R. N. Engl. J. Med. 1999, 341, 1276.
(158) Takeishi, Y.; Jalili, T.; Ball, N. A.; Walsh, R. A. Circ. Res. 1999,

85, 264.
(159) Niizeki, T.; Takeishi, Y.; Arimoto, T.; Takahashi, H.; Shishido,

T.; Koyama, Y.; Goto, K.; Walsh, R. A.; Kubota, I. Am. J. Physiol. Heart
Circ. Physiol. 2007, 292, H1105.

(160) Arimoto, T.; Takeishi, Y.; Takeishi, H.; Shishido, T.; Niizeki,
T.; Koyama, Y.; Shiga, R.; Nozaki, N.; Nakajima, O.; Nishimaru, K.; Abe,
J.; Endoh, M.; Walsh, R. A.; Goto, K.; Kubota, I. Circulation 2006,
113, 60.

(161) Harada, M.; Takeishi, Y.; Arimoto, T.; Niizeki, T.; Kitahara,
T.; Goto, K.; Walsh, R. A.; Kubota, I. Circ. J. 2007, 71, 276.

(162) Bilim, O.; Takeishi, Y.; Kitahara, T.; Arimoto, T.; Niizeki, T.;
Sasaki, T.; Goto, K.; Kubota, I. Cardiovasc. Diabetol. 2008, 7, 2.

(163) Niizeki, T.; Takeishi, Y.; Kitahara, T.; Arimoto, T.; Koyama,
Y.; Goto, K.; Mende, U.; Kubota, I. Circ. J. 2008, 72, 309.

(164) Hirose, M.; Takeishi, Y.; Niizeki, T.; Shimojo, H.; Nakada, T.;
Kubota, I.; Nakayama, J.; Mende, U.; Yamada, M. HeartRhythm 2009,
6, 78.

(165) Kraegen, E. W.; Saha, A. K.; Preston, E.; Wilks, D.; Hoy, A. J.;
Cooney, G. J.; Ruderman, N. B. Am. J. Physiol. Endocrinol. Metab. 2006,
290, E471.

(166) Chibalin, A. V.; Leng, Y.; Vieira, E.; Krook, A.; Bjornholm, M.;
Long, Y. C.; Kotova, O.; Zhong, Z.; Sakane, F.; Steiler, T.; Nylen, C.
Wang, J.; Laakso, M.; Topham, M. K.; Gilbert, M.; Wallberg-Henriksson,
H.; Zierath, J. R. Cell 2008, 132, 375.

(167) Giusto, N. M.; Pasquare, S. J.; Salvador, G. A.; Ilincheta de
Boschero, M. G. J. Lipid Res. 2010, 51, 685.

(168) Stinson, A. M.; Wiegand, R. D.; Anderson, R. E. Exp. Eye Res.
1991, 52, 213.

(169) Hardie, R. C. J. Exp. Biol. 2001, 204, 3403.
(170) Raghu, P.; Coessens, E.; Manifava, M.; Georgiev, P.; Pettitt,

T.;Wood, E.; Garcia-Murillas, I.; Okkenhaug, H.; Trivedi, D.; Zhang, Q.;
Razzaq, A.; Zaid, O.;Wakelam,M.;O’Kane, C. J.; Ktistakis, N. J. Cell Biol.
2009, 185, 129.

(171) Katz, B.; Minke, B. Front. Cell. Neurosci. 2009, 3, 2.
(172) Raghu, P. Semin. Cell Dev. Biol. 2006, 17, 646.
(173) Raghu, P.; Usher, K.; Jonas, S.; Chyb, S.; Polyanovsky, A.;

Hardie, R. C. Neuron 2000, 26, 169.
(174) Huang, F. D.; Matthies, H. J.; Speese, S. D.; Smith, M. A.;

Broadie, K. Nat. Neurosci. 2004, 7, 1070.
(175) Hardie, R. C.; Martin, F.; Chyb, S.; Raghu, P. J. Biol. Chem.

2003, 278, 18851.
(176) Garcia-Murillas, I.; Pettitt, T.; Macdonald, E.; Okkenhaug, H.;

Georgiev, P.; Trivedi, D.; Hassan, B.; Wakelam, M.; Raghu, P. Neuron
2006, 49, 533.

(177) Kwon, Y.; Montell, C. Curr. Biol. 2006, 16, 723.
(178) LaLonde, M. M.; Janssens, H.; Rosenbaum, E.; Choi, S. Y.;

Gergen, J. P.; Colley, N. J.; Stark,W. S.; Frohman,M. A. J. Cell Biol. 2005,
169, 471.

(179) Sagi-Eisenberg, R.; Traub, L. M.; Spiegel, A. M.; Zick, Y. Cell.
Signalling 1989, 1, 519.

(180) Udovichenko, I. P.; Cunnick, J.; Gonzalez, K.; Takemoto, D. J.
J. Biol. Chem. 1994, 269, 9850.



6207 dx.doi.org/10.1021/cr1004106 |Chem. Rev. 2011, 111, 6186–6208

Chemical Reviews REVIEW

(181) Liu, X.; Seno, K.; Nishizawa, Y.; Hayashi, F.; Yamazaki, A.;
Matsumoto, H.; Wakabayashi, T.; Usukura, J. Exp. Eye Res. 1994,
59, 761.
(182) Weyand, I.; Kuhn, H. Eur. J. Biochem. 1990, 193, 459.
(183) Newton, A. C.; Williams, D. S. J. Biol. Chem. 1993, 268, 18181.
(184) Kohyama-Koganeya, A.; Watanabe, M.; Hotta, Y. FEBS Lett.

1997, 409, 258.
(185) Tang, W.; Bardien, S.; Bhattacharya, S. S.; Prescott, S. M.Gene

1999, 239, 185.
(186) Goto, K.; Funayama, M.; Kondo, H. Proc. Natl. Acad. Sci. U.S.

A. 1994, 91, 13042.
(187) Huang, Z.; Ghalayini, A.; Guo, X. X.; Alvarez, K. M.; Anderson,

R. E. J. Neurochem. 2000, 75, 355.
(188) Jenkins, G. H.; Fisette, P. L.; Anderson, R. A. J. Biol. Chem.

1994, 269, 11547.
(189) Tsai, M. H.; Yu, C. L.; Stacey, D. W. Science 1990, 250, 982.
(190) Ghosh, S.; Strum, J. C.; Sciorra, V. A.; Daniel, L.; Bell, R. M.

J. Biol. Chem. 1996, 271, 8472.
(191) Bokoch, G. M.; Reilly, A. M.; Daniels, R. H.; King, C. C.;

Olivera, A.; Spiegel, S.; Knaus, U. G. J. Biol. Chem. 1998, 273, 8137.
(192) Fang, Y.; Vilella-Bach, M.; Bachmann, R.; Flanigan, A.; Chen,

J. Science 2001, 294, 1942.
(193) Limatola, C.; Schaap, D.;Moolenaar, D.; van Blitterswijk,W. J.

Biochem. J. 1994, 304, 1001.
(194) Karathanassis, D.; Stahelin, R. V.; Bravo, J.; Perisic, O.;

Pacold, C. M.; Cho, W.; Williams, R. L. EMBO J. 2002, 21,
5057.
(195) Delon, C.; Manifava, M.; Wood, E.; Thompson, D.;

Krugman, S.; Pyne, S.; Ktistakis, N. T. J. Biol. Chem. 2004, 279,
44763.
(196) Loewen, C. J.; Gaspar, M. L.; Jesch, S. A.; Delon, C.; Ktistakis,

N. T.; Henry, S. A.; Levine, T. P. Science 2004, 304, 1644.
(197) Jones, J. A.; Hannun, Y. A. J. Biol. Chem. 2002, 277, 15530.
(198) Gomez-Merino, F. C.; Arana-Ceballos, F. A.; Trejo-Tellez,

L. I.; Skirycz, A.; Brearley, C. A.; Dormann, P.; Mueller-Roeber, B. J. Biol.
Chem. 2005, 280, 34888.
(199) Zhang, W.; Chen, J.; Zhang, H.; Song, F. Mol. Cell 2008,

26, 258.
(200) Testerink, C.; Dekker, H. L.; Lim, Z. Y.; Johns, M. K.; Holmes,

A. B.; Koster, C. G.; Ktistakis, N. T.; Munnik, T. Plant J. 2004, 39, 527.
(201) Meijer, H. J.; Munnik, T. Annu. Rev. Plant Biol. 2003, 54, 265.
(202) Moritz, A.; DeGraan, P. N.; Gispen,W.H.;Wirtz, K.W. J. Biol.

Chem. 1992, 267, 7207.
(203) Chuang, T. H.; Bohl, B. P.; Bokoch, G. M. J. Biol. Chem. 1993,

268, 26206.
(204) DerMardirossian, C.; Schnelzer, A.; Bokoch, G. M. Mol. Cell

2004, 15, 117.
(205) Foster, D. A. Cancer Res. 2007, 67, 1.
(206) Powner, D. J.; Wakelam, M. J. FEBS Lett. 2002, 531, 62.
(207) Williams, J. M.; Pettitt, T. R.; Powell, W.; Grove, J.; Savage,

C. O.; Wakelam, M. J. J. Am. Soc. Nephrol. 2007, 18, 1112.
(208) Das, A. K.; Hajra, A. K. Lipids 1989, 24, 329.
(209) Choi, J. W.; Herr, D. R.; Noguchi, K.; Yung, Y. C.; Lee, C. W.;

Mutoh, T.; Lin, M. E.; Teo, S. T.; Park, K. E.; Mosley, A. N.; Chun, J.
Annu. Rev. Pharmacol. Toxicol. 2010, 50, 157.
(210) Estivill-Torrus, G.; Llebrez-Zayas, P.; Matas-Rico, E.; Santin,

L.; Pedraza, C.; De, D.,I; Del, A.,I; Fernandez-Llebrez, P.; Chun, J.; De
Fonseca, F. R. Cereb. Cortex 2008, 18, 938.
(211) An, S.; Bleu, T.; Zheng, Y.; Goetzl, E. J.Mol. Pharmacol. 1998,

54, 881.
(212) Dubin, A. E.; Herr, D. R.; Chun, J. J. Neurosci. 2010, 30, 7300.
(213) Tomar, A.; George, S. P.; Mathew, S.; Khurana, S. J. Biol.

Chem. 2009, 284, 35278.
(214) Bot, M.; Bot, I.; Lopez-Vales, R.; van de Lest, C. H.; Saulnier-

Blache, J. S.; Helms, J. B.; David, S.; van Berkel, T. J.; Biessen, E. A. Am. J.
Pathol. 2010, 176, 3073.
(215) Li, H.; Zhang, H.; Wei, G.; Cai, Q.; Yan, L.; Xu, Y. Prostate

2011, 71, 373.

(216) Li, H.; Zhao, Z.; Wei, G.; Yan, L.; Wang, D.; Zhang, H.;
Sandusky, G. E.; Turk, J.; Xu, Y. FASEB J. 2010, 24, 4103.

(217) Linkous, A. G.; Yazlovitskaya, E. M.; Hallahan, D. E. J. Natl.
Cancer Inst. 2010, 102, 1398.

(218) Ma, L.; Nagai, J.; Ueda, H. J. Neurochem. 2010, 115, 643.
(219) Ma, L.; Uchida, H.; Nagai, J.; Inoue, M.; Aoki, J.; Ueda, H.

J. Pharmacol. Exp. Ther. 2010, 333, 540.
(220) Aoki, J.; Inoue, A.; Okudaira, S. Biochim. Biophys. Acta 2008,

1781, 513.
(221) Shi, Y.; Cheng, D. Am. J. Physiol. Endocrinol. Metab. 2009,

297, E10.
(222) Coleman, R. A.; Lee, D. P. Prog. Lipid Res. 2004, 43, 134.
(223) Athenstaedt, K.; Daum, G. Eur. J. Biochem. 1999, 266, 1.
(224) Gij�on, M. A.; Riekhof, W. R.; Zarini, S.; Murphy, R. C.;

Voelker, D. R. J. Biol. Chem. 2008, 283, 30235.
(225) Bonham, L.; Leung, D. W.; White, T.; Hollenback, D.; Klein,

P.; Tulinsky, J.; Coon, M.; de Vries, P.; Singer, J. W. Expert Opin. Ther.
Targets 2003, 7, 643.

(226) Xia, T.;Mostafa, N.; Bhat, B. G.; Florant, G. L.; Coleman, R. A.
Am. J. Physiol. 1993, 265, R414.

(227) Oelkers, P.; Behari, A.; Cromley, D.; Billheimer, J.; Sturley, S.
J. Biol. Chem. 1998, 273, 26765.

(228) Hofmann, K. Trends Biochem. Sci. 2000, 25, 111.
(229) Yen, C. L.; Monetti, M.; Burri, B. J.; Farese, R. V. J. J. Lipid Res.

2005, 46, 1502.
(230) Cases, S.; Stone, S. J.; Zhou, P.; Yen, E.; Tow, B.;

Lardizabal, K. D.; Voelker, T.; Farese, R. V. J. J. Biol. Chem. 2001,
276, 38870.

(231) Lardizabal, K. D.; Mai, J. T.; Wagner, N. W.; Wyrick, A.;
Voelker, T.; Hawkins, D. J. J. Biol. Chem. 2001, 276, 38862.

(232) Fredrikson, G.; Str�alfors, P.; Nilsson, N. O.; Belfrage, P.
Methods Enzymol. 1981, 71, 636.

(233) Smith, W. L.; Marnett, L. J.; DeWitt, D. L. Pharmacol. Ther.
1991, 49, 153.

(234) Gao, Y.; Vasilyev, D. V.; Goncalves, M. B.; Howell, F. V.;
Hobbs, C.; Reisenberg, M.; Shen, R.; Zhang, M. Y.; Strassle, B. W.;
Lu, P.; Mark, L.; Piesla, M. J.; Deng, K.; Kouranova, E. V.; Ring,
R. H.; Whiteside, G. T.; Bates, B.; Walsh, F. S.; Williams, G.;
Pangalos, M. N.; Samad, T. A.; Doherty, P. J. Neurosci. 2010, 30,
2017.

(235) Yoshida, T.; Fukaya, M.; Uchigashima, M.; Miura, E.; Kamiya,
H.; Kano, M.; Watanabe, M. J. Neurosci. 2006, 26, 4740.

(236) Brindley, D. N.; Pilquil, C. J. Lipid Res. 2009, 50, S225.
(237) Nanjundan, M.; Possmayer, F. Am. J. Physiol. Lung Cell Mol.

Physiol. 2003, 284, L1.
(238) Brindley, D. N.; Pilquil, C.; Sariahmetoglu, M.; Reue, K.

Biochim. Biophys. Acta 2009, 1791, 956.
(239) Huitema, K.; van denDikkenberg, J.; Brouwers, J. F.; Holthuis,

J. C. EMBO J. 2004, 23, 33.
(240) Hailemariam, T. K.; Huan, C.; Liu, J.; Li, Z.; Roman, C.;

Kalbfeisch, M.; Bui, H. H.; Peake, D. A.; Kuo, M. S.; Cao, G.;
Wadgaonkar, R.; Jiang, X. C. Arterioscler. Thromb. Vasc. Biol. 2008,
28, 1519.

(241) Chen, Z.; Yu, Y.; Fu, D.; Li, Z.; Niu, X.; Liao, M.; Lu, S. Cell.
Biochem. Funct. 2010, 28, 249.

(242) Nakamura, Y.; Fukami, K. Physiology 2009, 24, 332.
(243) Carrasco, S.; Merida, I. Trends Biochem. Sci. 2007, 32, 27.
(244) Goto, K.; Hozumi, Y.; Nakano, T.; Saino-Saito, S.; Martelli,

A. M. Tohoku J. Exp. Med. 2008, 214, 199.
(245) Raben, D. M.; Wattenberg, B. W. J. Lipid Res. 2009, 50

(Suppl), S35.
(246) Arnsten, A. F. Psychopharmacology 2009, 202, 445.
(247) Takeishi, Y.; Goto, K.; Kubota, I. Pharmacol. Ther. 2007,

115, 352.
(248) Riese, M. J.; Grewal, J.; Das, J.; Zou, T.; Patil, V.; Chakraborty,

A. K.; Koretzky, G. A. J. Biol. Chem. 2011, 286, 5254.
(249) Zimmermann, A.; Keller, H. Anticancer Res. 1993, 13, 347.



6208 dx.doi.org/10.1021/cr1004106 |Chem. Rev. 2011, 111, 6186–6208

Chemical Reviews REVIEW

(250) Filigheddu, N.; Cutrupi, S.; Porporato, P. E.; Riboni, F.;
Baldanzi, G.; Chianale, F.; Fortina, E.; Piantanida, P.; De, B. M.; Vacca,
G.; Graziani, A.; Surico, N. Anticancer Res. 2007, 27, 1489.
(251) Isshiki, K.; Haneda, M.; Koya, D.; Maeda, S.; Sugimoto, T.;

Kikkawa, R. Diabetes 2000, 49, 1022.
(252) Koya, D.; Haneda, M.; Kikkawa, R.; King, G. L. Biofactors

1998, 7, 69.
(253) McCarty, M. F. Med. Hypotheses 1998, 51, 451.


