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Diacylglycerol kinase o (DGKa) regulates diacylglycerol levels, catalyzing its conversion into phosphatidic acid. The o isoform
is central to immune response regulation; it downmodulates Ras-dependent pathways and is necessary for establishment of the
unresponsive state termed anergy. DGKa functions are regulated in part at the transcriptional level although the mechanisms
involved remain poorly understood. Here, we analyzed the 5’ end structure of the mouse DGKo gene and detected three binding
sites for forkhead box O (FoxO) transcription factors, whose function was confirmed using luciferase reporter constructs. FoxO1
and FoxO3 bound to the 5’ regulatory region of DGKa in quiescent T cells, as well as after interleukin-2 (IL-2) withdrawal in
activated T cells. FoxO binding to this region was lost after complete T cell activation or IL-2 addition, events that correlated
with FoxO phosphorylation and a sustained decrease in DGKa gene expression. These data strongly support a role for FoxO pro-
teins in promoting high DGKa levels and indicate a mechanism by which DGKa function is downregulated during productive T

cell responses. Our study establishes a basis for a causal relationship between DGKa downregulation, IL-2, and anergy

avoidance.

he diacylglycerol kinases (DGK) phosphorylate diacylglycerol

(DAG) into phosphatidic acid (PA), modulating the levels of
these two lipid second messengers, which have several key func-
tions in cells. DAG propagates signals by membrane recruitment
of cytosolic proteins containing C1 domains, such as protein ki-
nase C and D (PKC and PKD, respectively), the Ras-guanine nu-
cleotide exchange factor (GEF) RasGRP1, and the Rac-GTPase-
activating protein (GAP) chimaerins (3). DAG deregulation is
linked to tumorigenesis, metastasis, diabetes, heart disease, and
altered immune responses (9, 13, 45, 53). PA binds and activates
proteins involved in cell growth, survival, vesicular trafficking,
and cytoskeletal remodeling, and its altered metabolism is also
linked to disease onset (7, 14, 40). Interest in the DGK as key
modulators of DAG and PA function has increased in recent years
as better understanding of DGK regulatory mechanisms offers
opportunities for the development of novel strategies to modulate
lipid metabolism for therapeutic purposes (for reviews, see refer-
ences 32 and 44).

DGK function attracted special attention following the charac-
terization of its role in T lymphocyte activation. Productive acti-
vation of T lymphocytes requires the integration of the pathways
regulated by Ras/mitogen-activated protein kinase (MAPK)/AP1
and Ca**/nuclear factor of activated T cells (NFAT). Failure to
trigger an adequate balance of these signals, due, for example, to
lack of costimulation, drives T cells into a nonresponsive state
termed anergy, in which cells survive for long periods in the ab-
sence of proliferation (1). DGKa is a type I DGK particularly
abundant in thymus and mature T lymphocytes (55), and early
studies showed its function as a negative modulator of the Ras/
MAPK pathway. DGKa limits DAG-mediated membrane local-
ization and activation of the Ras GEF RasGRP1 following T cell
receptor (TCR) triggering and is subjected to precise transcrip-
tional regulation throughout T cell activation. Naive T cells ex-
press high DGKa levels, which diminish rapidly following T cell
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encounter with antigen-presenting cells (47). DGKa downregula-
tion permits adequate DAG-mediated activation of the RasGRP1/
Ras/MAPK/AP1 pathway, essential for productive T cell re-
sponses. DGKa was identified as a gene upregulated under anergic
conditions, confirming a causal relationship between high DGKa
expression and failure to complete a productive T cell response
(28). Studies in mouse models further confirmed the contribution
of DGKa to nonproliferative T cell states; its overexpression in
mouse T lymphocytes impaired T cell activation and expansion,
whereas T cells from DGKa-deficient mice were anergy resistant
(38, 56).

Despite identification of DGKa as an anergy-induced gene and
its acute downregulation during T cell activation, the basic mech-
anisms that regulate DGKa expression in T lymphocytes remain
unknown. The earliest attempt to dissect DGKa-regulatory ele-
ments came from Fujikawa et al. for the human DGKa (hDGKa)
gene (10); they reported an initiator element (Inr), no TATA box,
and putative binding sites (BS) for transcription factors Ets-1, Sp1,
and Ap-2. Although it is induced by anergic conditions, DGKa
expression is not regulated by NFAT, regardless of the critical role
of this transcription factor in the control of other anergy-induced
genes (49).

Here, we report the initial characterization of the 5'-end struc-
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ture of the mouse DGKa (mDGKa) gene. Analysis of this region
revealed several conserved binding sites for various transcription
factors and suggests the presence of at least two putative alterna-
tive promoters. DGKa mRNA levels are high in quiescent lym-
phocytes but decrease after TCR activation. We observed that the
magnitude and duration of this decrease correlated with the in-
tensity of activation, that they were enhanced by costimulation,
and that they were further maintained by interleukin-2 (IL-2)
addition. Our data strongly support the concept that elevated
DGKa expression in quiescent, nonactivated cells is regulated by
three FoxO-binding sites, identified at the distal 5’ end region of
the gene and conserved in mammals. Our studies identify a mech-
anism in T cells by which DGKa function is downstream of the
AKT/FoxO axis. This mechanism provides a plausible explanation
for the causal relation between “weak” TCR stimulation and an-
ergy induction and the capacity of IL-2 to rescue anergic cells.

MATERIALS AND METHODS

Mice, tissue preparation, cell lines, and cell culture. Mouse tissues were
isolated from 6- to 12-week-old BALB/c or C57BL/6] mice according to
protocols approved by the CNB/CSIC Ethics Committee on Animal Ex-
perimentation. C57BL/6 DGKa ™/~ mice have been reported previously
(38). C57BL/6-Tg (TcraTcrb) 1100Mjb/] (OT-1) mice were purchased
from The Jackson Laboratory and crossed with DGKa ™/~ mice to gener-
ate O-T1 DGKa ™'~ mice in the Centro Nacional de Biotecnologia/Con-
sejo Superior de Investigaciones Cientificas (CNB/CSIC) facilities. NIH
3T3, HEK293, F9, M1, and EL4 cell lines were obtained from the ATCC.
Pro-B BaF/3 lymphoid cells, engineered to express human IL-2 receptor 3
(IL-2RB), were cultured in WEHI.3B cell-conditioned medium as an IL-3
source (33).

BaF/3 cells in exponential growth were synchronized by deprivation of
conditioned medium for 20 h, after which cell cycle entry was induced by
IL-2 addition (50 U/ml). Cells were harvested at different times and pro-
cessed for RNA extraction.

RNA isolation, RT-PCR, full-length cDNA amplification, and real-
time PCR. Total RNA extraction was performed with TRIzol reagent (Tri-
Reagent; Sigma). Primers used are listed in Table S1 in the supplemental
material. For reverse transcription-PCR (RT-PCR) amplification, 1 pg of
total RNA was processed to eliminate DNA, followed by first-strand
cDNA synthesis using oligo(dT);, ;4 (Invitrogen). To amplify mDGKa
full-length cDNA (end-to-end RT-PCR amplification), cDNA synthesis
was performed with oligo(dT) and total DNase I-treated RNA from adult
BALB/c mouse thymus. cDNA was treated with RNase H (Invitrogen) to
eliminate the parental strand, and primer a or ¢, together with the 3" end
primer g, was used for long PCR amplification with the Expand long
template system (Roche). The product (~2.8 kb) was excised from aga-
rose gel, purified using QIAquick columns (Qiagen, Germany), and
cloned in the pGEM-T Easy vector (Promega). This plasmid was intro-
duced into competent cells; several clones were picked, grown, and puri-
fied on Qiagen columns. All clones were sequenced. PCR amplification
was performed in a MyCycler thermal cycler (Bio-Rad Laboratories).

For real-time PCR, we used cDNA as the template and Fast SYBR
green master mix (Applied Biosystems) on an ABI Prism 7900HT iCycler
(Applied Biosystems). All data are expressed as the ratio of target gene
expression to that of the housekeeping gene 36B4. For DGKa amplifica-
tion, we used an optimized version of routinely used primers (see Table S1
in the supplemental material). Agarose gel analysis and melt curves were
analyzed to ensure amplification of specific target sequences. For other
genes, primers used have been reported previously (36B4, alias Rplp0
[41], DGKC [38], p27 [4], L-selectin [21], and perforin [29]).

PE assay. Primer extension (PE) was performed according to Phelps et
al. (42). We used 90 g of total RNA from tissues (thymus and liver) and
cell lines (F9 teratocarcinoma and M1 acute myeloid leukemia) or from
torulla yeast (Candida utilis Y660) (Ambion) as a negative control and
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primer d located in exon 1 of the mDGKa transcript (NM_016811). The
primer was 5’ end labeled with T4 polynucleotide kinase (New England
BioLabs) and [**P]dCTP and purified on a G-25 column (Bio-Rad).

Isolation and stimulation of mouse T lymphocytes. Six- to 12-week-
old mice were sacrificed according to national and European Union (EU)
guidelines, and T cells were isolated from spleen or thymus according to
standard protocols (34). For TCR stimulation experiments, T cells were
purified from spleen using negative selection (Dynabeads; Invitrogen).
Cells (10”) were processed or seeded in 3-cm-diameter plates (precoated
with anti-CD3 antibody as indicated in Fig. 2) in complete medium
(RPMI medium with 10% fetal bovine serum [FBS], 2 mM glutamine,
B-mercaptoethanol) with anti-CD3 or -CD28 antibody or both (1.0 or 0.2
pg/ml, respectively); cells were also concanavalin A (ConA) stimulated (2
pg/ml; Sigma) for different times. Cells were harvested and processed for
RNA isolation, Western blotting, or chromatin immunoprecipitation
(ChIP) analysis. Spleen CD8™" T cells were purified from DGKa '~ mice
and wild-type (wt) littermates, stimulated as indicated in Fig. 5 and then
stained and processed for flow cytometry analysis. For analysis of OT-1
transgenic T cells, total splenocytes (2 X 107) were cultured in medium
containing a cognate peptide (SIINFEKL; at 2 uM for 2 days). Cells were
washed extensively and starved for 2 days or maintained with IL-2 (50
U/ml) alone or with 1 uM AKT inhibitor (AKTi) VIII (AKTi-1/2; Calbi-
ochem).

For secondary antigen challenge, CD8" T cells were mixed 1:1 with
EL4 cells, unloaded or preloaded with peptide-specific ligands (SIINFEKL
for high affinity and SIIQFEHL for low affinity), incubated (20 min at
37°C), and processed for analysis.

Plasmids and construction of luciferase reporter vectors. The mouse
bacterial artificial chromosome (BAC) clone RP24-341N10 (BACPAC
Resources; Children’s Hospital, Oakland Research Institute, Oakland,
CA) containing the entire mouse DGKa locus was used as the template.
Two distinct promoter fragments were generated by PCR amplification
using primers containing BgIII or BamHI sequences. Amplified fragments
were doubly digested with these enzymes, cloned into the luciferase-en-
coding, promoterless pGL3 basic plasmid (Promega), and verified by se-
quencing (Unidad de Genoémica, Parque Cientifico/UAM, Madrid,
Spain). The pGL3DGKa short promoter (pGL3DGKashort) covered
positions —370 to +41, while the pGL3 DGKa long promoter
(pGL3DGKawt) covered positions —1827 to +41 and contained the
three FoxO BS (see Fig. 3A for relative positions). Point mutations were
introduced into pGL3DGKa using mutant primers specific for each of the
three FoxO BS (see Fig. 3B; also see Table S1 in the supplemental mate-
rial), and a QuikChange site-directed mutagenesis kit (Stratagene) was
used to generate plasmids with mutations in distinct FoxO BS. The pRL-
null vector (Promega), which encodes Renilla luciferase, was used as an
internal transfection control in luciferase activity experiments. Plasmids
containing human FoxO1 (pCDNA FoxO1) and FoxO3a (pECE-FoxO3a)
genes were purchased from Addgene.

Transient cell transfections and luciferase reporter assays. NIH 3T3
cells, cultured in 6-cm-diameter plates, were transfected with the lucifer-
ase reporter constructs (1.5 pg), Renilla luciferase vector (0.5 pg), and,
when indicated in Fig. 3, with the FoxO-encoding plasmid (1.5 pg), using
Lipofectamine 2000 (Invitrogen); after 48 h, cells were starved and pro-
cessed using a dual-luciferase reporter assay system (Promega). Firefly
and Renilla luciferase activities were measured in a plate luminometer
(Infinite plate reader; Tecan). A fraction of each sample was analyzed by
Western blotting to confirm FoxO protein overexpression.

Nuclear cell extracts. Cells were harvested, washed with phosphate-
buffered saline (PBS), and resuspended in 1 volume of cold NAR-A
buffer (10 mM HEPES, pH 7.9, 10 mM KCIl, 0.1 mM EDTA) contain-
ing 1 mM dithiothreitol (DTT) and protease and phosphatase inhibi-
tors. The cell suspension was maintained on ice (10 min), one volume
of 1% NP-40 was added, and the mixture was incubated (for 3 min at
room temperature). Samples were mixed on a vortex for at least 10 s
until a white pellet appeared and then centrifuged (5,000 X g for 2 min
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at 4°C). The supernatant corresponded to cytoplasmic extracts. A vol-
ume of NAR-C buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM
EDTA) containing protease and phosphatase inhibitors was then
added to the pellet, which corresponded to cell nuclei, and the mixture
was incubated (30 to 60 min at 4°C, with strong agitation). The sus-
pension was then centrifuged (15,000 X g for 5 min at 4°C), and the
supernatants, which corresponded to nuclear extracts, were processed
to determine protein concentration.

EMSA. We used three pairs of complementary primers covering the
putative FoxO BS of the mDGKa gene promoter (see Table S1 in the
supplemental material). The forward primer in each case was biotin
labeled at the 3" end (Sigma). To obtain the heteroduplex DNA probe,
the corresponding forward and reverse primers were mixed at a 1:1
molar ratio, heated to 70°C, and allowed to cool slowly at room tem-
perature. Nuclear extracts (10 g) were incubated with 100 pmol of
DNA probe in electrophoretic mobility shift assay (EMSA) binding
buffer (30 min at room temperature), using an EMSA accessory kit
(Novagen). Protein-DNA complexes were separated in 6% acrylamide
nondenaturing gels and transferred to a positively charged nylon
membrane (Hybond N+; Amersham Biosciences), and DNA probe
complexes were detected by incubating membranes with streptavidin-
peroxidase (overnight at 4°C) and developed with enhanced chemilu-
minescence (ECL).

Celllysis and Western blot analysis. Cells were harvested, rinsed once
with cold PBS, and lysed with p70 buffer (10 mM HEPES, pH 7.5, 15 mM
KCL, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 0.2% NP-40). For blots in
Fig. 6 and 7, radioimmunoprecipitation assay (RIPA) buffer was used
instead of p70. Protease and phosphatase inhibitors were freshly added to
buffers. Cell lysates (30 to 50 wg) were separated by SDS-PAGE, trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad), and
analyzed by Western blotting. Anti-phospho-FoxO1 and -FoxO3
(pFoxO1/3), anti-FoxO1, and anti-FoxO3a antibodies were from Cell Sig-
naling, anti-B-actin was from Sigma, and anti-p27 was from MBL; DGKa
was detected with a rabbit polyclonal antibody generated in our labora-
tory (47).

Chromatin immunoprecipitation. Endogenous binding of FoxO
transcription factors to the mDGKa gene was determined as described in
Sandoval et al. (46), with minor modifications. Nuclei isolated from form-
aldehyde-cross-linked cells were lysed, and cross-linked chromatin was
sonicated to yield 400- to 800-bp fragments. Diluted soluble chromatin
fragments were precleared with blocked protein G coupled to Dynabeads
(Invitrogen). FoxO-DNA complexes were immunoprecipitated from 50
g of DNA using FoxO1 or FoxO3 antibody (2 pg; Cell Signaling). Im-
mune complexes were isolated with blocked protein G coupled to Dyna-
beads, washed extensively, and chromatin eluted by heating. A control
aliquot of cross-linked chromatin was treated as above, in the absence of
antibody. The supernatant of this immunoprecipitation was used as a
positive control (input) to amplify FoxO BS; the eluted fraction was used
as a negative control (no-antibody control). DNA from all samples was
purified with a PCR purification kit (Qiagen) and used for PCR analysis
with specific primers covering the three putative FoxO BS (see Table S1 in
the supplemental material). PCR fragments were separated by 1% agarose
gel electrophoresis, stained with ethidium bromide, and quantified using
Image] software.

Bioinformatic analyses. Sequence searches and analysis were per-
formed using the University of California at Santa Cruz (UCSC) Ge-
nome Browser (http://genome.ucsc.edu/index.html) (11), regulatory
Vista (rVista), version 2.0 (27), and Blat (20) programs. Sequence
alignments were performed using CLUSTALW (http://www.genome
.jp/tools/clustalw/).

Nucleotide sequence accession numbers. The sequence data from
this study have been deposited in the NCBI GenBank database under
accession numbers JN832677, JN832678, JN832679, JN832680,
JN832681, JN832682, and JN832683.
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RESULTS

Alternative transcription at the 5’ end of the mDGKa gene. The
mouse DGKa gene (Dgka) covers 28.29 kb and maps to the reverse
strand of chromosome 10. The reported mouse DGKao mRNA
reference, NM_016811, suggests that transcription starts in a re-
gion approximately 200 bp before the end of exon 1. The first ATG
is located in exon 2; this transcription start site (TSS) thus renders
a 370-bp 5’ untranslated region (UTR) (Fig. 1A). This organiza-
tion differs from that reported for the human DGKa gene, in
which the TSS was mapped relative to an Inr element and is more
distant from the first ATG (10). Based on these observations, we
tested whether the Inr element is also conserved in the mouse
genome (UCSC Genome Browser, mouse, July 2007; NCB137/
mm9). We identified the Inr sequence position and observed a
high degree of identity (>85%) between mouse and human se-
quences (see Fig. S1 in the supplemental material). In mouse, the
Inr is located more than 700 bp upstream of the 5" end of DGK«
mRNA (NM_016811) (Fig. 1A), suggesting the existence of an
alternative TSS.

To determine whether the Inr is functional, we performed RT-
PCR using RNA poly(A)™ from mouse thymus, with one primer
downstream of the Inr (primer a) and another located in exon 2
(primer b) (Fig. 1; see also Table S1 in the supplemental material).
Two products were obtained, one of 384 and one of 336 bp (Fig. 1B,
left). Sequence analysis of the two amplicons showed that they di-
verge in a small (50 bp) internal region and that both differ from the
NM_016811 sequence at the 5" end (see Fig. S2 in the supplemental
material). RT-PCR amplification using primer c, positioned a few
bases upstream of the beginning of the NM_016811 transcript se-
quence, and primer b yielded a 371-bp fragment that corresponds in
sequence to the NM_016811 transcript (Fig. 1B, right; see also Fig. 2).
This indicates that the transcript generated at this region hasa 5’ UTR
longer than that previously described.

Complete gene transcripts were amplified using primer a or ¢
in combination with primer g, located at the 3’ end of DGKa
mRNA (see Table S1 and Fig. S3 in the supplemental material),
further confirming the existence of mDGKa mRNAs with alter-
native 5" end regions. Our data showed alternative first exons at
the mDGKa gene locus. Alternative processing at the 5’ end of
the gene coincided with several expressed sequence tags (EST)
and exon-intron boundaries in the region (see Tables S2 and S3
in the supplemental material). We propose a nomenclature for
the additional 5’ end exons (Fig. 1A) and show the organiza-
tion of the transcripts generated (see Fig. S3).

To corroborate variation in transcription initiation, we used
primer extension (PE) analysis with a labeled primer (Fig. 1A,
primer d) and RNA from several sources, including yeast RNA as
anegative control and RNA from the murine F9 and M1 cell lines.
We obtained several extension products, indicating possible dis-
tinct TSSs, with a major band of ~200 bp that corresponds to that
derived from the Inr region and includes exon 1b (Fig. 1C).

The distance between the two TSSs (approximately 700 bp)
and the variation in the use of the first exons suggest alternative
promoter regions in the mDGKa gene. Such separation between
TSSs due to alternation in promoters is common and widely re-
ported for mammalian genes (22, 25). The existence of alternative
promoter elements is further supported by the characteristic or-
ganization of the regions surrounding each TSS (described be-
low). Combined in silico analysis and experimental RT-PCR of
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different mouse tissues and cell lines thus indicate two promoter
regions in the mDGKa gene, which we designated promoter re-
gion 1 (Pr1) and promoter region 2 (Pr2) (Fig. 1A), and suggest
regulatory complexity in the control of DGKa expression.
Quiescent T cells have high mDGKa mRNA levels. In T lym-
phocytes, translated DGKa mRNA levels decrease in response to
TCR engagement, which correlates with the decrease in DGKa
protein during the T cell activation process (47). We used real-
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time PCR to test variation in mDGKa gene-derived transcript
levels in murine T cells following productive and nonproductive
stimulation (Fig. 2A). Transcripts derived from both promoters
were amplified in purified naive spleen T cells, which are in G, cell
cycle phase and thus quiescent. As a control, we amplified an in-
ternal common region for all transcripts (Fig. 1A, oligonucleo-
tides e and f). To induce “weak” TCR cell stimulation, cells were
stimulated with medium containing anti-TCR antibody (anti-
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experiment is shown for each case (1 = 3). A 100-bp DNA ladder was used for size markers (lane M).

CD3), which induced a sharp, although transitory, decrease in
DGKa mRNA transcript levels at 24 h; at 48 h, transcript levels
were near 80% of initial values (Fig. 2A). To induce strong, pro-
ductive T cell activation, cells were cultured on anti-CD3 anti-
body-coated plates, and an antibody to the costimulatory mole-
cule CD28 was added to the medium (anti-CD3/CD28). This
stimulation also decreased transcript levels, but in a difference
from weak stimulation, this reduction was persistent. There were
no differences in the activities of the two DGKa promoters, which
showed a pattern similar to that of the common internal region.
Expression levels of the other major T cell-expressed DGK, the {
isoform, and the cell cycle inhibitor p27 were also evaluated under
these stimulation conditions (Fig. 2A). DGK{ expression de-
creased with TCR stimulation, but no gross differences were ob-
served among the different stimulation conditions. In contrast,
p27 mRNA levels followed a tendency similar to that of DGKa
mRNA; the decrease was transitory during weak TCR activation
but remained low during productive T cell activation.

We tested variation in mDGKa gene transcription in response
to costimulation. In this case, cells were cultured on anti-CD3-
coated plates in medium alone or with anti-CD28 antibody (Fig.
2B). At 48 h, the effect of TCR stimulation on the DGKa transcrip-
tion rate was modestly enhanced by costimulation and affected
both promoters.

TCR triggering leads to synthesis and secretion of the cytokine
IL-2, which elicits T cell proliferation in an autocrine and para-
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crine fashion (31). Some studies have shown DGKa downregula-
tion as a result of IL-2 binding to its high-affinity receptor in
activated T cells (52). We tested IL-2-mediated changes in DGKa
mRNA levels using BaF/3 pro-B cells ectopically expressing the
IL-2 receptor, a model used to assess IL-2-triggered signals inde-
pendently of those elicited by the TCR (33). Quiescent cells ex-
pressed the three DGKa transcripts, whose levels dropped
sharply after cell stimulation and then increased at 24 h (Fig.
2C); again, amplification patterns were similar for the two
transcripts and the common internal region. Bcl-X gene ex-
pression, which increases transiently during the cell cycle, was
analyzed as a control. These results indicate that in lympho-
cytes both of the DGKa promoters show elevated activity levels
in quiescent cells that decrease in response to TCR triggering or
IL-2 stimulation.

The mDGKa distal 5’ end has conserved functional sites for
FoxO transcription factor binding. Our experiments indicated
similar controls for all mDGKa transcripts during cell prolifera-
tion. To identify the transcription factors responsible for this reg-
ulation, we designated the +1 start site at the Pr1 to coincide with
the Inr element in the human DGKa gene (10) and used regula-
tory Vista (rVista), version 2.0, in conjunction with the TRANS-
FAC database (27). This analysis detected potential binding sites
for STAT5a/b, Lefl (lymphoid enhancer-binding factor 1), p53,
Egr (early growth response), AP2, Ets-1, Sp1l, and CREB (cyclic
AMP [cAMP] response element binding protein). CG enrichment
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binding sites for transcription factors are indicated by rectangles; FoxO sites are gray. (B) Sequence of the three FoxO-binding sites (BS1, BS2, and BS3) of the
mouse DGKa gene. The mouse core consensus sequence (see reference 2) is in bold, and mutated nucleotides are indicated (stars). (C) Luciferase activity of NIH
3T3 cells transfected with the indicated reporter constructs, alone (gray bars) or with pECE-FoxO3 (black bars). Relative light units (RLU) indicate the
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representative of three independent experiments (mean = standard deviation). mut, mutant.

(CpG islands) in the Pr2 suggested epigenetic control of DGKa
expression (Fig. 3A). Although most binding sites were located in
the vicinity of the promoter regions, others were found in two
regions we designated regulatory regions 1 and 2 (Fig. 3A). All
four regions are highly conserved among species, including mouse
and humans (see Fig. S4 to S6 in the supplemental material).

Three highly conserved FoxO-binding sequences were found
in regulatory region 1 (Fig. 3A and B; see also Fig. S6 and Table S4
in the supplemental material). We concentrated on these sites
since distal regions are potent modulators of gene expression,
which could affect both promoters. In addition, FoxO factors reg-
ulate genes implicated in quiescence, and their activity is greatly
reduced in response to mitogenic stimulation (17). The mamma-
lian FoxO family includes FoxO1, FoxO3, FoxO4, and FoxO6 pro-
teins, which are similar in structure and DNA-binding preferences
(30).
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To evaluate the transcription-promoting capacity of these FoxO-
binding sites, we generated luciferase reporter constructs. pGL3-
DGKawt contained the 5’ upstream regulatory region of the DGKa
gene, including the three FoxO-binding sites; pGL3-DGKashort has
a shorter promoter fragment that lacks the FoxO sites (Fig. 3C). The
constructs were transfected into NIH 3T3 cells, alone or with an ex-
pression vector encoding FoxO3a, and luciferase activity was evalu-
ated. Both constructs showed luciferase activity although only pGL3-
DGKawt showed increased promoter activity when FoxO3a was
overexpressed. Point mutations in nucleotides critical for FoxO bind-
ing were generated in the pGL3-DGKawt construct to obtain the
mutant pGL3-DGKamt (Fig. 3B). In this case, promoter activity was
not upregulated when cells were cotransfected with the FoxO3a-en-
coding vector (Fig. 3D). These data indicate that the FoxO-binding
sites in mDGKa regulatory region 1 are functional and enhance tran-
scription in the presence of FoxO factors.
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but not the control. dsDNA, double-stranded DNA. (B) The experiment is as described for panel A, using nuclear extracts of freshly isolated splenocytes and
thymocytes. The EMSA for BS1 is shown; results were similar for the other BS. (C) ChIP of the three DGKa locus FoxO BS in thymocytes or splenocytes.
Anti-FoxO1 or -FoxO3 antibodies are indicated. Amplification products were analyzed by gel electrophoresis and quantified using Image]. Values are repre-
sented as a percentage relative to the ChIP input fraction, considered 100% amplification. Ab, antibody. (D) Freshly isolated splenocytes were stimulated with
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experiments. A 100-bp DNA ladder was used for size markers (lanes M).

In vivo binding of FoxO transcription factors to DGKa reg-
ulatory region 1 correlates with high DGKa gene expression.
These experiments suggested that FoxO factors promote tran-
scriptional activity by binding to the distal region of the mDGKa
gene. To rule out indirect effects, we tested direct FoxO factor
binding to the mDGKa gene regulatory region. Using an electro-
phoretic mobility shift assay (EMSA), we tested whether the pu-
tative mDGKa FoxO-binding sites bound nuclear proteins. DNA
heteroduplexes for each of the three FoxO-binding sites were in-
cubated with nuclear extracts of HEK293 cells, which express high
FoxO3 levels. In all cases, we detected a slow-migrating band sug-
gestive of protein binding to the heteroduplex; the nonspecific
DNA control probe migrated normally (Fig. 4A). Similar experi-
ments with a DNA heteroduplex for FoxO-binding site 1 (BS1)
and spleen or thymus T cell nuclear extracts yielded a slow-mi-
grating band (Fig. 4B).

We used a chromatin immunoprecipitation (ChIP) assay in
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mouse thymocytes and splenocytes to test in vivo FoxO binding.
For ChIP experiments, we used specific antibodies to FoxO1 and
FoxO3, the T cell-expressed family members. We immunopre-
cipitated chromatin-bound FoxO3 and FoxO1 protein from cell
extracts and PCR amplified the promoter regions encompassing
each of the three FoxO-binding sites (Fig. 4C, top). In thymocytes,
FoxO1 and FoxO3 bound to the three BS although BS3 showed
limited FoxO3 binding (Fig. 4C, center). In splenocytes, FoxO1
bound to the three BS, whereas FoxO3 was detected only in BS2
(Fig. 4C, bottom). Similar experiments using anti-FoxO3 anti-
body in HEK293 cells showed FoxO binding to all three BS; FoxO
binding to the DGKa gene in murine and human cells concurs
with FoxO BS conservation in DGKa (see Fig. S6 in the supple-
mental material).

FoxO DNA binding is controlled by phosphorylation. Al-
though several kinases can modify the FoxO phosphorylation sta-
tus, AKT-mediated phosphorylation is the best characterized.
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AKT-mediated phosphorylation of FoxO factors leads to nuclear
exit, which blocks their transactivating function (51). The phos-
phatidylinositol 3-kinase (PI3K)/AKT pathway is activated during
TCR and IL-2 signaling, suggesting a shared DGKa-regulatory
mechanism. We assessed whether DGKa expression correlates
with FoxO phosphorylation levels in splenocytes stimulated for
different times with concanavalin A (ConA), a mitogenic lectin for
lymphocytes (Fig. 4D). FoxO proteins showed little phosphoryla-
tion in response to initial stimulation (1.5 h), which increased to
high levels at later times after ConA stimulation (24 h). FoxO
phosphorylation preceded a reduction in DGKa levels, as indi-
cated by transcriptional regulation of this enzyme by FoxO fac-
tors. ChIP analysis of FoxO BS2 on the DGKa gene showed con-
stitutive association of FoxO1 and FoxO3 proteins in untreated
cells, which was lost following ConA treatment (Fig. 4E). These
experiments indicate a direct correlation between loss of FoxO
binding and DGKa downregulation in activated T cells.

During T cell activation, productive TCR stimulation is fol-
lowed by IL-2 secretion. We used a well-characterized model of
transgenic major histocompatibility complex (MHC) class I-re-
stricted TCR, the OT-1 mouse (18), to evaluate transcriptional
regulation of DGKa in a more physiological context. Spleen
CD8™ T cells were pulsed with a specific ovalbumin (OVA)-de-
rived peptide ligand (SIINFEKL); after 48 h, cells were washed
extensively and cultured alone or with exogenous IL-2 for a fur-
ther 48 h. Enzyme expression was determined by real-time PCR; at
48 h of peptide treatment, we found a pronounced decrease in
DGKa mRNA levels, which corroborated our observations using
anti-TCR antibodies. DGKa mRNA levels remained low only
when cells were cultured with IL-2; in contrast, DGKa expression
increased to nearly basal levels when cells were cultured alone (Fig.
5A). These data are in agreement with our findings in BaF/3 cells
(Fig. 2D) and indicate that the reduction in DGKa levels is tran-
sitory in the absence of IL-2 signaling.

The IL-2/AKT/FoxO pathway controls DGKa gene expres-
sion. IL-2 is a cytokine with pleiotropic effects; in addition to its
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mitogenic properties in T cells, it has pivotal functions in the lym-
phocyte differentiation program. In CD4 ™ T cells, IL-2 modulates
effector cell differentiation via regulation of cytokine receptor ex-
pression (26). In CD8™ T cells, IL-2 promotes differentiation into
effector or memory cytolytic lymphocytes (CTL) (19). IL-2-me-
diated activation of the PI3K/AKT axis is crucial for promoting
the CTL differentiation program, as well as for regulating the
homing and migratory properties of these cells. By repressing
FoxO function, IL-2 downregulates expression of certain receptor
and adhesion molecules such as IL-7Ra, CXCR7, and L-selectin
(29).

To examine the contribution of the IL-2/PI3K/AKT axis to
DGKa regulation, we analyzed its expression in CD8™" T cells after
treatment with an AKT inhibitor (AKT inhibitor VIII, AKTi-1/2).
Inhibitor-treated cells showed a significant increase in DGKa
mRNA and protein levels (Fig. 5B); treatment also increased
mRNA levels of the FoxO target L-selectin. We also measured
FoxO factor binding to the BS2 of the gene in cells that were IL-2
deprived or in exponential growth in medium containing IL-2 or
IL-2 plus AKTi (Fig. 5C). In IL-2-deprived cells, only FoxO1
bound to the promoter region. FoxO factors did not bind to the
DGKa gene in cells cultured with IL-2 alone, but FoxO1 and
FoxO3 bound to the promoter region when the inhibitor was
added. The inhibitor also enhanced the activity of both DGKa
promoters (see Fig. S9 in the supplemental material). This con-
firms that IL-2 suppresses DGKa expression via a PI3K/AKT-
dependent mechanism.

Regulation of DGKa expression by IL-2 suggests that this cy-
tokine modulates DAG-mediated Ras/extracellular signal-regu-
lated kinase (ERK) activation via AKT/FoxO/DGKa. We assessed
the contribution of the PI3K/AKT pathway to DAG-related path-
ways in CD8" T cells treated with AKTi. FoxO1/3 and S6 proteins
were phosphorylated in cells growing exponentially in IL-2, as
were the Ras effectors MEK and ERK and PKC substrates; these
last three phosphorylation profiles indicate active DAG-promoted
signaling. AKT inhibition led not only to dephosphorylation of
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FIG 6 AKT/FoxO axis control DAG-meditated responses. CD8" T lymphocytes from OT-1 transgenic mice were incubated with the cognate peptide (48 h),
washed extensively, and IL-2 challenged (48 h) in the presence of AKTi. (A) Phosphorylation (p-) levels of FoxO, S6, MEK, ERK, and PKC substrates were
evaluated by Western blotting. (B) Surface expression of L-selectin determined by flow cytometry in vehicle- and AKTi-treated cells. (C) T cells were mixed with
EL4 cells alone or loaded with low- or high-affinity peptide (20 min). The cell mixture was lysed for Western blot analysis. MEK and ERK phosphorylation levels
were evaluated. Lysate of EL4 cells was included as an input control (first lane). Results are representative of at least three independent experiments. GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.

FoxO factors and S6 but also to decreased phosphorylation of
MEK, ERK, and PKC substrates. This reduction in DAG-sensitive
phosphorylation was paralleled by an increase in DGKa expres-
sion (Fig. 6A). As reported previously (29), AKT inhibition also
increased cell surface expression of L-selectin (Fig. 6B).

We tested whether the DGKa upregulation promoted by AKT
inhibition affected secondary antigen encounter. For use as anti-
gen-presenting cells, EL4 lymphoma cells were preloaded with
OVA-derived peptide (SIINFEKL or SIIQFEHL) and then mixed
with AKTi-treated CD8™ cells; TCR-mediated activation of the
Ras/ERK pathway was then evaluated. Control cells showed clear
increases in MEK and ERK phosphorylation levels, which were
small in AKTi-treated cells, as predicted for cells with high DGKa
levels (Fig. 6C).

DGKa regulates IL-2-mediated responses. Our results indi-
cate that IL-2 activation of the PI3K/AKT pathway coordinates
DAG-mediated regulation of the Ras/ERK pathway, in part by
repressing DGKa expression. This suggests that DGKa, a negative
regulator of TCR-mediated Ras activation, could also act as a re-
pressor of IL-2-mediated functions. To explore the DGKa contri-
bution to IL-2 functions, we examined IL-2-mediated responses
in primary CD8" T cells from DGKa-deficient mice. Lack of
DGKa increased cell proliferation in response to TCR and co-
stimulatory signals (Fig. 7A, top); this increase was not due to
enhanced IL-2 production as it was similar in wild-type and
knockout mice (38). The effect appears to be the result of en-
hanced IL-2 sensitivity in DGKa-deficient cells since the mito-
genic effect of the exogenous cytokine was more potent, as deter-
mined by cell numbers after each division (Fig. 7A, bottom).

To assess IL-2-dependent responses in CD8 " DGKa-deficient
cells, we backcrossed DGKa ™/~ mice with OT-1 transgenic mice.
OT-1DGKa /™ mice were born at predicted Mendelian rates and
appeared normal. Percentages of T cell populations in thymus and
the periphery showed no gross alterations relative to wild-type
littermates although there was a small reduction in lymph node
CD8" T cell numbers. Naive, memory, and effector cell ratios
were similar to those of wild-type OT-1 mice (see Fig. S8 in the
supplemental material). To test the contribution of DGKa in IL-
2-mediated DAG-Ras signaling, we evaluated MEK and ERK
phosphorylation in CD8™ T cells from OT-1 DGKa ™/~ mice. As
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reported for TCR-mediated stimulation (38), CD8™ T cells from
DGKa /™ mice showed hyperactivation of the Ras pathway in
response to IL-2 (Fig. 7B). In DGKa-deficient cells, AKTi treat-
ment led to a decrease in Ras signaling, which was much less pro-
nounced than in wild-type cells. This indicates that although
DGKa might not be the only negative regulator of DAG whose
activity is reduced by the IL-2/AKT pathway, DGKa activity reg-
ulates basal DAG signaling during IL-2 activation.

To compare the capacity of IL-2 to induce differentiation in
CD8" T cells derived from OT-1 DGKa /™ mice, we examined
the expression levels of L-selectin and perforin, two effector CD8™
T cell markers. L-Selectin expression decreased in response to ac-
tivation and decreased further after IL-2 addition. In contrast,
IL-2 withdrawal promoted a slight increase in L-selectin expres-
sion. In accordance with the strong IL-2 sensitivity, we found that
in DGKa '~ CD8™ T cells L-selectin expression was lower than in
wild-type cells. The sensitivity to IL-2 was also translated into
strong, sustained perforin expression in DGKa. /™ cells (Fig. 7C).
These results are in agreement with negative modulation of IL-2
responses by DGKa.

In summary, our data show the importance of PI3K/AKT/
FoxO pathway control in the transcriptional regulation of DGKa.
This regulation allows T cells to activate Ras through a mechanism
that integrates the intensity of TCR- and IL-2-mediated signals.

DISCUSSION

Here, we identify a role for the PI3K/AKT/FoxO pathway in the
transcriptional regulation of DGKa in mice. Interest in this lipid
kinase increased after its detection in a screening for anergy-reg-
ulated genes (28). This finding and the anergy-resistant pheno-
type of DGKa ™/~ mice suggested that DGKa has important role
in Ras/ERK/AP1 pathway control during T cell activation. FoxO-
mediated regulation of DGKa explains its rapid attenuation in
response to full activation signals, as well as the reversion of anergy
by addition of IL-2. PI3K/AKT/FoxO pathway control of DGKa,
combined with DGKa regulation of the Ras/ERK axis, provides T
cells with an extremely sensitive, unique mechanism that coordi-
nates the intensity of TCR- and cytokine-mediated signals with
biological effects.

Analysis of the 5" upstream genomic region of the mDGKa
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FIG 7 DGKa regulates IL-2-mediated responses. (A) CD8"* T lymphocytes from wt and DGKa-deficient mice were stimulated with plate-bound anti-CD3
antibody and soluble anti-CD28 antibody and, where indicated, with IL-2 for 72 h. Proliferation was determined by carboxyfluorescein succinimidyl ester
dilution analysis. (B) Wild-type and DGKa-deficient mouse CD8* T lymphocytes from OT-1 transgenic mice were incubated with the cognate peptide (48 h)
in the presence of AKTi. Phosphorylation levels of FoxO, MEK, and ERK were evaluated by Western blotting and quantified using Image]J. Relative phosphor-
ylation is indicated beneath each blot. FoxO phosphorylation was normalized to total FoxO levels, and MEK and ERK phosphorylation levels were normalized
to the GAPDH level. In each case, the percentage was determined considering phosphorylation of wt cells without inhibitor as 100%. (C) Wild-type and
DGKa-deficient mouse CD8 ™" T lymphocytes from OT-1 transgenic mice were incubated with the cognate peptide (peptide 48 h), washed extensively, and rested
for48 h (noIL-2) or IL-2 challenged for 96 h (IL-2 96 h). Expression levels of L-selectin and the cytotoxic marker perforin were evaluated by real-time quantitative
PCR. In all cases, the data are representative of at least three independent experiments. (D) Model of FoxO-mediated transcriptional regulation of the DGKa
gene. In quiescent lymphocytes, FoxO transcription factors bind to the DGKa promoter, leading to elevated DGKa expression. Weak TCR activation leads to a
transitory downregulation of the protein. Strong TCR activation together with costimulation enhances PI3K/AKT pathway activation, leading to sustained FoxO
phosphorylation and preventing FoxO binding to the DGKa promoter. Under these conditions DGK levels drop. Via modulation of the AKT/FoxO pathway,
IL-2 also promotes a sustained drop in DGKa expression, allowing activation of Ras-derived pathways.

organization concurs with the strict regulation of this gene and
suggests that many different signaling pathways converge to fine-
tune DGKa levels. The existence of alternative promoters to drive
DGKa expression is intriguing and offers several possibilities.
Generation of mRNAs with alternative 5’ ends that precede the

gene allowed us to characterize alternative mRNA transcripts and
identify three FoxO-binding sites that might drive mDGKa ex-
pression in vivo. The data also indicate the presence of binding
sites for additional transcription factors such as p53, Egr, and
STAT, in accordance with microarray data (31). This complex
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coding region suggest, through similarity to other genes (24),
modulation in nascent mRNA processing. This would give rise to
mature mRNAs with distinct stability and/or ribosomal recruit-
ment and/or generation of different proteins. The full-length
transcript derived from the Prl region lacked exon 10 (see Fig. S3
in the supplemental material), whereas we distinguished two
distinct Pr2-derived transcripts, one corresponding to the
NM_016811 sequence and the other with longer exons 13 and 21
than those in NM_016811 (see Fig. S3). These two differently pro-
cessed transcripts potentially give rise to truncated proteins. Al-
ternative transcripts are predicted by bioinformatic analyses
(NCBI AceView, alternative splicing database project [http://www
.ncbi.nlm.nih.gov/IEB/Research/Acembly/]), and smaller DGKa
forms were found in a study of neutrophils from localized aggres-
sive periodontitis patients (accession number AY930112.1) and in
a recent study in liver (35); additional studies are nonetheless
needed to address the function of these DGKa protein variants.

Real-time PCR analysis showed higher relative expression of
Pr1 than that of Pr2 (=17-fold). In primary T cells and the BaF/3
B cell line, both promoters consistently showed high activity levels
under resting conditions, which decreased following TCR trigger-
ing or IL-2 addition (Fig. 2 and 5; see also Fig. S9 in the supple-
mental material). Although we observed similar behaviors be-
tween the two DGKa promoters under the conditions studied
here, we cannot rule out possible differences in activity levels in
specific circumstances such as embryonic development or cell dif-
ferentiation.

Our results strongly support the idea that DGKa is expressed
via FoxO transcription factors. This FoxO-mediated regulation
helps us to understand how the enzyme levels are coupled to TCR
stimulation intensity and to the presence of costimulation. FoxO
phosphorylation is downstream of the PI3K/AKT axis, whose ac-
tivity increases with signal intensity. TCR stimulation elicits PI3K
activity through its p1103 catalytic isoform, leading to weak, tran-
sitory FoxO phosphorylation (37). Costimulation results in the
recruitment and activation of additional PI3K isoforms, enhanc-
ing FoxO phosphorylation (12). Unlike other AKT targets, FoxO
is phosphorylated only after AKT is phosphorylated by mamma-
lian target of rapamycin (mTOR) at Ser473 via mTOR complex 2
(16). mTOR activation is a requisite for cell cycle progression,
which might explain the coordination between DGKa decrease
and cell cycle progression. This concurs with the data showing that
the reduced DGKa expression observed during cell cycle entry of
naive T cells mirrors that of the cell cycle inhibitor p27 (Fig. 2B)
and with our previous observation that DGKa protein levels re-
main high if the TCR is stimulated in the presence of rapamycin
(31). Results were similar in the fibroblast-derived NIH 3T3 cell
line, in which DGKa gene expression was reduced in response to
serum-induced cell cycle entry (our unpublished results).

T lymphocytes lacking DGKa show increased IL-2-triggered
proliferation, confirming DGKa contribution as a negative regu-
lator of cell cycle progression whose levels should decrease to al-
low cell expansion. This role of DGKa correlates with its well-
characterized function as a negative regulator of the Ras/ERK axis
in T cells and its overexpression during anergy. Although our data
demonstrate the concerted regulation of cell cycle entry and
DGKa downregulation, they do not prove that cell cycle progres-
sion regulates DGKa transcriptional regulation. Addressing this
question awaits more detailed studies. Our data indicate that the
PI3K/AKT pathway can also couple DGKa transcriptional regu-
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lation to processes other than proliferation, such as IL-2-pro-
moted CTL differentiation; in this case and unlike naive T cells,
DGKa and p27 expression patterns were not similar (see Fig. S9 in
the supplemental material).

ChIP experiments demonstrated FoxO1 and FoxO3 binding to
DGKa regulatory region 1 in resting T lymphocytes. FoxO factors
are crucial for correct T cell homeostasis, with FoxO1 function
predominating over that of FoxO3 in peripheral lymphoid organs.
Whereas in thymocytes both FoxO isoforms bound to all three
FoxO BS of DGKa, in splenocytes FoxO1, but not FoxO3, bound
the three FoxO BS (Fig. 4). The identification of FoxO-binding
sites in the DGKa regulatory region facilitates interpretation of
data from microarray analyses, which consistently show high
DGKa expression in response to quiescence-inducing signals, dif-
ferentiation, or apoptosis (31). The description of DGKa as a
FoxO target suggests that it participates in the control of nonpro-
liferative or differentiated cell states and correlates well with
DGKa function in T lymphocytes (31).

Our study shows that DGKa behavior is similar to that of other
well-characterized FoxO target genes in peripheral T lympho-
cytes. Either directly and/or through regulation of the Kriippel-
like transcription factor (KLF-2), FoxO1 controls expression of
trafficking molecules such as L-selectin, CCR7, and the sphin-
gosine-1-phosphate receptor (15,21, 39), as well as that of IL-7Ra,
which governs homeostatic survival of naive T cells (50). Expres-
sion of all these molecules is reduced after PI3K/AKT pathway
triggering as a result of TCR/IL-2 activation (54). DGKo expres-
sion decreased following IL-2 treatment, which was reversed by
pharmacological inhibition of AKT or IL-2 withdrawal. Increased
DGKa expression due to AKT inhibition coincided with higher
FoxO1 and FoxO3 recruitment to the promoter (Fig. 5). Our ob-
servations are in accordance with data from a recent microarray
study that shows DGKa upregulation by AKT inhibition (29).

PI3K/AKT- and DAG-induced pathways must work in concert
during T cell activation and cytokine-promoted differentiation to
guarantee correct T cell outcomes. TCR-mediated ERK phos-
phorylation requires PI3K function since ERK phosphorylation is
reduced in PI3K p1108 /" mice. In addition, ERK-mediated L-
selectin shedding is impaired in these mice (36), as well as in wild-
type mice after treatment with a PI3K3 inhibitor (29). The mech-
anism is not known but is unlikely to be a result of changes in
DGKa transcription or protein stability since the TCR-induced
decrease in DGKa protein levels is a late event (Fig. 4D). DGKa
downregulation is maintained by IL-2-mediated PI3K/AKT acti-
vation, an observation that defines an additional function for
DGKua as a negative regulator of Ras/ERK activation during cyto-
kine-promoted effects. Accordingly, lymphocytes from DGKa-
deficient mice show increased IL-2-dependent proliferation, in-
creased Ras/ERK activation, and an enhanced IL-2-mediated
cytotoxic program. IL-2/AKT/FoxO transcription control of DGK
activity appears specific to the DGKa isoform since the DGK{
expression pattern is distinct. DGK{ mRNA levels decreased dur-
ing TCR activation, although in a manner different from that of
DGKa (Fig. 2), and AKT inhibition did not lead to increased
DGK{ mRNA levels (see Fig. S9C in the supplemental material).

By negatively regulating RasGRP1, the DGK control the inten-
sity of TCR-derived signals. RasGRP1 supplies T cells with a
mechanism with which to regulate basal Ras levels. The level of
Ras signals permits rapid transformation of an analogue input
(changes in antigen affinities) into an analogic output (response
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versus nonresponse) (6). This DGK control of TCR signal inten-
sity is suggested to have a critical role in the regulation of effector
versus memory T cell differentiation. IL-2 regulation of DGKa
levels strongly suggests that, as for naive T cells, activated T cells
have a mechanism that allows regulation of homeostatic Ras acti-
vation, which would help to discriminate the intensity of signals
received by cells, in this case, from the cytokine milieu. This is
consistent with the differential roles of IL-2 and IL-15 in the onset
of cell memory, attributed to the greater capacity of IL-2 to trigger
PI3K signaling (5). Transcriptional regulation of DGKa thus ex-
emplifies how the PI3K/AKT/FoxO axis is coupled to Ras-medi-
ated signals, a mechanism that links T cell differentiation with the
intensity threshold. Not surprisingly, in a mouse model of lym-
phocytic choriomeningitis virus infection, DGKa deficiency pro-
motes CD8" T cell expansion but decreases memory CD8™ re-
sponses (48).

T cell nonresponsiveness to antigen, or anergy, is regulated by
a transcriptional program controlled by the factors NFAT and
Egr2 (23, 28, 43); DGKa has conserved binding regions for these
two factors (Fig. 3; see also the supplemental material). It remains
unclear whether these factors are directly responsible for DGKa
upregulation in models of anergy induction. Unlike the situation
with other anergy genes such as Grail and Caspase3, NFAT ho-
modimers do not promote DGKa overexpression (49). It is un-
likely that FoxO factors alone support the DGKa increases ob-
served in some anergy induction models (28, 56), but their
binding to a DGKa promoter might be decisive in maintaining
these active transcription conditions. IL-2-mediated DGKa
downregulation strongly suggests that FoxO factors mediate res-
cue of anergic cells via this cytokine (8).

In summary, DGKa regulation by the PI3K/AKT/FoxO path-
way (Fig. 7) identifies important, unreported functions for this
enzyme and helps to explain its precise regulation at the onset of T
cell activation. FoxO-mediated DGKa expression in quiescent
cells might enhance DAG metabolism, preventing naive T cell
activation in response to incomplete stimulation. Loss of FoxO
activity during productive T cell activation reduces DGKa levels,
leading to activation of DAG-mediated functions. IL-2-induced
signals would prolong DGKa downregulation, providing signals
that facilitate expansion and differentiation of CTL populations.
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