
DIACYLGLYCEROL 
KINASE SIGNALLING

EDITED BY : Isabel Merida, Andrea Graziani and Fumio Sakane
PUBLISHED IN : Frontiers in Cell and Developmental Biology

https://www.frontiersin.org/research-topics/4657/diacylglycerol-kinase-signalling
https://www.frontiersin.org/research-topics/4657/diacylglycerol-kinase-signalling
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/research-topics/4657/diacylglycerol-kinase-signalling


1 November 2017 | Diacylglycerol Kinase SignallingFrontiers in Cell and Developmental Biology

Frontiers Copyright Statement

© Copyright 2007-2017 Frontiers 
Media SA. All rights reserved.

All content included on this site,  
such as text, graphics, logos, button 

icons, images, video/audio clips, 
downloads, data compilations and 

software, is the property of or is 
licensed to Frontiers Media SA 

(“Frontiers”) or its licensees and/or 
subcontractors. The copyright in the 

text of individual articles is the property 
of their respective authors, subject to 

a license granted to Frontiers.

The compilation of articles constituting 
this e-book, wherever published,  

as well as the compilation of all other 
content on this site, is the exclusive 

property of Frontiers. For the 
conditions for downloading and 

copying of e-books from Frontiers’ 
website, please see the Terms for 

Website Use. If purchasing Frontiers 
e-books from other websites  

or sources, the conditions of the 
website concerned apply.

Images and graphics not forming part 
of user-contributed materials may  

not be downloaded or copied  
without permission.

Individual articles may be downloaded 
and reproduced in accordance  

with the principles of the CC-BY 
licence subject to any copyright or 

other notices. They may not be 
re-sold as an e-book.

As author or other contributor you 
grant a CC-BY licence to others to 

reproduce your articles, including any 
graphics and third-party materials 

supplied by you, in accordance with 
the Conditions for Website Use and 

subject to any copyright notices which 
you include in connection with your 

articles and materials.

All copyright, and all rights therein,  
are protected by national and 

international copyright laws.

The above represents a summary 
only. For the full conditions see the 

Conditions for Authors and the 
Conditions for Website Use.

ISSN 1664-8714 
ISBN 978-2-88945-335-1 

DOI 10.3389/978-2-88945-335-1

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering 
approach to the world of academia, radically improving the way scholarly research 
is managed. The grand vision of Frontiers is a world where all people have an equal 
opportunity to seek, share and generate knowledge. Frontiers provides immediate and 
permanent online open access to all its publications, but this alone is not enough to 
realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online 
journals, promising a paradigm shift from the current review, selection and dissemination 
processes in academic publishing. All Frontiers journals are driven by researchers for 
researchers; therefore, they constitute a service to the scholarly community. At the same 
time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing 
system, initially addressing specific communities of scholars, and gradually climbing up to 
broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative 
interactions between authors and review editors, who include some of the world’s best 
academicians. Research must be certified by peers before entering a stream of knowledge 
that may eventually reach the public - and shape society; therefore, Frontiers only applies 
the most rigorous and unbiased reviews. 
Frontiers revolutionizes research publishing by freely delivering the most outstanding 
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting scholarly 
publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: 
they are collections of at least ten articles, all centered on a particular subject. With their 
unique mix of varied contributions from Original Research to Review Articles, Frontiers 
Research Topics unify the most influential researchers, the latest key findings and historical 
advances in a hot research area! Find out more on how to host your own Frontiers 
Research Topic or contribute to one as an author by contacting the Frontiers Editorial 
Office: researchtopics@frontiersin.org

http://www.frontiersin.org/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:researchtopics@frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/research-topics/4657/diacylglycerol-kinase-signalling


2 November 2017 | Diacylglycerol Kinase SignallingFrontiers in Cell and Developmental Biology

DIACYLGLYCEROL KINASE 
SIGNALLING

DGKalpha expression in 3D cultured breast cancer cells. MCF-10A cells  seeded in matrigel and 
cultured for 6 days show the characteristic  acinar-like structures. Cells were fixed and stained with 
DAPI to visualize nuclei (blue), DGKα (red) and  actin (green). 

Image courtesy of Pedro Torres and Antonia Avila-Flores.
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Diacylglycerol kinases (DGKs) phosphorylate diacylglycerol (DG), catalyzing its conversion into 
phosphatidic acid (PA). This reaction attenuates membrane DG levels, limiting the localization/
activation of signaling proteins that bind this lipid. Initially recognized as modulators of classical 
and novel PKC family members, the function of the DGK has further expanded with the iden-
tification of novel DG effectors including Ras Guanyl nucleotide-releasing proteins (RasGRP) 
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and chimaerin Rac GTPases. The product of the DGK reaction, PA, is also a signaling lipid that 
mediates activation of multiple proteins including the mammalian target of rapamycin (mTOR). 
The DGK pathway thus modulates two lipids with important signaling properties that are also 
key intermediates in lipid metabolism and membrane trafficking. The DGK family in eukaryotes 
comprises 10 different members grouped into five different subfamilies characterized by the 
presence of particular regulatory motifs. These regions allow the different DGK isoforms to estab-
lish specific complexes and/or to be recruited to specific subcellular compartments. The subtle 
regulation of DG and PA catalyzed byspecific DGKs is sensed by a restricted set of molecules, 
providing the means for spatio-temporal regulation of signals in highly specialized cell systems.

In the recent years, multiple studies have unveiled the functions of specific isoforms, their mecha-
nisms of regulation and their participation in different pathways leading to and from DG and PA. 
Animal models have greatly helped to understand the specialized contribution of DGK mediated 
signals, particularly in the immune and central nervous systems. Mice deficient for individual 
DGK isoforms show defects in T and B cell functions, dendritic spine maintenance, osteoclast and 
mechanical-induced skeletal muscle formation. Studies in flies and worms link DGK mediated 
DAG metabolism with mTOR- mediated regulation of lifespan and stress responses. In plants 
DGK mediated PA formation contributes to plant responses to environmental signals.

Aberrant DGK function has been recently associated with pathological states, an expected con-
sequence of the essential role of these enzymes in the regulation of multiple tissue and systemic 
functions. DGK mutations/deletions have been related to human diseases including diabetes, 
atypical hemolytic-uremic syndrome, Parkinson disease and bipolar disorders. On the contrary 
DGK upregulation emerges as a non-oncogenic addition of certain tumors and represents one 
of the main mechanism by which cancer evades the immune attack. As a result, the DGK field 
emerges an exciting new area of research with important therapeutic potential.
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Editorial on the Research Topic

Diacylglycerol Kinase Signalling

By gathering 10 reviews from leading scientists in a fast-evolving field, this Research Topic
illustrates the contribution of diacylglycerol kinase (DGK) family members to the regulation of
cell responses, and how their malfunction contributes to human pathologies.

DGK transform diacylglycerol (DG) into phosphatidic acid (PA). This simple reaction alters
the levels of two lipids with central functions as second messengers, as phospholipid precursors,
and as membrane modulators. The first DGK was purified and cloned by the Hideo Kanoh group
in 1990; since then, the study of DGK regulation and functions has expanded and grows daily.
Mammalian DGK comprise 10 isoforms that are particularly abundant in brain and hematopoietic
organs. Not surprisingly, DAG effectors such as protein kinase C family members, mammalian
Unc13 homologs, the chimaerin family of Rac GTPases, and the Ras GEF RasGRPs have critical

functions in the regulation of nervous and immune synapses.
The mammalian DGK isoforms are grouped into five subtypes based on the presence of distinct

regulatory domains. At least eight DGK isoforms are detected in the mammalian brain. In their
review, Lee et al. summarize studies that link various DGK isoforms with certain features of
synaptic plasticity. The generation of knockout mice for specific DGK isoforms has demonstrated
their involvement in distinct aspects of brain function. These findings imply precise, isoform-
specific control of lipid homeostasis that creates local environments suitable for triggering synaptic
plasticity. Genome-wide association studies suggest relationships between specific DGK and
human diseases that include bipolar disease and Parkinson’s disease. Sakane et al. review these
findings and discuss others such as mutations in the DGKE gene and its link to epilepsy and
Huntington disease, or the more recent discovery of DGKE mutations associated with atypical
hemolytic-uremic syndrome (aHUS).

The predominance of DGKε malfunction and disease might be related to this isoform’s unique
properties. DGKε is the onlyDGK familymember that lacks regulatory domains, that ismembrane-
bound, and has substrate specificity for arachidonate-containing DG. Two articles in this series
review DGKε properties and functions in depth, and cast new light on the links between DGKε

defects and disease. Epand et al. describe the structural features that lend DGKε its arachidonoyl-
DG specificity, its regulation by phosphorylation, and the identification of DGKε-interacting
proteins. They discuss at length the unanticipated connection between recessive DGKE mutations
and aHUS, recently uncovered by whole-exome sequencing. Although dysregulated complement
activation is generally associated with all aHUS forms, the vast majority of aHUS patients that
harbor DGKE mutations do not show this defect. DGKε is found at the endoplasmic reticulum
(ER), a specialized site in membrane phospholipid synthesis and transport. In their review, Nakano
et al. discuss the DGKε-specific contribution at the ER by generating arachidonoyl PA that

5
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feeds directly into the PI cycle. DGKε malfunction impairs PA
generation and facilitates DG lipase-dependent DG degradation
to 2-arachidonoyl glycerol, an endocannabinoid with important
contributions to retrograde synaptic transmission.

All 10 mammalian DGK isoforms share a conserved catalytic
domain and two protein kinase C conserved type I (C1) domains.
The exception, with three C1 domains, is DGKθ, the lone
member of the type V DGK class and the least-studied. In
their detailed review, Tu-Sekine et al. cover DGKθ structure,
enzymology and the latest results, which suggest its contribution
to regulation of neurotransmission.

In addition to this notable role in brain, the DGK contribution
to immune response control is another area of intensive
research. T lymphocyte recognition of antigens presented on the
antigen-presenting cell surface generates a polarized increase in
membrane DG at the contact area. Sustained DG generation at
the immune synapse facilitates activation of the Ras/ERK and
PKC pathways, which ultimately dictate the fate of differentiated
T cell populations. Chen et al. extensively describe the studies
with DGKα- and ζ -deficient mice that have defined the
contribution of these two isoforms to differentiation of CD8 T
effector and memory populations, development of regulatory T
cells (Treg), and lineage development of invariant natural killer
cells. At difference from DGKα, expressed predominantly in T
cells, DGKζ is expressed ubiquitously in hematopoietic cells.
Singh and Kambayashi’s review explores the immunomodulatory
function of DGKζ in several cell types. The dual contribution of
DGKζ , which can either potentiate or limit immune responses,
adds new interest to its targeting. In addition to promoting
defense against infection or cancer, DGKζ inhibition might have
benefits by limiting immune responses in pathological conditions
such as allergy and septic shock.

Due to their negative regulatory T cell function, DGKα and
ζ have recently attracted interest as prospective targets, which
might improve T cell-mediated tumor destruction. Two articles
in this series examine the findings from their own and other
groups that identify DGKα and ζ targeting potential in the fight

against cancer. The contribution of DGKα as a cytosolic immune
checkpoint is detailed reviewed in Noessner. On their review,
Riese et al. consider DGKα and ζ contributions to limiting anti-
tumor functions of engineered cytotoxic T cells. In both cases,
pharmacological DGKα inhibitors induce recovery of cytotoxic
functions by tumor-infiltrating cells, although the precise role of
each isoform and the consequences of specific DGK ζ inhibition
remain to be addressed. The continued search for new, more
effective DGK inhibitors is a critical issue that is addressed by
Sakane’s group, who review the recent characterization of a new
DGKα inhibitor.

DGK phosphorylation of DAG to PA is the principal pathway
of DAG signaling termination. Through PA generation, DGK
enzymes promote local alteration of membrane composition and
electrostatic charge, which leads to recruitment and activation
of additional sets of proteins. Baldanzi et al. illustrate how PA
generation in specific membrane subdomains affects polarized
responses such as immune synapse formation or cell migration.

We are deeply indebted to all the authors who have
contributed to this Research Topic and to the dedicated reviewers
who helped us achieve the highest quality standards. We
gratefully acknowledge the valuable support of the Frontiers team
in manuscript processing.
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Synaptic plasticity is activity-dependent modification of the efficacy of synaptic

transmission. Although, detailed mechanisms underlying synaptic plasticity are diverse

and vary at different types of synapses, diacylglycerol (DAG)-associated signaling has

been considered as an important regulator of many forms of synaptic plasticity, including

long-term potentiation (LTP) and long-term depression (LTD). Recent evidences indicate

that DAG kinases (DGKs), which phosphorylate DAG to phosphatidic acid to terminate

DAG signaling, are important regulators of LTP and LTD, as supported by the results

from mice lacking specific DGK isoforms. This review will summarize these studies

and discuss how specific DGK isoforms distinctly regulate different forms of synaptic

plasticity at pre- and postsynaptic sites. In addition, we propose a general role of

DGKs as coordinators of synaptic plasticity that make local synaptic environments more

permissive for synaptic plasticity by regulating DAG concentration and interacting with

other synaptic proteins.

Keywords: diacylglycerol kinase, synaptic plasticity, long-term potentiation, long-term depression, protein

kinase C

INTRODUCTION

Alterations in the efficacy of synaptic transmission are believed to be cellular mechanisms
of learning and memory. Two well-studied forms of such synaptic plasticity are long-term
potentiation (LTP) and long-term depression (LTD), which have been widely observed at different
types of synapses in many brain areas (Citri and Malenka, 2008). The signaling mechanisms
of synaptic plasticity vary to some extent depending on the types of synapses and stimulation.
One of the main differences is the synaptic site of expression: some forms of LTP and LTD rely
on changes in presynaptic neurotransmitter release, but others rely on changes in postsynaptic
receptor numbers or properties (Malenka and Bear, 2004; Castillo, 2012; Huganir andNicoll, 2013).
Nevertheless, there are some properties shared by several forms of LTP and LTD. A common
property of all forms of LTP and LTD is that potentiation and depression are triggered by transient
stimulation, whereas the potentiation and depression last for a long time. For the long-term
maintenance of altered synaptic strength, translational, and transcriptional regulations are often
involved (Citri and Malenka, 2008). The protocol triggering LTP or LTD usually consists of strong
or repeated synaptic stimulation, which likely activates synaptic receptors and triggers increases
in the levels of signaling molecules, such as calcium and diacylglycerol (DAG). In fact, signaling
mechanisms associated with calcium or DAG have been shown to be required for several forms of
LTP and LTD (Sossin and Farah, 2009).

In many types of cells, including neurons, DAG is generally produced after the activation
of G-protein coupled receptors (GPCRs) through the metabolization of phosphatidylinositol

7
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4,5-bisphosphate by phospholipase C (PLC) (Rhee, 2001). At
synapses, an increase in DAG level by the activation of
GPCRs likely regulates its target molecules required for synaptic
plasticity (Brose et al., 2004). A well-known target molecule of
DAG is protein kinase C (PKC), which has been shown to be
involved in many forms of LTP or LTD. Therefore, the regulation
of DAG concentrations at synapses is crucial for the regulation of
these forms of LTP or LTD.

The conversion of DAG to phosphatidic acid (PA) by
diacylglycerol kinase (DGK) is the major pathway for the
termination of DAG signaling (Sakane et al., 2007). Ten
mammalian DGK isoforms have been identified so far, and at
least 8 of them are readily detected in the mammalian brain,
suggesting the important roles of DGKs in the brain (Tu-
Sekine and Raben, 2011). Interestingly, the expression pattern
of each isoform in the brain is different, and their subcellular
localizations are distinct (Tu-Sekine and Raben, 2011; Ishisaka
and Hara, 2014), suggesting that different isoforms of DGKs
have unique neuronal or synaptic functions. In this review, we
summarize the roles of DGKs in the regulation of synaptic
plasticity (see Table 1 for summary), focusing on specific types
of synaptic plasticity and individual DGK isoforms involved. In
addition, we would like to emphasize the emerging notion that
DGKs may be involved in the generation of local environments
suitable for synaptic plasticity.

TABLE 1 | Involvement of DGK isoforms in several forms of synaptic plasticity.

DGK Synapse Localization Tested forms of Reported effects Known/expected

isoform synaptic plasticity in KO mice functions of DGKs

DGKε Perforant path-dentate

granule cell synapses

N.D. LTP Reduction Regulating amounts of DAG and PKC

activity required for LTP, and regulating the

lipid signaling leading to the production of

retrograde messengers required for LTP

DGKζ Hippocampal SC-CA1

synapses

Postsynaptic density Postsynaptic LTP Enhancement Regulating amounts of DAG produced by

mGluR activation, and balancing PKC

activity, which is a modulator of LTP and LTD

Postsynaptic LTD Reduction

DGKβ Hippocampal SC-CA1

synapses

Membranes including

synaptic areas

Postsynaptic LTP Reduction Regulating basal DAG levels

DGKι Hippocampal SC-CA1

synapses

Presynaptic areas Presynaptic LTD Reduction Reducing DAG levels and consequently

preventing the activation of target molecules

that antagonize LTD

DGKκ Hippocampal SC-CA1

synapses

N.D. Postsynaptic LTP Reduction Regulating basal DAG levels

Postsynaptic LTD Enhancement

DGKζ Cerebellar parallel

fiber-Purkinje cell synapses

Postsynaptic areas Postsynaptic LTP Normal –

Postsynaptic LTD Reduction Targeting PKCα required for LTD at

synapses, maintaining optimal PKCα activity

levels via reducing basal DAG levels, and

receiving inhibition from PKCα

N.D. stands for “not described or undetermined.”

DGKs INVOLVED IN SEVERAL FORMS OF
HIPPOCAMPAL SYNAPTIC PLASTICITY

DGKε for LTP at Perforant Path-Dentate
Granule Cell Synapses
The involvement of DGKs in synaptic plasticity was first
demonstrated for LTP at synapses of hippocampal dentate
granular cells receiving inputs from the perforant path
of the entorhinal cortex. LTP at these synapses requires
the action of postsynaptic NMDA-type glutamate receptors
(NMDARs) and increases in calcium concentrations (Colino
and Malenka, 1993; Kleschevnikov and Routtenberg, 2001).
However, it is controversial whether this LTP is presynaptically
or postsynaptically expressed. Several studies demonstrated that
LTP at these synapses was expressed by an increase in the
probability of presynaptic neurotransmitter release (Christie and
Abraham, 1994; Wang et al., 1996; Min et al., 1998), which is
controlled by the retrograde lipid messenger, platelet-activating
factor (Kato and Zorumski, 1996; Chen et al., 2001). On the other
hand, other studies showed that LTPwas expressed by an increase
in the number of postsynaptic AMPA-type glutamate receptors
(Wang et al., 1996; Reid and Clements, 1999; Moga et al., 2006).

Despite the undefined locus of LTP expression, PKC has
been demonstrated to be involved in this form of LTP. PKC
activation rescues LTP blocked by an NMDAR antagonist
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(Kleschevnikov and Routtenberg, 2001), suggesting involvement
of PKC activation in LTP. In contrast, PKC activation by
metabotropic glutamate receptors (mGluRs) prior to LTP
induction inhibits subsequent LTP induction (Gisabella et al.,
2003), suggesting that maintaining minimum PKC activity at
the basal state is required for LTP. These results indicate
that the regulation of PKC activity is critical for LTP
induction.

In mice lacking DGKε (DGKε
−/−), which is the only

DGK that can act on sn-2 arachidonoyl-DAG, LTP at dentate
granular cell synapses was impaired (Rodriguez de Turco
et al., 2001). A possible function of DGKε is to reduce DAG
concentrations and PKC activity at the basal state, considering
the dynamics of PKC activity required for LTP induction.
Another possibility is that DGKε regulates lipid metabolism,
so that the synthesis of platelet-activating factor is suppressed,
leading to impairment of LTP in DGKε

−/− mice (Rodriguez de
Turco et al., 2001).

Role of DGKζ in Postsynaptic LTP and LTD
at SC-CA1 Synapses
Synaptic plasticity has been extensively investigated at
hippocampal Schaffer-collateral (SC)-CA1 synapses, in which
LTP and LTD are postsynaptically expressed (Citri and Malenka,
2008). Many studies have demonstrated that PKC is involved
in both LTP and LTD at SC-CA1 synapses (Akers et al., 1986;
Malinow et al., 1989; Klann et al., 1993; Thiels et al., 2000),
suggesting the importance of DAG regulation in the postsynaptic
area. DGKζ is mainly present at postsynaptic sites and directly
interacts with PSD-95 family proteins (Kim et al., 2009). In
DGKζ

−/− mice, LTP at SC-CA1 synapses is enhanced, whereas
LTD is reduced (Seo et al., 2012). Importantly, pharmacological
inhibition of PLC and PKC restores abnormal LTP and LTD in
DGKζ

−/− mice, suggesting that enhanced PLC-PKC signaling by
DGKζ deficiency may lead to an altered balance of LTP and LTD
(Seo et al., 2012). Therefore, DGKζ appears to limit excessive
increases in DAG level and PKC activity for proper modulation
of bidirectional synaptic plasticity at hippocampal SC-CA1
synapses.

Role of DGKβ in Postsynaptic LTP at
SC-CA1 Synapses
In addition to DGKζ, DGKβ has also been reported to
regulate postsynaptically expressed LTP at hippocampal SC-CA1
synapses. However, its functions appear to be different from those
of DGKζ, because LTP was reduced in DGKβ

−/− mice, contrary
to the enhanced LTP in DGKζ

−/− mice (Shirai et al., 2010).
DGKβ is expressed at high levels in the hippocampal pyramidal
cell layer (Goto and Kondo, 1999) and shows unique localization
patterns at the plasma membrane (Caricasole et al., 2002) and
postsynaptic compartments (Hozumi et al., 2008). Thus, both
DGKβ and DGKζ are localized around the postsynaptic area,
excluding a possibility that this accounts for the differences in
their functions. Another possibility is that DGKβ and DGKζ

are responsible for metabolizing DAG under different contexts.
DGKβ deficiency resulted in a reduction in PA production

and an increase in DAG level even without stimulation (Shirai
et al., 2010), whereas DGKζ deficiency resulted in a significant
reduction in PA production only when stimulation was applied
without changes under basal conditions (Kim et al., 2009). These
results suggest that whereas DGKζ converts DAG to PA after
synaptic stimulation to maintain DAG at appropriate levels that
are required for synaptic plasticity, DGKβ is mainly responsible
for lowering DAG levels at the basal state.

Role of DGKι in mGluR-Dependent,
Presynaptic LTD at SC-CA1 Synapses
DGKι, which shares a similar domain structure withDGKζ, binds
to PSD-95 (Yang et al., 2011). However, unlike DGKζ, DGKι

is also present in axon terminals in addition to postsynaptic
sites, being detected in the presynaptic plasma membrane
and synaptic vesicles (Yang et al., 2011). In DGKι

−/− mice,
postsynaptic LTP and LTD are not altered at hippocampal
SC-CA1 synapses, presumably because DGKβ and DGKζ

even in the absence of DGKι are functionally sufficient to
regulate the postsynaptic DAG metabolism that is required
for synaptic plasticity. In contrast, mGluR-dependent LTD at
these synapses is suppressed in the hippocampus of neonatal
(2-week old) DGKι

−/− mice. It has been shown that mGluR-
dependent LTD in SC-CA1 synapses of neonatal mice relies
mainly on the reduction of presynaptic release probability
(Fitzjohn et al., 2001; Zakharenko et al., 2002; Rammes
et al., 2003; Nosyreva and Huber, 2005; Yang et al., 2011).
Consistently with the idea that presynaptic LTD is suppressed
at DGKι

−/− SC-CA1 synapses, mGluR stimulation did not
cause an activity-dependent reduction in release probability
in these mice (Yang et al., 2011). Furthermore, inhibition
of the binding of DAG to its target molecules or inhibition
of PKC in DGKι

−/− mice rescued mGluR-dependent LTD
as well as activity-dependent reduction of release probability
(Yang et al., 2011). Thus, DGKι may work during normal
mGluR-LTD to remove DAG at presynaptic terminals and
to suppress the activity of DAG targets, such as PKC
and Munc13, as well as enhancement of neurotransmitter
release.

Role of DGKκ in Postsynaptic LTP and LTD
at SC-CA1 Synapses
A recent study demonstrated that the reduction of DGKκ

expression levels using an shRNA resulted in reduced LTP and
increased LTD at hippocampal SC-CA1 synapses (Tabet et al.,
2016). This result is similar to the abovementioned reduced LTP
observed in DGKβ

−/− mice, and suggests that DGKκ may also
be required for lowering DAG levels under basal conditions and
inducing normal LTP. In line with this idea, in knockout mice
lacking the fragile X mental retardation protein where DGKκ

translation is impaired, DAG levels are increased under basal
conditions, but not after mGluR stimulation. It is possible that
DGKκ may cooperate with DGKβ to maintain low levels of DAG
under basal conditions for normal induction of LTP at SC-CA1
synapses.
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DGKζ IS REQUIRED FOR CEREBELLAR
LTD

In addition to hippocampal synaptic plasticity, DGKζ regulates
cerebellar LTD that is postsynaptically expressed at the synapses
of cerebellar Purkinje cells receiving inputs from parallel fibers,
as supported by impaired LTD, but not LTP, in DGKζ

−/− mice
(Lee et al., 2015). Cerebellar LTD has long been studied, and
the importance of PKC in LTD has also been well established
(Linden and Connor, 1991; De Zeeuw et al., 1998), with the
PKC isoform PKCα being critical (Leitges et al., 2004). Our
results showed that DGKζ bound to not only PSD-93, a PSD-
95 relative abundant in Purkinje cells, but also to PKCα in
Purkinje cells, and such binding functions of DGKζwere required
for LTD (Lee et al., 2015). In addition, we have shown that
LTD induction causes the dissociation of DGKζ and PKCα, and
that the catalytic function of DGKζ is also required for LTD.
These results collectively suggest the following mechanisms.
PSD-93-bound DGKζ interacts with and promotes the synaptic
localization of PKCα, but suppresses PKCα activity under basal
conditions by reducing DAG concentrations. When LTD is
triggered, PKCα dissociates from DGKζ and gets activated to
promote the induction of cerebellar LTD.

GENERAL ROLES OF DGKs IN SYNAPTIC
PLASTICITY

As summarized above, 5 different isoforms of mammalian
DGKs have so far been reported to be involved in some
forms of synaptic plasticity (Table 1). Generally, the 10 known
isoforms of DGKs are categorized into five types based on their
distinct functional domain structures, which display differential
distribution patterns in the brain (Ishisaka and Hara, 2014).
These diversities in the domain structures and distribution
patterns of brain DGKs may influence their distinct subcellular
localization, spectrum of binding proteins, and regulation of
specific aspects of LTP and LTD.

Although, the current results suggest that individual DGK
isoforms distinctly regulate several forms of LTP or LTD, they can
be considered to play a conceptually common role in synaptic
plasticity. In general, molecules involved in synaptic plasticity
fall into two categories based on their functions, namely,
mediators or modulators. Mediators are directly responsible for
triggering synaptic plasticity, whereas modulators are molecules
modulating the ability to trigger synaptic plasticity or playing
a permissive role (Citri and Malenka, 2008). Given that all
isoforms of DGKs described above do not directly mediate the
expression of synaptic plasticity, they should be categorized as
modulators. Furthermore, DGKs may be specifically considered
as coordinators because they function to prepare synapses to
undergo synaptic plasticity. As described above, in some cases,
DGKs reduce DAG signaling under basal conditions so that
DAG signaling can be effectively enhanced after the induction of
synaptic plasticity. In other cases, DGKs control DAG signaling
“after” the initiation of the induction of synaptic plasticity.
Therefore, DGK-dependent modulation of DAG tones before

and after the induction of synaptic plasticity may create synaptic
environments appropriate for triggering synaptic plasticity. Such
a coordinating role would be accomplished by the ability of DGKs
to localize itself at synapses, to bind, recruit, and temporally
suppress the activity of downstream effector molecules of DAG,
such as PKCα, required for synaptic plasticity, and to timely
terminate DAG signaling to suppress excessive induction of
synaptic plasticity (Figure 1).

REMAINING QUESTIONS

Studies using knockout mice of specific isoforms of DGKs
have demonstrated the involvement of DGKs in some forms
of synaptic plasticity, and based on these studies, the general
role of DGKs in synaptic plasticity has been proposed. The next
question that naturally arises is whether other DGK isoforms that
are abundantly expressed in the brain, such as DGKα, DGKγ,
DGKη, and DGKθ, also play roles in some forms of synaptic
plasticity. Future studies to address this question should support
or even strengthen the idea that DGKs function as coordinators
of synaptic plasticity.

FIGURE 1 | Possible distinct functions of DGK isoforms, and their

general role as a coordinator of synaptic plasticity. Distinct functions of

individual DGK isoforms in several forms of synaptic plasticity are summarized.

In addition, DGKs could be considered to play a general role: DGKs act to

create a synaptic environment that is suitable for triggering synaptic plasticity,

through their abilities to (i) localize itself appropriately at presynaptic or

postsynaptic areas, (ii) interact with and facilitate the synaptic targeting of the

molecules required for triggering synaptic plasticity, and (iii) maintain DAG at

levels that can adequately contribute to the induction of synaptic plasticity.

DAG/PA in black and in dark yellow indicates DAG/PA produced under basal

conditions and after stimulation, respectively.
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Although, we have described some molecular mechanisms as
to how DGK isoforms are involved in synaptic plasticity, there
are still several questions regarding the molecular mechanisms,
including the two following straightforward ones. The first is why
there are three isoforms of DGKs–DGKβ, DGKζ, and DGKκ–
that are required for the regulation of synaptic plasticity in
hippocampal CA1 synapses. One possibility is that they play
distinct roles based on their specific subcellular localizations
and catalytic properties: DGKζ localized at synapses via binding
with PSD-95 (Kim et al., 2009) may metabolize only high
concentrations of DAG produced after synaptic stimulation,
while DGKβ and DGKκ may be capable of metabolizing low
concentrations of DAG around synapses (Figure 1). Although,
the subcellular localization of DGKκ in neurons still remains
unclear, the reported specific localization of DGKβ at the plasma
membrane (Caricasole et al., 2002) may render distinct functions
to DGKκ and DGKβ under basal conditions.

The second question is how DGK isoforms are localized
to presynaptic terminals to regulate presynaptically expressed
synaptic plasticity. DGKι is shown to be involved in presynaptic
LTD (Yang et al., 2011). Although, the involvement of DGKθ

in synaptic plasticity is not directly tested, DGKθ was shown to
regulate synaptic vesicle recycling presumably via the production
of PA (Goldschmidt et al., 2016). Except for common structural
domains of DGKs (C1 and catalytic domains) DGKι and DGKθ

do not share domains that may mediate the interaction with
presynaptic molecules. Identification of such mechanisms would
further advance our understanding of the DGK-dependent
regulation of presynaptically expressed synaptic plasticity.

Considering that DGKs create synaptic environments
appropriate for triggering synaptic plasticity, DGKs may be
adequate regulators of metaplasticity. Metaplasticity refers to
activity-dependent synaptic changes that modulate the ability
to induce subsequent synaptic plasticity (Abraham and Bear,
1996). The activities of DGKs likely rely on their localization

or posttranslational modifications (Shulga et al., 2011), and
DGK protein levels may also alter the overall activity of DAG
metabolism. Therefore, it is possible that activity-dependent
regulation of DGK protein levels, localization, or modification
leads to metaplasticity. Intriguingly, it has recently been shown
that the cellular microRNA miR-34a targets DGKζ mRNA, and
DGKζ expression was decreased via the stimulation-dependent
upregulation of miR-34a in immune cells (Shin et al., 2013).
A similar regulation of DGKζ or other DGK isoforms may be
achieved at synapses as mechanisms of metaplasticity.

Finally, it has not yet been intensively investigated as to how
DGK-dependent regulation of synaptic plasticity contributes to
learning and memory, although a study has shown that DGKβ is
necessary for hippocampus-dependent spatial reference memory
formation (Shirai et al., 2010), for which LTP at CA1 synapses
is implicated (Martin et al., 2000). To avoid compensation by
other DGKs or other mechanisms in knockout mice, it would be
needed to employee additional approaches such as conditional
knockout of DGKs, mutations in specific domains, or temporal
control of such modifications. Nevertheless, considering the
role of DGKs in the coordination of synaptic environments for
synaptic plasticity, it would be highly valuable to understand how

DGK-dependent regulations of synaptic plasticity affect learning
and memory at the behavior level.
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Ten mammalian diacylglycerol kinase (DGK) isozymes (α–κ) have been identified to

date. Our previous review noted that several DGK isozymes can serve as potential

drug targets for cancer, epilepsy, autoimmunity, cardiac hypertrophy, hypertension and

type II diabetes (Sakane et al., 2008). Since then, recent genome-wide association

studies have implied several new possible relationships between DGK isozymes and

diseases. For example, DGKθ and DGKκ have been suggested to be associated with

susceptibility to Parkinson’s disease and hypospadias, respectively. In addition, the

DGKη gene has been repeatedly identified as a bipolar disorder (BPD) susceptibility gene.

Intriguingly, we found that DGKη-knockout mice showed lithium (BPD remedy)-sensitive

mania-like behaviors, suggesting that DGKη is one of key enzymes of the etiology of BPD.

Because DGKs are potential drug targets for a wide variety of diseases, the development

of DGK isozyme-specific inhibitors/activators has been eagerly awaited. Recently, we

have identified DGKα-selective inhibitors. Because DGKα has both pro-tumoral and

anti-immunogenic properties, the DGKα-selective inhibitors would simultaneously have

anti-tumoral and pro-immunogenic (anti-tumor immunogenic) effects. Although the ten

DGK isozymes are highly similar to each other, our current results have encouraged us to

identify and develop specific inhibitors/activators against every DGK isozyme that can be

effective regulators and drugs against a wide variety of physiological events and diseases.

Keywords: diacylglycerol kinase, bipolar disorder, hypospadias, Parkinson’s disease, inhibitor, cancer, anti-tumor

immunity

INTRODUCTION

Mammalian diacylglycerol kinase (DGK) represents a large enzyme family (Goto et al., 2006;
Sakane et al., 2007; Mérida et al., 2008; Topham and Epand, 2009). To date, ten mammalian
DGK isozymes, α (Sakane et al., 1990; Schaap et al., 1990), β (Goto and Kondo, 1993), γ

(Goto et al., 1994; Kai et al., 1994), δ (Sakane et al., 1996), ε (Tang et al., 1996), ζ (Bunting
et al., 1996; Goto and Kondo, 1996), η (Klauck et al., 1996), θ (Houssa et al., 1997), ι (Ding
et al., 1998), and κ (Imai et al., 2005), have been identified. Moreover, several alternative
splicing products—such as δ1 and δ2 (Sakane et al., 2002); η1–η3 (Murakami et al., 2003;
Shionoya et al., 2015); ζ1 and ζ2 (Ding et al., 1997), and ι1–ι3 (Ito et al., 2004)—have also
been found. These isozymes contain two or three characteristic protein kinase C (PKC)-like
C1 domains (cysteine-rich, zinc finger structures) and the catalytic region in common and are
subdivided into five groups, type I (α, β and γ), II (δ, η and κ), III (ε), IV (ζ and ι), and
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V (θ), according to their structural features (Goto et al., 2006;
Sakane et al., 2007; Mérida et al., 2008; Topham and Epand,
2009). Each group is characterized by the subtype-specific
functional domains, such as EF-hand motifs (type I), pleckstrin
homology and sterile α motif domains (type II), ankyrin repeats
(type IV), and ras-associating and pleckstrin homology domains
(type V).

Our previous review (Sakane et al., 2008) showed that
many interesting studies on DGK have brought DGK to
the center stage of diverse biological events such as growth
factor/cytokine-dependent cell proliferation and motility, seizure
activity, immune responses, cardiovascular responses, and
glucose metabolism. Therefore, from a medical point of view,
DGK isoforms are implicated in the pathogenesis of a wide
variety of diseases, for example, cancer, epilepsy, autoimmunity,
cardiac hypertrophy, hypertension, and type II diabetes. Thus,
DGKs have emerged as potential and attractive drug targets for
curing these diseases.

Recent advances in genotyping technology have allowed for
rapid genome-wide screening of common variants in large
populations, launching a new era in the investigation of the
genetic basis of complex diseases. DGK is no exception. Since
our review was published (Sakane et al., 2008), additional
interesting reports using genome-wide association studies
(GWASs) have successively implied several new possible
relationships between DGK isozymes and diseases. For example,
DGKη (Baum et al., 2008; Ollila et al., 2009; Squassina
et al., 2009; Weber et al., 2011; Zeng et al., 2011), DGKκ

(van der Zanden et al., 2011; Carmichael et al., 2013), and
DGKθ (Pankratz et al., 2009; Simón-Sánchez et al., 2011)
have been suggested to be associated with susceptibility to
bipolar disorder (BPD), hypospadias, and Parkinson’s disease,
respectively.

Among these isozymes, based on the results obtained for
the GWASs of DGKH (DGKη gene), we recently investigated
the relationship between DGKη and BPD. For this purpose,
we generated DGKη-knockout (KO) mice and used these mice
to perform behavioral and pharmacological tests. Intriguingly,
we found that DGKη-knockout mice showed lithium (BPD
remedy)-sensitive mania-like behaviors, suggesting that DGKη is
one of key enzymes of the pathogenesis of BPD (Isozaki et al.,
2016).

As mentioned in our previous review (Sakane et al., 2008),
the development of DGK isozyme-specific inhibitors/activators
is important both for fundamental research and for developing
therapeutic strategies to treat a wide variety of pathological
disorders. However, there was no available DGK isozyme-
specific inhibitor/activator until recently. We have recently
identified DGKα-selective inhibitors using a newly established
high-throughput screening method (Sato et al., 2013). Because
DGKα has both pro-tumoral and anti-immunogenic properties,
the DGKα-selective inhibitors would simultaneously have anti-
tumoral and pro-immunogenic (anti-tumor immunogenic)
effects.

This mini review will focus primarily on the two
abovementioned topics, recent GWASs and the development of
DGK isozyme-specific inhibitors.

GWAS—NEW POSSIBLE RELATIONSHIPS
BETWEEN DGK ISOZYMES AND DISEASES

DGKη
BPD is a highly heritable neuropsychiatric illness characterized
by recurrent episodes of depression andmania or hypomania and
affects up to 4% of the adult population worldwide (Bauer and
Pfennig, 2005; Merikangas et al., 2007). Approximately 20% of
the patients die of suicide (Kilbane et al., 2009). Recent GWASs of
BPD have proposed novel genetic candidates, including DGKH,
which encodes DGKη. Baum et al. for the first time, reported
a strong association between BPD and three SNPs (rs9315885,
rs1012053, and rs1170191) located in the first intron ofDGKH by
a GWAS in two independent samples of European origin (Baum
et al., 2008; Table 1). Next, SNP rs9315885 was demonstrated to
be associated with BPD in a Finnish family cohort (Ollila et al.,
2009). In addition, six SNPs in DGKH including rs1170191 were
associated with BPD in a German sample as well (Weber et al.,
2011). Moreover, an association of DGKH with BPD has also
been found in Sardinian (Squassina et al., 2009) and Chinese
(Zeng et al., 2011) samples at the haplotype level. In addition,
another study showed that BPD samples displayed significantly

increased DGKH gene expression levels (25% higher than in
controls; Moya et al., 2010). These data imply that mutations of
theDGKH gene are involved in BPD.However, other studies have
not confirmed this association (Sklar et al., 2008; Tesli et al., 2009;
Yosifova et al., 2009). Moreover, GWAS itself does not directly
indicate a relationship between SNPs and diseases. Therefore,
it has been difficult to definitively conclude whether DGKH is
related to BPD.

All of the SNPs in DGKH that are implicated in the etiology
of BPD by GWASs are located in introns and 3′-flank region
(Table 1). For example, the SNPs rs9315885 and rs1170191,
which are identified inmultiple independent reports (Baum et al.,
2008; Ollila et al., 2009; Weber et al., 2011), are located in the
first intron of DGKH. Therefore, it is likely that the SNPs lead to
dysregulation of the expression and generation of splice variants
of DGKη, which probably cause BPD.

DGKη is known to be most abundantly expressed in the
brain (Klauck et al., 1996; Usuki et al., 2015). Interestingly, the
expression of DGKη increased between 1 and 4 weeks after birth,
which coincides with synapse formation in the brain (Usuki et al.,
2015). Moreover, a substantial amount of DGKη was detected
in layers II–VI of the cerebral cortex; in the CA1, CA2, and
dentate gyrus regions of the hippocampus; in the mitral cell and
glomerular layer of the olfactory bulb; and in the Purkinje cells in
the cerebellum of one—to 32-week-old mice (Usuki et al., 2015).

To test the association between DGKη and BPD, DGKη-KO
mice are required. However, the generation of DGKη-KO mice
has not been accomplished until recently. In our recent study,
we succeeded in generating DGKη-KO mice, and performed
a comprehensive behavioral analysis of the mice (Isozaki
et al., 2016) to investigate the role of DGKη in higher brain
functions and the relationship between this isozyme and BPD.
DGKη-KO mice exhibited increased open field activity (the
frequency of behavioral switching hyperactivity), increased open
field center time/frequency (antianxiety), increased open arm
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TABLE 1 | Summary of disease-associated SNPs of DGKη, κ , θ , γ , δ, and ι.

SNP name Allele Location Gene Disease/medical condition References

rs9315885 T 13q14.11 DGKη (Intron 1) BPD Baum et al., 2008; Ollila

et al., 2009

rs1012053 A 13q14.11 DGKη (Intron 1) BPD Baum et al., 2008

rs1170191 C/A 13q14.11 DGKη (Intron 1) BPD Baum et al., 2008

UPD Weber et al., 2011

rs1170169 G 13q14.11 DGKη (Intron 1) BPD Weber et al., 2011

UPD Weber et al., 2011

ADHD Weber et al., 2011

rs2148004 G 13q14.11 DGKη (Intron 1) UPD Weber et al., 2011

rs994856 G 13q14.11 DGKη (Intron 3) BPD Weber et al., 2011

UPD Weber et al., 2011

ADHD Weber et al., 2011

rs9525580 A 13q14.11 DGKη (Intron 3) BPD Weber et al., 2011

UPD Weber et al., 2011

ADHD Weber et al., 2011

rs9525584 C 13q14.11 DGKη (Intron 7) BPD Weber et al., 2011

UPD Weber et al., 2011

rs1170101 G 13q14.11 DGKη (Intron 20) BPD Weber et al., 2011

UPD Weber et al., 2011

rs347405 C 13q14.11 DGKη (Intron 26) ADHD Weber et al., 2011

rs2122246 G 13q14.11 DGKη (Intron 14) BPD Zeng et al., 2011

rs1170099 A 13q14.11 DGKη (Intron 20) SCZ Zeng et al., 2011

rs1934179 A/G Xp11.22 DGKκ (Intron 1) Hypospadias van der Zanden et al., 2011;

Carmichael et al., 2013

rs7063116 A Xp11.22 DGKκ (5′ upstream) Hypospadias van der Zanden et al., 2011;

Carmichael et al., 2013

rs5961179 G Xp11.22 DGKκ (Exon 15, synonymous codon) Hypospadias Carmichael et al., 2013

rs7882950 T Xp11.22 DGKκ (Intron 14) Hypospadias Carmichael et al., 2013

rs12556919 T Xp11.22 DGKκ (Intron 13) Hypospadias Carmichael et al., 2013

rs17003341 T Xp11.22 DGKκ (Intron 10) Hypospadias Carmichael et al., 2013

rs1934190 G Xp11.22 DGKκ (Intron 8) Hypospadias Carmichael et al., 2013

rs4143304 T Xp11.22 DGKκ (Exon 6, synonymous codon) Hypospadias Carmichael et al., 2013

rs1934188 T Xp11.22 DGKκ (Intron 4) Hypospadias Carmichael et al., 2013

rs17328236 G Xp11.22 DGKκ (Intron 1) Hypospadias Carmichael et al., 2013

rs9969978 C Xp11.22 DGKκ (Intron 1) Hypospadias Carmichael et al., 2013

rs1934183 T Xp11.22 DGKκ (Intron 1) Hypospadias Carmichael et al., 2013

rs6614511 T Xp11.22 DGKκ (Intron 1) Hypospadias Carmichael et al., 2013

rs5961183 C Xp11.22 DGKκ (Intron 1) Hypospadias Carmichael et al., 2013

rs7876567 T Xp11.22 DGKκ (Intron 1) Hypospadias Carmichael et al., 2013

rs1564282 T/A 4p16.3 DGKθ (3′ downstream) Parkinson’s disease Pankratz et al., 2009

rs11248060 T/A 4p16.3 DGKθ (Intron 2) Parkinson’s disease Pankratz et al., 2009

rs7647305 C 3q27.2 DGKγ (3′ downstream) BMI Melén et al., 2010

rs6798931 G/C 3q27.2 DGKγ (Intron 19) BMI Melén et al., 2010

rs11706414 T/A 3q27.2 DGKγ (3′ downstream) Asthma Melén et al., 2010

rs888383 C/G 3q27.2 DGKγ (Intron 19) Asthma Melén et al., 2010

rs1550532 C 2q37.1 DGKδ (Intron 1) Bone density O’Seaghdha et al., 2013

rs161339 G 7q32.3 DGKι (3′ downstream) Obesity/BMI Laramie et al., 2009

BPD, bipolar disorder; UPD, unipolar depression; ADHD, attention deficit hyperactivity disorder; SCZ, schizophrenia; BMI, body mass index.

time/frequency in elevated plusmaze (antianxiety), and increased
antidepressant-like behavior (Isozaki et al., 2016). Moreover,
these phenotypes were sensitive to a BPD remedy, lithium. The

behavioral profile (hyperactivity, lower anxiety, lower depressive
states, and cognitive impairment) of DGKη-KO mice is similar
in behavioral dimensions to BPD patients in the manic state
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(Martinowich et al., 2009), including the disappearance of the
phenotypes upon lithium treatment. These lithium-sensitive
phenotypes have been commonly observed in representative BPD
model mice, such as neurocan-KO (Miró et al., 2012), clock-KO
(Roybal et al., 2007), glutamate receptor 6-KO (Shaltiel et al.,
2008), DGKβ-KO (Kakefuda et al., 2010; Shirai et al., 2010),
and glycogen synthase kinase 3β-transgenic (Spittaels et al.,
2000; Prickaerts et al., 2006) mice. Therefore, these findings
strongly suggest that DGKη is one of the key enzymes related
to BPD pathogenesis and support the GWAS results. The lack
of availability of suitable animal models of mania has been one
of the greatest impediments in the field. Our results indicate
that the DGKη-KO mice would represent a bona fide model of
human BPD with mania. Therefore, it is likely that these mice
are particularly useful for studying the pathophysiology of mania.
Moreover, DGKη-specific inhibitors can be good remedies for
BPD patients in the depressive state.

DGKη has also been found to be associated with attention
deficit hyperactivity disorder (ADHD) by GWAS (Weber et al.,
2011). Moreover, mania-like behaviors are similar to ADHD
symptoms. Therefore, DGKη-KO mice could also represent a
model for ADHD, and there may be a possible link between
DGKη and ADHD in addition to BPD (Table 1). GWASs have
also implied that DGKη is associated with unipolar depression
(Weber et al., 2011), and schizophrenia (Zeng et al., 2011).
It is also interesting to investigate the relationship between
DGKη and unipolar depression/schizophrenia. DGKη may
commonly play pivotal roles in the pathology of these four
psychoses.

DGKη-KO mice showed impairment in glycogen synthase
kinase 3β signaling (Isozaki et al., 2016), which is closely related
to BPD (Spittaels et al., 2000; Prickaerts et al., 2006). However,
it is still unclear how DGKη is involved in the etiology of
BPD. Phosphatidylinositol turnover has been hypothesized to
play an important role in the mechanism of action of lithium
(Martinowich et al., 2009). DGK is one of the components of
phosphatidylinositol turnover (Goto et al., 2006; Sakane et al.,
2007; Mérida et al., 2008; Topham and Epand, 2009). Moreover,
we recently found that the pleckstrin homology domain of
DGKη is selectively and strongly bound to phosphatidylinositol
4,5-bisphosphate, a product of phosphatidylinositol turnover
(Kume et al., 2016). We also revealed that DGKη is a unique
enzyme with high affinity for DG (Komenoi et al., 2015).
In addition, DGKη is a positive regulator of the epidermal
growth factor receptor/Raf/MEK/ERK pathway (Yasuda et al.,
2009), which drives phosphatidylinositol turnover and is
related to BPD (Sklar et al., 2008). It will be interesting to
determine what role DGKη plays in the phosphatidylinositol
turnover-related, lithium-sensitive molecular mechanisms of
BPD pathogenesis.

DGKκ
Hypospadias is a common congenital hypoplasia of the penis,
affecting ∼1 in 750 births in Europe. It is believed that
hypospadias is caused by sex hormonal disturbances. In fact,
genetic polymorphisms in endocrine-related genes such as
estrogen receptors have been associated with hypospadias

(Ban et al., 2008). To further identify the genetic variants in
hypospadias, van der Zanden et al. performed the first GWAS
using European samples of anterior or middle hypospadias
patients and found that two SNPs, rs1934179 and rs7063116, in
DGKκ , which mapped to Xp11.22 and encodes DGKκ, exhibited
a significant association (van der Zanden et al., 2011; Table 1).
The authors also found SNPs in DGKκ in additional Dutch
and Swedish cohorts of anterior or middle hypospadias cases.
Carmichael et al. confirmed that DGKκ variants are associated
with hypospadias in a more racially/ethnically diverse study
population of California births (Carmichael et al., 2013). In
addition to rs1934179 and rs7063116, several other SNPs in
DGKκ are associated with the disease. DGKκ mRNA is most
abundant in the testis and placenta (Imai et al., 2005), and
the study of van der Zanden et al. showed that expression of
DGKκ was lower in preputial tissues in carriers of the risk allele
rs1934179 (van der Zanden et al., 2011). These results indicate
that DGKκ is a major risk gene for hypospadias.

DGKθ
Parkinson’s disease (PD) is a second most common chronic
neurodegenerative disease with a cumulative prevalence of
greater than one per thousand people (Kuopio et al., 1999).
Mutations in five genes have been identified to influence PD risk
in fewer than 5% of those with PD (Pankratz and Foroud, 2007).
Three genes, PARK2 (parkin), PARK7 (DJ1), and PINK1, are
typically transmitted with autosomal recessive inheritance and
two, SNCA and LRRK2, are inherited in an autosomal dominant
fashion. Mutations in all but LRRK2 are typically found in early
onset PD.

In addition to those five genes, two SNPs, rs1564282 and
rs11248060, in the GAK (cyclin G associated kinase, a cell cycle
regulator)/DGKQ (DGKθ) region were repeatedly reported to be
associated with PD by Pankratz et al. (2009), and Simón-Sánchez
et al. (2011) (Table 1). DGKθ is abundantly expressed in the brain
(Houssa et al., 1997). Thus, these data suggest the identification
of new susceptibility alleles for PD in the GAK/DGKQ region.

Other DGK Isozymes
genome-wide association studies have suggested that several
other DGK isozymes are associated with diseases and medical
conditions as follows: DGKγ: asthma (rs11706414, s888383) and
obesity (rs7647305, rs6798931) in children (Melén et al., 2010);
DGKδ (rs1550532): bone mineral density (O’Seaghdha et al.,
2013); and DGKι (rs161339): obesity/body mass index (Laramie
et al., 2009; Table 1).

SPECIFIC INHIBITORS FOR DGK
ISOZYMES

DGKα (Sakane et al., 1990; Schaap et al., 1990) is highly
expressed in hepatocellular carcinoma and melanoma cells
(Yanagisawa et al., 2007; Takeishi et al., 2012). DGKα expression
is involved in hepatocellular carcinoma progression and is a
positive regulator of the proliferative activity of hepatocellular
carcinoma through the Ras/Raf/MEK/ERK pathway (Takeishi
et al., 2012). In melanoma cells, DGKα positively regulates
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tumor necrosis factor-α-dependent nuclear factor-κB (p65)
activation via the PKC ζ-mediated Ser311 phosphorylation of
p65 (Kai et al., 2009). The growth of colon and breast cancer
cell lines was significantly inhibited by DGKα-siRNA and
R59949 (Torres-Ayuso et al., 2014). The DGKα/atypical PKC/β1
integrin signaling pathway is essential for matrix invasion
of breast carcinoma cells (Rainero et al., 2014). Therefore,
the suppression of DGKα activity is expected to inhibit the
progression of these cancers. On the other hand, DGKα is
abundantly expressed in T lymphocytes, where it facilitates the
non-responsive state known as anergy (Olenchock et al., 2006;
Zha et al., 2006). Anergy induction in T cells represents the
main mechanism by which advanced tumors avoid immune
action. Therefore, if a DGKα-selective inhibitor is identified and
developed, it would reversely attenuate cancer cell proliferation
and simultaneously activate T cell function and can be a dual
effective compound.

We started the “Dual effective DGKα-selective inhibitor
project” in 2009. To develop highly effective and DGKα-
selective inhibitors, a system for high-throughput screening is
required; however, the conventional DGK assay is quite laborious
and requires technical skill. For example, the conventional
assay requires the use of a radioisotope ([γ-32P]ATP) and
the manipulation of thin-layer chromatography with multiple
extraction steps. We recently established a simple DGK assay
(Sato et al., 2013) that is useful for constructing a high-
throughput screening system for detecting DGK inhibitors from
chemical compound libraries.

We screened a library containing core 9600 compounds
(Drug Discovery Initiative, The University of Tokyo) using a
high-throughput chemiluminescence-based assay. We obtained
several compounds that inhibited the α-isozyme of DGK. Among
the compounds, CU-3, 5-[(2E)-3-(2-furyl)prop-2-enylidene]-
3-[(phenylsulfonyl)amino]-2-thioxo-1,3-thiazolidin-4-one was
identified as a potent and selective inhibitor against the DGKα

(Liu et al., 2016). Compared with commercially available DGK
inhibitors, such as R59022 and R59949 (Sato et al., 2013), CU-3
exhibited higher efficiency and selectivity against DGKα. The
IC50 value of CU-3 (0.6µM) was markedly lower than the values
of R59022 and R59949 (∼25 and 18µM, respectively; Sato
et al., 2013). R59022 and R59949 only semi-selectively inhibited
type I, III and V DGKs α, ε, and θ, and type I and II DGKs α,
γ, δ, and κ, respectively (Sato et al., 2013). However, the IC50

value of CU-3 for DGKα was at least ∼12 times lower than the
values for other DGK isozymes. Therefore, this study is the first
report of a highly α-isozyme selective inhibitor. The target of
CU-3 is the catalytic domain of DGKα, and CU-3 competitively
reduced the affinity of DGKα for ATP but not diacylglycerol
or phosphatidylserine, strongly suggesting that CU-3 competes
with ATP binding.

CU-3 induced apoptosis in HepG2 hepatocellular carcinoma
and HeLa cervical cancer cells (Liu et al., 2016). Supporting
our results, Torres-Ayuso et al. (Torres-Ayuso et al., 2014)
also demonstrated that the growth of colon and breast cancer
cell lines was significantly inhibited by DGKα-siRNA and
R59949. In addition, Dominguez et al. reported that DGKα-
siRNA and R59022 negatively affected the proliferation of

glioblastoma, melanoma, breast cancer, and cervical cancer
cells (Dominguez et al., 2013). The authors also observed
that in marked contrast to cancer cells, R59022 did not
weaken the growth of non-cancerous astrocytes and fibroblasts
(Dominguez et al., 2013). CU-3 also failed to increase
the caspase 3/7 activity of the non-cancer-derived COS-7
cells. These findings suggest that CU-3 selectively induces
apoptosis.

In addition to the induction of cancer cell apoptosis, we
found that CU-3 promoted IL-2 production, which is one of
the indicators of T cell activation. Because inactivation (anergy
induction) of T cells is the main mechanism by which advanced
tumors to avoid immune action, it is expected that CU-3 is able
to activate cancer immunity.

General anti-cancer drugs inhibit the proliferation
and function of both cancer and bone marrow cells
(Chabner and Roberts, 2005; Pérez-Herrero and Fernández-
Medarde, 2015). Therefore, they induce not only the
attenuation of cancer cell proliferation but also bone
marrow suppression/myelosuppression, which is one of the
most commonly observed side-effects of anti-cancer drugs.
However, there is no drug that has both pro-tumoral and
anti-immunogenic effects. The DGKα-selective inhibitor would
simultaneously have anti-tumoral and pro-immunogenic effects
(Figure 1). Therefore, in addition to the direct effects on
apoptosis induction in cancer cells, CU-3 can indirectly induce
the death of cancer cells through activation of the immune
system. Moreover, CU-3 can be an effective tool for biological
science concerning cancer and immunity.

CU-3 still does not have sufficient isozyme selectivity and
efficiency as an excellent inhibitor. Moreover, comprehensive
studies where other kinase groups are tested have not
been performed. Further refinement of CU-3 and/or
identification/development of new candidates using larger
chemical compound libraries are required. Finally, our
current results encourage us to identify and develop specific

FIGURE 1 | A DGKα-selective inhibitor would directly attenuate cancer

cell proliferation and simultaneously activate T cell function, which

includes anti-tumor immunogenic activity (Liu et al., 2016).
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inhibitors/activators against every DGK isozyme that can
be effective regulators and drugs against a wide variety of
physiological events and diseases, although the ten DGK
isozymes are highly similar to each other.
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In mammals there are at least 10 isoforms of diacylglycerol kinases (DGK). All catalyze the

phosphorylation of diacylglycerol (DAG) to phosphatidic acid (PA). Among DGK isoforms,

DGKε has several unique features. It is the only DGK isoform with specificity for a

particular species of DAG, i.e., 1-stearoyl-2-arachidonoyl glycerol. The smallest of all

known DGK isoforms, DGKε, is also the only DGK devoid of a regulatory domain. DGKε

is the only DGK isoform that has a hydrophobic segment that is predicted to form a

transmembrane helix. As the only membrane-bound, constitutively active DGK isoform

with exquisite specificity for particular molecular species of DAG, the functional overlap

between DGKε and other DGKs is predicted to be minimal. DGKε exhibits specificity

for DAG containing the same acyl chains as those found in the lipid intermediates

of the phosphatidylinositol-cycle. It has also been shown that DGKε affects the acyl

chain composition of phosphatidylinositol in whole cells. It is thus likely that DGKε is

responsible for catalyzing one step in the phosphatidylinositol-cycle. Steps of this cycle

take place in both the plasma membrane and the endoplasmic reticulum membrane.

DGKε is likely present in both of these membranes. DGKε is the only DGK isoform

that is associated with a human disease. Indeed, recessive loss-of-function mutations in

DGKε cause atypical hemolytic-uremic syndrome (aHUS). This condition is characterized

by thrombosis in the small vessels of the kidney. It causes acute renal insufficiency in

infancy and most patients develop end-stage renal failure before adulthood. Disease

pathophysiology is poorly understood and there is no therapy. There are also data

suggesting that DGKε may play a role in epilepsy and Huntington disease. Thus, DGKε

has many unique molecular and biochemical properties when compared to all other

DGK isoforms. DGKε homologs also contain a number of conserved sequence features

that are distinctive characteristics of either the rodents or specific groups of primate

homologs. How cells, tissues and organisms harness DGKε’s catalytic prowess remains

unclear. The discovery of DGKε’s role in causing aHUS will hopefully boost efforts to

unravel the mechanisms by which DGKε dysfunction causes disease.

Keywords: diacylglycerol kinase-ε, phosphatidylinositol cycle, lipid acyl chains, atypical hemolytic-uremic

syndrome, re-entrant helix, arachidonic acid, rodents- and primates-specific signatures
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INTRODUCTION

Among the many isoforms and gene-splicing variants of
mammalian DGK, the DGKε isoform is one of the most unique
in its properties. DGKε is the smallest known isoform, it is the
only one with no domain for binding a specific ligand, it is the
only form that has a predicted transmembrane segment, and it is
unique in having specificity for the acyl chain composition of the
substrate. Mammalian DGKs can be divided into 5 types. DGKε

is the only Type 3 isoform (Figure 1).
DGKε may also have a unique functional role in catalyzing

one of the steps in the phosphatidylinositol-cycle (PI-cycle). The
importance of the biological role of DGKε is suggested by the fact
that it is the only DGK isoform that is associated with a human
disease, namely atypical hemolytic uremic syndrome (aHUS).

INTERACTION WITH DIACYLGLYCEROL

Atypical C1 Domains
DGK catalyzes the reaction between DAG and ATP to produce
PA and ADP. The C1 domains of protein kinase C bind DAG
and phorbol esters directly via interactions mediated by select
residues (Colón-González and Kazanietz, 2006). Amino acid
sequence analysis revealed that all mammalian DGKs harbor at
least two segments homologous to the prototypical C1 domain
(Hurley et al., 1997).Multiple teams independently demonstrated
that for most DGKs, these domains do not bind DAG or phorbol
esters (Ahmed et al., 1991; Sakane et al., 1996); [DGKγ (Shindo
et al., 2001, 2003) and DGKβ (Shindo et al., 2003) are notable
exceptions]. Interestingly, some truncated DGKs devoid of all
C1 domains have preserved catalytic activity (Sakane et al.,
1996). Data suggest that DGKε may be unique among these
DGKs: truncation resulted in complete abrogation of 1-stearoyl-
2-arachidonoyl glycerol (SAG) phosphorylation (Tang et al.,
1996). The biological function of these “atypical C1 domains”
(Hurley et al., 1997) remains elusive to this day.

Specificity for DAG with Certain Acyl
Chains
Except for DGKε, all other isoforms of DGK phosphorylate DAG
at rates that are largely independent of the nature of the acyl
chains of DAG (Topham and Prescott, 1999). In contrast, the
reaction catalyzed by DGKε is very sensitive to the acyl chains
displayed by DAG: its peak activity is when the DAG substrate is
SAG (Tang et al., 1996; Pettitt and Wakelam, 1999). The DAG
molecule harboring these specific acyl chains is a critical lipid
intermediate of the PI-cycle (Figure 2). In addition to DGKε,

Abbreviations: aHUS, atypical hemolytic-uremic syndrome; arrb, arrestinβ; CDS,

CDP-DAG synthase (Phosphatidatecytidylyltransferase); DGK, diacylglycerol

kinase; DAG, diacylglycerol; ECS, electroconvulsive shock; ER, endoplasmic

reticulum; GK, glycerol kinase; GPCR, G-protein coupled receptor; HD,

Huntington’s disease; Htt, Huntington protein; MEFs, mouse embryo fibroblasts;

NeoR, neomycin resistant; PA, phosphatidic acid; PI, phosphatidylinositol; PI-

cycle, phosphatidylinositol-cycle; PIP2, phosphatidylinositol-(4,5)-bisphosphate;

PIPn, phosphorylated forms of PI; SAG, 1-stearoyl-2-arachidonoyl glycerol; TH,

tyrosine hydroxylase.

another enzyme that has specificity for lipid substrates with 1-
stearoyl-2-arachidonoyl is CDP-diacylglycerol synthase 2 (CDS2)
(D’Souza et al., 2014). The possible role of these two enzymes
in enriching the lipid intermediates of the PI-cycle is discussed
below. In addition, acyl chain remodeling of phosphatidylinositol
(PI) through the Land’s cycle, also contributes to acyl chain
enrichment (Gijón et al., 2008).

In vitro Detergent-Based Assays
Data supporting DGKε’s exquisite substrate specificity remain
incomplete. In vitro assays used to test its activity all rely on
simultaneous co-solubilization with detergent of DGKε from
cells together with DAG (Epand and Topham, 2007). A recent
report suggests that the detergent used in these assays can
exert a strong influence on the degree of substrate specificity
(Natalini et al., 2013). The use of membrane bilayers in the
form of liposomes would avoid possible artifacts caused by
the presence of detergent and would more closely simulate
a biological membrane. Until now, we have not been able
to develop a liposome-based assay using extracts from cells
overexpressing DGKε. However, we have recently succeeded in
purifying human DGKε, thereby facilitating its incorporation
into liposomes: this will be the first detergent-free enzyme
activity assay for DGKε. We anticipate that the liposome-based
assays will confirm the specificity of DGKε for SAG since
this substrate specificity has also been demonstrated in vivo
(see below) (Rodriguez de Turco et al., 2001; Milne et al.,
2008).

sn-2 Arachidonoyl Specificity
There have been more recent studies showing that the preference
for an arachidonoyl chain in the sn-2 position of DAG is
very specific (Shulga et al., 2011a). The ability of several
species of DAG having a stearoyl chain at the sn-1 position
and a polyunsaturated acyl chain at the sn-2 position to act
as a substrate for DGKε was determined. The activity of
DGKε when presented with 18:0/20:4-DAG was ∼5-fold higher
than 18:0/18:2-DAG, and DGKε is unable to phosphorylate
18:0/22:6-DAG (Shulga et al., 2011a). On the basis of these
results and others, it is clear that maximal activity requires
that the DAG substrate have an arachidonoyl chain (20:4) at
the sn-2 position. We propose that the arachidonoyl group
at the sn-2 position fits into a specific binding site in
DGKε.

sn-1 Stearoyl Specificity
While an arachidonoyl group at the sn-2 position is critical
to DGKε activity by itself, it is not sufficient to make a good
lipid substrate for DGKε. The monoglyceride 2-arachidonoyl-
glycerol is a poor substrate for DGKε, and can even act
as an inhibitor at higher concentrations (Gantayet et al.,
2011). DGKε has essentially no activity in phosphorylating 1-
monoacylglycerol substrates, but it does have 8% of the activity
of SAG in phosphorylating 2-monoacylglycerol. However, this
activity against monoglycerides, is not very different for DGKε

compared with several other mammalian DGK isoforms (Sato
et al., 2016). In addition, changing only the nature of the bond

Frontiers in Cell and Developmental Biology | www.frontiersin.org October 2016 | Volume 4 | Article 112 | 22

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Epand et al. Diacylglycerol Kinase-ε

FIGURE 1 | Functional domains of DGKε are contrasted to that of prototypical DGKs from the other 4 subtypes. All protein models were drawn to scale

using the Illustrator for Biological Sequences (http://ibs.biocuckoo.org/) (Liu et al., 2015). The proteins are centered around the shared catalytic site (grayed area)

because it is the most conserved feature across subtypes. Features that are unique to DGKε and other DGKs are listed on the right side. Known and/or possible

phosphorylation (Shirai et al., 2012; Mertins et al., 2013; Park et al., 2015) and ubiquitination (Wagner et al., 2011; Komander and Rape, 2012; Mertins et al., 2013)

sites are also displayed (see text and Table 1 for details). If there are more than one documented isoform, the characteristics of isoform 1 were used for each protein.

The accession (and GI) numbers for the proteins illustrated are: DGKε, NP_003638.1 (4503313); DGKα, NP_958853.1 (41872494); DGK δ1, NP_003639.2

(25777596); DGKθ, NP_001338.2 (40806175); DGKζ1, NP_963290.1 (41872522).

FIGURE 2 | The phosphatidylinositol cycle. Enzymes involved in the

catalysis of each step in the cycle are written in a blue oval above the arrow for

the reaction using abbreviations. Each lipid intermediate in the cycle is written

in red. Figure reproduced from Epand (2016).

at the sn-1 position of 1-SAG from an ester to an ether linkage
(1-O-hexadecyl-2-arachidonoyl-sn-glycerol) also yielded a poor
DGKε substrate (Epand et al., 2004).

The length of the fatty acyl chain at sn-1 position
also influences substrate quality: elongation from 18:0 to
20:0 led to reduced DGKε activity (70% from baseline).
On the other hand, DGKε tolerates slightly shorter acyl chains at
the sn-1 position, as DGKε activity was 90% when substituting
18:0 for 16:0 (Lung et al., 2009). Introduction of unsaturation
to the acyl chain at the sn-1 position surprisingly also had
only a small effect on the rate of substrate phosphorylation
by DGKε. Thus, 20:4/20:4-DAG has about 80% the activity
of SAG (Shulga et al., 2011a). Even more striking are the
following observations: when compared to SAG, 18:0/18:2-DAG
and 18:2/18:2-DAG generate respectively∼20% and ∼60% of
the DGKε activity against SAG. Indeed, 18:0 is the optimal
saturated acyl chain for the sn-1 position when the sn-2 position
is occupied by 20:4, but not when the sn-2 position is 18:2 (Shulga
et al., 2011a). Thus, changing the linkage, length, or degree of
saturation of the acyl chain at the sn-1 position of DAG has
substantial effects on substrate kinetics but many different acyl
chains at the sn-1 position result in substrates with substantial
activity. We propose that the acyl chain at the sn-1 position has
an important, albeit less specific, interaction with DGKε that
may indirectly affect the activity of the enzyme. For example,
the fatty acyl chain at sn-1 may modulate a physical property
of the membrane surrounding the enzyme or influence the
depth of insertion of DAG into the membrane. As a result,
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there appears to be a much less stringent requirement for
the acyl chain at the sn-1, compared with the sn-2 position
of DAG.

Catalytic Accessory Domain: Homology to
Lipoxygenase Sequence
We have shown that the most hydrophobic segment of DGKε,
which is predicted to bind lipids, can be deleted without loss
of enzymatic activity or specificity (Dicu et al., 2007; Lung
et al., 2009). When searching for an alternative lipid binding
site, we decided to explore a segment of DGKε’s accessory
domain that is homologous to the arachidonic acid binding
site of lipoxygenase (Neau et al., 2009). The finding of such a
homologous substrate binding site between lipoxygenase and
DGKε was unexpected because the reactions catalyzed by these
two enzymes are different, so is the chemical nature of the
arachidonoyl groups of the substrates. Remarkably, no other
mammalian DGK isoform harbors this novel motif, which is
referred to as the “lipoxygenase (LOX)-like motif ” (Shulga et al.,
2011b).

This motif is characterized by a string of residues:
L-X(3−4)-R-X(2)-L-X(4)-G, in which X(n) is n residues of
any amino acid. The critical residues are invariant through
vertebrate evolution for both DGKε and lipoxygenase (Shulga
et al., 2011b). They were identified on the basis that site-
specific mutation results in the loss of enzymatic activity
or arachidonoyl specificity. The most important reduction
of DGKε activity was observed when leucine residues were
substituted with more polar and/or sterically smaller amino
acids; the impact of substitutions with less polar and/or
sterically larger residues was not as dramatic. Most interestingly,
substitution of a single amino acid converted DGKα to a
LOX-motif-containing DGK that exhibited more specificity for
arachidonoyl-containing DAG than unmodified DGKα (Shulga
et al., 2011b).

Most mutations of key residues within DGKε’s LOX motif
resulted in a marked loss in catalytic activity. As a result, accurate
assessment of the role of the LOX motif in directing the specific
activity of DGKε against arachidonoyl-containing DAG species
was challenging. We therefore proceeded to test the impact of
mutating residues adjacent to the LOX motif on DGKε substrate
specificity (D’Souza and Epand, 2012). This region, adjacent
to the LOX motif is a hydrophobic segment contained within
the “accessory domain” of DGKε. Unexpectedly, mutagenesis
of several residues in this region of DGKε, which is also
highly conserved in evolution, had a higher activity toward
SAG when compared to wild-type. SAG was the best substrate
for all mutants tested, followed by 1,2-diarachidonoyl glycerol.
However, each mutant exhibited differences in the relative
activity for different DAG substrates. For example, for the wild
type enzyme the ratio of activity against 1-stearoyl-2-linoleoyl
glycerol vs. SAG is 0.11. However, this ratio ranges from 0.03
to 0.22 for the 5 mutants tested. We conclude that these
mutations perturb the lipid binding site, resulting in either
enhanced or reduced substrate specificity (D’Souza and Epand,
2012).

DGKε PURIFICATION AND STABILITY

Structural Information Is Lacking for DGKε
There is currently no crystal structure available for any
mammalian DGK isoform. Co-crystallization of DGKε with its
substrate would be particularly informative. Altogether, these
data would be invaluable to drive the discovery of isozyme-
specific inhibitors, of which there is only one, for a different
DGK isozyme (Liu et al., 2016). However, to do so requires a
robust method for expressing and purifying large quantities of
DGKε. In our hands, determining the optimal expression system
has proven challenging. While bacteria express high levels of
recombinant human DGKε, the enzyme recovered is not useful
since it is inactive. Human DGKα was successfully expressed in
yeast (Abe et al., 2003), but our attempts to express DGKε in the
yeast Pichia were not successful.

We recently showed that insect (Sf21) cells are excellent
bioreactors to produce high amounts of active recombinant
DGKε (Prodeus et al., 2013).We recently succeeded to purify full-
length and truncated (140) human DGKε to near homogeneity
using this cell system coupled to Nickel-affinity chromatography
(Jennings, 2016). In vitro testing confirmed that both forms
retained DGKε’s substrate acyl chain specificity.

Asmentioned in the Section Integral vs. PeripheralMembrane
Protein, DGKε contains a putative membrane-spanning alpha
helix at its N-terminus (Decaffmeyer et al., 2008). DGKε proteins
generated using our protocol were instrumental in allowing us to
test various hypotheses about the role of DGKε’s amino terminus
in binding to membrane lipids and its relevance to the overall
activity and stability of the enzyme (Jennings, 2016).

Glycerol Stabilizes Purified DGKε and
DGKε140 Structure
Circular dichroism analysis of purified DGKε and DGKε140
in solution shows that truncating the N-terminal α-helix does
not impact the secondary structure of DGKε. Both forms of
recombinant DGKε were noted to be highly unstable, losing
enzymatic activity and secondary structure in a period of
hours after purification. Experiments aimed at monitoring
temperature-dependent loss of secondary structure indicates
that both constructs undergo a biphasic transition from folded
to unfolded states, with transitions occurring at ∼56◦C and
∼77◦C in a buffer containing 20% glycerol. We demonstrated
that adding a high percentage of glycerol to the recombinant
DGKε solutions had dramatic stabilizing effects (Jennings, 2016).
We also showed that glycerol concentrations higher than 20%
were necessary to facilitate the partial refolding of DGKε and
DGKε140 after thermal denaturation.

Purified DGKε and DGKε140 Are Active
Activity measurements of purified DGKε and DGKε140 reveal
that both constructs retain their acyl chain specificity for
SAG (Jennings, 2016). These studies of activity reveal dramatic
losses in activity following purification at room temperature,
4◦C storage, −80◦C storage, and particularly during cycles
of freezing/thawing. The incorporation of glycerol into the
purification of DGKε as well as during storage dramatically
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reduces but does not eliminate the observed losses in activity
(Jennings, 2016). The absence of the N-terminal hydrophobic
segment does not compromise specific activity in a detergent-
phospholipid mixed micelle system and suggests that there are
additional regions of DGKε that play critical roles in associating
the protein to membranes/micelles. The advancements made
in the purification and stabilization of DGKε and DGKε140
will facilitate novel studies utilizing more biologically relevant
liposome systems.

In contrast to measuring activity in detergent-phospholipid
mixed micelle systems, liposome systems provide insight into
how bilayer properties and specific lipid species affect enzyme
function. A Ca2+-independent, water soluble DGK has been
studied using liposomes (Thomas and Glomset, 1999a,b).
However, DGKα and DGKζ are the only specific mammalian
isoforms to be studied in a liposome-based system (Fanani et al.,
2004). These enzymes were not purified; instead, they were
recovered by salt extraction of cell pellets from mammalian
cells overexpressing the particular DGK isoform (Fanani et al.,
2004). Regardless, the cruder preparation still provided valuable
information regarding the critical role of lipids in altering
the activity and specificity of DGKα (Fanani et al., 2004).
The successful purification of DGKε is facilitating similar
studies in liposomes and will lead to novel findings regarding
the activation/inhibition of this enzyme. Furthermore, the
purification of DGKε is leading the way to more detailed
studies of structure and protein interactions. It is also aiding
the screening process for the discovery of a DGKε-specific
inhibitor.

DGKε HAS A ROLE IN THE PI-CYCLE

The PI-cycle (Figure 2) has important roles in signal
transduction and in lipid synthesis. Metabolic cycles have
particular properties that are intrinsic to their cyclical nature.
The concentrations of the PI-cycle intermediates quickly reach
a steady-state, which then lasts over prolonged periods of time.
The intermediates of the cycle are synthesized at the same
rate that they are utilized and they are continually regenerated
because they are intermediates within a cycle. The only members
of the cycle that are likely to change with time are those that
also are either substrates or products of reactions outside of
the cycle. In general, the intermediates of the cycle, in addition
to being substrates and products of reactions in the cycle, also
function as catalysts for the cycle, since the functioning of the
cycle neither creates nor destroys these intermediates. They
increase the rate of interconversion among intermediates of
the cycle, i.e., the rate at which the cycle “turns.” The PI-cycle
has features that make it different from other metabolic cycles.
First, it requires steps that are in two different membrane
compartments, namely the plasma and endoplasmic reticulum
(ER) membranes (Epand, 2016). DGKε is found in both the
plasma membrane (Decaffmeyer et al., 2008) as well as in the ER
(Kobayashi et al., 2007), targeted by the amino-terminal segment
of DGKε (Matsui et al., 2014). Second, the lipid intermediates
of the cycle are normally highly enriched with very specific

lipid species that harbor 1-stearoyl-2-arachidonoyl fatty acyl
chains.

It is interesting to note that DAG produced by phospholipase
C-catalyzed hydrolysis of phosphatidylinositol-(4,5)-
bisphosphate (PIP2) is highly enriched with SAG (Pettitt
and Wakelam, 1999). This is peculiar because cell membranes
contain many other types of DAG. SAG phosphorylation to
PA catalyzed by DGKε is one of the key steps of the PI-cycle.
It is followed by a series of conversions that ultimately lead to
the synthesis of PI in the ER. This pathway includes another
1-stearoyl-2-arachidonoyl-specific enzyme, CDS2 (D’Souza and
Epand, 2014). Since the other enzymatic reactions of the PI-cycle
have no effect on the fatty acid chains, all intermediates share the
1-stearoyl-2-arachidonoyl backbone.

PI from DGKε-null cells contain less arachidonic acid (Milne
et al., 2008) and stearic acid (Lung et al., 2009) than control cells.
These data suggest a critical role for DGKε in determining the
acyl chain composition of cellular phosphoinositides. Of interest,
PI is much more affected than PA when taking into consideration
changes in the acyl chain composition (Milne et al., 2008). This is
a remarkable finding since PA is the direct product of the reaction
catalyzed by DGKε. In contrast to normal cells, many cancer
cells do not exhibit enrichment with 1-stearoyl-2-arachidonoyl-
containing PIs, but rather are enriched with somewhat shorter
and less unsaturated acyl chains (Naguib et al., 2015; Kimura
et al., 2016). Differences between the PI-cycles of normal and
cancer cells have yet to be thoroughly investigated: we anticipate
that the activity of other DGKs and/or CDS enzymes must
supplant that of DGKε/CDS2 during oncogeny (Epand, 2016).
The fact that patients with complete DGKε deficiency do not
appear to have increase cancer risks suggests that this mechanism
is unlikely to be a primary driver (See Section Relationship to
Disease).

DGKε DEFICIENCY INCREASES
INCORPORATION OF GLYCEROL INTO
LIPID

Recent studies suggest that DgkE−/− mouse embryonic
fibroblasts (MEFs) incubated with 3H-glycerol exhibit increased
glycerol incorporation into various glycerolipids (Shulga et al.,
2013). Preliminary studies from our laboratory suggest that this
finding is likely due to increased glycerol kinase (GK) expression
in Dgkε−/− MEFs (So et al., 2016). We also found that these
cells also consistently exhibit higher than normal p53 levels (So
et al., 2016). We investigated this tumor suppressor in more
detail because it is known to regulate GK expression (Goldstein
et al., 2013). We thus propose that normally, DGKε is a negative
regulator of glycerol incorporation through GK, via modulation
of p53. In addition, p53 has been shown to exhibit various
interactions with lipids. Links to p53 are likely to be complex
since it also exhibits strong electrostatic interactions with lipids
such as cardiolipin, phosphatidylglycerol, and PA in vitro (Li
et al., 2010; Goldstein et al., 2013). In addition, its translocation
from the nucleus to the mitochondria is modulated by CDS2
(the PI-cycle enzyme mentioned earlier) (Li et al., 2010). Finally,
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mutations in p53 have been linked to alterations in the acyl
chain composition of PI species in a number of cell cultures of
human and mouse origin (Naguib et al., 2015). Since p53 has
many well-studied anti-tumorigenic roles in cells, DGKε-specific
inhibitors may be useful as potential anti-cancer treatments.
Such therapy would be expected to be most efficacious to treat
p53-dependent brain cancers since DGKε is highly expressed
in brain tissue (Shulga et al., 2011c). However, further studies
are required to fully understand how DGKε interacts with p53,
and how such an interaction might contribute to or prevent the
progression of cancer.

INTEGRAL VS. PERIPHERAL MEMBRANE
PROTEIN

Membrane proteins are classified as peripheral or integral, based
on their ease of extraction from a membrane. This empirical
definition, which is based on experimental observations, is
somewhat arbitrary since there is no fundamental difference
between these two classes of membrane proteins. In reality,
data suggest a continuum of small changes between peripheral
and integral membrane-associated proteins. In many respects
DGKε is an example of a protein that displays properties that
are intermediary between these two protein types. For example,
solubilization of overexpressed DGKε did not occur at neutral
pH but partial solubilization occurred at alkaline pH (Dicu
et al., 2007). It is well-known that varying the pH from neutral
to alkaline should have no effect on the extraction of integral
proteins from membranes (the structure of the membrane is
unaffected by this change). Depending on the context, DGKε

proteins may thus exhibit properties that are expected of integral
or peripheral membrane proteins.

A number of predictive algorithms suggest that DGKε

residues 20–40 can form a transmembrane helix (Glukhov et al.,
2007; Jennings et al., 2015). DGKε is the only mammalian DGK
isoform with such a putative transmembrane segment. DGKε is
also predicted to be the only DGK isoform that is permanently
associated with the membrane (Glukhov et al., 2007). Several
experimental lines of evidence support this hypothesis. First, a
model peptide derived from this DGKε segment, flanked with
strings of positively charged lysine residues, was shown to interact
with anionic membranes (Glukhov et al., 2007). Third, during
synthesis of the protein, glycosylation sites at the amino terminus
of DGKε are exposed to the lumen of the ER (Nørholm et al.,
2011). These data strongly support the notion that DGKε’s
hydrophobic segment can form a bona fide transmembrane helix
in cells.

However, in silico calculations suggest that this hydrophobic
segment has two possible stable conformations when associated
with a membrane: a classic transmembrane helix or a U-shaped,
re-entrant helix that enters and leaves the membrane on the
same side of the bilayer (Decaffmeyer et al., 2008). If the
hydrophobic segment is transmembrane, parts of the amino
terminus of DGKε would be expected to be exposed to
the extra-cellular environment (Figure 3). We tested for this
possibility by using a DGKε construct with a FLAG-tag added

to the amino terminus. We reasoned that immunofluorescence
detection of FLAG-DGKε in non-permeabilized cells should
only be possible if the amino terminus crosses the plasma
membrane. We showed that permeabilization was required for
visualization of FLAG-DGKε, strongly suggesting that DGKε

forms mostly re-entrant helices (Decaffmeyer et al., 2008).
Interestingly, FLAG-DGKε was detected in non-permeabilized
cells after Pro33Ala mutagenesis; this proline residue is predicted
to be key to form the U-shaped re-entrant helix [note that
in earlier papers, such as reference (Decaffmeyer et al., 2008),
we refer to this proline residue as 32, corresponding to its
numbering after cleavage of the N-terminal methionine to form
the mature protein. In the present article residue numbering
includes the N-terminal methionine as residue 1] (Decaffmeyer
et al., 2008). The result also suggests that some DGKε locates
to the plasma membrane. The presence of DGKε at the
plasma membrane was demonstrated by Western blotting of
an affinity-purified plasma membrane fraction from 3T3 cells
that had been transfected with FLAG-DGKε (Decaffmeyer
et al., 2008). Note that this proline residue is invariant in
evolution (See Supplementary Materials), suggesting that it
plays an important functional role, perhaps by allowing facile
interconversion between transmembrane and re-entrant helical
conformations.

There is thus conflicting evidence as to whether the amino
terminal segment of DGKε forms a transmembrane or a
re-entrant helix in cell membranes. Mathematical modeling
reveals that the energy difference between these two distinct
conformations is small (Decaffmeyer et al., 2008). It is thus
possible that one conformation may predominate depending
on the discrete properties of the surrounding lipid bilayer
(e.g., membrane thickness, charge, the intrinsic curvature of the
monolayers, or the presence of specific lipids). Interestingly,
many of these parameters differ significantly when the plasma
and ER membranes are compared. Our results may not
be contradictory, but rather reflect normal comformational
changes dictated by environmental conditions or local topogenic
signals.

DGKε INTERACTOME

No systematic investigation has focused on identifying the array
of proteins that interact with DGKε. The only data available
in that regard are from two studies done in HEK293T cells.
In the first study, the investigators use immunoprecipitation
followed by mass spectrometry (LC-ESI-MS/MS) to delineate
the interactomes of 338 Flag-tagged bait proteins, including
DGKε. They reported that DGKε pulled down several proteins
with no clear links to known DGK biology (see Table 1

for details): CDCA1, NUDC, NUF2, PAICS, PDHA1, SET
(Ewing et al., 2007). The other study used a similar mass
spectrometry-based approach to identify the interactomes
of arrestinβ1 (ARRB1) and arrestinβ2 (ARRB2), which are
important negative regulators of G protein-coupled receptors
(GPCR) (Premont andGainetdinov, 2007). It revealed that DGKε

was associated with both ARRB1 and ARRB2, and that these
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FIGURE 3 | Simple models for the amino terminal segment of DGKε inserted into a membrane either as a bitopic transmembrane helix or as a

monotopic re-entrant helix (Nørholm et al., 2011). This illustration is a modified version of Figure 2 from an article on intracellular protein topogenesis (Blobel,

1980). The approximate position of Pro33, a residue important for the interconversion between these two conformations, is shown. The topological relationships of the

intra and extracellular sides of the membrane bilayer, the location of the C1 domains and of the catalytic site are illustrated.

interactions were not modulated by GPCR activation (Xiao
et al., 2007). In yet another proteome-wide interactome study
performed on liver cell extracts, DGKε was found to interact
with MRPL44, a protein involved in mitochondrial ribosomes
(Table 1).

These data should be considered as weak evidence of
interactions since none of the studies offered independent
experimental confirmation. It would have been reassuring to
see at least one of the ARRBs in the list of DGKε interactors
from the first study given that both studies used the same cells
(HEK293T). No subsequent studies have sought to explore the
physiologic relevance of these potential DGKε partners. Given
DGKε’s presumed regulatory role in the signaling pathway of
PLC-activated by GPCR, the interactions with the ARRBs are by
far the most promising. It is clear that important clues regarding
the functions of DGKε in various mammalian cells could be
gleaned from studies focused on the DGKε interactome. While

the same mass spectrometry-based methodology could be used,
other approaches such as BioID (Roux et al., 2013) should also be
considered.

POST-TRANSLATIONAL MODIFICATIONS
OF DGKε PROTEINS

The extent to which post-translational modifications modulate
DGKε function is yet another area of DGKε biology that is
understudied. While phosphorylation of several DGKs has been
demonstrated experimentally (Shirai et al., 2012), there is no
evidence that it plays a major role in modulating DGKε function.
Two studies that presented comprehensive phosphorylation data
from human samples confirmed that DGKε phosphorylation
levels, if present, must be low (Mertins et al., 2013; Park et al.,
2015).
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TABLE 1 | Data on the possible DGKE interactome abstracted from three proteomics studies.

Bait (OMIM No.) Prey (OMIM No.) Full gene name Other names Known functions

DGKε
a (601440) PAICS (172439) Phosphoribosylaminoimidazole carboxylase AIRC Purine biosynthesis

NUDC (610325) Nuclear distribution protein C homolog – Nuclear movement protein that

associates with dynein

CDCA1 (611772) Cell division cycle-associated protein 1 NUF2 Chromosome segregation and the

spindle checkpoint

PDHA1 (300502) Pyruvate dehydrogenase, alpha-1 PDHCE1A, PDHE1A, PDHA Conversion of pyruvate into acetyl-CoA

SET (600960) Suppressor of variegation, enhancer of zeste,

and Trithorax

IGAAD Inhibitor of protein phosphatase 2A

DGKε
b (601440) MRPL44 (611849) Mitochondrial ribosomal protein l44 – Mitochondrial ribosome

ARRB1c (107940) DGKε (601440) Arrestin, beta, 1 ARRB1, BARR1 G protein-coupled receptor

desensitization

ARRB2c (107941) DGKε (601440) Arrestin, beta, 2 ARRB2, BARR2 G protein-coupled receptor

desensitization

aHEK 293 cells were transfected with flag-tagged bait (DGKε), followed by immunoprecipitation with anti-Flag antibody. The protein complexes associated with DGKε were analyzed

by Mass spectrometry. DGKε was one of 338 baits (Ewing et al., 2007).
bLiver cells (Wang et al., 2011).
cHEK 293 cells were transfected with flag-tagged bait, followed by immunoprecipitation with anti-Flag anti-body. The protein complexes associated with the bait were analyzed by Mass

spectrometry (Xiao et al., 2007).

Several proteome-wide screens focused on other post-
translational modifications have been published in recent years.
The most striking finding is that two distinct studies uncovered
the exact same ubiquitination site at lysine 357 in human DGKε

(Wagner et al., 2011; Mertins et al., 2013). The cells used
in the studies included HEK293T (human embryonic kidney)
and MV44-11 (acute monocytic leukemia) in one study, and
Jurkat cells (immortalized human T cells) in the other. The
same modification was also found at the homologous murine
locus, at lysine 354 (Wagner et al., 2012). In the mouse, Dgkε
ubiquitination was only observed in proteins extracted from the
brain (other tissues tested that did not express ubiquitinated
Dgkε included heart, liver, kidney and muscles). This remarkable
tissue specificity may be unique to mice since three non-brain cell
types were used for the human studies. The so-called “ubiquitin
code” is known to control a wide array of biological functions,
including enhanced degradation, targeting to specific cellular
location, modulation of function, and regulation of protein-
protein interactions (Komander and Rape, 2012). It will be
important to determine the relevance of ubiquitination at this site
and to determine if tissue- and species-specific patterns exist.

NOVEL SEQUENCE FEATURES OF DGKε

Homologs exhibiting a high degree of sequence similarity
to DGKε are present in most eukaryotic organisms, except
plants, fungi, and some unicellular organisms. Comparison of
DGKε sequences from mammalian species reveals a number of
interesting differences that are specific for particular groups of
animals. For example, the DGKε homologs from the Muroidea
family of rodent species (e.g., rats, mice, hamsters, gerbils;
Catzeflis et al., 1992) contain a conserved 2 amino acid deletion

near the N-terminus, which is not found in the homologs from
other mammals (Figure 4). Conserved inserts and deletions
in protein sequences play important roles in mediating novel
protein-protein or protein-ligand interactions (Akiva et al., 2008;
Singh and Gupta, 2009). Thus, it is likely that this rodent-specific
genetic alteration may also affect the biological function of the
rodent DGKε in some subtle manner. The functional significance
of this alteration may become clearer as the role of the amino
terminus is better understood.

A number of other specific changes seen in the DGKε

homologs are specific for the Catarrhini subdivision of
primates, which includes humans, great apes, gibbons,
and old world monkeys (Figure 5). At positions 147 and
440 in the human DGKε, homologs from the Catarrhini
subdivision contain cysteine and serine residues, respectively,
whereas all other mammalian species have serine/threonine or
aspartate/asparagine at these positions. Another specific change
in the DGKε homologs present at position 48 is a distinctive
characteristic of the old world monkeys (Cercopithecoidea). All
DGKε homologs from the Cercopithecoidea family contain a
leucine in this position instead of the glutamine found in all
other vertebrates. The high degree of specificity of the noted
genetic changes within the indicated groups suggests that these
changes are under strong selection pressure and may thus confer
some as yet unknown biological advantages to DGKε functions
in these primates.

It is of much interest that one of the above noted genetic
changes at position 147 is located within one of the C1 domains
(C1B) of DGKε. These are highly conserved and cysteine-
rich domains that are typically involved in binding of DAG
or phorbol esters (Hurley et al., 1997; van Blitterswijk and
Houssa, 2000; Sakane et al., 2007; Jennings et al., 2015) (however,
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FIGURE 4 | Excerpts from a multiple sequence alignment of DGKε sequences showing two conserved characteristics that are of interest. Protein

sequences of DGKε homologs were obtainedfrom the NCBI database (http://www.ncbi.nlm.nih.gov/) and the conserved characteristics noted here were identified in

their sequence alignment as previously described (Gupta, 2016). The first characteristic (highlighted in pink) consists of a 2 aa deletion in a conserved region of DGKε

that is a unique property of the Muroidea family of rodents, which includes rats, mice and hamsters, but not found in the primates or other mammalian homologs. The

sequence information is shown for all rodents and primate homologs and a limited number of other species. The sequence alignment also shows that the proline

residue present at position 33 in human DGKε, which is implicated in the re-entrant property of the N-terminal helical region, is a conserved property of all vertebrate

DGKε sequences (see also Supplementary Table 1).

see also Section Atypical C1 Domains). As such, they may
play a central role in directing the function of DGKs in cells.
Alignment of the C1B domains for human DGKε and DGKδ

reveals very high degree of sequence homology (Figure 6A).
Based on the structural information for the most predominant
form of DGKδ (Miyamoto et al., 2004), we have created and
optimized a homology model of the C1B domain for human
DGKε (Figure 6B) (Sali and Blundell, 1993; Shen and Sali, 2006;
Xu and Zhang, 2011). The superposition of themodeled structure
with the structure of DGKδ shows very high degree of structural
homology between the two isoforms in the C1B domain and it
also shows the location where the Cys substitution specific for
the Catarrhini subdivision has occurred. It is possible that this
additional cysteine primes the C1 domains to be more avid for
DAG-like substrates. This hypothesis can only be confirmed via
mutagenesis experiments and by solving the crystal structure of
DGKε with its DAG substrate.

Another remarkable finding relates to the near-complete
conservation of the hydrophobic segment (positions 21–42) in
vertebrate species, including the proline residue at position 33.
As discussed in the Section Integral vs. Peripheral Membrane
Protein, this segment is hypothesized to act as a membrane-
associated domain (Jennings et al., 2015). This proline residue
is contained within the very hydrophobic segment near the
amino-terminus of DGKε (see hydropathy plot of Figure 1 in
Jennings et al., 2015). In this scenario, the proline residue at

position 33 plays an important role in the formation of a re-
entrant helix (Decaffmeyer et al., 2008). In vitro experiments
have shown that mutagenesis of this position to alanine results
in higher affinity for membranes via conversion of the re-entrant
helix to a transmembrane helix (26). This suggests that there
might be substantial functional advantage for DGKε to form
a re-entrant helix so as to restrict its interactions with lipid
bilayers to the inner leaflet. The sequence alignment of DGKε

from various vertebrate species (mammals, amphibians, reptiles,
birds, and fishes) and also some invertebrates shows that the
proline at position 33 is completely conserved and invariant
in all examined species (see Supplemental Figure 1). This in
turn suggests that the re-entrant potential of this hydrophobic
segment is an evolutionarily conserved property of the DGKε

from different species.

IN VIVO EVIDENCE FROM DGKε

KNOCK-OUT MOUSE

A Dgkε-null mouse was reported in 2001 by investigators that
were studying the role of DGKs in the brain (Rodriguez de Turco
et al., 2001). No major anomalies were noted despite extensive
phenotyping that mostly focused on the neurological system
(Rodriguez de Turco et al., 2001). Quantitative phospholipid
studies on brain tissue from the Dgkε-null mice revealed deficits
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FIGURE 5 | Excerpts from multiple sequence alignment of DGKε sequences showing three conserved sequence polymorphisms that are specific for

different groups of primates. All of the sequences were downloaded from the NCBI database and the sequence alignment to identify conserved characteristic was

carried out as in earlier work (Gupta, 2016). The two sequence polymorphisms (highlighted in blue) are specific for the Catarrhini subdivision of primates, which

includes humans, great apes, gibbons, and old world monkeys. The third polymorphism marked in green is specific for the Cercopithecoidea family, comprising of the

old-world monkeys. Sequence information is shown for all primate homologs and for representative species from other vertebrate groups.

in arachidonic-acid containing PIP2, but no change in DAG
or PA (Rodriguez de Turco et al., 2001). Similar studies in
fibroblasts derived from these mice revealed a similar pattern
(Milne et al., 2008). In vitro corroboration of these results with
RNA interference has not been reported.

While exon 1 was unquestionably replaced by a neomycin
resistance cassette in these mice (Rodriguez de Turco et al., 2001),
it is important to acknowledge that absence of Dgkε protein
has never been specifically demonstrated. The main reason for
this omission is the poor performance of anti-murine Dgkε
antibodies when used to detect endogenous Dgkε with Western
blotting or tissue staining. It was also thought that even if made,

this truncated version of DGKε, which would lack both C1
domains (tDGKε), would be unlikely to be functional (although,
as mentioned in the Section Atypical C1 Domains, the role of
these C1 domain remains unclear). Data obtained with another
truncated DGKε (DGKε1, lacking the segment from Pro6 to
Pro188) showed that such a truncated protein had no activity
toward SAG (Tang, 1999). Of note, DGKε1 activity toward other
DAG substrates was not tested.

Now that work on Dgkε-null mice has potential health-related
ramifications (for patients with DGKε-associated nephropathy,
See Section Relationship to Disease), it is critical to determine
if this model accurately reflects true Dgkε-deficiency. Indeed,
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FIGURE 6 | (A) Sequence alignment of the C1B domain from human DGKε with the corresponding region of the DGKδ isoform, whose solution structure has been

determined by NMR (Miyamoto et al., 2004). (B) Superposition of the three-dimensional (3D) structures of the C1B domain of human DGKε (shown in green) with

human DGKδ (shown in cyan). Homology models of the human DGKε were built using the NMR structural information for human DGKδ (PDB ID: 1R79) (Liu et al.,

2015). The first model in NMR was utilized as the template and the structure was generated using MODELLER v 9.15 (Sali and Blundell, 1993). The structural

comparison of the modeled human DGKε with the DGKδ isoform was carried out using PyMol (http://www.pymol.org).

incomplete knockouts have been described before, and the
methodology employed to generate early mouse models often
involved deleting exon 1 (Müller, 1999). According to the
Knockout Mouse Project initiative (KOMP), the critical exon for
DGKε is exon 3, not exon 1. KOMP is a major NIH-sponsored
initiative aimed at making thousands of knockout mice widely
available (Skarnes et al., 2011). Targeting of the critical exon
maximizes the likelihood of generating a true knockout because
this exon must be comprised in all spliced isoforms and, when
deleted, it must create a frameshift mutation.

If expressed, tDgkε produced from a putative alternative start
codon would be missing the C1 domains. Since the function of
these atypical C1 domains is unclear (see Section Atypical C1
Domains), the functional impact of that loss is difficult to predict.
Importantly, the kinase and catalytic accessory domains would
be intact. tDgkε would thus resemble bacterial forms of dgks,
which lack the segment harboring the C1 domains. Just like these
dgks, tDgkε could in principle actively phosphorylate many other

targets besides SAG, including other types of DAG (Walsh et al.,
1990). More concerning however is the possibility that tDGKε

may gain the ability to phosphorylate ceramide (Schneider and
Kennedy, 1973). The cells may thus be simultaneously exposed
to both a loss and a gain of function. The biological consequences
of such a complex system would be challenging to interpret: it
remains an open question whether this is a viable model for a
human disease caused by a “simple” DGKε deficiency. For these
reasons, it is critical to confirm if this mouse model is indeed a
true knockout.

RELATIONSHIP TO DISEASE

Atypical Hemolytic Uremic Syndrome
(aHUS)
Whole-exome sequencing recently uncovered an unexpected link
between homozygous mutations in the gene encoding for DGKε
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FIGURE 7 | Pathologic mutations in DGKE identified in patients with DGKE-associated nephropathy. All published missense or nonsense Dgkε mutations

that are reported in the literature (Lemaire et al., 2013; Ozaltin et al., 2013; Sánchez Chinchilla et al., 2014; Westland et al., 2014; Lee et al., 2015; Mele et al., 2015;

Miyata et al., 2015), as of August, 2016 are overlayed on an illustration of Dgkε and its functional domains (top). Mutations that affect splice sites or result in

insertions/deletions are overlayed onto an illustration of DGKε mRNA with the boundaries of the 11 coding exons (bottom). Mutation names used adhere to the

standard method promulgated by the Human Genome Variation Society (HGVS) for sequence variation nomenclature (http://varnomen.hgvs.org). Single letter codes

for amino acids are used. Abbreviations used: “c.”, cDNA position; fs, frameshift; IVS, intervening sequence (intron); “p.”, protein position.”

and DGKE-associated nephropathy (Lemaire et al., 2013; Ozaltin
et al., 2013). The bulk of mutations are expected to result in
complete loss-of-function (nonsense, splice site, frameshift); no
clustering to any particular domain was observed (Figure 7).
This rare condition is due to recurrent episodes of thrombosis
in the kidney glomeruli microvasculature. The salient clinical
findings are acute renal failure, low platelets, and hemolytic
anemia. On that basis, it is hypothesized that DGKε protein
must play an important role in regulating thrombosis in the
human kidney. This discovery forced experts to reconsider the
pathophysiologic underpinnings of aHUS (Quaggin, 2013). Of
note, a small group of patients with pathogenic DGKEmutations
present with clinical features that resemble more that of another
glomerular disease, membranoproliferative glomerulonephritis
(Ozaltin et al., 2013). Up until then, abnormal activation of the
alternative complement pathway was thought to be invariably
associated with nearly all forms of aHUS (Noris et al., 2012):
the vast majority of aHUS patients harboring DGKE mutations
exhibit no evidence of complement activation (Lemaire et al.,
2013; Ozaltin et al., 2013). Only supportive measures may be
offered to these patients because there are no targeted therapies.

DGKε was originally cloned from human umbilical vein
endothelial cells, but mRNA expression was predominant in
testes (Tang et al., 1996). The discovery of the link between DGKε

and aHUS recently prompted more in-depth investigations
focused on its presumed role in kidney biology. DGKε protein
was shown to be expressed in three cell types that play major roles
in kidney glomeruli, namely endothelial cells, podocytes, and
platelets (Lemaire et al., 2013; Ozaltin et al., 2013). However, the
lack of disease recurrence in patients after kidney transplantation
strongly suggests that platelets, which are produced by the
bone marrow, are unlikely to be central players in the disease
process (Lemaire et al., 2013). The mechanism by which
DGKε deficiency causes thrombosis exclusively in the kidney
remains unclear. Its expression in other vascular beds has
not been investigated. Quantification of key members of the

PI-cycle needs to be assessed specifically in endothelial cells
to determine if DGKε deficiency in this setting also leads to
paucity of PIP2 (see Section DGKε Has a Role in the PI-Cycle).
Experiments done in cultured endothelial cells show that siRNA
knockdown of DGKε was associated with several phenotypes:
endothelial cell increased activation, increase apoptosis and
decreased proliferation (Bruneau et al., 2015). It will be important
to determine if DGKε-null endothelial cells display the same
characteristics because the siRNA knockdown and knockout of
the same gene may yield very different phenotypes (Rossi et al.,
2015).

The generation of an animal model is often very useful to
delineate the biology of human diseases. Since most patients
are expected to have DGKε deficiency, the Dgkε-null mouse
reported in 2001 would be an ideal candidate model. The original
report showed that there were no major abnormalities with these
animals (see Section Post-translational Modifications of DGKε

Proteins; Rodriguez de Turco et al., 2001). The renal phenotype
of this mouse model was recently re-evaluated in more detail:
the animals developed mild signs of renal disease with age (Zhu
et al., 2016). Interestingly, glomerular lesions were noted in
Dgkε-null mice after exposure to doses of nephrotoxic serum
that did not affect wild type littermates (Zhu et al., 2016). Mouse
models of aHUS often require exposure to exogenous triggers to
reveal their pathogenic potential (Pickering et al., 2006; Thurman
et al., 2012; Vernon et al., 2016). Importantly, exogenous factors
are also known to act as triggers in many patients with genetic
forms of aHUS (Kavanagh et al., 2013). Dgkε-null mice may thus
be a promising research tool to further our understanding
of DGKε-associated nephropathy (assuming it is a full
knockout—see Section Post-translational Modifications of DGKε

Proteins).
Data from the recent report focused on the Dgkε-null mice

suggests that DGKε deficiency leads to systemic inability to
induce cyclooxygenase-2 (Cox-2) (Zhu et al., 2016). This enzyme,
which is responsible for inducible production of prostanglandins,
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was previously shown to be decreased in the brains of Dgkε-
null mice after kindling (Lukiw et al., 2005). When exposed
to lipopolysaccharides, wild-type macrophages increase Cox-2
mRNA and protein levels; similar inductions were observed
when wild-type fibroblasts were incubated with interleukin-β
(Zhu et al., 2016). Interestingly, these responses were abrogated
in macrophages and fibroblasts derived from Dgkε-null mice.
Another line of evidence comes from experiments with wild-type
mice treated with the nephrotoxin puromycin aminonucleoside:
animals invariably develop glomerular lesions that lead to
proteinuria. This phenomenon was shown to be accompanied by
robust inductions of Cox-2 expression and urinary prostaglandin
excretion (Zhu et al., 2016). Application of the same protocol
to Dgkε-null mice revealed relative protection against the
proteinuric effects of this toxin, and this effect was correlated with
blunted Cox-2 and prostaglandin responses (Zhu et al., 2016).
How DGKε activity directly modulates Cox-2 expression has yet
to be established. The relevance of these findings to patients with
mutations in DGKε is unclear.

The renal phenotypes induced by the subclinical doses of
nephrotoxic serum or puromycin are now the main distinctive
features of the Dgkε-null mouse model when compared to
control littermates. It is unclear if other organs are affected
because the bulk of these new investigations were focused on the
kidney. While the other Dgk-null animals have no obvious renal
phenotypes at baseline [Dgkα (Olenchock et al., 2006), Dgkβ
(Shirai et al., 2010), Dgkδ (Crotty et al., 2006), Dgkζ (Zhong et al.,
2003), Dgkι (Regier et al., 2005), Dgkη (Isozaki et al., 2016), Dgkθ
(Goldschmidt et al., 2016)] it is important to realize that none of
these models were exposed to these nephrotoxins. It is therefore
not possible to conclude that the renal lesions observed in treated
Dgkε–null mice are specific to this animal model.

Cardiac Hypertrophy and Heart Failure
DGKε is one of the main DGK isoforms expressed in cardiac
ventricles; others are DGKα and DGKζ (Takeda et al., 2001).
This suggests that DGKε may play an important role in the
heart. Decreased DgkE mRNA levels were observed in the
hearts of rats used for modeling left ventricular hypertrophy
(Yahagi et al., 2005) and myocardial infarction (Takeda et al.,
2001). These results did not tease out if this reduction was
a normal compensatory mechanism, or if it was an integral
part of the disease processes. To start addressing this question,
transgenic mice overexpressing DGKε only in the heart were
generated (Niizeki et al., 2008). When subjected to two distinct
protocols known to induce left ventricular hypertrophy in wild
type mice, DGKε-overexpressing mice appeared to be protected
(Niizeki et al., 2008). These findings translated into a substantial
survival advantage: 4 weeks after the procedure, nearly 80% of
DGKε-overexpressing mice were still alive, almost double that of
wild type controls (Niizeki et al., 2008). Investigations of well-
established biological markers of cardiac pathology corroborate
these findings. Upregulation of transient receptor potential
channel-6 (Kuwahara et al., 2006) and increased PKCε and
PKCα translocation (Hahn et al., 2003; Song et al., 2015) were
only observed in wild type mice (Niizeki et al., 2008). Taken
together, these results suggest that increasing DGKε function

may be a promising target to help prevent heart failure and
restore cardiac function. The first step in that direction will be
to determine how relevant these data are to patients with cardiac
dysfunction. If substantiated, the path to DGKε-based therapy
will not be straightforward since it would require tissue-specific
overexpression of DGKε.

Epilepsy and Seizure Susceptibility
High expression of DGKε in brain tissue suggests that it may
play an important role in this organ system (other DGKs are also
high in the brain, including β, γ, and ζ ) (Zhang et al., 2012).
DgkE−/− mice exhibit higher resistance to electroconvulsive
shock (ECS) when compared to control littermates (Rodriguez
de Turco et al., 2001). A role for DGKε in this process was
supported by phosphoinositide quantifications: while wild type
mice displayed increased ECS-induced polyphosphoinositide
(PIPn) degradation and 20:4 DAG formation, DgkE−/− mice did
not (Rodriguez de Turco et al., 2001).

In a similar study, DgkE−/− mice displayed fewer motor
seizures, fewer epileptic events, and rapid behavioral recovery
following brain stimulation compared to wild type mice (Musto
and Bazan, 2006). In addition, wild type mice serially exposed to
multiple small seizure events (kindling) developed typical brain
morphological changes associated with seizures, but these were
absent in DgkE−/− mice (Musto and Bazan, 2006). Kindling
induced upregulation of cyclooxygenase-2 (COX-2) and tyrosine
hydroxylase (TH) gene expression in wild type mice but not
in DgkE−/− mice (Lukiw et al., 2005). High COX-2 expression
has been associated with recurrence of hippocampal seizures
(Takemiya et al., 2003), and repeated seizures lead to increased
TH levels in the brain (Ryu et al., 2000). These data thus suggest
that DGKε regulates seizure susceptibility via modulation of
COX-2 and TH levels in the brain. It is important to acknowledge
that the relevance of these data to humans is unclear as there
are no data linking aberrant DGKε function to patients with
neurological conditions.

Huntington’s Disease
DGKε has been identified as a promising target for treating
Huntington’s Disease (HD) (Zhang et al., 2012). This condition
is characterized by polyglutamine expansion in the N-terminus of
the Huntingtin protein (Htt) that causes significant neuronal loss
in the striatum and cortex (MacDonald et al., 1993; Zhang et al.,
2012). DGK inhibitor II (R59022) was identified as a promising
anti-HD compound in a kinase inhibitor library screen. This in
vitro assay was performed on mouse HD striatal cell model and
the readout was the level of mutant Htt cellular toxicity (Zhang
et al., 2012). More specifically, R59022 inhibited the expected
increase in caspase 3 and 7 activity triggered by serumwithdrawal
(Zhang et al., 2012). Cells expressing mutant Htt were also found
to have lower levels of PIPn, that can be restored upon decreasing
DGK activity (Zhang et al., 2012).

Pinpointing which of the 10 mammalian DGK isoforms
was involved in this process required further testing since this
compound is a non-specific DGK inhibitor (Sato et al., 2013).
siRNA knockdown experiments carried out against the four DGK
isoforms expressed in the mouse striatum showed that only DgkE
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siRNA caused a decrease in caspase 3 and 7 similar to that
observed with R59022 (Zhang et al., 2012). Data from two well-
established in vivomodels support the hypothesis suggesting that
in vivo, enhanced DGKε activity plays a role in HD pathogenesis.
First, expression of DgkE shRNA in a Drosophila HD model
partially rescued the motor impairment induced by Htt (Zhang
et al., 2012). Second, DgkE mRNA levels were higher in the
striatum of a mouse model of HD (Htt overexpression) (Zhang
et al., 2012).

FUTURE PERSPECTIVES

The unique primary structure of the smallest known isoform
of mammalian DGK, as well as the specificity of DGKε for
arachidonoyl-containing DAG, has been known for some time.
However, recent findings have presented the possibility of further
advances of knowledge in the near future. Two developments
have been principally responsible for this. One is the purification
of DGKε that will allow new protein structural and membrane
binding studies that have not been previously possible. There
has also recently been described a causal link between recessive
DGKE mutations and a human disease, atypical hemolytic-
uremic syndrome (aHUS) (Lemaire et al., 2013). This has given
increased importance to defining the biological roles of DGKε in
the normal and diseased state.

Crystal Structure
Up to this time, no isoform of a mammalian DGK has been
crystallized and its structure determined. However, the crystal
structure of a bacterial dgkB from Staphylococcus aureus, has
been determined (Miller et al., 2008). The amino acid sequence
shows 18% identity, with the active site being particularly well
conserved (Jennings et al., 2015). A tentative model for the
folding of DGKε has been made using the crystallographic
structure of dgkB (Jennings et al., 2015).

Lipid Dependence of Membrane Binding
Binding studies of DGKε with liposomes of defined lipid
composition have not yet been carried out because the enzyme
was not available in pure form but only as membrane pellets
from over-expression systems. Now that we have purified DGKε

in solution we can perform such experiments. Dr. Prasanta
Hota has done some initial studies in Dr. Epand’s laboratory
using PIP strips (Echelon Biosciences Inc., Salt Lake City,
Utah). It was found that the binding to PI, phosphatidylcholine
and lysophosphatidylcholine was very weak, binding to
PA, phosphatidylserine, and phosphatidylethanolamine was
intermediate and binding to PI with one, two, or three phosphate
groups added to the inositol ring was very strong. It is known
that phosphorylated forms of phosphatidylinositol are good
inhibitors of DGKε (Walsh et al., 1995). Phosphatidylinositol-
(4,5)-bisphosphate is a noncompetitive inhibitor with respect
to SAG but a competitive inhibitor with respect to ATP (Walsh
et al., 1995). This is not purely an electrostatic effect since
phosphatidylinositol-trisphosphate is a weaker inhibitor of
DGKε than is the diphosphate (Walsh et al., 1995). There is
thus likely to be some specificity in the binding of DGKε to

membranes containing anionic lipids. The effect of anionic
lipids on DGKε binding to membranes has not been fully
assessed.

Activity and Substrate Specificity in
Membrane Bilayers
There is no reported data on the activity of DGKε using an
assay system with phospholipid bilayers. All the reported enzyme
activity studies with DGKε have been done with a detergent-
solubilized system. Phospholipids in liposomes are arranged
as bilayers, which more closely simulates their arrangement
in biological membranes. Even the fundamental property of
arachidonoyl substrate specificity has not been tested in a bilayer-
based system. It also is not clear howmembrane binding relates to
enzymatic activity of DGKε. It is clear that the DAG substrate is
part of the membrane and that DGKε has to bind to a membrane,
at least transiently, for phosphorylation to occur. However, as
indicated by our preliminary data, anionic lipids strengthen the
binding of DGKε to the membrane. Why then don’t anionic
lipids promote the activity of DGKε as they do for other isoforms
of mammalian DGK?

Development of a DGKε-Specific Inhibitor
In order to gain a better understanding of DGKε-related diseases,
isoform-specific inhibitors should be identified and used in
experimental work to delineate the role of DGKε in various
tissues and cell types. Although there are several commercially
available DGK inhibitors, such as R59022 (de Chaffoy de
Courcelles et al., 1985) and R59949 (Sato et al., 2013), there are
currently no isoform-specific DGKε inhibitors.

Traditionally, the activities of DGK isoforms were assessed
using amicelle-based assay, which utilizes detergents to solubilize
lipid components from a lipid film (Epand and Topham, 2007).
The hydrated lipid film is then sonicated to produce small
unilamellar vesicles. The vesicles are used in a radioactive assay
to evaluate the activity of the enzyme, by measuring the transfer
of 32P from [γ-32P]-ATP to DAG to form PA (Epand and
Topham, 2007). Although this procedure is quite insensitive to
non-DGK ATPase activity, the assay might not be well suited for
a high-throughput system due to the extensive radioactive and
extraction procedures.

Recently, an ATP-luciferase system was developed to evaluate
the isoform selectivity of the R59949 and R59022 inhibitors for
various DGKs (Sato et al., 2013). The assay was later optimized
to study DGKα, and was used to identify a novel DGKα-specific
inhibitor, CU-3 (Liu et al., 2016). Similarly, the ATP-luciferase
assay can be optimized to study DGKε in a high-throughput
format to identify a DGKε-specific inhibitor. Due to the fact that
DGKε utilizes ATP as a phosphate donor in the conversion of
DAG into PA, the concentration of ADP generated can be used
as a measure of PA production and enzyme activity (Shulga et al.,
2011c). Since the ATP-luciferase assay detects the ADP released
in the kinase reaction, the assay must utilize purified DGKε, in
order to reduce contamination with other sources of ATPase
activity (Zegzouti et al., 2009).

Once a pool of candidate inhibitors has been identified using
the high-throughput method, the candidates can be validated
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using various assays. For example, the traditional micelle-based
radioactive assay or the liposome based assay currently being
developed can be used to confirm changes in enzyme activity
in the presence of inhibitors (Epand and Topham, 2007). In
addition, a 31P nuclear magnetic resonance assay (NMR) can be
used to identify phosphorous containing substrates and products
and detect potential contaminants with ATPase activity (Prodeus
et al., 2013). Lastly, the ATP-luciferase assay can be optimized
to assess the activity of various other DGK isoforms. Once
optimized, the assay would be used to the test the inhibitory
potential of candidate compounds against various DGK isoforms,
to assess the isoform specificity of novel inhibitors.

The development of a DGKε-specific inhibitor would be
invaluable for studying the role of DGKε in various disease
processes. Specifically, the isoform-specific inhibitor could be
used to recapitulate physiological environments lacking DGKε.
In addition, the luciferase assay holds potential as a diagnostic
tool for measuring the enzyme activity of DGKε in patients
(or with CRISPR-Cas9 mutated cells) with missense DGKε

mutations.

Possible Modulation of DGKε’s
Transmembrane vs. Re-entrant Helix
The amino terminal hydrophobic segment of DGKε is highly
conserved in evolution (Figure 3). In particular, there is an
invariant proline residue at position 33 in human DGKε that
is present at the same position of the aligned sequences from
all DGKε from a range of organisms (Supplementary Materials).
We have shown that this proline residue has an important
role in determining the position of equilibrium between a
transmembrane helix and a re-entrant helix (Decaffmeyer et al.,
2008). This segment of the protein has no effect on the activity or
specificity of DGKε using an in vitro assay in detergent micelles

with N-terminal 40–60 residue deletion mutants. However, we
believe that it is unlikely that this segment of the protein
would not have a biological function. Forming a re-entrant
helix would promote the positive curvature of the monolayer
in which it is present. This could influence the region of
the membrane to which DGKε partitions and/or modulate its
interaction with other proteins. An understanding of the role
of this proline residue and possibly of the interconversion

between re-entrant and transmembrane helix is a theme for
future investigations.
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The endoplasmic reticulum (ER) comprises an interconnectedmembrane network, which

is made up of lipid bilayer and associated proteins. This organelle plays a central role

in the protein synthesis and sorting. In addition, it represents the synthetic machinery

of phospholipids, the major constituents of the biological membrane. In this process,

phosphatidic acid (PA) serves as a precursor of all phospholipids, suggesting that PA

synthetic activity is closely associated with the ER function. One enzyme responsible for

PA synthesis is diacylglycerol kinase (DGK) that phosphorylates diacylglycerol (DG) to PA.

DGK is composed of a family of enzymes with distinct features assigned to each isozyme

in terms of structure, enzymology, and subcellular localization. Of DGKs, DGKε uniquely

exhibits substrate specificity toward arachidonate-containing DG and is shown to reside

in the ER. Arachidonic acid, a precursor of bioactive eicosanoids, is usually acylated at

the sn-2 position of phospholipids, being especially enriched in phosphoinositide. In this

review, we focus on arachidonoyl-specific DGKε with respect to the historical context,

molecular basis of the substrate specificity and ER-targeting, and functional implications

in the ER.

Keywords: diacylglycerol kinase, arachidonate, substrate specificity, endoplasmic reticulum, phosphoinositide,

ER stress

INTRODUCTION

The endoplasmic reticulum (ER), which comprises a tubular and planar network of lipid bilayer
membranes (Croze and Morré, 1984), represents a specialized site of protein synthesis and
subsequent foldingmachinery. In addition, the ER plays a central role in the synthesis and transport
of major membrane phospholipids such as phosphatidylcholine (PC), phosphatidylserine (PS), and
phosphatidylinositol (PI; Gaspar et al., 2007). In response to cellular requirements, this tubular
and planar ER network extends to all regions of cell interfaces at membrane contact sites with the
plasma membrane, mitochondria, and Golgi apparatus for lipid transfer, integration of metabolic
pathways, and calcium homeostasis (Lagace and Ridgway, 2013). In terms of energy homeostasis,
fatty acids supply a major source of energy for organisms, but they can also be toxic. When exposed
to excess fatty acids, cells esterify fatty acids into neutral lipids and package them into lipid droplets
(LDs). Actually, an LD is an ER-derived organelle that is necessary for the storage and mobilization
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of neutral lipids in a specialized cell type: adipocyte (Martin and
Parton, 2006; Brasaemle and Wolins, 2012). Under pathological
conditions including nutrient and oxygen starvation, calcium
depletion and altered redox status, protein folding, and
lipid biosynthesis are impaired, thereby producing ER stress.
Therefore, the ER integrates cellular activities of protein and
lipid synthesis as well as pathological responses such as unfolding
protein response (UPR; Berridge, 2002; Ron and Walter, 2007;
Sano and Reed, 2013).

During the process of lipid synthesis, phosphatidic acid
(PA) serves as an intermediate molecule for all phospholipids.
It is therefore conceivable that PA synthetic activity is
intimately involved in the ER function, and that one enzyme
responsible for this activity is diacylglycerol kinase (DGK;
Kanoh et al., 1990). Actually, DGK comprises a family of
enzymes. Each of the isozymes exhibits a characteristic feature
in terms of structural, enzymological, and morphological aspects
(Goto et al., 2007; Sakane et al., 2007; Mérida et al., 2008;
Topham and Epand, 2009; Table 1). Each member of the
DGK family presents a unique subcellular localization in
transfected cells and presumably plays a specific role at each
site (Kobayashi et al., 2007). Of the DGKs, DGKε is unique
in its substrate specificity toward arachidonate-containing DG
and resides in the ER (Matsui et al., 2014). In this review,
we specifically examine the functional role of DGKε in this
organelle.

IDENTIFICATION OF ARACHIDONOYL DGK

Since the first discovery of DGK activity in a brain microsome
fraction (Hokin and Hokin, 1959), it has been reported as
distributed widely in animal tissues (Hokin and Hokin, 1963;
Sastry and Hokin, 1966; Prottey and Hawthorne, 1967; Lapetina
and Hawthorne, 1971; Farese et al., 1981). The DGK activity
was associated with various fractions of cells, including soluble,
membranous, and cytoskeletal fractions (Call and Rubert, 1973;
Daleo et al., 1974). These features suggest the heterogeneity
of DGK in animal tissues and cells. In this respect, Glomset
group reported that cytosolic and membrane-bound DGKs in
Swiss 3T3 cells show different substrate selectivity (MacDonald
et al., 1988). Intriguingly, the membrane-bound DGK is unique
in that it selectively catalyzes DG containing arachidonate
at the sn-2 position (Lemaitre et al., 1990). Moreover, it is
rapidly inactivated by preincubation with its preferred substrate.
Generally, DGK activity is determined using several assay
systems with different detergents, including octylglucoside mixed
micelle assay, deoxycholate assay, and Triton X-100 assay
(Walsh et al., 1994). It is particularly noteworthy that the
detection of arachidonoyl-specificity depends on the assay system
that is used. The substrate selectivity toward arachidonate-
containing DG is most sensitive in the octylglucoside assay,
but is not detected in the deoxycholate assay. The sensitive
assay system together with presumed thermal lability made it
difficult to purify the enzyme. Biochemical purification of this
“arachidonoyl DGK” from bovine testis estimated the molecular
mass as 58,000 (Walsh et al., 1994), although PCR cloning

using degenerate primers succeeded in isolating the cDNA clone
encoding arachidonoyl DGK, designated as DGKε (Tang et al.,
1996).

MOLECULAR BASIS FOR ARACHIDONOYL
SPECIFICITY OF DGKε

DGKε is the only isozyme that shows substrate specificity toward
arachidonate (20:4)-containing DG. As a substrate for DGKε,
sn-1-stearoyl-2-arachidonoyl-DG (18:0/20:4-DG) is preferred
over saturated DG (sn-1,2-didecanoyl-DG, 10:0/10:0-DG) or
monounsaturared DG (sn-1,2-dioleoyl-DG, 18:1/18:1-DG). It
should be mentioned that DGKε prefers 18:0/20:4-DG to sn-
1-stearoyl-2-linoleoyl-DG (18:0/18:2-DG) and sn-1-stearoyl-2-
docosahexaenoyl-DG (18:0/22:6-DG) (Lemaitre et al., 1990;
Tang et al., 1996; Shulga et al., 2011a). Therefore, it is
concluded that DGKε prefers arachidonate at the sn-2 position.
Arachidonic acid, an essential polyunsaturated fatty acid,
contains four double bonds. Arachidonate is not only a major
component of membrane phospholipid; it is also the precursor
of bioactive molecules designated as eicosanoids, such as
prostaglandins and leukotrienes that are catalyzed, respectively,
by cyclooxygenase (COX) and lipoxygenase (LOX; Funk, 2001;
Buczynski et al., 2009). Because these arachidonate-derivatives
serve as key mediators of several pathophysiological events,
free arachidonate itself should be maintained within a restricted
concentration (Peters-Golden and Henderson, 2007). Under
physiological conditions, arachidonate is incorporated into the
sn-2 position of phospholipids by the enzymes arachidonoyl-
CoA synthetase and lysophospholipid acyltransferases (Pérez-
Chacón et al., 2009). These enzymes, together with DGKε,
specifically recognize arachidonate moiety. However, how is the
arachidonoyl specificity achieved?

To investigate the molecular basis of the substrate specificity
of DGKε toward arachidonate, the Epand group compared
amino acid sequences of the enzymes that specifically recognize
this fatty acid (Shulga et al., 2011b). They identified in the
catalytic domain of DGKε (aa. 421–453 in human sequence)
the motif L-X(3-4)-R-X(2)-L-X(4)-G, in which -X(n)- is n
residues of any amino acid. This domain, which is contained
in DGKε of various species as well as phosphatidylinositol-4-
phosphate-5-kinase type Iα, resembles a polyunsaturated fatty
acid-recognizing domain identified in lipoxygenases (Neau et al.,
2009). Mutations of the essential residues in this motif, L431I and
L438I, significantly reduce arachidonoyl specificity. Furthermore,
the group found a sequence similar to this LOX-like motif in
non-specific isozyme DGKα, with a V656 residue instead of Leu
in DGKε. They confirm that V656L mutation introduces some
specificity for arachidonate-containing DG to DGKα.

TARGETING OF DGKε TO THE ER

TheDGK family is localized to distinct subcellular compartments
in cDNA-transfected cells, including the cytoplasm, ER, Golgi
complex, actin-cytoskeleton, and nucleus (Kobayashi et al.,
2007). In an early fractionation study using Swiss 3T3 cells,
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TABLE 1 | Characteristic features of mammalian DGK isozymes.

Molecular

weight (kDa)

Substrate specificity and

Ca2+-dependency

Main tissue and cell

expression

Subcellular localization

in native cells

References

TYPE I

DGKα 82 Non-specific, Ca2+-dependent T cells, brain (oligodendrocytes) Cytoplasm, nucleus Sakane et al., 1990; Schaap et al., 1990;

Goto et al., 1992

DGKβ 90 Non-specific, Ca2+-dependent Brain (striatal neurons) Perisynaptic membrane Goto and Kondo, 1993; Hozumi et al.,

2008

DGKγ 88 Non-specific, Ca2+-dependent Brain (cerebellar Purkinje

neurons)

Golgi apparatus Goto et al., 1994; Kai et al., 1994; Nakano

et al., 2012

TYPE II

DGKδ 130 Non-specific Reproductive organs,

leukocytes, ubiquitous

Cytoplasm Sakane et al., 1996, 2002

DGKη 127 Non-specific Reproductive organs, ubiquitous Cytoplasm Klauck et al., 1996; Murakami et al., 2003

DGKκ 142 Non-specific Reproductive organs Plasma membrane Imai et al., 2005

TYPE III

DGKε 64 sn-2-arachidonoyl (20:4)

-DG-specific

Brain (neurons), ubiquitous Endoplasmic reticulum Lemaitre et al., 1990; Tang et al., 1996;

Shulga et al., 2011a; Matsui et al., 2014

TYPE IV

DGKζ 104 Non-specific Brain (neurons), ubiquitous Nucleus Bunting et al., 1996; Goto and Kondo,

1996; Hozumi et al., 2003

DGKι 117 Non-specific Brain (neurons), retina Postsynaptic region of rod

bipolar dendrites

Ding et al., 1998; Ito et al., 2004; Hozumi

et al., 2013

TYPE V

DGKθ 110 Non-specific Brain (neurons), smooth muscle,

and endothelial cells

Excitatory presynapses,

nuclear speckles

Houssa et al., 1997; Walker et al., 2001;

Tabellini et al., 2003; Goldschmidt et al.,

2016

“arachidonoyl DGK activity” comigrated with that of the ER
marker enzymes, together with other PI-metabolizing enzyme
PI synthase (Glomset, 1996). In agreement with the biochemical
data, DGKε is targeted to the ER. Because DGKε is highly
insoluble, the hydrophobic region was presumed to play a
key role in the ER targeting. We investigated the sequence

responsible for ER targeting of DGKε (Matsui et al., 2014).
Various deletion and substitution mutations of rat DGKε tagged
with GFP were transfected in cells and were compared with
ER markers. Results show clearly that a stretch of hydrophobic
amino acid sequence 20–40 (DGKε 20–40) in the N-terminus is a
determinant sequence in controlling the ER targeting of DGKε.
This hydrophobic region adopts an α-helical structure of the
transmembrane segment (Glukhov et al., 2007).

In this regard, a detailed modeling study suggests
the possibility that this sequence structure can take two
representative models of low-energy conformations, such as a
long straight helix and a U-bend helix (Decaffmeyer et al., 2008).
Two interchangeable structures of monotopic and bitopic nature
might confer on DGKε a unique feature in relation to the ER.
Changing conditions such as a redox state and pH can regulate
the conformation of DGKε between these two structures, thereby
affecting the relation of DGKε and the ER membrane.

The α-helical structure of the hydrophobic sequence 20–
40 creates a “hydrophobic patch” composed of L22, L25, and
L29 (according to the rat sequence; Figure 1). To test whether
the hydrophobicity is critical in the ER targeting, we produced

two substitution mutants: one containing less hydrophobic Ala
(hydrophobic score 1.8) and the other with hydrophilic Gln
(hydrophobic score -3.5), instead of wild-type Leu (hydrophobic
score 3.8; (Matsui et al., 2014)). Ala substitution fragment DGKε

(20–40/L22A, L25A, L29A) is targeted to the ER membrane.
It is recovered in the membrane fraction, along with wild-

type fragment. However, Gln substitution fragment DGKε (20–
40/L22G, L25G, L29G) containing a “hydrophilic patch” is
distributed diffusely in the cytoplasm and is recovered in the
soluble fraction. Furthermore, full-length Ala mutant DGKε

(L22A, L25A, L29A) is shown to reside in the ER whereas Gln
mutant DGKε (L22G, L25G, L29G) abolishes it. These findings
suggest that the hydrophobic patch composed of L22, L25, and
L29 is crucially important for ER targeting of DGKε.

No general consensus sequence for ER localization, such as
the ER retention signal, is found in this hydrophobic or in other
regions of DGKε (Matsui et al., 2014). Therefore, details of the
ER targeting mechanism of DGKε remain unclear. How does
this hydrophobic patch specifically lead DGKε to the ER, instead
of the other membranes such as mitochondrial membrane? The
ER consists of phospholipid bilayer containing a plethora of
proteins. Is the membrane or the protein of the ER recognized
by the hydrophobic patch? Does the hydrophobic patch bind
to some microdomain of the membrane? Because DGKε-kinase
dead mutant also resides in the ER, the substrate DG and the
product PA are not involved in subcellular localization of DGKε.
Therefore, the current data can be summarized as follows: ER
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FIGURE 1 | Features of wild-type DGKε and Ala and Gln substitution mutants. Hydropathy plot analysis and helical wheel projections of the hydrophobic

region of DGKε are shown. Wild-type DGKε contains highly hydrophobic residues L22, L25, L29 (thick circles), which represent a prominent hydrophobic patch.

Alanine substitution mutant DGKε (L22A, L25A, L29A) have a reduced hydrophobic patch (thin circles), whereas glutamine substitution mutant DGKε (L22Q, L25Q,

L29Q) includes a hydrophilic patch (squares). Immunofluorescence images of GFP for full-length wild-type and substitution mutants of DGKε together with ER marker

staining in transfected HeLa cells (lower panels). Wild-type DGKε and alanine mutant DGKε (L22A, L25A, L29A) clearly colocalize with ER marker, whereas glutamine

mutant DGKε (L22Q, L25Q, L29Q) shows diffuse cytoplasmic pattern. Modified from Matsui et al. (2014) with permission from Elsevier.

targeting is mediated through the N-terminal hydrophobic patch
composed of L22, L25, and L29. Subsequent recognition of the
arachidonoyl acyl chain of DG is achieved by a LOX-like motif in
the catalytic domain of DGKε (aa. 421–453). Additional studies
must be conducted to elucidate the ER targeting mechanism of
DGKε.

ER STRESS

ER homeostasis is crucially important for cellular activity
and survival (Ellgaard and Helenius, 2003). Stress in the
ER induces the UPR, which represents a complex signaling
system that controls translation and transcription in response
to increased demands on the protein folding capacity of the
ER for cell survival (Rutkowski and Kaufman, 2004; Koumenis
and Wouters, 2006; Malhotra and Kaufman, 2007; Hetz, 2012).
To meet this demand, the UPR coordinates membrane growth
and phospholipid metabolism, thereby leading to ER membrane
expansion and enhanced protein folding capacity (Sriburi et al.,
2004). In addition to misfolding or incomplete assembly of
proteins, alteration of the ER lipid composition also is shown
to initiate ER stress (Devries-Seimon et al., 2005), indicating
that disruption of membrane lipid homeostasis triggers directly

or indirectly a mechanism to reestablish ER lipid composition
(Fagone and Jackowski, 2009).

Under ER stress conditions, the glucose-regulated protein
GRP78 plays a key role in UPR (Bertolotti et al., 2000). GRP78,
a member of the heat shock protein 70 superfamily, serves
as a major ER chaperone protein with ATPase activity. It
is a key regulator of the transmembrane ER stress sensors
comprised of inositol requiring enzyme 1 (IRE1), protein
kinase RNA-activated (PKR)-like ER kinase (PERK), and
activating transcription factor-6 (ATF6) (Lee, 2014). IRE1 is a
transmembrane ribonuclease that splices and activates X-box-
binding protein (XBP-1) mRNA. Spliced form of XBP-1 [XBP-
1(S)], together with cleaved ATF6 and ATF4, translocates to the
nucleus where they induce the expression of ER stress-responsive
genes (Hetz, 2012). In this regard, XBP-1(S) serves as a regulator
of PC synthesis and ER membrane development (Fagone and
Jackowski, 2009). PERK mediates activation of the pro-apoptotic
factor C/EBP homologous protein (CHOP), thereby leading to
apoptosis if the response is insufficient to reestablish homeostasis
(Xu et al., 2005; Shore et al., 2011).

Therefore, the ER membrane expansion is supported by
phospholipid synthesis, in which PA serves as an intermediate
product. The initial step in the PA synthesis is catalyzed using a
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family of glycerol 3-phosphate acyltransferases located in the ER
and the outer mitochondrial membrane, followed by acyl-CoA-
dependent acylation of lyso-PA to form PA (Lagace and Ridgway,
2013).

Another intermediate product DG is a precursor for PA, which
is catalyzed by DGK. Therefore, DGK is intimately involved in
phospholipid synthesis in the ER and presumably in the UPR.
Earlier, we examined whether ER-resident DGKε participates
in this process and assessed the ER stress pathways in DGKε

knockdown cells under experimental ER stress conditions using
tunicamycin and thapsigargin (Matsui et al., 2014). From DGKε

deletion experiments conducted under ER stress conditions, we
found the following: (1) The major protein chaperone GRP78
is induced to the same extent in both wild-type and DGKε-
deficient cells. (2) Eukaryotic initiation factor 2α (eIF2α) is
slightly, although not significantly, downregulated at the total
and phosphorylated protein levels. (3) CHOP is significantly
suppressed at the protein level. Analysis of cellular vulnerability,
however, clearly shows that DGKε deletion reduces cell viability
under ER stress conditions to some degree. Therefore, DGKε

deletion seems to exert conflicting effects on apoptosis in terms
of CHOP expression. In this regard, recent studies suggest
that although CHOP is identified originally as a repressive
member of the C/EBP family of transcription factors (Ron and
Habener, 1992), it is capable of either transcriptional repression
or activation, depending on the context (Oyadomari and Mori,
2004). Further studies need to be done to elucidate this point.

CONCLUDING REMARKS

Gene duplication contributes to the evolution of living creatures
by expanding DNA information. Escherichia coli is equipped with
two forms of DGK (Van Horn and Sanders, 2012; Jennings et al.,
2015) whereas mammalian cells contain at least 10 isozymes. In
the course of evolution, one branch of the diversifiedDGKsmight
have gained substrate specificity toward arachidonate-containing
DG. Of DGs, arachidonoyl DG is phosphorylated selectively
by arachidonoyl DGK to produce corresponding PA, which
is further incorporated into inositol phospholipids. Multiple
steps of this process are expected to enrich arachidonate in PI

(Glomset, 1996). Because PIP2 is a major substrate for PLC, its
enzymatic action results in the production of arachidonoyl DG.
Functional implication of arachidonoyl DGK is suggested by an
experimental seizure model at the organismal level. It reveals
that DGKε-KO mice show lower degradation of brain PIP2 and
lower accumulation of arachidonoyl-DG and free arachidonate
although resting levels of PIP and PIP2 are similar between wild-
type and DGKε-KO mice brains (Rodriguez de Turco et al.,
2001). These findings suggest that DGKε is clearly involved in
recycling PI metabolism presumably through the enrichment
of arachidonate moiety. Therefore, DGKε downregulation may
lead to a slowdown of PI turnover, thereby downregulating
various membrane functions. In addition, it is particularly
noteworthy that arachidonoyl DG also represents a substrate
for another enzyme DG lipase, which cleaves sn-1-acyl chain
to produce 2-arachidonoyl glycerol (Maejima et al., 2005).

Because 2-arachidonoyl glycerol serves as an endocannabinoid
for retrograde synaptic transmission, arachidonoyl DG is located
at the crossroad of the two signaling cascades: DG-PA and DG-
2AG pathways directed respectively by DGK and DG lipase. The
mechanisms for how these signaling pathways are coordinated in
parallel are just beginning to be explored.
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Diacylglycerol kinases (DGKs) are a family of enzymes that catalyze the ATP-dependent

phosphorylation of diacylglycerol (DAG) to phosphatidic acid (PtdOH). The recognition of

the importance of these enzymes has been increasing ever since it was determined that

they played a role in the phosphatidylinositol (PtdIns) cycle and a number of excellent

reviews have already been written [(see van Blitterswijk and Houssa, 2000; Kanoh et al.,

2002; Mérida et al., 2008; Tu-Sekine and Raben, 2009, 2011; Shulga et al., 2011;

Tu-Sekine et al., 2013) among others]. We now know there are tenmammalian DGKs that

are organized into five classes. DGK-θ is the lone member of the Type V class of DGKs

and remains as one of the least studied. This review focuses on our current understanding

of the structure, enzymology, regulation, and physiological roles of this DGK and suggests

some future areas of research to understand this DGK isoform.

Keywords: diacylglycerol kinase, phosphatidic acid, regulation, synaptic vesicle cycle, interfacial enzymology

STRUCTURE

Arguably, our lack of knowledge about the three dimensional structure of mammalian DGKs
remains as one of our most difficult challenges. Currently, our knowledge of the structural features
of DGKs is essentially limited to the primary sequence of these enzymes (Figure 1). As noted in
many excellent reviews (for example, see van Blitterswijk and Houssa, 2000; Kanoh et al., 2002;
Mérida et al., 2008; Shulga et al., 2011) DGK-θ’s major distinguishing feature in this regard is
that it possess three, instead of two, C1 domains. Like other DGKs, the C1 domains of DGK-θ
is homologous to PKC C1A and C1C domains with an extended region closest to the presumed
catalytic domain near the C terminus. Despite the temptation to assume these domains bind
DAG, their precise role remains unclear. Such caution is supported by the observation that the
C1 domains of DGK-θ does not bind phorbol esters (Shindo et al., 2003). Further, the structural
studies of Hurley and colleagues showed clear differences between these domains and those found
in PKCs (Hurley et al., 1997). As suggested previously (Shulga et al., 2011), these data suggest that
these DGK-θ domains may bind other lipids or participate in protein-protein interactions. Such a
notion is supported by the evidence showing the C1 domain of another DGK, DGKζ, mediates the
interactions with β-arrestins (Nelson et al., 2007) and Rac1 (Yakubchyk et al., 2005). We should
note, that there is some evidence that this domain may be involved in membrane association in
response to activation of some G-protein coupled receptors (van Baal et al., 2005).

Another feature of DGK-θ is the presence of a sequence with homology to Ras binding domains
which is termed the Ras-Association (RA) domain (Houssa et al., 1997). It is important to note,
however, that an in silico analyses based on binding energies predicts that the RA domain of DGK-θ
probably does not bind Ras (Kiel et al., 2005). It is interesting, in this regard, that DGK-θ has been
shown to bind a different small GTPase, active (GTP-bound) RhoA, and this association inhibits
the kinase activity (Houssa et al., 1997). As with the C1 domains, however, it is not clear that RhoA

46
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FIGURE 1 | Linear domain structure of DGK-θ.

binds specifically to this domain either and it is equally unclear
as to whether RhoA is a regulator under various physiological
conditions (see Regulation below).

Another major distinguishing feature of DGK-θ is the
presence of a proline/glycine-rich region near its N-terminus. It
is interesting to speculate that this region, may bind to proteins
containing an SH3 domain given the presence of a pXPXXPmotif
(Yu et al., 1994). Further, a splice form of DGKδ, DGKδ2, also
contains a proline-rich domain which is believed to play a role
in regulating its membrane association in response to certain
stimuli (Takeuchi et al., 2012). While these data are interesting,
the precise role for the proline/glycine-rich domain in DGK-θ has
not been fully examined.

The above clearly highlights the need for a greater
understanding of the structural features of DGK-θ as well as other
DGKs. Much of our structural understanding of these enzymes
comes from studies of two prokaryotic DGKs. The first is a
DGK found in the gram-negative organism Escherichia coli. This
enzyme is different from the mammalian enzymes in that in
contains three membrane spanning domains and functions as a
trimer (see Van Horn and Sanders, 2012). Another DGK, found
in gram-positive organisms such as Staphylococcus aureus, is a
soluble enzyme with 15–18% homology to human DGKs (Miller
et al., 2008). The structural studies of this enzyme showed the
active site appears to form at a homodimer interface. Further,
the data suggest a putative DAG substrate recognition loop that
may provide an important difference between DGKs and related
enzymes such as YegS and NAD kinases that are not bona fide
DGKs (Bakali et al., 2007; Nichols et al., 2007; see Miller et al.,
2008). Importantly, there is a clear need for clear structural
studies on eukaryotic enzymes to determine not only the catalytic
site, but also the structure of likely regulatory domains, such
as the N-terminus, which are not present in the prokaryotic
enzymes.

Progress in understanding the structure of eukaryotic DGKs
including DGK-θ has been hampered by our inability to purify
a sufficient amount of enzyme in a uniform, monodisperse
solution that would be amenable to classic methodologies such
as NMR and X-ray crystallography. So far, only the SAM (sterile
alpha motif) domain of DGKδ1 has been determined by x-ray
crystallography at a resolution of 2.9 angstrom (Harada et al.,
2008). This study indicated that oligomerization of the SAM
domain in a head to tail orientation leads to the cytosolic

sequestration, and inhibition, of this enzyme. In addition to this
structure, a solution structure of the C1 domain of DGKδ1, and
although a structure of DGKα has been deposited in a structure
database, it has not yet been published. We are clearly in need
of new and creative approaches to determine the structure of
DGK-θ and other DGK isoforms.

ENZYMOLOGY

DGK-θ belongs to a class of enzymes referred to as interfacial
enzymes. These enzymes are generally soluble and have at
least one insoluble substrate that is present in membranes or
lipid aggregates. As a result, the enzymology of these enzymes,
including DGK-θ, cannot be approached as is done for soluble
enzymes with soluble substrates. Binding to membranes is often
independent of catalysis and enzyme and substrate approach each
other via diffusion within a membrane or lipid aggregate. Further
complicating the analyses is the amount of time the enzyme
resides on the interface, i.e., the enzyme’s processivity, which may
vary with the composition or architecture of the interface. We
recently published a protocol (Tu-Sekine and Raben, submitted)
that outlines an approach to the enzymology of these enzymes.

Analyses of DGK-θ present in cytosolic lysates illuminated
two interesting aspects of its regulation (Tu-Sekine et al., 2006,
2007; Tu-Sekine and Raben, 2010). First, the enzyme is sensitive
to both the bulk as well as surface concentration of the DAG
substrate (Tu-Sekine et al., 2007). Second, the apparent Km
(Km(app)) of the enzyme in these lysates was dependent on
prior treatment of the cells. When DGK-θ was overexpressed in
fibroblasts, the Km(app) of the enzyme for diacylglycerol (DAG)
was increased in lysates obtained from mitogen-induced cells.
The Km(app) then decreased with increasing bulk concentration
of DAG. Additionally, the apparent Vmax (Vmax(app)) was
increased in response to increases in the product, PtdOH (Tu-
Sekine et al., 2007). It is noteworthy that the activation of DGK-
θ in response to PtdOH occurs at 6-fold lower surface and
bulk concentrations of DAG than observed when the activation
occurs in response to phosphatidyserine (PtdSer). Importantly,
the significant changes in the KM and Vmax values were observed
only when physiological levels of both PtdOH and PtdSer were
reached (Tu-Sekine et al., 2007).
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To fully understand the enzymology, studies must be
conducted on purified enzymes. One of the surprising discoveries
when isolated DGK-θ was analyzed was that the enzyme is not
fully active when purified. Full activity was observed when the
purified enzyme was assayed in the presence of proteins rich in
polybasic residues. In the presence of such polybasic cofactors,
which directly interact with the enzyme, the apparent K(m) of
the enzyme for DAG at the membrane surface (K(m)((surf)))
was decreased These cofactors also decreased the Km for ATP.
Furthermore, the cofactors synergistically increase the activity
10- to 30-fold in the presence of acidic phospholipids which were
known to enhance enzyme activity (below).

There has been considerable interest in gaining a complete
understanding of the enzymology and catalytic mechanism
of DGK-θ and related kinases. In 2002, an interesting
review appeared that highlighted the possibility that the
similarity in phosphate-donor-binding sites may lead to a
similar phosphorylation mechanism for four enzymes; DGKs,
sphingosine kinases, NAD kinases, and phosphofructo-6-
kinase (Labesse et al., 2002). Clearly, a confirmation of this
hypothesisfor DGKs requires a comprehensive understanding of
their structures. For example, it is possible that DGK-θ and other
DGKs, act as a dimer similar to that suggested for DGKB in
Staphylococcus aureus (Miller et al., 2008). Indeed, this may be
a common paradigm for lipid kinases as another lipid kinase,
sphingosine kinase 1, has also been suggested to function as a
dimer (see Adams et al., 2016). As with enzymes in general, a
complete understanding of DGK-θ’s enzymology and catalytic
mechanism will also provide critical information for the design
of specific DGK-θ inhibitors.

REGULATION

As noted above, DGK-θ is very sensitive to the bulk and surface
concentration of the DAG substrate. This provides a mechanism
for regulating the enzyme in response to increases in DAG that
accompany many signaling pathways. Additionally, as noted,
DGK-θ activity is increased in response to PtdSer as well as
PtdOH. Taken together, the data suggest that when DAG is
generated in a signaling pathway, the Km(app) decreases and as
the DAG concentration and PtdOH concentrations increase, the
enzyme becomes more efficient. This could help explain the very
transient nature of DAG increases in signaling pathways.

In addition to variations in membrane lipids, there are
strong data supporting a role for protein-protein interactions
that regulate DGK-θ activity. In 1999, Houssa et al. reported
that activated (GTP-bound) RhoA associated with DGK-θ and
inhibited its activity. Consistent with these data, Nurrish and
colleagues have provided some fascinating data showing the
homolog of DGK-θ in C. elegans, DGK-1, is regulated by
RhoA and to modulate acetylcholine release at neuromuscular
junctions (Nurrish et al., 1999; McMullan et al., 2006). As
indicated above, there is a Ras-associating (RA) domain within
the PH domain of DGK-θ and it has been tempting to speculate
that this region was responsible for RhoA binding. Los et al.,
however, showed that RhoA bound to the C-terminal portion

of the catalytic domain although they did not completely rule
out another interaction with the RA domain (Los et al., 2004).
While the precise RhoA binding regions have not been fully
identified, a potential important role for these interactions is
given support from the observations that other DGKs may show
similar associations. For example, Tolias et al. presented evidence
that a DGK associated with Rac1 (Tolias et al., 1998). This
enzyme, however, is unlikely to be DGK-θ as another study
showed DGK-θ does not associate with Rac1 or cdc42 (Houssa
et al., 1999).

The role of phosphorylation in regulating DGK-θ is unclear.
Using lysates of Cos-7 cells, PKC-ε has been shown to
phosphorylate DGK-θ in vitro and studies using A431 cells
suggested that this phosphorylation may promote membrane
association (van Baal et al., 2005). Akt has also been shown to
associate with and stimulate DGK-θ catalytic activity. Consistent
with this, PI-3 kinase regulates the translocation and activation
of DGK-θ in rat mesenteric arteries although, importantly, the
mechanism of this regulation is unclear and may not involve
DGK-θ phosphorylation (Walker et al., 2001; Clarke et al., 2007).
Additional studies are clearly required to define the precise role of
DGK-θ phosphorylation in membrane association and catalytic
activation.

As indicated above, full activation of DGK-θ requires an
acidic phospholipid and a polybasic cofactor. Additional analyses
showed that while the acidic phospholipids recruit polybasic
cofactors to the surface of artificial membranes, they do not
affect the membrane association of DGK-θ suggesting interfacial
association and catalytic activity are independently regulated.
The data provide support for a model (Figure 2) in which DGK-θ
exists as an auto-inhibited enzyme and that full interfacial activity
requires a triad of enzyme, acidic lipid, and basic protein (Tu-
Sekine et al., 2007). The enzyme is also likely to be modulated
by the presence of RhoA or another small GTPase under
physiological conditions. Importantly, the polybasic protein that
represents the physiological regulator of DGK-θ in various
tissues has/have not been identified and represents an important
challenge in the field.

PHYSIOLOGICAL ROLES

Regulation of Gene Expression
DGK-θ shows a broad tissue distribution with a regulated
expression profile (Ohanian and Ohanian, 2001; Topham, 2006;
Ueda et al., 2013). These studies has shown it is present in
various tissues that include brain, intestine, liver, kidney, and
small arteries and our understanding of its physiological roles
are beginning to emerge. One of the physiological roles identified
for DGK-θ was as a modulator of gene expression (Li et al.,
2007). Consistent with this, DGK-θ has been found to localize
in the nucleus in some cells (Bregoli et al., 2001, 2002; Tabellini
et al., 2003, 2004). In two immortalized neuronal cell lines (PC-12
and N2a) the enzyme has been found in speckle domains of the
nucleus within a subpopulation of cells (Tabellini et al., 2003).
As speckle domains are known to contain splicing factors, these
data suggest that DGK-θ may play a role in RNA processing.
In support of this notion, NGF (nerve growth factor) induces
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FIGURE 2 | Proposed model for DGK-θ membrane association and activation. In this model, DGK-θ exists in an auto-inhibited state which can bind to

membranes in the presence or absence of a protein activator containing a polybasic region. Following membrane binding, full activation is achieved when a triad

complex forms composed of enzyme, polybasic protein, and phospholipid activator.

an increase in the level and activity of DGK-θ in the nucleus
(Tabellini et al., 2003). Some of the most compelling evidence
supporting a role for DGK-θ in modulating gene expression has
been provided by Sewer and colleagues (Li et al., 2007; Cai and
Sewer, 2013; Cai et al., 2014). They show DGK-θ plays a role
in the activation of the nuclear receptor steroidogenic factor 1
(SF-1). Knock down of DGK-θ, but not DGK-ζ, or expression
of a kinase-dead mutant of DGK-θ abrogated agonist-induced
expression of SF-1-mediated genes (Li et al., 2007). This presents
another exciting area for future investigations to illuminate the
role of DGK-θ-mediated nuclear PtdOH production.

Regulation of Synaptic Cycling and
Neurotransmission
Nine of the ten known mammalian DGKs are expressed in
neurons (see Tu-Sekine and Raben, 2011; Ishisaka and Hara,
2014). This isoform has been shown to be expressed throughout
the brain with the strongest expression found in the hippocampus
and cerebellar cortex (Houssa et al., 1997; Tu-Sekine and Raben,
2011; Ueda et al., 2013; Ishisaka and Hara, 2014). Recently,
interest in the roles and regulation of DGKs in the mammalian
central nervous system (CNS) has grown (Tu-Sekine and Raben,
2011; Ishisaka andHara, 2014). However, as all ten DGK isoforms
are abundant in this tissue, determination of unique cellular
functions for each DGK isoform has been difficult. DGK-θ is

expressed early during brain during development (Ueda et al.,
2013) and subsequently maintained through adulthood where it
has been detected in the adult nervous system (Houssa et al.,
1997; Tu-Sekine and Raben, 2011; Ueda et al., 2013; Goldschmidt
et al., 2016). Initial studies implicating a role for DGK-θ in
synapse function came from elegant work on the C. elegans
homolog of DGK-θ, DGK-1 (Nurrish et al., 1999;McMullan et al.,
2006). Nurrish et al. showed that loss-of-function mutations in
DGK-1 potentiated acetylcholine at neuromuscular junctions.
This increase appears to be due to hyper-stimulation of the DAG-
binding vesicle-priming protein unc-13 (Nurrish et al., 1999;
Miller et al., 1999; and see Kanoh et al., 2002; Mérida et al.,
2008). Based on these data, we speculated DGK-θ might regulate
a similar function at mammalian central synapses (Goldschmidt
et al., 2016). We found DGK-θ localized to excitatory synapses
where its kinase activity promotes retrieval of synaptic vesicles
following neuronal activity. Acute depletion of DGK-θ using
shRNAs or significantly impaired the recycling kinetics of SVs.
The same effect was observed in neurons derived from mice in
which DGK-θ was genetically ablated although the mice were
overtly normal. Importantly, the SV defect could only be rescued
expression of enzymatically active DGK-θ, but not a kinase-dead
enzyme. The data presented not only establish a role for DGK-θ
kinase activity in SV cycling, but further analyses showed DGK-θ
is likely to be important for synaptic transmission when sustained
neuronal activity is required (Goldschmidt et al., 2016).
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Pathophysiological Roles
At the present time, there is very little data regarding the
pathophysiological role of DGK-θ. As noted earlier, this enzyme
has been shown to be regulated in mesenteric arteries. The
data suggests that this enzyme may play a role in regulating
blood pressure in response to noradrenalin but not angiotensin
II (Walker et al., 2001; Clarke et al., 2007). Clearly, this
could have important implications for treating hypertension
or pathophysiological conditions in which hypertension is a
complicating factor. Other data suggest that RhoA-mediated
inhibition of DGK-θ mediates ischemia/reperfusion injury in
liver by allowing for the elevation of DAG (Baldanzi et al.,
2010). Given the potential role for DGK-θ in modulating SF1
(above), it is tempting to speculate that this enzyme may play
a role in diseases associated with this transcription factor (El-
Khairi and Achermann, 2012). Our recent studies suggest that
DGK-θ may play a critical role during sustained or intense
neuronal stimulation (Goldschmidt et al., 2016) and therefore,
may play a key role in modulating seizures. Taken together,
while there are intriguing data regarding the physiologivcal and
pathophysiological roles of DGK-θ additional studies are clearly
needed.

FUTURE DIRECTIONS

While we have learned quite a bit about DGK-θ, there
is clearly much more to be discovered. Understanding the

structure of DGK-θ will provide essential insights into its

catalytic mechanism and regulation. Developing new strategies
to elucidate the structure of this enzyme, and identification
of physiologically relevant polybasic regulators will be key in
our understanding of this enzyme. Such data will be critical
in our efforts to develop specific inhibitors for this isozyme
which are at present not available. The importance of such
inhibitors will be highlighted as we learn more about the
various physiological roles of DGK-θ. For example, if DGK-θ
is indeed critical during intense neuronal stimulation, a specific
inhibitor may be useful in the treatment pathophysiological
conditions in which such stimulation plays an important
role (e.g., epilepsy). Conversely, the enzyme may play a role
under physiological conditions where rapid SV cycling is
essential such as ribbon synapses of some sensory neurons.
The future of research on DGK-θ promises to be exciting and
impactful.
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Diacylglycerol kinases (DGKs) are a family of enzymes that regulate the relative levels

of diacylglycerol (DAG) and phosphatidic acid (PA) in cells by phosphorylating DAG to

produce PA. Both DAG and PA are important second messengers cascading T cell

receptor (TCR) signal by recruiting multiple effector molecules, such as RasGRP1, PKCθ,

and mTOR. Studies have revealed important physiological functions of DGKs in the

regulation of receptor signaling and the development and activation of immune cells. In

this review, we will focus on recent progresses in our understanding of two DGK isoforms,

α and ζ, in CD8 T effector and memory cell differentiation, regulatory T cell development

and function, and invariant NKT cell development and effector lineage differentiation.

Keywords: diacylglycerol kinase, regulatory T cells, invariant NKT cells

INTRODUCTION

Diacylglycerol (DAG) and phosphatidic acid (PA) are two key lipid second messengers that
facilitate efficient receptor-mediated signaling in immune cells along with many other cells. They
regulate numerous intracellular signaling molecules to control cell differentiation, proliferation,
survival, and function. Following T cell receptor (TCR) engagement, DAG is produced through
the activation of Phospholipase Cγ1 (PLCγ1), which hydrolyzes membrane phosphatidylinositol
bisphosphate (PIP2) to DAG and inositol trisphosphate (IP3). DAG, together with other signal
events, recruits downstream effector molecules to the membrane through their C1 domains and
allosterically activates these effectors, with protein kinase Cθ (PKCθ), Ras guanyl–releasing protein
1 (RasGRP1), protein kinase D (PKD), Munc13s, and chimaerins being important for T cell
development and/or function (Krishna and Zhong, 2013a; Merida et al., 2015).

DAG plays an important role in recruiting PKCθ to the plasma membrane and immune synapse
in T cells (Diaz-Flores et al., 2003; Carrasco and Merida, 2004). The activation of PKCθ leads to
TCR-mediated NF-κB and mammalian/mechanistic target of rapamycin complex 1 (mTORC1)
activation in T cells (Sun et al., 2000; Isakov and Altman, 2002; Hamilton et al., 2014), which
affects key processes, including T cell activation and survival (Manicassamy et al., 2006; Hayashi
and Altman, 2007), IL-2 production (Werlen et al., 1998), TH2 responses (Cannons et al., 2004;
Marsland et al., 2004), TH17 responses (Kwon et al., 2012), invariant NKT (iNKT) cell development
and activation (Schmidt-Supprian et al., 2004; Fang et al., 2012), and Treg development (Gupta
et al., 2008; Barnes et al., 2009; Medoff et al., 2009).

Ras guanyl–releasing protein 1 (RasGRP1) is another downstream molecule that is recruited
to the cytoplasm membrane by DAG (Jones et al., 2002; Carrasco and Merida, 2004). RasGRP1

52
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promotes activation of Ras by exchanging GDP for GTP, leading
to the activation of the RAF1-MEK1/2-ERK1/2 pathway (Ebinu
et al., 1998; Dower et al., 2000; Roose et al., 2005). Additionally,
RasGRP1-Ras-Erk1/2 pathway functions upstream for TCR-
induced mTORC1, mTORC2, and PI3K activation in T cells
(Gorentla et al., 2011). RasGRP1 plays an essential role in
conventional αβ T cell development (Dower et al., 2000; Fuller
et al., 2012), particularly for the selection of thymocytes that
express weak TCR signals (Priatel et al., 2002) and for early iNKT
cell development (Shen et al., 2011a). While RasGRP1 appears
dispensable for overall γδT cell development, it ensures IL-17
expressing γδT17 lineage differentiation and TCR-induced γδT
cell activation (Chen et al., 2012). More recently, it was also
found that RasGRP1, together with RasGRP3, promotes early
thymic precursor generation (Golec et al., 2016). Additionally,
RasGRP1may play a role in promoting antigen-induced CD8 cell
expansion by lowering the threshold of T cell activation (Priatel
et al., 2010).

PKDs are recruited by both DAG and DAG-activated PKCs.
Upon stimulation, inactive PKDs translocate from the cytosol
to the plasma membrane in response to membrane DAG
production, where they are then activated by novel PKCs
(Rozengurt et al., 2005; Spitaler et al., 2006). PKDs have been
shown to exert different effects on VDJ recombination at
the TCRβ locus and on CD4 and CD8 expression during T
cell development based on their localization at the cytosol or
plasma membrane (Marklund et al., 2003; Spitaler et al., 2006).
Additionally, PKD2 acts as a sensitive digital amplifier of TCR
engagement, enabling CD8 T cells to match the production
of inflammatory cytokines to the quality and quantity of TCR
ligands (Navarro et al., 2014).

Munc13 proteins are mammalian homologs of the C. elegans
Unc13, which are important for neurotransmitter secretion
(Brose and Rosenmund, 2002). Munc13-1, Munc13-2, and
Munc13-3 isoforms bind to DAG with high affinity. The
Munc13-4 isoform lacks a C1 domain (Koch et al., 2000;
Shirakawa et al., 2004), but it is involved in granule maturation
and exocytosis in NK cells and cytotoxic T lymphocytes (CTLs)
(Feldmann et al., 2003; Menager et al., 2007), phagosomal
maturation, and the killing of intracellular bacteria in neutrophils
(Johnson et al., 2011; Monfregola et al., 2012). Deficiency
of Munc13-4 causes primary immune deficiency in patients
(Feldmann et al., 2003; Cichocki et al., 2014).

Chimaerins possess Rac-specific GTPase Activating Protein
(GAP) activity (Caloca et al., 1999; Yang and Kazanietz, 2007).
Chimaerin isoforms α2 and β2 are expressed at different levels
in T cells and have been shown to translocate to the immune
synapse and to both participate in TCR signaling and receive
regulation from it (Caloca et al., 2008; Siliceo and Merida, 2009).
Chimaerins have been found to inhibit TCR-mediated NFAT
activation and DAG-dependent actin polymerization to regulate
T cell adhesion and chemotaxis (Siliceo et al., 2006).

Phosphatidic acid (PA) is produced both by the activity of
DAG kinases (DGKs) and by the phospholipase D (PLD) family
of enzymes in T cells. DGKs phosphorylate DAG to convert it
to PA, while PLDs mediate the hydrolysis of phosphatidylcholine
(Jenkins and Frohman, 2005; Zhong et al., 2008). The removal

of PA is mediated by lipins, which can turn off PA-mediated
signaling through dephosphorylation, and they have been shown
to regulate mast cell function in the immune system (Csaki
and Reue, 2010; Shin et al., 2013b). Intracellular levels of PA
change dynamically in response to environmental stimuli (Wang
et al., 2006). The downstream effector molecules of PA include
a multitude of kinases, such as mTOR (Chen and Fang, 2002),
phosphatidylinositol-4-phosphate 5-kinase (PIP5K) (Galandrini
et al., 2005; Jarquin-Pardo et al., 2007; Micucci et al., 2008;
Cockcroft, 2009; Yoon et al., 2011), spingosine kinase (SPHK
½), RAF1 (Ghosh et al., 1996; Shome et al., 1997; Rizzo et al.,
1999, 2000; Andresen et al., 2002), and other molecules, such
as Src homology region 2 domain-containing phosphatase 1
(SHP1) (Frank et al., 1999), kinase suppressor of Ras 1 (KSR1,
a scaffolding protein that interacts with several components of
the Raf-MEK-ERK cascade) (Morrison, 2001; Kraft et al., 2008),
and Sos, another guanine nucleotide exchange factor for Ras
activation (Zhao et al., 2007). Both PLD and DGK-derived PA
has been shown to directly activate mTOR in non-T cells (Chen
and Fang, 2002; Avila-Flores et al., 2005). In these cells, PA can
also activate mTOR indirectly via ERK (Winter et al., 2010), but
such a mechanism has not been examined in T cells. In T cells,
DGKα and ζ mainly inhibit TCR-induced mTOR signaling by
negative control of DAG-mediated RasGRP1 and likely PKCθ

activation (Gorentla et al., 2011; Hamilton et al., 2014). However,
DGK-derived PA has been shown to promote T cell maturation
in the thymus (Guo et al., 2008) and to regulate innate immune
responses (Liu et al., 2007). Future studies should determine
the direct downstream of the effector(s) of PA that mediate its
functions in these immune cells.

The diverse and important functions of DAG—and
PA-mediated signaling suggest their levels must be tightly
controlled temporally and spatially. DGKs switch from DAG-
mediated signals to PA-mediated signals to dynamically regulate
downstream pathways in response to the engagement of the
TCR and many other receptors (Merida et al., 2008; Cai et al.,
2009; Zhong et al., 2011). In mammals, there are ten DGK
isoforms encoded by different genes, some of which also contain
splicing variants, adding complexity to this family of enzymes.
All DGKs contain a kinase domain and at least two cysteine-rich
C1 domains but differ in the homology of their other structural
domains as well as their interaction with other biomolecules.
Based on their structural distinction and homology, DGKs are
classified into five types that may differ in subcellular localization,
function, and regulation. The existence of multiple isoforms
poses a significant challenge in studying the physiological roles of
any specific isoforms in cellular development and functions due
to functional redundancies, a fact demonstrated in conventional
αβ T cell and iNKT cell development in mice deficient in both
DGKα and DGKζ (Guo et al., 2008; Shen et al., 2011b). Of these
ten isoforms, DGKα and DGKζ as well as DGKδ are the major
isoforms expressed in T cells (Zhong et al., 2002; Olenchock
et al., 2006a; Sakane et al., 2007). Both DGKα and ζ have been
found to regulate multiple signaling pathways downstream from
the TCR (Zhong et al., 2002, 2003; Sanjuan et al., 2003; Baldanzi
et al., 2011; Gharbi et al., 2011; Gorentla et al., 2011), such as the
RasGRP1-Ras-Erk1/2 pathway, the PKCθ-IKK-NFκB pathway,
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mTOR signaling (Gorentla et al., 2011), and MAP kinase-
interacting serine/threonine kinase (Mnk) 1 and 2 signaling
(Gorentla et al., 2013). They control T cell development (Outram
et al., 2002; Guo et al., 2008; Almena et al., 2013), activation
and anergy (Zhong et al., 2003; Olenchock et al., 2006a; Zha
et al., 2006; Baldanzi et al., 2011), survival (Baldanzi et al., 2011;
Ruffo et al., 2016), secretion (Alonso et al., 2007, 2011; Chauveau
et al., 2014), and effector function (Shin et al., 2012; Yang et al.,
2016b). Besides T cells, DGKζ also regulates the development,
survival, and function of mast cells (Olenchock et al., 2006b),
B cells (Wheeler et al., 2013), dendritic cells and macrophages
(Liu et al., 2007), osteoclasts (Zamani et al., 2015), and NK cells
(Yang et al., 2016a). Extensive reviews about DGKs in immune
cells have been published recently (Merida et al., 2008, 2015;
Zhong et al., 2008; Krishna and Zhong, 2013b). Here, we will
focus on recent literature concerning DGKs in T cell tolerance,
iNKT cell development and function, and CD8 T cell-mediated
antimicrobial and antitumor immunity.

DGKα AND DGKζ IN T CELL TOLERANCE

Clonal deletion of highly self-reactive T cells in the thymic
medulla, generation of properly functioning regulatory T cells
(Treg), and T cell anergy are among the most important
mechanisms of T cell tolerance that prevent autoimmune diseases
(Metzger and Anderson, 2011; Xing and Hogquist, 2012).
Although DGKα and ζ synergistically promote T cell maturation
from the CD4+CD8+ double positive (DP) to the CD4+CD8−

or CD4−CD8+ single positive (SP) stage, no direct evidence has
implicated DGKα and ζ in interference with negative selection in
establishing central tolerance (Guo et al., 2008).

Regulatory T cells generated in the thymus (tTregs)
dominantly suppress T cells and other immune cells to prevent
autoimmune diseases. However, they also negatively regulate
antitumor and antipathogen immune responses. tTregs are
derived from CD4 SP thymocytes in the thymic medulla after
relatively strong but transient TCR-MHC/peptide engagement
and signaling (Mahmud et al., 2014; Li and Rudensky, 2016).
They express Foxp3, a key transcription factor that is critical for
their development, maintenance, and function. TCR signaling
is not only essential for tTreg generation but also required for
tTreg homeostasis and function (Kim et al., 2009; Delpoux et al.,
2014; Levine et al., 2014; Vahl et al., 2014). Multiple DAG-
mediated signaling pathways are involved in tTreg development
and function, indicated by the impaired tTreg development and
function in mice deficient in either RasGRP1-Ras or PKCθ-
IKK-NFκB signaling. Both NFκB and AP1 are involved in
transcriptional activation of Foxp3 expression and possibly in
regulating other tTreg properties (Schmidt-Supprian et al., 2004;
Willoughby et al., 2007; Chen et al., 2008; Gupta et al., 2008;
Barnes et al., 2009; Medoff et al., 2009). Both the percentage
and number of tTregs in the CD4+ population are increased
in DGKζ-deficient (but not DGKα-deficient) thymocytes and
splenocytes, compared to wild-type (WT) controls (Table 1).
Additionally, Foxp3−CD25+ cells within the CD4 SP thymocytes
are increased in a DGKζ-deficient thymus, suggesting that DGKζ

negatively controls early tTreg development. The inhibitory effect
of DGKζ on tTreg development is found to be dependent on
its negative control of the NFκB/c-Rel and RasGRP1-Ras-Erk
pathways (Joshi et al., 2013; Schmidt et al., 2013). Of note are
reports that DGKα and ζ manifest differential effects on TNFα-
induced NFκB activation in tumor cells and fibroblasts, with
DGKα positively regulating PKCζ-mediated p65/RelA at serine
311 residue (Yanagisawa et al., 2007; Kai et al., 2009), while
DGKζ inhibits TNFα-induced NFκB activation via decreasing
NFkB phosphorylation at Ser468/536, its nuclear localization,
and its association with CBP (Tsuchiya et al., 2015). It would be
interesting to investigate whether such mechanisms also operate
in T cells or downstream of TCR to contribute to DGKα and
ζ function in tTreg differentiation. It also remains unclear if
DGKα and ζ act redundantly or synergistically to control Treg
differentiation and function.

T cell anergy is a form of peripheral tolerance whereby
T cells that recognize self-antigens in the absence of co-
stimulatory signals are rendered functionally inactive (Schwartz,
2003; Powell, 2006; Fathman and Lineberry, 2007; Chappert and
Schwartz, 2010; Kalekar et al., 2016). In anergic T cells, DAG-
mediated signaling, including Ras/Erk1/2, NFκB, and mTOR
activation, is diminished, while Ca++-mediated signaling and
NFAT are selectively elevated or unhindered (Powell, 2006;
Chappert and Schwartz, 2010; Xie et al., 2012; Figure 1). Both
DGKα and ζ are expressed at higher levels in anergic T cells
than in activated T cells (Macian et al., 2002; Olenchock et al.,
2006a; Zha et al., 2006). Deficiency of either DGKα or ζ or
inhibition of DGK activity contributes T cell resistance to anergic
induction (Olenchock et al., 2006a; Zha et al., 2006), while
overexpression of DGKα promotes T cell anergy (Zha et al.,
2006). Because DAG and IP3 are produced at an equimolar
ratio by PLCγ1 from PIP2, the elevated DGKα and ζ expression
in anergic T cells may shift the equilibrium of IP3 and DAG
toward the predominance of IP3-Ca++-NFAT signaling over
DAG signaling and subsequent AP1 induction. NFAT forms
a NFAT/AP1 dimer to promote T cell activation, but it also
functions as a monomer to induce transcription of anergy-
promoting molecules, such as Cbl-b and TRAIL (Macian et al.,
2002; Wu et al., 2006). It is postulated that elevated DGK activity
may lead to NFAT monomer predominance over NFAT/AP1
dimer for anergy induction (Zhong et al., 2008; Krishna and
Zhong, 2013a), although experimental evidence has not yet been
presented.

An important issue is how DGKα and ζ expression is
regulated. The transcription factor early growth response gene 2
(Egr2) is upregulated in anergic T cells and plays an important
role in T cell anergy (Zheng et al., 2012). It binds directly
to both Dgka and Dgkz promoters to increase the expression
of these genes as well as several other anergy-promoting
genes (Zheng et al., 2012, 2013). Another transcription factor,
Foxo1, also directly promotes Dgka transcription (Martinez-
Moreno et al., 2012). Foxo1 function, which is regulated by
its subcellular localization between the cytosol and nuclei,
is sequestered in the cytosolic compartment following Akt-
mediated phosphorylation, which prevents it from association
with target genes. In naïve or unstimulated T cells, nuclear Foxo1
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TABLE 1 | Comparison of DGKα−/−, DGKζ−/−, and DGKα−/−ζ−/− mice.

DGKζ−/− DGKα−/− DGKα−/−ζ−/− References

T cell development Positive selection Not affected Not affected Severe decreases of CD4 SP

and CD8 SP thymocytes

Zhong et al., 2003;

Olenchock et al.,

2006a; Guo et al., 2008

Negative selection Not affected Not affected Not affected Guo et al., 2008

Regulatory T cell Foxp3−CD25+

CD4+SP thymocytes

Increased frequencies Increased but less obvious than

DGKζ
−/−

Not reported Joshi et al., 2013;

Schmidt et al., 2013

Foxp3+ Treg Increased in thymus and

spleen

Not increased Not reported Schmidt et al., 2013

Suppressive function

(in vitro)

Enhanced Not obviously changed Not reported Schmidt et al., 2015

iNKT cells iNKT cell numbers Not affected Not affected Severely decreased Shen et al., 2011b

iNKT17 cell Decreased in numbers due

to extrinsic mechanisms

Not reported Not reported Wu et al., 2013

CD8 T cells Primary responses to

pathogens

Enhanced expansion and

cytokine production in

response to LCMV

Less obvious expansion than

DGKζ
−/− but similar enhanced

cytokine production in response

to LCMV

Severely impaired in migration,

expansion, and cytokine

production in response to

LM-Ova

Zhong et al., 2003;

Shin et al., 2012; Yang

et al., 2016b

Memory responses Decreased formation;

impaired in expansion,

enhanced IFNγ and TNFα

production in recall

responses to LCMV

Decreased formation; impaired in

expansion (more severe than

DGKζ
−/−), enhanced IFNγ but

not TNFα production in recall

responses to LCMV

Impaired formation and

maintenance; Decreased

expansion but enhanced IFNγ

and TNFα production in recall

response to LM-Ova

Shin et al., 2012; Yang

et al., 2016b

Sensitivity to TGF-β Decreased Not reported Not reported Arumugam et al., 2015

Anti-tumor

immunity-OT1 T cells

Enhanced expansion and

effector function; Enhanced

tumor control

Not reported Not reported Riese et al., 2011, 2013

Anti-tumor

immunity-Meso-CAR T

cells

Enhanced effector function Enhanced effector function Stronger effector function than

DGKα or ζ single deficiency;

Better tumor control

Riese et al., 2013

activates Dgka expression. TCR engagement in the presence of
CD28 costimulation induces strong PI3K/Akt activation, which
may reduce nuclear Foxo1 and subsequent DGKα expression to
ensure full T cell activation and avoidance of anergy (Martinez-
Moreno et al., 2012). DGKζ expression has also been found
to be regulated by microRNA. Two conserved sequences that
match to the miR-34a seed sequence are located in the coding
region and 3′ untranslated region (3′ UTR) of Dgkz. miR-34a
expression is greatly upregulated in activated T cells. miR-34a
directly represses DGKζ expression through targeting both Dgkz
3′ UTR and the coding region to promote T cell activation (Shin
et al., 2013a).

DGKS IN INKT CELL DEVELOPMENT AND
FUNCTION

Invariant NKT (iNKT) cells express the invariant Vα14Jα18 TCR,
which recognizes lipid antigens presented by MHC class I-like
CD1d molecules (Kawano et al., 1997; Mendiratta et al., 1997;
Gapin et al., 2001). They are derived from a unique innate-
like lymphoid cell lineage and can rapidly respond to agonist
stimulation in both innate and adaptive immune responses via

production of cytokines, such as IL-4, IL-17, IL-10, IL-13, IFNγ,
and TNFα (Bendelac et al., 2007; Coquet et al., 2008; Godfrey
et al., 2010; Milpied et al., 2011; Brennan et al., 2013; Salio et al.,
2014). iNKT cells participate in host defense against microbial
infection, antitumor immunity, and many diseases, such as
allergies, asthma, graft-vs.-host disease, and obesity (Osman et al.,
2000; Terashima et al., 2008; Van Kaer et al., 2013; Berzins and
Ritchie, 2014).

Based on surface CD24, CD44, and NK1.1 expression,
iNKT cells are traditionally defined by four developmental
stages in the thymus: stage 0 (CD24+CD44−NK1.1−), stage 1
(CD24−CD44−NK1.1−), stage 2 (CD24−CD44+NK1.1−), and
stage 3 (CD24−CD44+NK1.1+) (Bendelac et al., 2007; Godfrey
et al., 2010; Figure 2). Recently, iNKT cells have also been defined
into multiple terminally differentiated effector lineages, such
as IFN-γ-producing iNKT1, IL-4-producing iNKT2, and IL-17-
producing iNKT17 lineage (Matsuda et al., 2006; Michel et al.,
2007, 2008). In addition, IL-10-producing iNKT10, T follicular
helper (Tfh)-like iNKT cells (iNKTFH), and regulatory T cell
(Treg)-like iNKT cells have also recently been described (Chang
et al., 2012; Tonti et al., 2012; Sag et al., 2014; Lynch et al., 2015;
Rampuria and Lang, 2015). iNKT1 and iNKT17 cells mostly
reside in the CD44+NK1.1+ and the CD44+NK1.1−ICOS+
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FIGURE 1 | DGKα and DGKζ in T cell activation and anergy. Engagement of the TCR in the presence of co-stimulation results in strong activation of the

PI3K-PDK1-Akt pathway (left panel). This pathway leads to mTORC2 signaling. Together with activation of the RasGRP1/Ras-Erk1/2 and PKCθ-CARMA1 pathways,

they leads to mTORC1 activation. mTORC2 also promotes Akt activation via phosphorylation. Activated Akt phosphorylates Foxo1, leading to it sequestration in the

cytosol and failure to activate DGKα transcription. In activated T cells, miR-34a is upregulated, which in turn downregulates DGKζ expression. Decreased DGKα and ζ

expression leads to strong DAG-mediated signaling including increases of AP-1 and NFκB activity. AP-1 associates with NFAT to promote T cell activation. At the

same time, AP-1 reduces monomeric NFAT to prevent it from inducing anergy promoting molecules. Strong DAG signaling together with IP3-CaN (calcineurin)-NFAT

signaling allows full activation of T cells. In contrast, engagement of TCR in the absence of co-stimulation decreases PI3K-Akt-mTOR signaling, leading to increased

nuclear Foxo1 and DGKα transcription (right panel). miR-34a mediated repression of DGKζ might also be lost under anergy inducing conditions. Increased DGKα

and ζ expression may lead to a skewed balance between IP3 and DAG toward strong or selective Ca++-NFAT signaling and induction of Egr1/2, which further induce

transcription of DGKα and DGKζ as well as other anergy promoting molecules. Selective IP3-Ca++-NFAT signaling in the presence of weak DAG-mediated signaling

induces T cells to enter an anergic state.

FIGURE 2 | Regulation of iNKT cell development by DGKα and DGKζ. CD4+CD8+ DP thymocytes expressing the iVα14TCR undergo positive selection to

become iNKT cells. RasGRP1/mTOR signaling is critical for generation of stage 0 iNKT cells. Constitutive DGKα inhibits iNKT generation possibly by inhibiting

RasGRP1/Erk1/2 activation. DGKα and ζ double deficiency or overactivation of IKKβ causes similar blockade of early iNKT cell development. Overactivation of

mTORC1 due to TSC1 deficiency leads to blockade of iNKT terminal maturation. DGKα and ζ double deficiency or expression of a constitutively active KRas also

results in impaired iNKT terminal maturation, correlated with elevated mTORC1 activation.
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populations, respectively (Watarai et al., 2012; Constantinides
and Bendelac, 2013; Lee et al., 2013; Wu et al., 2014b).

Both the RasGRP1-Ras-Erk1/2 and PKCθ-IKK-NFκB
pathways have been shown to play important roles in iNTK
cell development (Yang et al., 2015). Although it was initially
thought that Ras and Erk1/2 activation were dispensable for
iNKT cell ontogeny, two recent studies have provided evidence
that the RasGRP1-Ras-Mek1/2-Erk1/2 pathway is critical for
early iNKT cell development (Hu et al., 2011; Shen et al., 2011a).
In RasGRP1-deficient mice, stage 0 iNKT cells as well as total
iNKT cell count are significantly decreased, suggesting defective
positive selection (Shen et al., 2011a). In concordance with
these observations, mice expressing dominant negative Ras in
developing thymocytes demonstrated iNKT cell developmental
defects (Hu et al., 2011). The RasGRP1-Ras-Erk1/2 pathway
activates mTORC1 and mTORC2 signaling as well as Mnk1/2
in developing thymocytes (Gorentla et al., 2011, 2013). Both
mTORC1 and mTORC2, but not Mnk1/2, are important for early
iNKT cell development (Gorentla et al., 2013; Shin et al., 2014;
Wei et al., 2014; Zhang et al., 2014; Prevot et al., 2015), revealing
a RasGRP1-Ras-Erk1/2-mTOR signal cascade in iNKT cells for
their development. mTORC1, but not mTORC2, promotes PLZF
nuclear localization, which may ensure iNKT cell maturation
in stage 1 and differentiation to cytokine-producing cells (Shin
et al., 2014; Prevot et al., 2015). In iNKT cells, both the DAG
and the SLAM (signaling lymphocytic-activation molecule)-SAP
(SLAM adaptor protein)-FynT pathway are involved in PKCθ

and subsequent NFκB activation. The PKCθ -IKK-NFκB pathway
is essential in the ontogeny of iNKT cells, at least in part by
increasing expression of antiapoptotic proteins, such as Bcl-xL
(Elewaut et al., 2003; Sivakumar et al., 2003; Schmidt-Supprian
et al., 2004; Stanic et al., 2004; Chung et al., 2005; Nichols et al.,
2005; Pasquier et al., 2005; Griewank et al., 2007; Fang et al.,
2012), but it is independent of CARMA1 and Malt1 (Mucosa-
associated lymphoid tissue lymphoma translocation protein 1)
(Medoff et al., 2009). CARMA1 contributes to TCR-induced
mTORC1 activation in T cells (Hamilton et al., 2014). Given the
minimal requirement of CARMA1 for iNKT cell development,
it would be interesting to determine if TCR-induced mTORC1
activation in iNKT cells would be independent of CARMA1.

Emerging evidence demonstrates that tight regulation of
DAG-mediated signaling by DGK activity is critical for
the development of iNKT cells. Elevated DGKα activity
brought about by expressing a membrane-targeted caDGKα in
thymocytes under the control of the proximal Lck promoter
caused reduced Erk1/2 activation in thymocytes and a 50%
decrease of thymic iNKT cells (Almena et al., 2013). Germline
deletion of either DGKα or ζ did not significantly alter iNKT
cell numbers in mice. However, simultaneous ablation of both
enzymes resulted in a drastic decrease in the number of iNKT
cells in the thymus and in peripheral lymphoid organs (Shen
et al., 2011b), correlated with prolonged DAG accumulation,
elevated Ras-Erk1/2 and PKCθ-IKK signaling, and enhanced
activation of both mTORC1 and mTORC2 activities in DP
thymocytes (Guo et al., 2008; Gorentla et al., 2011). In DGKα

and ζ double knockout mice, there was a decrease in the number
of stage 1 to stage 3 iNKT cells. Stage 0 iNKT cells were

not examined. The remaining iNKT cells in these mice were
mostly CD44+NK1.1− stage 2 cells, suggesting that DGKα and
ζ promote both early and terminal iNKT cell maturation (Shen
et al., 2011b). Interestingly, expression of constitutive active (CA)
IKKβ in developing thymocytes caused a severe reduction in
the number of stage 1–3 iNKT cells. Thus, DGKα and ζ double
deficiency may cause dysregulation of the PKCθ-IKK-NFκB
pathway, leading to early iNKT cell developmental blockage.
Different from CA-IKKβ, expression of CA-KRas in thymocytes
caused a selective blockage of the transition from stage 2 to 3 of
iNKT cells and was associated with decreased T-bet expression
(Shen et al., 2011b). Because CA-KRas and DGKα and ζ double
deficiency caused elevated mTORC1 signaling (Gorentla et al.,
2011) and overactivation of mTORC1 in the absence of TSC1 also
resulted in a similar iNKT cell terminal maturation defect (Wu
et al., 2014b), DGKα and ζmay synergistically promote iNKT cell
terminal maturation at least in part by preventing overactivation
of the RasGRP1-Ras-Erk1/2-mTORC1 signaling cascade.

The role of DGKs in iNKT effector functions, however, is
less clear. DAG-mediated signaling pathways play important
roles in T cell activation, effector lineage differentiation, and
tolerance (Chen et al., 2012). They are thus expected to be
important in iNKT activation and function. For example, PKCθ

is essential for iNKT-mediated liver inflammation (Fang et al.,
2012). In germline DGKζ-deficient mice, iNKT17, but not
iNKT1 cell number, was selectively decreased. Interestingly,
iNKT-17 defects caused by DGKζ deficiency can be corrected
in chimeric mice reconstituted with mixed WT and DGKζ-
deficient bone marrow cells, suggesting that DGKζ controls
iNKT-17 differentiation via an extrinsic mechanism (Wu et al.,
2013). Future investigation should define the type of cells that
provide such a DGKζ-regulated extrinsic control of iNKT-
17 development. Additionally, mTORC1 deficient iNKT cells
are defective in activation and are not able to inflict liver
damage (Shin et al., 2014). Overactivation of mTORC1 due
to TSC1 deficiency shapes iNKT cell effector lineage fates and
contributes to their resistance to anergy and enhanced antitumor
immunity (Wu et al., 2014a,b). Given the ability of DGKs in
regulating mTOR and PKCθ signaling, future studies should
determine if DGKs intrinsically regulate iNKT cell functions and
effector lineage differentiation under steady state and in various
pathologic conditions.

DGKα AND ζ IN CD8 T CELL-MEDIATED
ANTIPATHOGEN IMMUNE RESPONSES

CD8 T cells play important roles in immune responses against
pathogens, particularly intracellular pathogens. Upon microbial
infection, naïve CD8 T cells are activated after engagement of
their TCRs with pathogen-derived peptides presented by antigen-
presenting cells. They massively expand and differentiate into
cytotoxic T cells that are equipped to kill pathogen-infected target
cells and secrete proinflammatory cytokines. A typical antigen-
specific CD8 T cell-mediated response includes an expansion
phase in which CD8 cells proliferate rapidly and differentiate into
effector cells, a contraction phase in which 90–95% of effector
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CD8 cells die due to apoptosis, and a memory maintenance
phase in which the remaining 5–10% of cells are retained as
fast-responding memory cells (Williams et al., 2006; Harty and
Badovinac, 2008; Zhang and Bevan, 2011). During the expansion
phase, effector CD8 T cells differentiate into short-lived effector
cells (SLECs, CD127lowKLRG1hi) andmemory precursor effector
cells (MPECs, CD127hiKLRG1low) (Kaech et al., 2003; Sarkar
et al., 2008). SLECs produce high levels of cytokines but are prone
to death, while MPECs have high potential to differentiate to
long-lived memory cells.

Engagement of the TCR on naïve CD8 T cells provides
a critical signal that initiates their activation and expansion.
TCR signal strength and quality regulate both the magnitude of
expansion and the effector fates of CD8 T cells (Zehn et al., 2009;
Iborra et al., 2013; Marchingo et al., 2014; Fulton et al., 2015)
through the Ras-Erk1/2-AP1 and PKCθ-IKK-NFκB signaling
pathways (Sun et al., 2000; Priatel et al., 2002; Zhong et al.,
2008; Merida et al., 2015). An initial study found that DGKζ-
deficient mice mounted an enhanced antiviral immune response
following lymphocytic choriomeningitis virus (LCMV) infection.
These mice showed enhanced expansion of viral-specific effector
CD4 and CD8 T cells that contained higher percentages of IFNγ-
producing cells 7 days after LCMV infection, which resulted
in a quicker clearance of the virus than in WT mice (Zhong
et al., 2003). A subsequent study further revealed that DGKα

and ζ differentially regulate effector and memory CD8 T cell
differentiation. While a deficiency of either DGKα or ζ resulted
in enhanced effector CD8 T cell expansion, it slightly decreased
memory CD8 T cell formation and response to LCMV infection,
which correlated with elevated mTORC1 signaling in these cells
(Shin et al., 2012).

Although deficiency of either DGKα or ζ enhances antiviral
immune responses, DGKα and ζ double deficiency actually
caused severe impairment of CD8 T cell-mediated responses to
Listeria monocytogenes (LM) infection (Yang et al., 2016b). In
an ovalbumin (OVA) specific OT1 TCR transgenic model and
newly generated floxed DGKζ conditional-deficient mice where
DGKα and ζ activity can be selectively deleted in naïve and
memory CD8 T cells, it was found that ablation of both DGKα

and ζ, but not of the individual DGKα or ζ isoform, impaired
primary CD8T cell responses (Table 1). At the earliest hours after
LM-OVA infection, DGKα and ζ double deficient CD8 T cells
expressed decreased levels of chemokine receptors CCR4, CCR5,
and CXCR3 and showed impaired migration to the draining
lymph nodes (dLNs). Cells that migrated to the dLNs were
compromised in their proliferative ability due to not yet defined
mechanism(s). In contrast to this in vivo setting, DGKα and ζ

double deficient CD8 T cells proliferated more vigorously than
WT controls in vitro following antigen stimulation, suggesting
that the defect in proliferation was not due to intrinsic defects. It
would be interesting to determine if DGKα and ζ are involved
in regulating T cell/APC engagement for initiation of T cell
activation. As a consequence of impaired expansion of DGKα

and ζ double deficient CD8 T cells during primary immune
responses, formation of memory cells was severely decreased as
well. In addition, DGKα and ζ double deficiency compromised
memory CD8 T cell function in homeostasis. Ablation of DGKα

and ζ in preformed memory CD8 T cells accelerated the decline
of these cells due to increased death and decreased homeostatic
proliferative renewal (Yang et al., 2016b).

In DGKα and ζ double deficient CD8 T cells, TCR-induced
NFκB nuclear localization was surprisingly diminished, although
nuclear NFκB was elevated before stimulation (Yang et al.,
2016b). A similar situation was also observed in T cells expressing
a constitutive active IKKβ. CD8 T cells expressing a constitutive
active IKKβ are defective in expansion in vivo following LM-
OVA infection and are impaired in TCR-induced nuclear NFκB
translocation (Krishna et al., 2012). It is likely, then, that elevated
DAG levels may lead to an increase of basal activation of
the PKCθ-IKK-NFκB pathway, which may trigger a negative
feedback inhibition for TCR-induced activation of this pathway.
Further studies should illustrate the exact negative feedback
mechanism caused by DGKα and ζ double deficiency and by
overactivation of IKKβ.

One consequence of decreased NFκB activation in DGKα

and ζ double deficient CD8 T cells was decreased miR-155
expression and, subsequently, increased SOCS1 expression (Yang
et al., 2016b). miR-155 promotes expansion of effector CD8 T
cells and generation of memory CD8 T cells by targeting SOCS1
expression to ensure signaling from the common γ (γc) chain
cytokine receptors (Dudda et al., 2013; Gracias et al., 2013).
Common γ chain receptor signaling is known to be critical
for CD8 effector and memory responses (Becker et al., 2002;
Kieper et al., 2002; Carrio et al., 2004; Bachmann et al., 2007;
Cui and Kaech, 2010; Sandau et al., 2010; Feau et al., 2011;
Boyman and Sprent, 2012; Van Der Windt et al., 2012; Starbeck-
Miller et al., 2014; Cui et al., 2015); SOCS1 negatively controls
signaling from these γc-chain cytokine receptors (Cornish et al.,
2003). Overexpression of miR-155 restored signaling from these
receptors in DGKα and ζ double deficient CD8 T cells and
partially corrected their defective responses. The data identified a
DGK-NFκB-miR-155-SOCS1 axis that bridges TCR and γc-chain
cytokine signaling for robust CD8 T-cell primary and memory
responses to bacterial infection (Yang et al., 2016b).

DGKα AND ζ REGULATE CD8 T CELL AND
CAR-T CELL MEDIATED ANTITUMOR
IMMUNITY

A tumor microenvironment suppresses T cell mediated
antitumor immunity, rendering tumor-infiltrating T cells
hyporesponsive or anergic (Abe and Macian, 2013; Crespo et al.,
2013). DGKζ-deficient CD8 T cells contain elevated antitumor
immunity. DGKζ-deficient mice subcutaneously injected with
the EL-4 thymoma had reduced tumor burdens and increased
tumor-specific proliferative CD8 effector T cells compared to
WT controls (Riese et al., 2011, 2013). Both increased Erk1/2
activation and decreased sensitivity to the suppressive cytokine
TGF-β in DGKζ-deficient CD8 T cells may be responsible for
stronger activation and antitumor immunity (Arumugam et al.,
2015).

Recently, chimeric antigen receptor (CAR) T cells (CAR-T
cells) have demonstrated superior activity in tumor control and,
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in some cases, tumor eradication (Fesnak et al., 2016). However,
CAR-T cells have manifested limited efficacy for solid tumors
in that they are subjected to suppression by the local tumor
environment and may become hyporesponsive or anergic. Such
hyporesponsive or anergic tumor-infiltrating T cells or CAR-
T cells show decreased Ras/Erk activation but elevated DGKα

and ζ levels (Moon et al., 2014). Both type 1 and type 2 DGK
inhibitors are capable of reversing such hyporesponsiveness in
tumor-infiltrating CAR-T cells ex vivo, leading to increased
cytotoxicity (Moon et al., 2014). Consistent with this finding,
genetic ablation of DGKα, ζ, or both DGKα and ζ enhanced CD8
T cells transduced with a mesoCAR, a CAR with high affinity
to the human tumor antigen mesothelin. DGKα and ζ single
or double deficient mesoCAR-T cells produced elevated IFNγ

production and demonstrated stronger antitumor cytotoxicity
than WT controls, which correlated with reduced sensitivity to
TGFβ and increased expression of FasL and TRAIL, ligands for
the death receptors FAS and TRAIL-RI/RII. Importantly, DGK-
deficient mesoCAR-T cells controlled mesothelioma in vivo
better than WT controls (Riese et al., 2013). The enhancement
of CAR-T function by DGKα and ζ double deficiency sharply
contrasts with the defective anti-LM responses of DGKα and ζ

double deficient CD8 T cells, suggesting differential requirements
of DAG-mediated signaling downstream of CARs and TCR and
for CAR-T and conventional CD8 T cell activation.

SUMMARY

Over the past few years, our understanding of the DGK
family of enzymes in immune cells has been significantly
advanced. DGKα and ζ act individually to negatively control
T cell activation, effector CD8 T cell differentiation and
function during antimicrobial and antitumor immune responses,
and tTreg generation. DGKα and ζ also manifest functional
redundancy in promoting conventional αβ T cell and iNKT
cell development and in enhancing CAR-T cell function.
The unexpected severe impairment of CD8 T cell-mediated
immune responses to microbial infection in the absence of

both DGKα and ζ underscores the importance of fine-tuning
DAG levels and also suggests potential negative feedback
mechanisms triggered by deregulated DAG-mediated signaling.
Defining such mechanisms should shed additional light on the
regulation of DAG-mediated signaling pathways. Additional
efforts are also needed to illustrate the underlying mechanisms
of differential effects of DGKα and ζ double deficiency on
CD8 T cells during antitumor and antipathogen immune
responses. While DGKα and ζ perform similar or redundant
functions, a more prominent role of DGKζ than DGKα in
certain aspects of T cell biology, such as effector CD8 T
cell differentiation and Treg, development has been noted
(Table 1); however, determinants of such differences between
DGKα and ζ remain unclear. The drastic differences observed
between DGKα and ζ double and single deficient CD8 T
cells during immune responses beg for development of DGK
isoform-specific inhibitors. Such inhibitors used individually

or in combination may provide great advantages over pan-
DGK inhibitors in modulating immune responses for therapeutic
purposes in different disease settings to minimize undesirable
side effects. Key elements, such as transcription factors,
microRNAs, and posttranslational modifications that control
the dynamic individual and synergistic functions of DGK
isoforms in T cells are beginning to be appreciated and
require further exploration for better understanding of their
physiological importance and the development of novel strategies
enabling selective modulation of DGK α and ζ expression and
activities for treating autoimmune diseases, viral infections, and
cancer.
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The generation of diacylglycerol (DAG) is critical for promoting immune cell activation,

regulation, and function. Diacylglycerol kinase ζ (DGKζ ) serves as an important negative

regulator of DAG by enzymatically converting DAG into phosphatidic acid (PA) to shut

down DAG-mediated signaling. Consequently, the loss of DGKζ increases DAG levels

and the duration of DAG-mediated signaling. However, while the enhancement of DAG

signaling is thought to augment immune cell function, the loss of DGKζ can result

in both immunoactivation and immunomodulation depending on the cell type and

function. In this review, we discuss how different immune cell functions can be selectively

modulated by DGKζ . Furthermore, we consider how targeting DGKζ can be potentially

beneficial for the resolution of human diseases by either promoting immune responses

important for protection against infection or cancer or dampening immune responses in

immunopathologic conditions such as allergy and septic shock.

Keywords: diacylglycerol, diacylglycerol kinase, signal transduction, immunomodulation, phospholipase C,

extracellular signal-regulated kinase, phosphatidic acid

INTRODUCTION

Diacylglycerol (DAG) is a key secondary lipid messenger for transducing signals downstream of
many receptors expressed by hematopoietic cells. DAG has shown to be important in driving the
activation, proliferation, migration, and effector function of adaptive and innate immune cells.
The generation of DAG can be accomplished by the activation of various cell-surface receptors,
including Gq-mediated G-protein coupled receptors (GPCR)s (e.g., muscarinic and histamine
receptors) and immunoreceptor tyrosine-based activation motif (ITAM)-bearing receptors [e.g., T
cell receptor (TCR), FcεRI] (Topham and Prescott, 1999; Kambayashi and Koretzky, 2007; Smith-
Garvin et al., 2009; Wright et al., 2013). The activation of these receptors results in the formation
of proximal signaling complexes that are critical for the activation of phospholipase C (PLC). PLC
activation leads to enzymatic cleavage of phosphoinositol 4,5-bisphosphate (PIP2) into DAG and
inositol 1,4,5-triphosphate (IP3) (Imboden and Stobo, 1985). While IP3 mobilizes Ca2+, DAG
activates the NF-κB and extracellular regulated kinase (ERK) pathways through protein kinase C
(PKC) and RasGRP, respectively, to promote cell function (Tognon et al., 1998; Coudronniere et al.,
2000; Dower et al., 2000; Sun et al., 2000; Wang et al., 2004; Quann et al., 2011). Consequently, the
levels of DAG must be tightly regulated to control the magnitude and duration of the responses
generated.

Diacylglycerol kinases (DGK) regulate DAG signaling by phosphorylating DAG and converting
it into phosphatidic acid (PA) (Topham and Prescott, 1999; Joshi and Koretzky, 2013). The loss
of DGKs increases DAG levels and the duration of DAG-mediated signaling. One might expect
that elevated DAG levels would lead to general enhancement of effector responses. However, the
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enhancement of DAG signaling through the loss of DGKs can
lead to either hyperactivation or hyporesponsiveness depending
on the cell type and the type of response. There are 10 different
isoforms comprising five different classes of DGKs, each of
which control different cellular functions based on their distinct
structural motifs and subcellular localization (Bunting et al.,
1996; Goto and Kondo, 1996; Topham and Prescott, 1999;
Kobayashi et al., 2007; Joshi and Koretzky, 2013). The threemajor
isoforms that are abundantly expressed in lymphoid tissues are
DGKα, DGKδ, and DGKζ (Shulga et al., 2011). In particular,
mice that lack the zeta (ζ ) isoform of DGK, which is highly
expressed in hematopoietic cells, display profound effects on
the functional behavior of various cell types. In the present
review, we will focus on how DGKζ plays both negative and
positive roles in immune responses mounted by different cell
types.

NEGATIVE REGULATION OF EFFECTOR
RESPONSES BY DGKζ

CD4+ and CD8+ Conventional T Cells
DGKζ serves as a critical negative regulator of DAG signaling
downstream of the TCR and can modulate the strength of
TCR signaling. Early experiments using the immortalized Jurkat
T cell line showed that overexpression of DGKζ inhibits
TCR signaling by reducing the levels of active GTP-bound
Ras and, consequently, diminishing ERK activation (Zhong
et al., 2002). Furthermore, the overexpression of DGKζ was
associated with decreased AP-1 transcription factor activity and
CD69 expression (an early T cell activation marker) following
TCR stimulation, both of which are regulated by the Ras-
ERK pathway. Importantly, Ca2+ flux was normal regardless
of DGKζ overexpression, suggesting that DGKζ selectively
regulated DAG-mediated signaling pathways downstream of the
TCR. Further biochemical analysis through the use of a kinase
deadDGKζ mutant revealed that the enzymatic activity of DGKζ

was critical for its inhibitory effects on TCR signaling.
To test the physiological role of DGKζ in T cells, Zhong

et al. generated DGKζ knockout mice (Zhong et al., 2003). Initial
phenotypic analysis showed that DGKζ KO mice contained
similar frequencies and numbers of CD4+ and CD8+ T cells
in secondary lymphoid organs and displayed no obvious defects
in lymphoid architecture or cellularity. Furthermore, thymic
development as analyzed by the number and frequency of
CD4 single-positive (SP), CD8 SP, double-positive (DP), and
double-negative (DN) thymocytes in DGKζ -deficient mice was
similar to wild-type (WT)mice. However, upon TCR stimulation,
naïve DGKζ KO CD4+ and CD8+ T cells displayed enhanced
upregulation of activation markers CD25 and CD69 and
increased proliferation compared to WT T cells. The increased
expression of activation markers was associated with enhanced
phosphorylation of ERK but normal induction of non-DAG
mediated pathways including Ca2+ flux and JNK activation.
Importantly, bypassing TCR activation with a DAG analog,
phorbol-12-myristate-13-acetate (PMA), abolished differences in
activation betweenDGKζ KO andWTT cells, suggesting that the

hyperactivation of DGKζ KO T cells was secondary to defective
regulation of DAG.

In agreement with enhanced TCR signaling, DGKζ KO
T cells also display improved anti-viral responses (Zhong
et al., 2003). DGKζ KO mice infected with LCMV Armstrong
showed enhanced viral-specific T cell responses as evidenced by
decreased viral titers at day 7 following infection. This effect
correlated with an increased number of total and CD44hiCD62Llo

effector CD8+ T cells in the spleen. Furthermore, LCMV-infected
DGKζ KO mice exhibited increased number of IFNγ-producing
CD8+ and CD4+ T cells when restimulated with LCMV-specific
peptides, suggesting that DGKζ KO T cells displayed enhanced
effector function following LCMV infection.

Similarly, DGKζ -deficient mice also exhibit enhanced anti-
tumor responses. DGKζ KO mice subcutaneously injected with
OVA-expressing EL4 T cell lymphoma, had significantly reduced
tumor mass compared to their WT counterparts (Riese et al.,
2011). This effect was accompanied by an increased number
of total and antigen-specific tumor-infiltrating CD44hiCD8+ T
cells. To show that T cells were responsible for the enhanced
anti-tumor effect by DGKζ deficiency, DGKζ KO and WT
OVA-specific OT-I T cells were adoptively transferred into naïve
recipient WT mice. Mice receiving DGKζ KO compared to
WT OVA-specific OT-I T cells also exhibited lower tumor mass
upon challenge with OVA-expressing EL4 cells. Isolation of
tumor-infiltrating OT-I cells revealed that the loss of DGKζ

increased the frequency of CD44hi and IL-2-producing OT-I
cells in a cell-intrinsic manner. In addition to preventing tumor
engraftment, DGKζ deficiency also improves tumor rejection
of established tumors, as the adoptive transfer of DGKζ KO
but not WT OT-I effector T cells into tumor-bearing mice
significantly reduced tumor burden (Riese et al., 2013). Thus,
DGKζ could represent a novel target for enhancing anti-tumor
responses in adoptive immunotherapy. This could also be applied
to engineered T cells that express chimeric antigen receptors
(CAR) directed against the tumor, as DGKζ deficiency was also
shown to promote CAR T cell-mediated anti-tumor responses
(Riese et al., 2013). How DGKζ deficiency augments anti-tumor
responses is unclear. Although DGKζ KO CD8+ T cells display
increased cytokine production and increased proliferation, their
cytotoxic function is comparable to WT CD8+ T cells (Riese
et al., 2011). Nevertheless, these studies demonstrate that DGKζ

serves to constrain T cell activation and anti-viral and anti-tumor
T cell responses. Thus, inhibition of DGKζ might provide a
therapeutic opportunity to enhance immune-mediated viral and
tumor clearance.

It is possible that DGKζ is physiologically important for
limiting over-activation and inducing anergy in inappropriately
activated T cells. The expression level of DGKζ can be
controlled depending on the type of stimulation the T cell
receives. T cells that are stimulated through their TCR and
co-stimulatory molecules downregulate DGKζ transcript levels,
thereby allowing appropriately activated T cells to become fully
activated (Macian et al., 2002; Olenchock et al., 2006a; Zha et al.,
2006). In contrast, T cells that receive TCR stimulation alone in
the absence of co-stimulation do not downregulate DGKζ levels,
potentially leading to attenuated DAG-mediated signaling and
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decreased activation. Consistent with this notion, DGKζ KO T
cells resist anergy induction when activated by TCR alone in
the absence of co-stimulatory signals (Olenchock et al., 2006a).
In addition to TCR-mediated regulation, DGKζ might also be
regulated by environmental cytokines. In particular, IL-33 has
been shown to up-regulate DGKζ in cardiomyocytes following
stimulation (Rui et al., 2012). Although it is unknown if IL-33 can
upregulate DGKζ in immune cells, it is tantalizing to speculate
that cytokine signaling can affect the TCR responsiveness of T
cells by regulating DGKζ levels.

NK Cells
NK cells are cytotoxic members of the innate lymphoid cell (ILC)
family and play an important role in protection against viral
infection and clearance of tumors (Artis and Spits, 2015). Unlike
their adaptive counterparts (CD8+ T cells), they do not possess
a somatically-rearranged antigen receptor but rather express a
variety of activating receptors specific for ligands displayed on
virally-infected, stressed, or transformed cells (Lanier, 2008).
NK cell activating receptors can be categorized into three
main families based on the signaling adaptors used to relay
downstream activation signals. These families include SAP-
dependent (e.g., 2B4), ITAM-dependent (e.g., CD16), or DAP10-
dependent (e.g., NKG2D) receptors (McVicar et al., 1998; Wu
et al., 1999; Chen et al., 2006; Lanier, 2008). The activation
of any of these three families of receptors relies on proximal
signaling complexes involving SLP-76, which subsequently leads
to the activation of PLCγ and the production of DAG (Wu and
Koretzky, 2004; Tassi et al., 2005; May et al., 2013). In addition
to these activating receptors, NK cells express an assortment
of inhibitory receptors, many of which bind to MHC class I
alleles and negatively regulate activating receptor signaling by the
recruitment of phosphatases such as SHP-1 and SHIP (Binstadt
et al., 1996; Lanier, 2008).

NK cell activation is determined by the net balance of the
activating and inhibitory inputs that the NK cell receives through
its receptors. For example, NK cells are activated when neoplastic
cells upregulate ligands such as RAE-1 or MICA, which are
recognized by the activating receptor NKG2D (Jung et al., 2012).
Likewise, NK cells are activated through disinhibition when
tumor cells lose MHC class I, a process known as missing self
recognition (Kärre et al., 1986). Since SHP-1 and SHIP negatively
regulate activating receptor signaling, one might predict that the
loss of these molecules would boost the effector function of NK
cells. Surprisingly, however, SHP-1 and SHIP deficiency in NK
cells renders them less functional than their WT counterparts
(Lowin-Kropf et al., 2000; Viant et al., 2014; Gumbleton et al.,
2015). One explanation of this seemingly paradoxical finding
is that NK cells continuously adjust their responsiveness to
activating stimuli in their local environment, a phenomenon
known as tuning (Höglund and Brodin, 2010). Thus, NK cells
that chronically lack inhibitory signals, such as in SHP-1 or SHIP
deficiency, require more stimulation to achieve their threshold
of activation (Lowin-Kropf et al., 2000; Viant et al., 2014;
Gumbleton et al., 2015). While NK cell tuning may protect
the host from NK cell-mediated immunopathology, this process

can hamper important effector responses against chronic viral
infections or tumors.

Although the molecular mechanism of NK cell tuning is
unknown, stimulation of NK cells with PMA and a calcium
ionophore, ionomycin, can bypass the hyporesponsiveness of
SHP-1 and SHIP KO NK cells (Viant et al., 2014; Gumbleton
et al., 2015). These data suggest that the tuning process is
proximal to PLCγ-mediated production of DAG. Thus, we
speculated that NK cells may not be able to tune their
responsiveness in response to enhanced DAG-mediated signaling
by DGKζ deficiency. Indeed, we recently demonstrated that
DGKζ KO NK cells are hyperfunctional compared to WT NK
cells (Yang et al., 2016). DGKζ KO NK cells displayed increased
cytokine production and cytotoxicity following stimulation
through ITAM, SAP, and DAP10-dependent activating receptors.
In contrast, IFNγ production by DGKζ KO and WT NK cells
was similar following stimulation with IL-12 and IL-18, which
utilize a DAG-independent signaling pathway, suggesting that
the loss of DGKζ selectively augmented NK cell responsiveness
to DAG-dependent stimuli. Like T cells, the hyperfunctionality
of DGKζ KO NK cells was dependent on enhanced ERK
signaling. Importantly, DGKζ KO mice cleared the NK cell-
sensitive RMA-S tumor more efficiently than WT mice. Thus,
the inactivation of negative regulators distal to PLCγ such as
DGKζ might prove therapeutically useful in enhancing NK cell
function.

B Cells
B cells comprise the second arm of the adaptive immune
system and are critical for the generation of protective
antibody responses during infection. The induction of antibody
production results from the stimulation of the somatically
rearranged B cell receptor (BCR) by cognate antigen (McHeyzer-
Williams and McHeyzer-Williams, 2005; Kurosaki et al., 2010).
Similar to the TCR, activation of the BCR leads to downstream
biochemical cascades that ultimately result in the generation
of DAG through PLCγ and, subsequently, the activation of
ERK (Hashimoto et al., 2000; Saijo et al., 2003). ERK has
been shown to play multiple roles during B cell responses,
including the promotion of B cell survival, proliferation, and
differentiation into antibody-secreting plasma cells (Richards
et al., 2001; Coughlin et al., 2005; Yasuda et al., 2011).
Furthermore, attenuation of ERK activation has been shown to
important during B cell development, since ERK signals decrease
as B cells progress from the immature transitional stage tomature
follicular B cells (Yasuda et al., 2008; Gross et al., 2009; Rowland
et al., 2010).

Given the role of ERK in these B cell processes, controlling the
levels of BCR-induced DAG through DGKζ might be important
in regulating B cell development, activation, and antibody
secretion capabilities. For example, mRNA transcripts of DGKζ

are upregulated as B cells progress from early transitional to
the mature follicular stage, which is associated with decreased
ERK activation (Wheeler et al., 2013). Accordingly, the loss of
DGKζ only affected ERK activation and IκBα degradation in
the follicular but not early immature transitional B cell pool in
response to BCR stimulation. Importantly, the augmentation of
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BCR-induced activation in DGKζ KO follicular B cells was seen
even under less optimal BCR activation conditions, suggesting
that DGKζ might control the BCR activation threshold in these
cells.

The effects of DGKζ on B cell signaling threshold translate
to functional consequences on B cell effector responses. BCR
stimulation of purified DGKζ KO splenic B cells in vitro led
to increased expression of CD69 and enhanced proliferation
compared to WT B cells. DGKζ KO mice displayed enhanced
antibody responses to T-independent and T-dependent antigens
(Wheeler et al., 2013). The heightened antibody response
by DGKζ -deficiency was accompanied by increased antigen-
specific expansion of both germinal center (GC) B cells and
plasma cells. These results demonstrate that regulation of DAG-
dependent ERK activation by DGKζ is critical for selectively
controlling the activation threshold ofmature B cells to limit their
activation.

THE IMMUNOMODULATORY ROLE OF
DGKζ

We have so far described how the loss or inhibition of DGKζ can
lead to increased immune responses against viruses or cancer. As
DGKζ is a negative regulator of DAG-mediated signaling, it is
conceivable that immune responses would be enhanced in the
absence of DGKζ . However, DGKζ deficiency may also lead to
dampening or regulation of immune responses. In the sections
below, we will discuss how the absence of DGKζ can direct and
indirectly suppress or modulate rather than enhance immune
responses.

Regulatory T Cells
Regulatory T cells (Tregs) are a key subset of T cells that
display suppressive function and are important for the regulation
of adaptive immune responses. Tregs are governed by the
master transcription factor, forkhead box P3 (Foxp3), and
exert their immunosuppressive function via the production of
immunoregulatory cytokines and through cell contact dependent
mechanisms (Josefowicz et al., 2012). Loss of function mutations
in the Foxp3 gene, as seen in Scurfy mice and humans
with immune dysregulation, polyendocrinopathy, and X-linked
lymphoproliferative disease (IPEX), leads to lethal systemic
autoimmunity early in life, highlighting the importance of Tregs
in inducing immunotolerance against self antigens (Chatila et al.,
2000; Bennett et al., 2001; Brunkow et al., 2001; Wildin et al.,
2001).

T cells that strongly recognize self antigens are deleted
during thymic development in a process known as negative
selection. Specifically, T cells that receive strong TCR signals in
the thymus, implying overt self reactivity, undergo apoptosis.
As an alternative fate, strong TCR stimulation in developing
thymocytes can also lead to Treg differentiation (Josefowicz
et al., 2012). Thus, we hypothesized that enhancement of TCR-
mediated DAG signaling by DGKζ deficiency in developing
thymocytes may increase Treg generation. Indeed, the loss of
DGKζ resulted in a significant increase in Treg development

in the thymus in a cell-intrinsic manner (Schmidt et al., 2013).
DAG-mediated signaling leads to the activation of the NF-κB
(through activation of PKC) and ERK pathways. One NF-κB
family member, c-Rel, was previously shown to be important for
inducing Foxp3 expression in thymocytes (Long et al., 2009; Ruan
et al., 2009). Although Treg generation in DGKζ KO mice was
reduced in the absence of c-Rel, there was still residual Tregs in
the thymus, suggesting that c-Rel was only partially responsible
for the increased generation of Tregs in DGKζ KOmice (Schmidt
et al., 2013). In fact, ERK activation appeared to be more
important in the enhancement of Treg generation in DGKζ KO
mice. Using an in vitro Treg development assay, we found that
the inhibition of ERK phosphorylation by a MEK inhibitor led to
decreased Treg generation in a dose-dependent manner, whereby
the level of phosphorylated ERK (pERK) directly correlated to
the magnitude of Treg generation. Importantly, Treg generation
was also increased in sevenmaker mice (Sharp et al., 1997), which
express a gain of function ERK mutation that leads to increased
resistance to dephosphorylation of active pERK, suggesting that
the selective enhancement of the ERK pathway alone is sufficient
to increase Treg generation.

In addition to Treg generation in the thymus, TCR signaling
plays an important role in the function of Tregs. Although some
Treg function may be preserved in the absence of TCR signaling,
we demonstrated that Tregs lacking SLP-76 cannot suppress
TCR-driven proliferation of conventional T cells (Schmidt et al.,
2015). Furthermore, Tregs with a Y→F mutation at tyrosine 145
(Y145F) of SLP-76, which leads to defective PLCγ activation, also
display attenuated suppressive function, suggesting that PLCγ

is important for Treg function. Consistent with this notion,
Tregs lacking DGKζ display significantly increased suppression
of TCR-driven conventional T cell proliferation compared to
WT Tregs. Together, these data demonstrate that DGKζ limit
Treg generation and function. Thus, DGKζ deficiency may
indirectly lead to the suppression of immune responses through
Tregs.

Mast Cells
Mast cells are critical mediators in type 2 immune responses
involved in protection against helminthes and in pathologic
responses in asthma and allergy (Locksley, 2010; Voehringer,
2013). A key feature of mast cell function is the immediate
release of pre-formed inflammatory mediators such as histamine,
cytokines, and proteases in a process called degranulation. In
addition, mast cells produce arachidonic acid metabolites and
cytokines in a protracted manner (Voehringer, 2013). One major
stimulus for the release of these inflammatory mediators is
crosslinking of FcεRI, the high affinity receptor for the Fc region
of immunoglobulin E (Kinet, 1999).

The interaction of allergens with IgE-FcεRI complexes results
in formation of signaling complexes that converge on the
activation of PLCγ (Atkinson et al., 1992; Schneider et al., 1992).
PLCγ and subsequent PKC activation have been shown to be
critical in controlling mast cell degranulation, suggesting that
controlling the levels of DAG might be important for regulating
this process (Nechushtan et al., 2000; Wang et al., 2000; Leitges
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et al., 2002; Wen et al., 2002). Indeed, the loss of DGKζ in FcεRI-
stimulated mast cells leads to increased DAG levels, along with
enhancement of downstream DAG-dependent signals, including
RasGTP and ERK (Olenchock et al., 2006b). Accordingly, DGKζ

deficiency leads to enhanced mast cell production of IL-6
following FcεRI stimulation.

Intriguingly, however, FcεRI-stimulated DGKζ KOmast cells
display impaired degranulation and are resistant to local skin
anaphylaxis (Olenchock et al., 2006b). The differential effect of
DGKζ deficiency on mast function (the hypersecretion of IL-6
vs. decreased degranulation) may be explained by the negative
feedback of DAG on PLCγ activation in mast cells. The elevation
of DAG by DGKζ deficiency appears to negatively regulate
the phosphorylation and subsequent activity of PLCγ. Thus,
although DAG accumulates, the production of IP3, and hence
Ca2+ flux is attenuated in DGKζ KOmast cells. As degranulation
responses are highly dependent on elevation of intracellular
Ca2+ levels, this may cause a differential effect on degranulation
and cytokine production by mast cells (Ozawa et al., 1993;
Olenchock et al., 2006b). Thus, as opposed to T cells andNK cells,
DGKζ exerts both activating and inhibitory effects on mast cell
functional responses.

Macrophages and Dendritic Cells
Macrophages and dendritic cells (DC) play a key role in bridging
the adaptive and innate immune responses (Medzhitov, 2001;
Janeway andMedzhitov, 2002; Akira and Takeda, 2004). Toll-like
receptors (TLR) serve as an important mechanism for equipping
macrophages and DCs with the ability to recognize the presence
of pathogenic infection and, subsequently, instruct adaptive
immune cells on the type of response needed to effectively clear
the infection. TLRs can signal through either MyD88 and/or
TRIF to induce activation of the NF-κB and ERK pathways (Akira
and Takeda, 2004). While TLR activation does not generally
lead to PLCγ activation, DAG has been shown to be induced
in macrophages following stimulation with LPS (TLR4 agonist)
and lipopeptide (TLR2 agonist) (Monick et al., 1999; Zhang
et al., 2001a,b). Furthermore, inhibition of PLC or PLD reduced
cytokine production and nitric oxide formation by macrophages
following TLR stimulation, suggesting that control of DAG levels
through DGK might be important in regulating TLR-mediated
responses.

Interestingly, modulation of DAG levels by the loss of
DGKζ resulted in impairment rather than enhancement of
cytokine production by macrophages and DCs in response to
TLR stimulation. Specifically, in a developmentally independent
manner, bone marrow derived macrophages (BMM8) and
splenic DCs produced substantially less IL-12p40 and TNFα
following in vitro stimulation through a variety of TLR agonists
(Liu et al., 2007). This paradoxical finding may be explained by
the role of DGK in converting DAG into PA. Biochemical analysis
revealed that the loss of DGKζ resulted in selective elevation
of the PI3K-Akt pathway but no difference in activation of the
ERK or NK-κB pathways following TLR stimulation. Activation
of the PI3K pathway has been shown to negatively regulate
TLR stimulation (Fukao et al., 2002; Guha and Mackman,
2002; Martin et al., 2005) and chemical inhibition of the

PI3K restored LPS-induced IL-12p40 production from DGKζ

KO BMM8s (Liu et al., 2007). Intriguingly, the addition of
PA also restored LPS-induced IL-12p40 production, suggesting
that the cytokine production defect in DGKζ KO DCs
and macrophages may be due to reduced PA rather than
elevated DAG levels. Exactly how PA rescues TLR-induced
cytokine production is unknown, but one possible mechanism
is through the recruitment of SHP-1 to negatively regulate PI3K
activation (Cuevas et al., 1999; Frank et al., 1999; Zhang et al.,
2003).

Defective cytokine production was also observed in vivo
following intraperitoneal injection of TLR agonists, which
correlated with enhanced survival of DGKζ KO mice after LPS-
induced septic shock (Liu et al., 2007). However, while DGKζ

KO mice were protected from TLR-mediated pathology, the loss
of DGKζ conferred susceptibility to Toxoplasma gondii. DGKζ

KO mice infected with T. gondii displayed decreased serum IL-
12p40 and IFNγ levels compared to WT mice. Furthermore,
IFNγ production by DGKζ KO splenocytes isolated at day
15 and 30 post-infection was significantly attenuated following
restimulation with T. gondii antigen STAg. Intriguingly, total
CD4+ and CD8+ T cell numbers were similar between WT
and DGKζ KO mice following infection with the frequency of
CD44+CD62lo effector T cells higher in infected DGKζ KO
mice. As TLR-induced IL-12p40 production and the subsequent
induction of a Th1 response are critical for protection against
T. gondii infection, the impairment of immune responses
against T. gondii by DGKζ KO mice could be secondary to a
defect in macrophage and DC-derived cytokines that drive Th1
responses.

THE ROLE OF OTHER DGK ISOFORMS ON
DGKζ -REGULATED IMMUNE FUNCTION

So far, we have discussed isoform-specific regulation of immune
function by DGKζ , however it is possible that the loss
of DGKζ has other functional consequences that might be
masked by redundant functions of other DGK isoforms.
Indeed, DGKα has been shown to display some redundant
function with DGKζ during conventional T and invariant NKT
cell (iNKT) development. While singly-deficient DGKα KO
and DGKζ KO mice display no gross defects in thymic T
cell development, mice deficient in both DGKα and DGKζ

(DGKαζ DKO) have significant reductions in CD4 and CD8
SP populations in the thymus due to a cell-intrinsic block in
positive selection from the DP to SP stage (Guo et al., 2008).
Interestingly, the addition of PA to fetal thymic organ cultures
could partially restore T cell maturation defect in DGKαζ

DKO thymocytes, suggesting that DGKα and DGKζ regulate
T cell development partly through redundant production
of PA.

Similarly, the development of iNKT cells is intact in mice
singly-deficient for either DGKα or DGKζ (Shen et al., 2011).
However, the loss of both DGKα and DGKζ results in a complete
impairment of iNKT cell maturation in the thymus, spleen,
and liver at both early and terminal stages in a cell-intrinsic
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manner. Selective enhancement of the ERK pathway through the
expression of a constitutively active K-ras resulted in a significant
reduction in mature iNKT cells due a block in Stage II to Stage
III maturation of iNKT precursors. Furthermore, augmented
activation of the NF-κB pathway through the expression of
a constitutively active IKKβ also resulted in an impairment
in iNKT maturation at both early and terminal stages of
development. These results suggest that DGKα and DGKζ

play redundant roles in the regulation of iNKT maturation by
controlling DAG-mediated activation of the ERK and NF-κB
pathways.

In addition to controlling innate and conventional T cell
development, DGKα has also been shown to promote T cell
anergy in conjunction with DGKζ . Overexpression of either
DGKα or DGKζ in Jurkat T cells induces an anergic-like state
that is highlighted by reduced DAG-dependent TCR signals
without the impairment of calcium flux (Olenchock et al.,
2006a). Similar to DGKζ KO T cells, T cells deficient in
DGKα resist anergy induction when activated through their
TCR in the absence of costimulation and during superantigen-
induced activation. Furthermore, pharmacological inhibition
of DGKα in DGKζ -deficient T cells can further enhance
proliferation and IL-2 production in response to anergy-inducing
conditions, suggesting that both DGKα and DGKζ contribute
to anergy induction in inappropriately activated T cells through
the synergistic regulation of TCR-induced DAG-mediated
signaling.

While DGKα and DGKζ can share similar functions, DGKα

does not simply compensate for all DGKζ -regulated functions.
For example, unlike DGKζ KO mice, DGKα-deficient mice do
not display an enhancement in Treg generation in the thymus
or hyperfunctional NK cell responses, thus emphasizing that
the regulation of these processes by DGKs is isoform-specific
and unique to DGKζ (Joshi et al., 2013; Yang et al., 2016).
The independent and redundant roles of DGKα and other DGK
isoforms on DGKζ -regulated functions in other immune cells
remain unexplored.

CONCLUDING REMARKS

As a negative regulator of DAG-mediated signaling, one might
predict that the loss of DGKζ would universally lead to immune
activation. Interestingly, however, the inhibition of DGKζ does
not only enhance but also suppresses selective immune responses
(Figure 1). Thus, although DGKζ may represent a drug target
for enhancing cytotoxic T cell responses against cancer, it may
also simultaneously serve as a target for the treatment of allergic
responses or septic shock. In addition to activation or inhibition
of immune responses, DGKζ may also play a role in modulating
the immune response. For example, it has been shown that the
differentiation of CD4+ T cells into Th1 and Th2 subsets may be
dependent on TCR signal strength, whereby strong TCR-induced
ERK signals favor Th1 over Th2 differentiation (Yamane et al.,

FIGURE 1 | Enhancement and suppression of selective immune functions through the inhibition of DGKζ . The loss of DGKζ can result in activating or

modulatory effects on the immune response that can be therapeutically beneficial for the resolution or prevention of a variety of human diseases. The inhibition of

DGKζ has positive effects on T cells, NK cells, and B cells, which could promote immunity against cancer and infections. In contrast, the inhibition of DGKζ can

suppress immune responses by augmenting Treg development, inhibiting mast cell degranulation, and attenuating macrophage/DC cytokine release. These effects

could be beneficial in treatment of autoimmunity, asthma/allergy, and septic shock.
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2005). Thus, it is possible that DGKζ controls Th1 vs. Th2 lineage
commitment by regulating DAG-mediated ERK activation in T
cells. Although the impact of DGKζ deficiency on Th2 responses
is unknown, DGKζ KO T cells display heightened Th1-driven
anti-viral and anti-tumor responses. Thus, it would be interesting
to test whether the loss of DGKζ impairs protection against Th2-
inducing helminth infections or beneficially promotes protection
against Th2-mediated diseases such as asthma. The precise
delineation of how DGKζ controls the outcome of immune
responses will yield insight into how DGKζ could be targeted for
the treatment of various immune-mediated disorders.
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Immunotherapy is moving to the forefront of cancer treatments owing to impressive

durable responses achieved with checkpoint blockade antibodies and adoptive T-cell

therapy. Still, improvements are necessary since, overall, only a small percentage

of patients benefit from current therapies. Here, I summarize evidence that DGK-α

may represent an immunological checkpoint suppressing the activity of cytotoxic

immunocytes in the tumor microenvironment. DGK-inhibitors can restore the antitumor

function of tumor-suppressed adaptive and innate cytotoxic immunocytes. The activity

of DGK-inhibitors lays downstream of current checkpoint blockade antibodies. Thus,

synergistic effects are expected from combination strategies. Moreover, DGK-inhibitors

may permit a double-strike attack on tumor cells as DGK-inhibition may not only

re-instate immunological tumor attack but also may harm tumor cells directly by

interfering with oncogenic survival pathways. Together, DGK-inhibitors have very

promising characteristics and may be beneficially included into the armamentarium of

cancer immunotherapeutics.

Keywords: tumor-infiltrating lymphocytes, renal cell carcinoma, diacylglycerol kinase, immunotherapy, anergy,

human tumor

IMMUNOTHERAPY, APPROACHING FOREFRONT OF CANCER
THERAPY, SEARCHING FOR COLLABORATION

Immunotherapy is moving to the forefront of cancer therapies with an increasing assortment
of approaches being evaluated and approved for clinical application (Callahan et al., 2016;
Papaioannou et al., 2016). Recent data document measurable improvement in patient outcome
and, in several cases, induction of durable responses even in patients with far advanced disease that
proved refractory to available therapies. The new therapies indicate a paradigmatic shift in cancer
therapy in that tumor cells are no longer direct therapeutic target, but instead, therapies are directed
toward the cells of the immune system restoring their ability to recognize and destroy tumor cells.

The immune system is ideally equipped to fight cancer as its components continuously travel
throughout the body providing surveillance; immune cells can be specifically activated against
tumors, which express antigen and are often immunogenic; and they can protect against tumor
relapse owing to their ability to acquire specific and long-lasting memory. Yet, tumors escape from
immune surveillance due to immunoediting (Dunn et al., 2004) and the development of immune
cell dysfunctions (Frey and Monu, 2006; Gajewski et al., 2006). The new cancer immunotherapies
became possible through a deeper understanding of the regulatory mechanisms that govern an
effective immune response and technological advances in T-cell cultivation, engineering and
antigen identification.
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The most advanced immunotherapeutic protocols to date
include (Figure 1): (i) adoptive T-cell therapies, using ex-vivo-
expanded autologous T cells isolated from tumor tissue (TILs)
or autologous T cells engineered with therapeutic T-cell receptors
(TCRs) or chimeric antigen receptors (CARs) recognizing tumor-
expressed antigens; (ii) vaccination using tumor antigens or
tumor antigen-presenting dendritic cells to stimulate the patient’s
immune system to generate tumor-reactive T cells in situ; and
(iii) antibody-based therapies blocking immune checkpoints that
would naturally elicit negative signals that hold back T cells to
prevent autoimmune attack (Pardoll, 2012; Sharma and Allison,
2015).

While vaccination has yet to yield measurable clinical
response (van der Burg et al., 2016), high and often long-
lasting response rates are achieved with adoptive TIL therapy
(Rosenberg and Restifo, 2015) and CD19-directed CAR-T cell
therapy (Fesnak et al., 2016; Park et al., 2016). Yet, despite
its high promises, adoptive T-cell therapy still faces significant
hurdles to become one of the mainstay cancer therapies: TIL
therapy is limited to tumor entities from which sufficient TILs
can be procured [mainly melanoma and renal cell cancer
(RCC)] and TCR- or CAR-T-cell therapy requires the knowledge

FIGURE 1 | Processes to activate T cell immunity against cancer: In the lymph node, T cell priming occurs through mature dendritic cells (DCs)

presenting tumor-derived antigens. The number of arising T helper (TH) cells and cytotoxic T cells (CTL) is limited through cytotoxic T-lymphocyte-associated

antigen-4 (CTLA-4). Antibodies against CTLA-4 allow for activation of more T cells due to the amelioration of negative signals during T-cell priming. In addition,

anti-CTLA-4 inhibits Treg which express high levels of CTLA-4 constitutively. Activated T cells migrate into the tumor milieu where they engage with tumor cells

expressing peptide-MHC that can be recognized by the T cell receptor (TCR). TCR-pMHC interaction will activate tumor cell killing processes unless suppression

occurs through concomitant PD-1/PD-L1 interaction. Killing of tumor cells can occur if the negative signaling is blocked through anti-PD-1 or anti-PD-L1 antibodies.

NK cells can recognize tumor cells that express low or no MHC and, thus, cooperate with CTL to prevent tumor escape. If tumor cell killing occurs, antigen is released

which can be taken up by immature DCs. Immature DCs can mature to mature DCs which then present antigen to T cells in the lymph node, leading to the generation

of new tumor-reactive T cells. If the natural process of antigen presentation does not occur (efficiently), therapeutic vaccination using ex vivo generated antigen-loaded

DCs or peptides may be applied.

of tumor-specific antigens to which T cells can be safely
directed without harming vital organs. Currently, CAR-therapy
is restricted to leukemia and lymphoma that express CD19 as
targetable antigens. Treatment of solid tumors is explored, such
as glioblastoma expressing a mutant form of the epidermal
growth factor (EGFRvIII) or adenocarcinoma expressing cancer-
associated glycoforms of mucin (Newick et al., 2016; Posey et al.,
2016). Moreover, safety issues need to be resolved since serious
adverse effects have been reported in TCR- and CAR-therapy
trials (Gross and Eshhar, 2016).

Contrasting the currently limited application of adoptive
T-cell therapy, immunotherapy with checkpoint blockade
antibodies has achieved exciting results across a wide variety of
cancer entities, not limited to commonly assumed immunogenic
tumors such as melanoma or RCC, but also in lung cancer,
bladder cancer or head and neck cancer. Three checkpoint
blockade antibodies are currently in the clinic. One targets the
cytotoxic T-lymphocyte-associated protein (CTLA)-4 (Postow
et al., 2015; Sharma and Allison, 2015), which is an intrinsic
negative regulator of T-cell activation during T-cell priming.
The other two antibodies target the programmed death (PD)
pathway through binding to the PD-1 protein or its ligand PD-L1.
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The PD-1/PD-L1 checkpoint is an extrinsic “off” signal that
is operative in peripheral tissues turning off T-cell function to
help control local inflammatory responses and maintain self-
tolerance. Impressive durable responses have been observed
using anti-CTLA-4 and anti-PD-1 resulting in their approval
for the treatment of several cancers (Callahan et al., 2016).
Yet, it has to be recognized that, overall, only a minority of
patients experience substantial clinical benefit (around 15–40%
depending on the tumor entity) (Sunshine and Taube, 2015;
Ribas and Hu-Lieskovan, 2016). Improvements are necessary to
unleash the full potential of immunotherapy and to potentially
offer benefit to patients whose tumors are refractory to current
therapies.

DIACYLGLYCEROL KINASE ALPHA: A
CHECKPOINT THAT NEGATIVELY
REGULATES T-CELL FUNCTION AND
CURBS THE ACTIVITY OF CD8-T AND NK
CELLS IN THE TUMOR
MICROENVIRONMENT

T cells, in particular TH1/TC1-polarized lymphocytes, are
important players in the antitumor response. Not only is their
abundance associated with good prognosis in many tumor types
(Fridman et al., 2012), they are also required for therapeutic
response to checkpoint blockade therapy (Herbst et al., 2014;
Tumeh et al., 2014). NK cells are innate cytotoxic lymphocytes
appreciated for their ability to lyse virally infected cells as well
as tumors. They play a complementary role to CD8-T cells as
they recognize tumors which are resistant to T-cell killing due to
downregulation or loss of MHC-class I molecules (refs. in Prinz
et al., 2014). In some tumor types, such as RCC, they appear
to play a prominent role as their number is predictive of good
prognosis while that of CD8-T cells is not (Nakano et al., 2001;
Eckl et al., 2012).

While the value of the natural immune infiltrate in tumors
is appreciated, it has to be recognized that the natural immune
response is not sufficient to control tumor progression in
most cases. Various mechanisms are known that contribute
to tumor immune escape ranging from ignorance to active
suppression (Frey and Monu, 2006; Gajewski et al., 2006).
One major hurdle is the inhibition of T-cell function in the
tumor milieu. The suppressive quality of the tumor environment
not only impacts the natural immune cell infiltrate but also
curbs the efficacy of adoptive therapy, as even highly functional
in vitro engineered CAR-T cell become unresponsive in solid
tumor milieus (Janicki et al., 2008; Imai et al., 2009; Moon
et al., 2014). Recognized mechanisms are T-cell exhaustion
characterized by high expression of co-inhibitory receptors
(PD-1, LAG-3, TIM-3) (Wherry et al., 2007; Pardoll, 2012),
division arrest (Beyer et al., 2009), or effector phase inhibition
due to disruption of TCR-signaling events (Frey and Monu,
2006).

We have analyzed the dysfunctional state of CD8-T and NK
cells in human clear cell RCC (ccRCC) and observed a signature

of anergy (Prinz et al., 2012, 2014). We found that TILs were
non-responsive to stimulation, with much lower degranulation
(measured by the appearance of CD107 protein on the cell
surface), poor cytolytic activity (measured by chromium release
assay) and low cytokine production compared to CD8-T cells
and NK cells isolated from the non-tumor inflicted pole of the
kidney (NILs) or from peripheral blood (PBLs). Mechanistically,
no differences were seen activating proximal signaling molecules
(Lck, ZAP70 or PLCγ) between TILs and NILs or PBLs; however,
deficits in activating distal signaling molecules were evident.
Identified key features included high levels of diacylglycerol
kinase-α (DGK-α), low basal phosphorylation of the extracellular
signal-regulated kinase (ERK) as well as reduced stimulation-
induced phosphorylation of ERK, c-Jun N-terminal kinase (JNK)
and AKT/protein kinase B. These features were caused by
the tumor microenvironment as they were not observed in
CD8-NILs or NK-NILs, and these lymphocytes were functionally
active. The signature was similar to that previously described
for anergic CD4−T cells (Macian et al., 2002; Zheng et al.,
2008).

DGKs are appreciated as physiologic regulator of T- and
NK-cell development, differentiation and function, through
their activity to regulate the levels of DAG and phosphatidic
acid (PA), which are important second messengers in the
TCR-signaling cascade. The rasGRP/ERK pathway, activated
by DAG, is crucial for MTOC-polarization, the delivery of
lytic granules to the immunologic synapse (Quann et al., 2009)
and the subsequent lytic attack on target cells. Cytotoxicity
and production of IFN-γ, controlled among others by the
ERK-pathway, are the most important effector activities
required for tumor rejection. Thus, control of the ERK-
pathway ultimately determines a T- and NK-cell’s antitumor
activity.

In experimental systems, overexpression of DGK led to
a general attenuation of TCR-signaling as a direct result
of decreased RasGRP1/Ras/ERK-pathway activation. Moreover,
it has been shown that DGK-α and DGK-ζ , the abundant
isoforms in T cells, are necessary for establishment of
anergy (Zhong et al., 2008; Merida et al., 2015; Chen
et al., 2016). Together, these experimental findings support
our interpretation that T cells and also NK cells in the
human RCC environment are anergic, showing overexpression
of DGK-α, blunted ERK signaling and unresponsiveness
to stimulation. Observing an anergic signature in TILs of
ccRCCs is not unexpected since ccRCC is an epithelial
tumor and, thus, largely devoid of co-stimulatory ligands,
representing the classical anergy-inducing environment. Still,
we do not rule out that additional mechanisms such as
exhaustion or tolerance mediated through surface expressed
co-inhibitory molecules such as PD-1, also contribute to
functional unresponsiveness of TILs (Figure 2A). Rather, the
causes of functional unresponsiveness in the tumor milieu
are likely multifactorial. This is exemplified in an adoptive
transfer experiment using CAR-T cells (Moon et al., 2014):
in the tumor microenvironment, CAR-T cells rapidly became
hypofunctional with identified upregulation of intrinsic T-
cell inhibitory enzymes (DGK-α, DGK-ζ , SHP-1) as well as
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FIGURE 2 | Theoretical concept of combined application of checkpoint blockade therapy and DGK-inhibition. (A) Functional unresponsiveness of TILs in

the tumor milieu may have different mutually non-exclusive causes: (i) Ligation of PD-1 on T cells by tumor expressed PD-L1 may cause recruitment of phosphatase

SHP2 and subsequent dephosphorylation of the TCR proximal signal transmitter Lck as well as attenuation of AKT-signaling. Consequently, signals initiated by

TCR-peptide/MHC recognition intended to activate T-cell effector function (degranulation leading to lysis of target cells as well as IFNγ) are interrupted. The signal

interruption through PD-1/PD-L1 classically occurs as a consequence of T-cell exhaustion. (ii) Anergy is another mechanism of T-cell silencing. The underlying cause is

upregulated diacylglycerol kinase (DGK), in T cells mainly DGK-α and DGK-ζ . DGKs metabolize diacylglycerol (DAG) to phosphatidic acid (PA) lowering DAG levels

which are necessary to activate TCR distal signaling through Ras/ERK. The ERK pathway is critically import for the degranulation process that delivers lytic proteins

into the target cell for target cell death. (B) De-blocking the exhaustion pathway through checkpoint antibodies (anti-PD-1/PD-L1) releases the proximal brake at the

TCR-associated molecules (Lck- and AKT-phosphorylation); however, distal brakes through DGK may still be active (blocked ERK pathway and attenuated PKC- and

NFκB-activation) preventing full activation of the T cell‘s antitumor functions (degranulation, IFNγ). (C) Combined treatment with checkpoint antibodies and

DGK-inhibitor may be required to open the signaling cascade fully, allowing effector function.

expression of surface co-inhibitory receptors (PD-1, LAG-3,
TIM-3, 2B4).

REVERSAL OF TUMOR-INDUCED
SUPPRESSION AND RESTORATION OF
T- AND NK-CELL ACTIVITY THROUGH
DGK-INHIBITION

IL-2 is a well-known growth factor for T and NK cells and
has a history in RCC immunotherapy, achieving tumor control
in a subgroup of patients (McDermott, 2009). IL-2 is known
to regulate DGK-α and to restore functional responsiveness
of anergic CD4-T cells (Macian et al., 2002). We could show
that IL-2 restored in vivo-repressed cytokine secretion and

cytotoxicity of CD8-TILs and NK-TILs. In CD8-TILs, functional
recovery occurred concomitantly with a decrease in DGK-α and
an increase in basal and stimulation-induced phosphorylation
of key signaling proteins (ERK, AKT). In NK-TILs, IL-2 also
restored activity; here, no change in DGK-α protein was observed
suggesting direct regulation of ERK-phosphorylation, which
is in accordance to published literature (Kondadasula et al.,
2008).

We used the commercial DGK-inhibitor R-59022 and were

able to document restored degranulation of CD8-TILs and

NK-TILs, and, concomitantly, stronger ERK-phosphorylation,
thus linking DGK-α to suppressed ERK-phosphorylation and
inhibited degranulation. Of note is that the level of degranulation
of TILs in the presence of DGK-inhibition was not higher
than that observed with NK-NILs or CD8-NILs indicating
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that DGK-inhibition can restore suppressed degranulation but
does not augment degranulation beyond an NK or T cell’s
intrinsic response efficacy. This finding helps alleviate concerns
about potentially unleashing undesirable autoimmunity through
DGK-inhibition, which is an important issue when considering
potential targeting of DGK in a clinical setting.

DGK-INHIBITORS TO COLLABORATE FOR
EFFECTIVE CANCER IMMUNOTHERAPY

DGKs, expressed in T and NK cells, are attractive targets
for immunotherapy considering their physiologic function in
regulating strength and duration of signaling cascades important
for T- and NK-cell function. Observing that DGK-α and
DKG-ζ are exploited by cancer cells to suppress the activity
of cytotoxic immunocytes in the tumor microenvironment
encourages the idea that DGK-inhibitors might enrich the
current cancer immunotherapy armamentarium. Indeed, in
experimental settings, T- and NK-cell activity can be enhanced
and anergy development can be prevented through deletion or
inhibition of DGK-α or DGK-ζ (Riese et al., 2011, 2013, 2016;
Martínez-Moreno et al., 2012; Yang et al., 2016). Our results
with TILs from human RCC further suggest that DGK-inhibition
may not only prevent development of unresponsiveness but
may also be able to restore activity of suppressed immune cells.
Importantly, DGK-α inhibition can restore the function of CD8-
T cells and NK cells. NK cells can destroy tumor cells with low
or no MHC-class I proteins that may develop as escape variants
after successful T-cell therapy and can be the cause of treatment
failure. Development of escape variants may well be prevented in
therapeutic settings that activates andmaintains NK-cell function
conjointly to the activation of a T-cell response (Fruci et al., 2013).

The multifactorial nature of tumor-induced unresponsiveness
necessitates the application of multiple means to fully unleash
the power of immunotherapy. Anergy has to be recognized as
part of the inactivation process and, DGKs as its mediators,
should be considered as an additional checkpoint controlling
T-cell and NK-cell function, in addition to the currently
appreciated co-inhibitory checkpoints (PD-1, LAG-3, TIM-3,
CTLA-4) (Figure 2A). The classical co-inhibition molecules
interrupt the signaling cascade at proximal steps (Lck, ZAP70,
PI3K/AKT), while anergy-associated blockades are located
further downstream. Thus, when co-inhibition is therapeutically
alleviated through anti-PD-1/PD-L1 or anti-CTLA-4, signaling
will still be halted by paucity of DAG through high DGKs
(Figure 2B). Thus, if T-cell non-responsiveness (also) involves
high DGK, it is expected that releasing distal signaling
blockades, i.e., through DGK-inhibition, is required in addition
to checkpoint blockade therapy to fully reverse T-cell suppression
(Figure 2C). Currently, the combined application of checkpoint
antibodies and DGK-inhibition is a theoretical concept and
awaits supportive data from experimental models.

DGK-inhibition may further improve immunotherapy
considering that CAR-T cells lacking DGK-ζ were found to
be resistant to the suppressive cytokine TGF-ß (Riese et al.,
2013; Arumugam et al., 2015). The molecular basis for the

cross-talk between the two signaling cascades remains to be
resolved. One explanation could be a digital conversion of
ERK-phosphorylation to function, whereby function is enabled
if ERK-phosphorylation is above a certain threshold (outlined
also by Prinz et al., 2012). Higher ERK-phosphorylation reached
through DGK-inhibition may enable T cells to maintain
phospho-ERK levels above the threshold required for function in
the presence of other suppressive signals.

FURTHER CONSIDERATIONS FOR THE
DEVELOPMENT OF DGK-INHIBITION FOR
IMMUNOTHERAPY

DGK-inhibition has promising feature for immunotherapy. T
and NK cells express two isoforms, DGK-α and DGK-ζ , which
both regulate effector-lymphocyte function through controlling
DAG-abundance. Will it thus suffice to inhibit only one isoform
to help T and NK cells maintain function in the tumor milieu, or
is the inhibition of both required?

DGK-α and DGK-ζ activities are comprehensively discussed
in recent reviews, and thus are only briefly touched here
(Merida et al., 2015; Chen et al., 2016; Singh and Kambayashi,
2016). As specific inhibitors of DGK-ζ are not available, the
issue which one of the isoforms or whether both should
be preferably inhibited to support T and NK cells in the
tumor microenvironment cannot be adequately addressed at the
moment. Data generated with knock-out mice are of limited
information concerning effects of DGKs in the effector phase
of the immune response since disturbances in the development,
in particular observed development of hyporesponsive NK cells
and altered development of regulatory T cells (Tregs), may
obscure effects that DGK-inhibition might have when applied to
the already developed immune system. Inhibition experiments
need to be performed using immune cells from the tumor
environment, since here the immune escape processes are
manifested that are the target of immunotherapy. For clinical
extrapolation, experiments need to utilize human immune cells
as significant differences exist, previously discussed by us and
others (Prinz et al., 2012; Moon et al., 2014). Anergy-inducing
conditions might arise much more frequently in humans, since
CD8-T cell effector differentiation causes CD28 loss in humans
(but not in mouse) which deprives human CD8-T cells from
receiving co-stimulation. This may moderate the extent to
which DGK-α or DGK-ζ participates in the regulation of DAG-
mediated pathways in human and mouse models.

Different structural designs of DGK-α and DKG-ζ and
accordingly different modes of activation allow some speculation
as to which isoform possibly contributesmore to the regulation of
DAG-mediated signals in a specific situation. DGK-α, containing
a calcium-binding EF-hand motif, is activated through Ca2+

ions, in addition to Lck-mediated phosphorylation, while DKG-
ζ , lacking the calcium-binding EF motif, is not responsive
to calcium signals and is activated through protein kinase C
(PKC)-mediated phosphorylation. In physiologic situation where
TCR-activation occurs concomitantly with co-stimulation, DKG-
ζ may play the dominant role. In situations, however, where
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the co-stimulatory pathway is not provided, DGK-α will be
disproportionally activated through Ca-induced conformational
changes and Lck-dependent phosphorylation. TCR-stimulation
without co-stimulation commonly occurs during effector phase
activation of CD8-T cells in epithelial tissue or carcinomas due to
the paucity of CD28 on human CD8-T effector cells and the lack
of co-stimulatory ligands in epithelial tissues. Evidence for this
scenario is seen in TILs of RCC that failed to activate the AKT
pathway after TCR-stimulation while Lck- and PLCγ-activation
occurred normally. Thus, the necessary signals (Lck, Ca2+) for
DGK-α-activation are provided, with ensuing depletion of DAG
and attenuation of effector activity. Extending on this, one might
speculate that DGK-α is more relevant isoform to be targeted in
cancer immunotherapy.

However, DKG-ζ was not analyzed in TILs due to the lack
of specific reagents. Results from adoptive transfer studies using
human CAR-T cells showed that DGK-α and DKG-ζ were
upregulated in hyporesponsive CAR-T cells recovered from the
tumor milieu of human xenografts (Moon et al., 2014). Here
again DGK-ζ specific inhibition was not performed; thus, it
remains to be addressed to which extent DKG-ζ overexpression
contributed to the hypofunctional state of the CAR-T cells.

Considering DGK-inhibition for cancer immunotherapy
attention should also be given to possible effects on other
immune cells in the tumor microenvironment and the
cancer cells themselves. DGK-α and DGK-ζ have effects on
macrophages, dendritic cells and Tregs (Singh and Kambayashi,
2016). In macrophages and dendritic cells, DKG-ζ deficiency was
found to be associated with impaired secretion of inflammatory
IL-12 and TNF and impaired Th1-responses. Both isoforms
were reported to inhibit the suppressive activity of Tregs.
Considering the required function of myeloid cells and Tregs in
antitumor response, DGK-inhibition (independent of isoform)
may not yield desirable outcome. However, it has to be noted
that none of the experiments were performed with tumor-
educated cell types, thus the outcome of DGK-inhibition on
antitumor immunity of myeloid cells and Tregs remains an open
question.

Concerning effects on cancer cells, contrasting outcomes
are reported for DGK-α and DKG-ζ in the regulation of the

NFκB-pathway, with DGK-α providing activation and DGK-
ζ being inhibitory under inflammatory conditions (Tsuchiya
et al., 2015). In such scenario, DGK-α inhibition would be a
preferable intervention. Along this line, another study reported
suppression of oncogenic survival pathways through DGK-α
inhibition causing tumor cell death in vitro and reducing tumor
growth in mice (Dominguez et al., 2013).

Collectively, DGK-inhibition has promising feature for cancer
immunotherapy on multiple levels, re-invigorating T and NK
cells for tumor cell attack, possibly making them resistant to
TGF-ß suppression, and also weakening tumor cells directly.
As DGKs and co-inhibitory surface proteins (PD-1, CTLA-4)
control different steps in the signaling cascade, it is expected
that DGK-inhibition will combine beneficially with current
checkpoint blockade therapies or other immunotherapies.
Further development is needed in the field of specific DGK-
inhibitors (Sakane et al., 2016) and side-by-side comparisons
of DGK-α and DGK-ζ inhibition to delineate the specific
contribution that each of the isoforms might have in the
restoration or maintenance of immune cell function in the tumor
environment.
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Diacylglycerol kinases (DGKs) are a family of enzymes that catalyze the metabolism of

diacylglycerol (DAG). Two isoforms of DGK, DGKα, and DGKζ, specifically regulate the

pool of DAG that is generated as a second messenger after stimulation of the T cell

receptor (TCR). Deletion of either isoform in mouse models results in T cells bearing a

hyperresponsive phenotype and enhanced T cell activity against malignancy. Whereas,

DGKζ appears to be the dominant isoform in T cells, rationale exists for targeting both

isoforms individually or coordinately. Additional work is needed to rigorously identify the

molecular changes that result from deletion of DGKs in order to understand how DAG

contributes to T cell activation, the effect of DGK inhibition in human T cells, and to

rationally develop combined immunotherapeutic strategies that target DGKs.

Keywords: diacylglycerol, diacylglycerol kinase, immunotherapy, CD8+ T cell, T cell receptor

DIACYLGLYCEROL KINASES IN T CELL RECEPTOR SIGNAL
TRANSDUCTION

Diacylglycerol kinases (DGKs) represent a family of enzymes that catalyze phosphorylation of
the membrane lipid sn-1,2 diacylglycerol (DAG) to form phosphatidic acid (PA) (Eichmann and
Lass, 2015). In T cells, DAG is formed downstream of the T cell receptor (TCR) after activation
of the gamma 1 isoform of phospholipase C (PLCγ1) and cleavage of phosphatidylinositol
4,5-biphosphate (PIP2) into DAG and an additional second messenger, inositol 1,4,5-triphosphate
(IP3) (Krishna and Zhong, 2013). Whereas, IP3 is important in facilitating release of calcium
from the endoplasmic reticulum, DAG interacts with other proteins important in TCR signal
transduction, such as Protein kinase C (predominantly θ isoform in T cells, but also isoforms ε

and η; Quann et al., 2011) and the Ras activating protein RasGRP1 (Krishna and Zhong, 2013).
Biochemically, targeting the activity of DGKs in T cells, either by germline deletion, or with
chemical inhibitors, results in enhanced and sustained signaling downstream of T cells, as assessed
by prolonged phosphorylation of downstream molecules, such as extracellular signal-related
kinases 1/2 (ERK1/2; Zhong et al., 2003; Olenchock et al., 2006; Riese et al., 2011). Although,
three isoforms of DGK are known to be present within T cells (DGKα, DGKδ, and DGKζ), only
two, DGKα and DGKζ, are thought to play an important role in facilitating DAG metabolism
downstream of the TCR (Joshi and Koretzky, 2013). The function of DGKδ is unknown in T cells;
its role in facilitating metabolic flexibility between lipid and carbohydrate utilization suggest that
it may regulate pools of DAG unrelated to TCR signaling (Chibalin et al., 2008). The signaling
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changes resulting from the absence of DGKα or DGKζ alter
the transcriptional program of activated T cells. For instance,
generation of the transcription factor AP1, which is dependent
on Ras/ERK signaling, is decreased in stimulated Jurkat T
cells overexpressing DGKζ (Zhong et al., 2002). Similarly, NF-
κB (nuclear factor kappa-ligh-chain-enhancer of activated B
cells), a critical transcription factor activated downstream of
PKCθ in T cells, is present at increased levels after stimulation
of DGKζ-deficient lymphocytes as compared to DGKζ-replete
cells (Schmidt et al., 2013), though other data suggests that
the regulation of NF-κB may, in some instances, be positively
regulated by DGKs (Yang et al., 2016).

The change in activation of transcription factors in stimulated
T cells after manipulation of DGK activity correlates with
changes in T cell activation markers and function. For instance,
overexpression of DGKα or DGKζ in Jurkat T cells results
in decreased expression of the activation marker CD69 after
stimulation through the TCR complex (Sanjuán et al., 2001;
Zhong et al., 2002), and overexpression of DGKα induces a
state of decreased functional activity resembling an anergy-like
state (Zha et al., 2006). In contrast, deletion of DGKα or DGKζ

results in T cells with enhanced production of effector cytokines,
such as IL2 and IFNγ, and enhanced proliferation (Zhong et al.,
2003; Olenchock et al., 2006). Inhibition of DGKα also allows T
cells to overcome TCR signaling defects present in human X-
linked lymphoproliferative disease (XLP-1) resulting from the
loss of SAP [signaling lymphocytic activation molecule (SLAM)-
associated protein (Baldanzi et al., 2011; Ruffo et al., 2016)],
along with uncontrolled effector T cell expansion after exposure
to Epstein Barr virus (EBV) characteristic of this disease (Ruffo
et al., 2016).

TARGETING DIACYLGLYCEROL KINASES
TO ENHANCE T CELL ANTI-TUMOR
ACTIVITY

Given the enhanced functional activity conferred by loss of DGKs
in T cells, our group and others have tested the hypothesis
that these proteins may serve as useful targets for enhancing
T cell anti-tumor activity. Recently, strategies to target negative
regulators of T cells to enhance their anti-tumor activity have
been successfully translated from basic science studies into
clinical care (Byrne et al., 2015; Sharma and Allison, 2015; Shin
and Ribas, 2015; Callahan et al., 2016). Although, antibodies
directed against CTLA-4 and PD-1 are the most prominent
examples of therapies that have generated clinical responses in
human malignancy, there is significant interest in identifying
additional inhibitory regulators of T cells to combine with
existing approaches and to use in instances where blockade of
PD-1 and other immune checkpoints is ineffective (Restifo et al.,
2016). We focused our studies on DGKζ, since that enzyme
appears to represent the dominant isoform in T cells, based
on a direct comparison of TCR signal strength between T cells
deficient in either DGKα or DGKζ (Joshi et al., 2013). Using
an EL4-ova subcutaneous model system to permit tracking of
immune responses, we observed that DGKζ

−/− mice had an

increased frequency of tumor rejection, along with a trend toward
increased number of tumor-specific CD8+ T cells (Riese et al.,
2011). Additionally, we demonstrated that adoptively transferred
naïve (Riese et al., 2011) or activated (Riese et al., 2013) tumor-
specific effector T cells displayed increased activation by tumor
and resultant inhibition of tumor growth. While these studies
relied on strong-antigen driven tumor models, it is likely that loss
of DGKs also enhances T cell anti-tumor activity in tumors with
low-grade antigens, since DAG-mediated activation of RasGRP1
regulates the threshold for T cell activation (Das et al., 2009), and
earlier studies implicated a role for Ras in Jurkat T cell activation
mediated by low grade TCR stimulus (Perez de Castro et al.,
2004).

DGKα has also been evaluated as a potential target to improve
T cell activity against tumor, based on the observation that DGKα

is upregulated in certain inhibited T cell conditions, such as
anergy (Zha et al., 2006), and that DGKα is upregulated in tumor-
infiltrating lymphocytes in human renal cell carcinoma (Prinz
et al., 2012). For instance, our own study using adoptive transfer
of CAR (chimeric antigen receptor)-T cells demonstrated similar
increases in efficacy (compared to wild type T cells) between T
cells deficient in DGKα or DGKζ in the treatment of murine
mesothelioma (Riese et al., 2013). Additionally, a study testing
the importance of DGKα in glioblastoma multiforme (GBM)
cells found that concurrent administration of the relatively non-
specific DGKα inhibitor R59022 resulted in decreased growth of
intracranially injected GBM tumors. Although, a preponderance
of evidence suggested that the decreased tumor growth in this
model resulted from inhibition of DGKα within the tumor cells,
modulation of immune activity was not assessed, and could
have been contributory (Dominguez et al., 2013). DGKs also
play a role in limiting the activity of NK cells isolated from
tumors in patients with renal cell carcinoma, since the addition
of either IL-2 or DGK inhibitor (R59022) to culture media
improves the impaired function of tumor-associated NK cells
(Prinz et al., 2014). Recently, a more specific inhibitor for DGKα

has been developed that may be useful to extend these studies
into additional tumor models (Liu et al., 2016). Although a direct
comparison has not to-date been performed comparing tumor
growth in DGKα

−/− and DGKζ
−/− mice, future studies will

undoubtedly provide additional comparisons between the two
genotypes with respect to T cell anti-tumor immunity.

MECHANISM OF ENHANCED T CELL
ANTI-TUMOR ACTIVITY IN
DGKζ-DEFICIENT T CELLS

Enhanced anti-tumor activity observed in DGKζ-deficient T
cells was initially thought to result from increased cytokine
production generated after TCR stimulation; however, it is clear
that intrinsic insensitivity to inhibitory signals in the tumor
microenvironment is also an important determinant. In broad
terms, T cell inhibitory factors can be broadly separated into
two groups: those that inhibit T cells by directly inhibiting
proximal TCR signal transduction, and those that inhibit T
cells independent of attenuation of TCR signaling. Examples
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of immunosuppressant pathways that facilitate direct inhibition
of TCR signaling include PD-1 (Chemnitz et al., 2004; Parry
et al., 2005; Yokosuka et al., 2012), Lag3 (Okazaki et al., 2011),
Prostglandin E2 (PGE2) (Wehbi and Taskén, 2016), adenosine
2A receptor (Linnemann et al., 2009; Linden and Cekic, 2012),
and as we have recently identified, TGFβ (Arumugam et al.,
2015; Newman et al., 2016). Whereas, PD-1 and TGFβ inhibit
TCR signaling by directly or indirectly recruiting inhibitory
tyrosine phosphatases, such as SHP-1 or SHP-2 (Src homology
region 2 domain-containing phosphatase-1/2) to the cell surface,
adenosine 2A, and PGE2 receptors activate protein kinase A
(PKA) leading to Csk-mediated inhibition of the proximal
activating tyrosine kinase Lck (Newick et al., 2016). In contrast,
Lag3 appears to oppose TCR signaling via a KIEELE motif that
acts through an unclear mechanism (Freeman and Sharpe, 2012).
In either case, these inhibitory factors act to oppose activation
events facilitated by proximal tyrosine protein kinases, such as
Lck or Zap-70, that are responsible for initiating TCR signal
cascades and are upstream of DAG generation. In contrast are
inhibitory factors that act predominantly by inhibiting T cells
independent of TCR activation and DAG generation. These
include a subset of immune checkpoint receptors, such as Tim3
(Jones et al., 2008; Lee et al., 2011), and CTLA-4. Although
some reports have suggested direct proximal inhibition of TCR
mediated by CTLA-4 (Lee et al., 1998), CTLA-4 more likely
functions predominantly as a sink to sequester CD80 and
CD86, the ligands of the co-stimulatory molecule CD28 (Green
et al., 1994; Walunas et al., 1996; van der Merwe et al., 1997;
Collins et al., 2002). T cells deficient in DGKs may demonstrate
differential sensitivity to inhibition mediated by dependently
or independently of TCR signaling (Figure 1, Table 1). For
instance, a test of numerous T cell inhibitory pathways revealed
that, in contrast to wild type T cells, T cells lacking DGKζ

demonstrate reduced inhibition of IFNγ production in the
presence of high concentrations of TGFβ, Prostaglandin E2
(PGE2) or adenosine (Riese et al., 2013). This suggests that
one can predict, in broad terms, how DGK-deficient T cells
will respond to various immunosuppressive pathways within the
tumor microenvironment, in that one would anticipate DGK-
deficient T cells to be insensitive to inhibitors that directly
attenuate TCR signaling, such as PD-1 or Lag3, but sensitive
to inhibitory pathways that do not directly interfere with TCR
signaling, such as Tim3 or CTLA-4. This model also predicts
which immune targets might be optimally paired with agents that
block DGKs, such that one would anticipate little synergy with
direct regulators of TCR signaling, but potential excellent synergy
with TCR-independent inhibitors. Experiments are currently
ongoing to test these hypotheses.

POTENTIAL ISSUES ARISING FROM
TARGETING DGKS

The diverse set of cellular functions governed by DAG and
PA, including signal transduction (Mérida et al., 2008), lipid
biogenesis (Shulga et al., 2013), and membrane trafficking (Cho
and Stahelin, 2005), presents challenges for broadly targeting

DGK activity therapeutically, especially since the enzymatic
specificity of the 10 mammalian DGKs is highly conserved, with
the exception of DGKε (Jennings et al., 2015). Thus, isolation of
a compound with specificity toward an individual isoform may
prove difficult, a problem exacerbated by the paucity of structural
information available about eukaryotic DGKs. Although, a
prokaryotic form of DGK has been solved structurally (Li et al.,
2013), it is sufficiently divergent from eukaryotic isoforms that
it provides little value in predicting active site topography of
eukaryotic DGKs. For instance, prokaryotic DGKA is not limited
to enzymatic activity against lipids, but can also catalyze reactions
using glycerol and water as substrates for phosphorylation
(Ullrich et al., 2011). Therefore, approaches to target non-
catalytic domains of DGKζmay provide the bestmeans to achieve
isoform specificity. The structural domains of DGKζ have been
well defined, and include a C1 domain, a MARCKS domain,
an ankyrin repeat domain, and a C-terminal PDZ-binding
domain (Joshi and Koretzky, 2013). Of these domains, only the
MARCKS domain and ankyrin repeat domain are unique to
DGKζ among the 10 DGK family members (Joshi and Koretzky,
2013). Furthermore, only the MARCKS domain, a substrate
for serine/threonine phosphorylation by PKCα (Topham et al.,
1998), is required for DGKζ function (Santos et al., 2002). Thus,
targeting the MARCKS domain may be an effective strategy
for therapeutic targeting of DGKζ, in a manner that confers
specificity.

Apart from concerns with isotype specificity, therapeutic
targeting of DGKα and DGKζ could result in deleterious “on-
target” effects, such as enhanced cellular proliferation and
autoimmunity. As expected, mice with deletions of both DGKα

and DGKζ generate T cells with enhanced TCR signaling
downstream of DAG, as well as more potent effector functions
after in vitro stimulation relative to single knockouts or wild
type T cells (Guo et al., 2008; Riese et al., 2013). However, the
activated level of Ras/Erk signal transduction in double knockout
mice (DKO) results in thymic lymphomagenesis (Guo et al.,
2008). This pro-malignant potential of enhanced DAG signaling
is consistent with data from human patients with T cell acute
lymphoblastic leukemia (T-ALL), in which RasGRP1, the Ras
activating protein activated by DAG, has been found to be
frequently overexpressed (Hartzell et al., 2013). Thus, caution
must be used if DGK germline deletion (e.g., using CRISPR-based
approaches) is used as a means to target DGKs in adoptive T cell
therapies. Generating auto-immune disease may also be an issue
when targeting DGKs. Although mice deficient in DGKα, DGKζ,
or both do not develop overt autoimmunity, it is likely that the
mice would develop enhanced T cell responses in autoimmune
models such as experimental autoimmune encephalitis (EAE),
especially given the role DGKs play in limiting activation of
Mnk1/2-mediated activation and development of encephalitis in
the EAE model (Gorentla et al., 2013). A possible explanation for
the lack of overt autoimmunity in DGKζ or DKOmicemay be the
concurrent enhanced generation of natural T regs in these mice
(Joshi et al., 2013), although this remains speculative, and raises
the additional consideration that thymic development of T cells
may be impacted by manipulation of DGK activity. For instance,
constitutive expression of a membrane-bound form of DGKα
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FIGURE 1 | Model of enhanced T cell activity in DGK-deficient T cells. DGKα and DGKζ function to metabolize DAG generated downstream of TCR activation.

Deletion of either or both isoforms results in T cells with enhanced TCR signal transduction downstream of DAG and resultant enhanced effector functions (“No

inhibitor”). Loss of DGK confers resistance to inhibitory pathways that function through direct interference of TCR signal transduction, since these inhibitory events

occur proximal to generation of DAG (“Direct TCR Inhibitor”). We predict that T cells deficient in DGKs remain sensitive to inhibitory pathways that mediate their effect

independent of interference with TCR signal transduction (“Non-TCR Inhibitor”), or for pathways that inhibit TCR signaling at rate limiting steps downstream of DAG

formation.
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TABLE 1 | Relative insensitivity to inhibitory stimuli of CD8+ T cells.

Inhibitory stimuli/receptor Inhibitor-mediated fold ↓ in

IFNγ by CD8+ T cell

Does inhibitory pathway directly

impact TCR signaling?

References

WT DGKζ−/−

TGFβ 35x 1x Yes Arumugam et al., 2015

PGE2 2x 1.5x Yes Riese et al., 2013

Adenosine 2x 1.2x Yes Riese et al., 2013

PD-1 4x Unknown Yes Parry et al., 2005

Lag3 2x Unknown Yes Hannier et al., 1998; Huang et al., 2015

Tim-3 None Unknown No Lee et al., 2011

CTLA-4 2x Unknown Uncertain Krummel and Allison, 1995; Walunas and

Bluestone, 1998

leads to accumulation of immature CD8+ “single positive” T
cells within the thymus in addition to peripheral lymphopenia
(Almena et al., 2013), and DKO mice demonstrate a severe
impairment in thymic development of invariant NKT cells, a
subset of innate T cells (Shen et al., 2011). Ongoing experiments
are needed to test whether DGK-deficient mice will developmore
severe disease than wild type counterparts after autoimmune
challenges, and to determine whether subtle alterations are
present in the thymic development of other conventional T cell
subsets.

CONCLUSIONS

As immunotherapeutic approaches come to the forefront of
cancer treatment, there is an increased need to evaluate proteins
and molecules that inhibit the immune system, especially in
T cells. Diacylglycerol kinases should warrant a high degree
of consideration in these targeting strategies, ideally with the
development of small molecule inhibitors. In the meanwhile, it
may be advantageous tomove forward with genemanipulation in
adoptive cellular therapies. The ability to very specifically target
DGKs within only the transferred T cells will minimize systemic
side effects. It will also be possible to include suicide genes to

enable destruction of the transferred T cells, should it become
necessary. A better understanding of the changes that result from
acute and long-term targeting of DGKs should help discern the
effectiveness of this strategy both alone, and in combination with
other therapies designed to induce immune cell activation.

AUTHOR CONTRIBUTIONS

All authors contributed to the conception and design of the
manuscript and contributed writing to the paper.

FUNDING

Funding provided by NIH K08 CA151893 (MR), NIH K08
CA163941 (EM), American Cancer Society (MR), Kathy Duffey
Fogerty Family Foundation (MR), HRHM Program of MACC
Fund (BJ).

ACKNOWLEDGMENTS

The authors thank SubramaniamMalarkannan (Medical College
of Wisconsin and Blood Center of Wisconsin, Milwaukee, WI)
for critical review of the manuscript.

REFERENCES

Almena, M., Andrada, E., Liebana, R., and Merida, I. (2013). Diacylglycerol

metabolism attenuates T-cell receptor signaling and alters thymocyte

differentiation. Cell Death Dis. 4, e912. doi: 10.1038/cddis.2013.396

Arumugam, V., Bluemn, T., Wesley, E., Schmidt, A. M., Kambayashi,

T., Malarkannan, S., et al. (2015). TCR signaling intensity controls

CD8+ T cell responsiveness to TGF-β. J. Leukoc. Biol. 98, 703–712.

doi: 10.1189/jlb.2HIMA1214-578R

Baldanzi, G., Pighini, A., Bettio, V., Rainero, E., Traini, S., Chianale, F.,

et al. (2011). SAP-mediated inhibition of diacylglycerol kinase α regulates

TCR-induced diacylglycerol signaling. J. Immunol. 187, 5941–5951. doi:

10.4049/jimmunol.1002476

Byrne, K. T., Vonderheide, R. H., Jaffee, E. M., and Armstrong, T. D. (2015).

Special conference on tumor immunology and immunotherapy: a new

chapter. Cancer Immunol. Res. 3, 590–597. doi: 10.1158/2326-6066.CIR-

15-0106

Callahan, M. K., Postow, M. A., and Wolchok, J. D. (2016). Targeting

T cell co-receptors for cancer therapy. Immunity 44, 1069–1078. doi:

10.1016/j.immuni.2016.04.023

Chemnitz, J. M., Parry, R. V., Nichols, K. E., June, C. H., and Riley, J. L. (2004).

SHP-1 and SHP-2 associate with immunoreceptor tyrosine-based switch motif

of programmed death 1 upon primary human T cell stimulation, but only

receptor ligation prevents T cell activation. J. Immunol. 173, 945–954.

Chibalin, A. V., Leng, Y., Vieira, E., Krook, A., Björnholm, M., Long, Y. C.,

et al. (2008). Downregulation of diacylglycerol kinase delta contributes

to hyperglycemia-induced insulin resistance. Cell 132, 375–386. doi:

10.1016/j.cell.2007.12.035

Cho, W., and Stahelin, R. V. (2005). Membrane-protein interactions in cell

signaling and membrane trafficking. Annu. Rev. Biophys. Biomol. Struct. 34,

119–151. doi: 10.1146/annurev.biophys.33.110502.133337

Collins, A. V., Brodie, D.W., Gilbert, R. J. C., Iaboni, A., Manso-Sancho, R., Walse,

B., et al. (2002). The interaction properties of costimulatory molecules revisited.

Immunity 17, 201–210.

Frontiers in Cell and Developmental Biology | www.frontiersin.org October 2016 | Volume 4 | Article 108 |  85

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Riese et al. DGKs and Cancer Immunotherapy

Das, J., Ho, M., Zikherman, J., Govern, C., Yang, M., Weiss, A., et al. (2009). Digital

signaling and hysteresis characterize ras activation in lymphoid cells. Cell 136,

337–351. doi: 10.1016/j.cell.2008.11.051

Dominguez, C. L., Floyd, D. H., Xiao, A., Mullins, G. R., Kefas, B. A., Xin, W.,

et al. (2013). Diacylglycerol kinase α is a critical signaling node and novel

therapeutic target in glioblastoma and other cancers.Cancer Discov. 3, 782–797.

doi: 10.1158/2159-8290.CD-12-0215

Eichmann, T. O., and Lass, A. (2015). DAG tales: the multiple faces of

diacylglycerol–stereochemistry, metabolism, and signaling. Cell. Mol. Life Sci.

72, 3931–3952. doi: 10.1007/s00018-015-1982-3

Freeman, G. J., and Sharpe, A. H. (2012). A new therapeutic strategy for malaria:

targeting T cell exhaustion. Nat. Immunol. 13, 113–115. doi: 10.1038/ni.2211

Gorentla, B. K., Krishna, S., Shin, J., Inoue, M., Shinohara, M. L., Grayson,

J. M., et al. (2013). Mnk1 and 2 are dispensable for T cell development

and activation but important for the pathogenesis of experimental

autoimmune encephalomyelitis. J. Immunol. 190, 1026–1037. doi:

10.4049/jimmunol.1200026

Green, J. M., Noel, P. J., Sperling, A. I., Walunas, T. L., Gray, G. S., Bluestone, J.

A., et al. (1994). Absence of B7-dependent responses in CD28-deficient mice.

Immunity 1, 501–508.

Guo, R., Wan, C.-K., Carpenter, J. H., Mousallem, T., Boustany, R.-M. N., Kuan,

C.-T., et al. (2008). Synergistic control of T cell development and tumor

suppression by diacylglycerol kinase alpha and zeta. Proc. Natl. Acad. Sci. U.S.A.

105, 11909–11914. doi: 10.1073/pnas.0711856105

Hannier, S., Tournier, M., Bismuth, G., and Triebel, F. (1998). CD3/TCR complex-

associated lymphocyte activation gene-3 molecules inhibit CD3/TCR signaling.

J. Immunol. 161, 4058–4065.

Hartzell, C., Ksionda, O., Lemmens, E., Coakley, K., Yang, M., Dail, M., et al.

(2013). Dysregulated RasGRP1 responds to cytokine receptor input in T cell

leukemogenesis. Sci. Signal. 6, ra21. doi: 10.1126/scisignal.2003848

Huang, R. Y., Eppolito, C., Lele, S., Shrikant, P., Matsuzaki, J., and Odunsi, K.

(2015). LAG3 and PD1 co-inhibitory molecules collaborate to limit CD8+ T

cell signaling and dampen antitumor immunity in a murine ovarian cancer

model. Oncotarget 6, 27359–27377. doi: 10.18632/oncotarget.4751

Jennings,W., Doshi, S., D’Souza, K., and Epand, R.M. (2015).Molecular properties

of diacylglycerol kinase-epsilon in relation to function. Chem. Phys. Lipids 192,

100–108. doi: 10.1016/j.chemphyslip.2015.06.003

Jones, R. B., Ndhlovu, L. C., Barbour, J. D., Sheth, P. M., Jha, A. R., Long, B. R.,

et al. (2008). Tim-3 expression defines a novel population of dysfunctional T

cells with highly elevated frequencies in progressive HIV-1 infection. J. Exp.

Med. 205, 2763–2779. doi: 10.1084/jem.20081398

Joshi, R. P., and Koretzky, G. A. (2013). Diacylglycerol kinases: regulated

controllers of T cell activation, function, and development. Int. J. Mol. Sci. 14,

6649–6673. doi: 10.3390/ijms14046649

Joshi, R. P., Schmidt, A. M., Das, J., Pytel, D., Riese, M. J., Lester, M., et al. (2013).

The ζ isoform of diacylglycerol kinase plays a predominant role in regulatory

T cell development and TCR-mediated ras signaling. Sci. Signal. 6, ra102. doi:

10.1126/scisignal.2004373

Krishna, S., and Zhong, X. (2013). Role of diacylglycerol kinases in T cell

development and function. Crit. Rev. Immunol. 33, 97–118.

Krummel, M. F., and Allison, J. P. (1995). CD28 and CTLA-4 have opposing effects

on the response of T cells to stimulation. J. Exp. Med. 182, 459–465.

Lee, J., Su, E. W., Zhu, C., Hainline, S., Phuah, J., Moroco, J. A., et al. (2011).

Phosphotyrosine-dependent coupling of Tim-3 to T-cell receptor signaling

pathways.Mol. Cell. Biol. 31, 3963–3974. doi: 10.1128/MCB.05297-11

Lee, K. M., Chuang, E., Griffin, M., Khattri, R., Hong, D. K., Zhang, W.,

et al. (1998). Molecular basis of T cell inactivation by CTLA-4. Science 282,

2263–2266.

Li, D., Lyons, J. A., Pye, V. E., Vogeley, L., Aragão, D., Kenyon, C. P., et al. (2013).

Crystal structure of the integral membrane diacylglycerol kinase. Nature 497,

521–524. doi: 10.1038/nature12179

Linden, J., and Cekic, C. (2012). Regulation of lymphocyte function

by adenosine. Arterioscler. Thromb. Vasc. Biol. 32, 2097–2103.

doi: 10.1161/ATVBAHA.111.226837

Linnemann, C., Schildberg, F. A., Schurich, A., Diehl, L., Hegenbarth, S. I., Endl,

E., et al. (2009). Adenosine regulates CD8 T-cell priming by inhibition of

membrane-proximal T-cell receptor signalling. Immunology 128, e728–e737.

doi: 10.1111/j.1365-2567.2009.03075.x

Liu, K., Kunii, N., Sakuma, M., Yamaki, A., Mizuno, S., Sato, M., et al. (2016).

A novel diacylglycerol kinase α-selective inhibitor, CU-3, induces cancer cell

apoptosis and enhances immune response. J. Lipid Res. 57, 368–379. doi:

10.1194/jlr.M062794

Mérida, I., Avila-Flores, A., and Merino, E. (2008). Diacylglycerol kinases: at the

hub of cell signalling. Biochem. J. 409, 1–18. doi: 10.1042/BJ20071040

Newick, K., O’Brien, S., Sun, J., Kapoor, V., Maceyko, S., Lo, A., et al. (2016).

Augmentation of CAR T-cell trafficking and anti-tumor efficacy by blocking

protein kinase A. Localization 4, 541–551. doi: 10.1158/2326-6066.CIR-15-0263

Newman, D. K., Fu, G., Adams, T., Arumugam, V., Bluemn, T., and Riese, M. J.

(2016). An unexpected role for PECAM-1 in TGF beta-mediated inhibition of

T cell function. Sci. Signal. 9, 1–12.

Okazaki, T., Okazaki, I.-M., Wang, J., Sugiura, D., Nakaki, F., Yoshida, T., et al.

(2011). PD-1 and LAG-3 inhibitory co-receptors act synergistically to prevent

autoimmunity in mice. J. Exp. Med. 208, 395–407. doi: 10.1084/jem.20100466

Olenchock, B. A., Guo, R., Carpenter, J. H., Jordan, M., Topham, M. K., Koretzky,

G. A., et al. (2006). Disruption of diacylglycerol metabolism impairs the

induction of T cell anergy. Nat. Immunol. 7, 1174–1181. doi: 10.1038/ni1400

Parry, R. V., Chemnitz, J. M., Frauwirth, K. A., Lanfranco, A. R., Braunstein,

I., Kobayashi, S. V., et al. (2005). CTLA-4 and PD-1 receptors inhibit T-

cell activation by distinct mechanisms. Mol. Cell. Biol. 25, 9543–9553. doi:

10.1128/MCB.25.21.9543-9553.2005

Perez de Castro, I., Bivona, T. G., Philips, M. R., and Pellicer, A. (2004). Ras

activation in Jurkat T cells following low-grade stimulation of the T-cell

receptor is specific to N-Ras and occurs only on the Golgi apparatus.Mol. Cell.

Biol. 24, 3485–3496.

Prinz, P. U., Mendler, A. N., Brech, D., Masouris, I., Oberneder, R., and Noessner,

E. (2014). NK-cell dysfunction in human renal carcinoma reveals diacylglycerol

kinase as key regulator and target for therapeutic intervention. Int. J. Cancer

135, 1832–1841. doi: 10.1002/ijc.28837

Prinz, P. U., Mendler, A. N., Masouris, I., Durner, L., Oberneder, R., and Noessner,

E. (2012). High DGK-α and disabled MAPK pathways cause dysfunction of

human tumor-infiltrating CD8+ T cells that is reversible by pharmacologic

intervention. J. Immunol. 188, 5990–6000. doi: 10.4049/jimmunol.1103028

Quann, E. J., Liu, X., Altan-Bonnet, G., and Huse, M. (2011). A cascade of protein

kinase C isozymes promotes cytoskeletal polarization in T cells. Nat. Immunol.

12, 647–654. doi: 10.1038/ni.2033

Restifo, N. P., Smyth, M. J., and Snyder, A. (2016). Acquired resistance to

immunotherapy and future challenges. Nat. Rev. Cancer 16, 121–126. doi:

10.1038/nrc.2016.2

Riese, M. J., Grewal, J., Das, J., Zou, T., Patil, V., Chakraborty, A. K., et al.

(2011). Decreased diacylglycerol metabolism enhances ERK activation and

augments CD8+ T cell functional responses. J. Biol. Chem. 286, 5254–5265.

doi: 10.1074/jbc.M110.171884

Riese, M. J., Wang, L.-C. S., Moon, E. K., Joshi, R. P., Ranganathan, A.,

June, C. H., et al. (2013). Enhanced effector responses in activated CD8+

T cells deficient in diacylglycerol kinases. Cancer Res. 73, 3566–3577. doi:

10.1158/0008-5472.CAN-12-3874

Ruffo, E., Malacarne, V., Larsen, S. E., Das, R., Patrussi, L., Wülfing, C., et al.

(2016). Inhibition of diacylglycerol kinase α restores restimulation-induced cell

death and reduces immunopathology in XLP-1. Sci. Transl. Med. 8, 321ra7. doi:

10.1126/scitranslmed.aad1565

Sanjuán, M. A., Jones, D. R., Izquierdo, M., and Mérida, I. (2001). Role of

diacylglycerol kinase alpha in the attenuation of receptor signaling. J. Cell Biol.

153, 207–220.

Santos, T., Carrasco, S., Jones, D. R., Mérida, I., and Eguinoa, A. (2002). Dynamics

of diacylglycerol kinase zeta translocation in living T-cells. Study of the

structural domain requirements for translocation and activity. J. Biol. Chem.

277, 30300–30309. doi: 10.1074/jbc.M200999200

Schmidt, A. M., Zou, T., Joshi, R. P., Leichner, T. M., Pimentel, M. A., Sommers,

C. L., et al. (2013). Diacylglycerol kinase ζ limits the generation of natural

regulatory T cells. Sci. Signal. 6, ra101. doi: 10.1126/scisignal.2004411

Sharma, P., and Allison, J. P. (2015). The future of immune checkpoint therapy.

Science 348, 56–61. doi: 10.1126/science.aaa8172

Shen, S., Wu, J., Srivatsan, S., Gorentla, B. K., Shin, J., Xu, L., et al.

(2011). Tight regulation of diacylglycerol-mediated signaling is critical for

proper invariant NKT cell development. J. Immunol. 187, 2122–2129. doi:

10.4049/jimmunol.1100495

Frontiers in Cell and Developmental Biology | www.frontiersin.org October 2016 | Volume 4 | Article 108 | 86

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Riese et al. DGKs and Cancer Immunotherapy

Shin, D. S., and Ribas, A. (2015). The evolution of checkpoint blockade as a

cancer therapy: what“s here, what”s next? Curr. Opin. Immunol. 33, 23–35. doi:

10.1016/j.coi.2015.01.006

Shulga, Y. V., Loukov, D., Ivanova, P. T., Milne, S. B., Myers, D. S., Hatch, G. M.,

et al. (2013). Diacylglycerol kinase delta promotes lipogenesis. Biochemistry 52,

7766–7776. doi: 10.1021/bi401178y

Topham, M. K., Bunting, M., Zimmerman, G. A., McIntyre, T. M., Blackshear, P.

J., and Prescott, S. M. (1998). Protein kinase C regulates the nuclear localization

of diacylglycerol kinase-zeta. Nature 394, 697–700. doi: 10.1038/29337

Ullrich, S. J., Hellmich, U. A., Ullrich, S., and Glaubitz, C. (2011). Interfacial

enzyme kinetics of a membrane bound kinase analyzed by real-time MAS-

NMR. Nat. Chem. Biol. 7, 263–270. doi: 10.1038/nchembio.543

van der Merwe, P. A., Bodian, D. L., Daenke, S., Linsley, P., and Davis, S. J. (1997).

CD80 (B7-1) binds both CD28 and CTLA-4 with a low affinity and very fast

kinetics. J. Exp. Med. 185, 393–403.

Walunas, T. L., Bakker, C. Y., and Bluestone, J. A. (1996). CTLA-4 ligation blocks

CD28-dependent T cell activation. J. Exp. Med. 183, 2541–2550.

Walunas, T. L., and Bluestone, J. A. (1998). CTLA-4 regulates tolerance induction

and T cell differentiation in vivo. J. Immunol. 187, 3466–3474.

Wehbi, V. L., and Taskén, K. (2016). Molecular mechanisms for cAMP-mediated

immunoregulation in T cells - role of anchored protein Kinase A signaling

units. Front. Immunol. 7:222. doi: 10.3389/fimmu.2016.00222

Yang, J., Zhang, P., Krishna, S., Wang, J., Lin, X., Huang, H., et al. (2016).

Unexpected positive control of NFκB and miR-155 by DGKα and ζ ensures

effector and memory CD8+ T cell differentiation. Oncotarget. 7, 33744–33764.

doi: 10.18632/oncotarget.8164

Yokosuka, T., Takamatsu, M., Kobayashi-Imanishi, W., Hashimoto-Tane, A.,

Azuma, M., and Saito, T. (2012). Programmed cell death 1 forms negative

costimulatory microclusters that directly inhibit T cell receptor signaling

by recruiting phosphatase SHP2. J. Exp. Med. 209, 1201–1217. doi:

10.1084/jem.20112741

Zha, Y., Marks, R., Ho, A. W., Peterson, A. C., Janardhan, S., Brown, I., et al.

(2006). T cell anergy is reversed by active Ras and is regulated by diacylglycerol

kinase-alpha. Nat. Immunol. 7, 1166–1173. doi: 10.1038/ni1394

Zhong, X.-P., Hainey, E. A., Olenchock, B. A., Jordan, M. S., Maltzman,

J. S., Nichols, K. E., et al. (2003). Enhanced T cell responses due to

diacylglycerol kinase zeta deficiency. Nat. Immunol. 4, 882–890. doi: 10.1038/

ni958

Zhong, X.-P., Hainey, E. A., Olenchock, B. A., Zhao, H., Topham, M. K., and

Koretzky, G. A. (2002). Regulation of T cell receptor-induced activation

of the Ras-ERK pathway by diacylglycerol kinase zeta. J. Biol. Chem. 277,

31089–31098. doi: 10.1074/jbc.M203818200

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

MR and SA are co-holders of a pending patent application on targeting DGKs for

adoptive cellular therapies.

Copyright © 2016 Riese, Moon, Johnson and Albelda. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org October 2016 | Volume 4 | Article 108 | 87

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


REVIEW
published: 29 November 2016
doi: 10.3389/fcell.2016.00140

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2016 | Volume 4 | Article 140 |

Edited by:

Pedro M. Fernández-Salguero,

University of Extremadura, Spain

Reviewed by:

Kamalakannan Rajasekaran,

Genentech Foundation, USA

Joaquin Teixidó,

Consejo Superior Investigaciones

Científicas, Spain

*Correspondence:

Gianluca Baldanzi

gianluca.baldanzi@med.uniupo.it

Specialty section:

This article was submitted to

Signaling,

a section of the journal

Frontiers in Cell and Developmental

Biology

Received: 27 August 2016

Accepted: 14 November 2016

Published: 29 November 2016

Citation:

Baldanzi G, Bettio V, Malacarne V and

Graziani A (2016) Diacylglycerol

Kinases: Shaping Diacylglycerol and

Phosphatidic Acid Gradients to

Control Cell Polarity.

Front. Cell Dev. Biol. 4:140.

doi: 10.3389/fcell.2016.00140

Diacylglycerol Kinases: Shaping
Diacylglycerol and Phosphatidic Acid
Gradients to Control Cell Polarity
Gianluca Baldanzi 1, 2*, Valentina Bettio 1, 2, Valeria Malacarne 1, 3 and Andrea Graziani 1, 3

1Department of Translational Medicine, University of Piemonte Orientale, Novara, Italy, 2 Institute for Research and Cure of

Autoimmune Diseases, Novara, Italy, 3Division of Experimental Oncology, School of Medicine, University Vita e Salute San

Raffaele, Milan, Italy

Diacylglycerol kinases (DGKs) terminate diacylglycerol (DAG) signaling and promote

phosphatidic acid (PA) production. Isoform specific regulation of DGKs activity and

localization allows DGKs to shape the DAG and PA gradients. The capacity of DGKs

to constrain the areas of DAG signaling is exemplified by their role in defining the contact

interface between T cells and antigen presenting cells: the immune synapse. Upon T

cell receptor engagement, both DGK α and ζ metabolize DAG at the immune synapse

thus constraining DAG signaling. Interestingly, their activity and localization are not fully

redundant because DGKζ activity metabolizes the bulk of DAG in the cell, whereas

DGKα limits the DAG signaling area localizing specifically at the periphery of the immune

synapse. When DGKs terminate DAG signaling, the local PA production defines a new

signaling domain, where PA recruits and activates a second wave of effector proteins.

The best-characterized example is the role of DGKs in protrusion elongation and cell

migration. Indeed, upon growth factor stimulation, several DGK isoforms, such as α, ζ,

and γ, are recruited and activated at the plasma membrane. Here, local PA production

controls cell migration by finely modulating cytoskeletal remodeling and integrin recycling.

Interestingly, DGK-produced PA also controls the localization and activity of key players in

cell polarity such as aPKC, Par3, and integrin β1. Thus, T cell polarization and directional

migration may be just two instances of the general contribution of DGKs to the definition

of cell polarity by local specification of membrane identity signaling.

Keywords: immune synapse, migration, lipid domain, cell polarity, localization

MEMBRANE IDENTITY AND CELL POLARITY

The compartmentalization of plasma membrane proteins is a common characteristic of eukaryotic
cells and provides the base for the establishment of signaling domains (Spira et al., 2012). Local
changes in lipid distribution also contribute to plasma membrane heterogeneity. However, the
actual size and stability of lipid domains in cell membranes is still debatable (Carquin et al., 2016).
The presence of specific lipids in different cellular compartments, including the plasma membrane,
is required for the localized recruitment of effector proteins like actin regulators, protein kinases,
and small GTPases (Lemmon, 2008).

The contribution of phosphoinositides (PIs) to cell organization has been extensively
characterized; specific PIs play a major role in determining the subcellular identity of membranes
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(Di Paolo and De Camilli, 2006). The balance between
Phosphatidylinositol-trisphosphate (PI3,4,5P3) (Di Paolo and De
Camilli, 2006; Lemmon, 2008; Sánchez-Madrid and Serrador,
2009) and Phosphatidylinositol-bisphosphate (PI4,5P2) (Di Paolo
and De Camilli, 2006; Sánchez-Madrid and Serrador, 2009)
is specifically involved in the generation and maintenance of
cell polarity in a variety of experimental systems. In migrating
leukocytes as well as in Dictyostelium cells, a PI3,4,5P3→ PI4,5P2
gradient identifies the leading edge of the cell compared to
the uropod at the rear (Sánchez-Madrid and Serrador, 2009).
Similarly, in neurons, PI3,4,5P3 is enriched at the tip of the
growing axon (Shi et al., 2003). In apical/basal polarized epithelial
cells, PI4,5P2 accumulates at the apical domain whereas the
basolateral membranes are enriched in PI3,4,5P3 (Gassama-
Diagne et al., 2006). In all these cases, local lipid enrichment
results from the spatial segregation of PI3,4,5P3 generation by
PI3Ks and its metabolism by PTEN activity (Funamoto et al.,
2002; Lacalle et al., 2004; Martin-Belmonte et al., 2007; Leslie
et al., 2008). Once established, the uneven distribution of PIs
promotes cell polarization by recruiting specific effectors.

Similar to PI3,4,5P3 and PI4,5P2, both DAG and PA are: (i)
second messengers that recruit a set of interacting proteins
(Mérida et al., 2008), (ii) kept in balance by the combined action
of PA phosphatases and DGKs (Sakane et al., 2007) and (iii)
enriched in specific domains of the plasmamembrane where they
recruit specific effectors.

In quiescent cells grown on bi-dimensional surfaces, PA is
present in relevant amounts with prominent distribution at the
free edges compared with that at cell-cell contacts (Nishioka et al.,
2010). Further PA production by PLD and DGKs is observed
upon receptor triggering, with highest levels at the nascent
lamellipodia (Nishioka et al., 2010). Herein, PA binding proteins
such as aPKC (Chianale et al., 2010; Rainero et al., 2014) or Nir2
(Kim et al., 2013), drive cytoskeletal remodeling and protrusion
elongation. Similarly, PA participates in the recruitment of
the Rac activator, DOCK1, during dorsal ruffle formation in
fibroblasts (Sanematsu et al., 2013), as well as in the localization
and activation of the Rac-RhoGAP complex during neurite
outgrowth (Kurooka et al., 2011). Moreover, DAG is locally
produced by the activity of extracellular regulated phospholipase
C (PLC) on PI4,5P2 (Kadamur and Ross, 2013) and by the
PA phosphatase activity at both the plasma membrane and in
the intracellular organelles (Brindley et al., 2009). The resulting
DAG production is essential to many biological systems such
as the immune synapse, the neuronal synapse, and phagocytosis
(Almena and Mérida, 2011).

PA and DAG gradients are somehow different in migrating
cells. Indeed, low PA levels have been found at the leading edge
of spontaneously migrating HeLa cells compared to those at
the trailing edge (Ferraz-Nogueira et al., 2014), whereas DAG is
symmetrically enriched at the front of migrating cells (Nishioka
et al., 2008). Similarly, PA is strongly decreased at the apical
domain of polarized epithelial cells, whereas DAG is lightly
enriched (Gerl et al., 2012). These data demonstrate the existence
of PA and DAG enriched domains that contribute to cellular
asymmetry and thus suggest a putative role of DGKs in the
control of cell polarity. Accordingly, while in E. coli DGK is a

transmembrane protein that phosphorylates multiple lipids (Van
Horn and Sanders, 2012), mammalian DGKs are soluble enzymes
recruited on demand at specific cellular locations where they act
on specific DAG pools (Kobayashi et al., 2007). The relevance
of targeting to specific membrane domains is evidenced by the
presence of multiple domains controlling membrane association,
in the N terminal part of all DGKs, apart from DGKε (Mérida
et al., 2008).

Here, we will discuss some well-characterized examples of the
contribution of DGK activity to the generation and maintenance
of lipid signaling domains in polarized cells.

DGKα AND ζ AT THE IMMUNOLOGICAL
SYNAPSE

The contact zone between the T cell and the antigen-
presenting cell (APC) is a specialized structure described as
the immunological synapse (IS) (Monks et al., 1998; Grakoui
et al., 1999). The IS has a well-defined spatial organization
where supramolecular activation clusters (SMACs) are arranged
in radial symmetry to form a “bull’s eye” shape (Monks et al.,
1998). The more distal zone (dSMAC) is CD45-enriched and
is characterized by active actin movements resembling the
sensory lamellipodia of epithelial cells (Dustin et al., 2010).
This is followed by a peripheral zone (pSMAC) enriched
in adhesion molecules such as LFA-1 (lymphocyte function-
associated antigen-1, integrin αLβ2), and VLA4 (Very Late
Antigen-4, integrin α4β1) and the associated talin that resemble
adhesive lamella (Mittelbrunn et al., 2004). In the central part
(cSMAC), coactivators (e.g., CD28) and kinases (LCK, Fyn) are
enriched, but endocytosis also occurs, resembling that in uropods
of migrating cells. The cSMAC is also the site of secretion
of cytokines, cytolytic agents, and exosomes into the synapse
(Dustin, 2014).

Upon antigen stimulation, T cell receptor (TCR)
microclusters form at the IS periphery and move toward the
cSMAC where they encounter the endocytic sorting machinery
and are internalized. IS formation drives the polarization of
the entire T cell, with the translocation of the microtubule
organizing center (MTOC) between the IS and the nucleus, and
the establishment of the uropod, a membrane zone enriched in
signaling molecules at the opposite end of the T cell (Serrador
et al., 1999). Both IS formation and repositioning of the MTOC
are key events during the killing of a cognate target cell by
cytotoxic T lymphocytes (CTLs). Cytotoxic granules move
along microtubules and the granule content is released between
the CTL and the target cell, where perforin and granzymes
co-operate to induce rapid death of the target cell by apoptosis
(de Saint Basile et al., 2010).

Unstimulated T cells display uniform distribution of DAG at
the plasma membrane, whereas after T cell activation, a DAG
gradient is established at the center of the IS by the activity of
TCR-activated PLCγ (Spitaler et al., 2006) and by the combined
action of PLD and PA-phosphatases (Mor et al., 2007). This
DAG is essential for the recruitment of downstream DAG-
dependent effectors such as conventional PKC (cPKCs), PKD,
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and RasGRP1, which promote the downstream T cell responses
(Spitaler et al., 2006). As recently reviewed by Merida et al., rapid
DAG metabolism occurs at the IS (Mérida et al., 2015). Indeed
bothDGKα andDGKζ are translocated to the proximal and distal
poles of the T cell during IS formation (Joshi et al., 2013) and
both DGKα and DGKζ are recruited to the TCR complex (Gerl
et al., 2012). Despite a substantial overlap in localization upon
TCR triggering and their common function as negative regulators
of TCR-downstream signaling (Zhong et al., 2003; Olenchock
et al., 2006), the roles of DGKα and DGKζ do not seem
fully redundant. Indeed, TCR triggers DGKζ phosphorylation
on the myristoylated alanine-rich C-kinase substrate (MARKS)
domain by PKC (Gharbi et al., 2011). Upon phosphorylation,
DGKζ spreads among the entire immunological synapse, where
it contributes to DAG metabolism (Gharbi et al., 2011; Joshi
et al., 2013). Conversely, DGKα is selectively recruited to the
periphery of the IS in a PI3Kδ dependent manner (Chauveau
et al., 2014). Membrane-associated DGKα is phosphorylated on
Y335 and is activated by Lck and Ca

2+ with a timing that overlaps
with PLCγ-phosphorylation (Sanjuán et al., 2001; Merino et al.,
2008). In vitro experiments show that membrane-localized
DGKα in T cells displays a substantial overlap with the F-actin
ring surrounding the central DAG bulk, where DGKα plays a
specific role in restricting the DAG domain. Indeed, in WT and
DGKζ

−/− T cells, the DAG probe C1δ-GFP was localized within
this F-actin ring, whereas in DGKα

−/− cells, DAG distribution
appeared substantially broader (Chauveau et al., 2014). Thus,
DGKα contributes to polarity determination by constraining
DAG accumulation into the cSMAC, while DGKζ plays a general
function in reducing the intensity of TCR-downstream signaling
(Chauveau et al., 2014).

The DGKα-mediated shaping of DAG gradient at the immune
synapse is required for T cell polarization as DGKα

−/− cells show
partial impairment in TCR-promoted MTOC re-localization
and polarized secretion (Quann et al., 2009; Alonso et al.,
2011; Chauveau et al., 2014). Absence of DGK activity closely
resembles T cell treatment with DAG analogs, such as phorbol
esters, which completely abrogate MTOC reorientation toward
the IS (Quann et al., 2009). The relevance of DGKα in T cell
polarization is less evident when assayed in conjugates between
antigen presenting B cells and Jurkat T cells. In these IS, DGKα

inhibition does not perturb MTOC and F-actin polarization,
but significantly affects DAG accumulation at the IS, suggesting
that some polarization events also occur in the absence of
localized DAG signaling (Ruffo et al., 2016). A striking example
of the functional relevance of DGKα in the control of T cell
polarization is the X-linked lymphoproliferative disease 1 (XLP-
1). XLP-1 is a primary immunodeficiency due to defects in
signaling lymphocytic activation molecule (SLAM)–associated
protein (SAP), an adaptor protein that modulates TCR-induced
signaling. We have demonstrated that the SLAM-SAP signaling
axis negatively regulates DGKα activity in T cells (Baldanzi
et al., 2011a). In XLP-1 SAP is mutated or absent and results
in constitutive DGKα activity that blunts the DAG dependent
TCR signaling (Dustin et al., 2010). Interestingly, SAP deficient
cells not only show partial impairment of TCR signaling, but also
have specific defects in novel PKC (nPKC) recruitment at the

IS (Cannons et al., 2004, 2010a), thus reducing the IS stability
ad effector functions (Cannons et al., 2010b; Zhao et al., 2012).
These defects are due to excessive DGKα activity, as silencing
or inhibiting DGKα in SAP deficient cells restores the correct
level of DAG and its effectors at the IS and reestablishes MTOC
polarization (Ruffo et al., 2016). Accordingly, inhibition of DGKα

activity had no substantial effect on the killing of target cells
by activated CD8+ lymphocytes whereas it enhances the weak
effector function of SAP deficient lymphocytes (Chauveau et al.,
2014; Ruffo et al., 2016).

These observations indicate that a signaling domain enriched
in DAG is generated by the fine-tuning of localized production
by PLCγ and equally localized metabolism by DGKα (Mérida
et al., 2015). As evidenced in Figure 1, fine regulation of DGKα

activity plays a central role, with a small fraction recruited and
activated by PI3Kδ at the pSMAC (Chauveau et al., 2014), and
the remaining enzyme activity is inhibited by SAP (Baldanzi
et al., 2011a). The resulting spatial definition of DAG signaling
drives T cell polarization by promoting the local recruitment of
multiple PKC isoforms (Quann et al., 2011) that in turn organize
molecular motors such as dynein at the IS and myosin II at
the opposite cell end (Liu et al., 2013). Once established, T cell
polarity is maintained by polarized vesicular trafficking toward
the IS, where DGKα also plays a role. Indeed, DGKα is recruited
to multivesicular bodies and to exosomes, and it promotes both
the polarization of MVBs toward the IS and exosome secretion
(Alonso et al., 2011).

Little is known about the function of DGKs in other types of
immune synapses. In NK cells, DGKζ silencing or treatment with
DGK inhibitors enhances effector functions (Prinz et al., 2014;
Yang et al., 2016), but it is currently unknown if this relates to a
change in the DAG gradient or to an increased efficiency of the
secretory pathways.

Notably, while the role of DGKα as a DAG-driven signaling
terminator has been extensively investigated, whether and how
PA production by DGKs at the IS affects TCR signaling is
currently unknown. However, some cues suggest this possibility
as PA production by DGKα and ζ is required for T cell
development (Guo et al., 2008), whereas DGKζ-generated
PA promotes TLR-induced IL-12 production by negatively
regulating the PI3K-AKT pathway (Liu et al., 2007). Moreover,
PA is an allosteric activator of PLCγ (Jones and Carpenter,
1993), suggesting that a PA-dependent feedback mechanism can
amplify themagnitude of the signal. Future studies addressing the
localization and function of DGKs-generated PA in lymphocytes
should provide further insights into TCR signaling.

DGKS IN DIRECTIONAL MIGRATION

The leading edge of growth factor stimulated cells is another site
of intense PIPs turnover, where PLCγ is recruited to produce
a local enrichment of DAG coupled to Ca2+ release triggered
by inositol triphosphate (Piccolo et al., 2002; Mouneimne et al.,
2004; Nishioka et al., 2008). We have demonstrated that upon
growth factor or chemokine-mediated stimulation of epithelial
cells, DGKα is activated and recruited to the plasma membrane,

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2016 | Volume 4 | Article 140 | 90

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Baldanzi et al. DGKs and Polarity

FIGURE 1 | The role of DGKα in shaping diacylglycerol signaling at the immune synapse. Upon TCR/SLAM engagement, PLCγ activation induces DAG

production at the synapse and DGKα/ζ recruitment. DGKζ (blue dotted line) is responsible for the metabolism of the bulk of DAG over the entire synapse, whereas

DGKα (light orange) is recruited by PI3Kδ generated PI3,4,5P3 at the pSMAC, where DAG is constrained. Excessive DAG metabolism at the IS by DGKα is prevented

by SAP-mediated inhibition. The resulting sharp DAG gradient promotes downstream MAPK signaling and the local recruitment of nPKC, which promotes MTOC

reorientation.

where the PA produced by DGKα recruits PA-binding proteins
such as atypical PKC ζ and Ì (aPKCζ; Chianale et al., 2007,
2010; Baldanzi et al., 2008) and Rab11 family interacting protein
1 (Rab11-FIP1) (Rainero et al., 2012). DGKα activated aPKC
phosphorylates RhoGDI, thus promoting the release of Rac1,
actin polymerization, and elongation of invasive protrusions
enriched in Integrin β1 and metalloproteinase 9 (Chianale et al.,
2007, 2010; Rainero et al., 2014). The PA produced by DGKα at
the tip of invasive pseudopods is also a docking site for vesicles
containing Rab11-FIP1 and Integrin α5β1, allowing DGKα to
polarize vesicular trafficking and promote directional migration
(Rainero et al., 2014). Altogether, these data indicate that in
epithelial cells, PA production by DGKα is essential to orchestrate
the organization of the signaling machinery that promotes
protrusion formation and directed cell migration (Figure 2A).

DGKα expression is low in mouse embryonic fibroblasts
(MEFs), but other investigators have demonstrated that DGKζ

plays an equivalent role in cell migration. DGKζ
−/− MEFs

have more focal adhesions at their central region due to
impairment in the local recruitment of PAK1 kinase. Upon PDGF
stimulation, DGKζ promotes PAK1-mediated phosphorylation

of RhoGDI that releases Rac1, which drives directed cell
migration (Abramovici et al., 2009). Thus, close parallelism exists
between the DGKα driven aPKC recruitment in epithelial cells
and the DGKζ mediated recruitment of PAK1 in MEFs, both
controlling Rac1 activity and migration. Moreover, DGKζ also
regulates RhoA activity in MEFs by acting as a scaffolding
protein independently of PA production (Ard et al., 2012).
DGKζ is also highly expressed in colon cancer cell lines
and its expression correlates with enhanced cell motility due
to increased Rac1 and RhoA activation (Cai et al., 2014),
suggesting that DGKζ is a key regulator of Rho GTPase
activity and cell migration in fibroblasts and tumor cells
(Figure 2B).

In fibroblasts, DGKγ is also recruited to ruffles and
lamellipodia where it co-localizes with Rac1 (Figure 2C).
Surprisingly, DGKγ acts as a suppressor of growth factor-
induced protrusions by recruiting and activating the β2-chimerin
GAP activity (Tsushima et al., 2004; Yasuda et al., 2007).
This observation clearly indicates the key contribution of
DGKs to local PA accumulation that controls ruffling and
lamellipodia formation (Nishioka et al., 2010), but suggests

Frontiers in Cell and Developmental Biology | www.frontiersin.org November 2016 | Volume 4 | Article 140 | 91

http://www.frontiersin.org/Cell_and_Developmental_Biology
http://www.frontiersin.org
http://www.frontiersin.org/Cell_and_Developmental_Biology/archive


Baldanzi et al. DGKs and Polarity

FIGURE 2 | DGKs-produced PA drives membrane protrusion and cell motility. (A) In epithelial cells, growth factors or chemokine stimulation promotes Src

mediated recruitment and activation of DGKα to nascent protrusions. The resulting PA enriched domain drives protrusion elongation and matrix invasion by the local

recruitment of aPKC and Rab11-FIP1. These PA binding proteins respectively control cytoskeletal remodeling through Rac1 and integrin β1 recycling. (B) In

fibroblasts, PDGF triggers DGKζ recruitment to nascent protrusions. The resulting PA enriched domain drives focal adhesion remodeling and cell migration by

recruiting and activating PAK1 and promoting Rac1 activation. (C) Growth factors also promote membrane recruitment and activation of DGKγ that limits Rac1 activity

through β2 chimaerin.

that multiple PA pools with specific functions and interactors
are involved. The relevance of protein-protein interactions
in dictating the signaling outcome of DGK-produced PA is
evidenced by the observation of the isoform specific complexes
(i) DGKα-aPKC-RhoGDI-Rac1 (Chianale et al., 2010), (ii)

DGKζ-PAK1-RhoGDI-Rac1 (Abramovici et al., 2009), and (iii)
DGKγ-β2 chimaerin (Yasuda et al., 2007).

The relevance of DAG and PA in cell migration suggests that
DGKs are relevant targets for the control of tumor development
and metastasis (Purow, 2015). Surprisingly, both DGKα and
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ζ also play a key role in cancer-cell survival, acting at either
the plasma membrane, intracellular organelles, or the nucleus
(Baldanzi et al., 2011b; Filigheddu et al., 2011; Dominguez et al.,
2013; Kefas et al., 2013; Tanaka et al., 2013; Torres-Ayuso et al.,
2014, 2015; Poli et al., 2016). However, the signaling pathways
that converts PA and DAG at cell membranes in cell survival
signaling are poorly understood, as few PA-regulated proteins are
linked to the control of apoptosis and the cell cycle. Among these,
mTOR (mammalian target of rapamycin) is notable as a target
for both PI3,4,5P3 signaling andDGKζ-produced PA (Avila-Flores
et al., 2005; Chen et al., 2012; You et al., 2014).

FUTURE PROSPECTS: DO DGKS PLAY A
ROLE IN THE CONTROL OF CELL
POLARITY?

The illustrated data indicate the role of DGKs in the shaping
of signaling domains at the plasma membrane by confining
DAG signaling and contributing to the generation of PA-
enriched domains. In the T cells engaged in IS, the existence
of a DAG gradient is necessary and sufficient to polarize the
entire cytoskeleton (Quann et al., 2009) but the relevance of
DAG gradients in other polarized systems such as front/rear
or apical/basal asymmetry is currently under investigation (Tsai
et al., 2014).

PA gradients are even less characterized because the relevance
of PA in signaling is just emerging (Jang et al., 2012). A few
studies found a role of PLD generated PA in the recruitment of
PA binding proteins to the apical domain of epithelial monolayers

(Gloerich et al., 2012; Consonni et al., 2014), despite controversial
evidences about the apical enrichment of PA (Gerl et al., 2012).
Interestingly, several data link the diacylglycerol generated-PA
with central players in the establishment of cell polarity: aPKC,
Par3, and integrin β1 (Rainero et al., 2014). In apical/basal
polarized epithelial cells, aPKC, Par3, and Par6 compose the
Par complex, which is located at the apical side within the
region of tight junctions, where it promotes the formation
and maintenance of tight junctions and the apical domain
(Horikoshi et al., 2009). Activation of aPKC is a key event in
the regulation of apical/basal polarity since aPKC phosphorylates
several substrates involved in polarity establishment such
as Crumbs, Lgl, and GSK3β (glycogen synthase kinase-3β).
Phosphorylation of Crumbs and Lgl promotes their correct
intracellular localization, whereas GSK3β phosphorylation is
involved in microtubule capture and stabilization, and in the
maturation of cell-cell contacts (Gandalovičová et al., 2016). The

link with DGKs is provided by the observation that: i) aPKC
binds to and is activated by PA (Limatola et al., 1994) and ii) their
localization at the invasive protrusions of cancer cells is promoted
by DGKα-produced PA (Chianale et al., 2010; Rainero et al.,
2014). PA might also play a role in the localization of the aPKC-
Par3-Par6 complex as theDrosophila Par3 homolog, Bazooka also
directly binds PA (Yu and Harris, 2012).

DGKα-produced PA also controls intracellular trafficking of
integrin β1 through the PA binding protein Rab11-FIP1 (Lindsay
and McCaffrey, 2004; Rainero et al., 2012). Interestingly, integrin
β1 trafficking is essential for directional migration (Shafaq-Zadah
et al., 2016), apical/basal polarity (Bryant et al., 2014), andmitotic
spindle orientation (Toyoshima and Nishida, 2007). Several
evidences link integrin signaling and epithelial cell polarity
(Zovein et al., 2010; Myllymäki et al., 2011), suggesting an
interplay between integrin trafficking and Par complex activity.
We speculate that DGKs-produced PA, which regulates both the
Par complex through aPKC and integrin β1 trafficking though
Rab11-FIP1, contributes to the coordination of those pathways.

Starting from the observation of the central role of DGKs in
establishing lymphocyte polarity and in directional migration,
we propose that this family of enzymes may play a widespread
role in the establishment of membrane domains that dictates
cell polarization. The neuronal system is a very promising field
to explore, where several DGK isoforms are expressed (Ishisaka
and Hara, 2014) and control both neurite growth and branching
(Shirai et al., 2010) and synapse stability (Kim et al., 2009; Shirai
et al., 2010).

This review aims to prompt further studies investigating the
link between DGKs activity, membrane asymmetry, and cell fate.
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