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Diacylglycerol (DAG) kinases (DGKs) are a family of enzymes that
convert DAG to phosphatidic acid (PA), the physiologic functions of
which have been poorly defined. We report here that DGK � and
� synergistically promote T cell maturation in the thymus. Absence
of both DGK� and � (DGK��/���/�) results in a severe decrease in
the number of CD4�CD8� and CD4�CD8� single-positive thymo-
cytes correlating with increased DAG-mediated signaling. Positive
selection, but not negative selection, is impaired in DGK��/���/�

mice. The developmental blockage in DGK��/���/� mice can be
partially overcome by treatment with PA. Furthermore, decreased
DGK activity also promotes thymic lymphomagenesis accompany-
ing elevated Ras and Erk1/2 activation. Our data demonstrate a
synergistic and critical role of DGK isoforms in T cell development
and tumor suppression, and indicate that DGKs not only terminate
DAG signaling but also initiate PA signaling in thymocytes to
promote positive selection.

phosphatidic acid � signaling � tumorigenesis

D iacylglycerol (DAG) kinases (DGKs) are a family of en-
zymes that catalyze phosphorylation of DAG, converting it

to phosphatidic acid (PA). Ten DGK isoforms have been
identified in mammals and are divided into 5 subtypes based on
unique structural features (1, 2). Within a single tissue, multiple
DGK isoforms can be expressed. A notable feature of the
DGK-mediated reaction is that both the substrate, DAG, and the
product, PA, can be important second messengers. DAG can
associate with Ras guanyl nucleotide-releasing proteins (Ras-
GRPs), protein kinase Cs (PKCs), protein kinase Ds, chimae-
rins, and Munc-13s through their cysteine-rich (C1) domains (3).
PA has been reported to bind to the SH-2 domain containing
tyrosine phosphatase-1 (SHP-1), mammalian target of Rapamy-
cin (mTOR), cAMP-specific phosphodiesterase 4 (PDE4), pro-
tein phosphatase-1 (PP-1), son of sevenless (Sos), and type I
phosphatidylinositol 4-phosphate 5-kinase (PI5K) (4–8).
Through the regulation of the activities and subcellular local-
izations of these signaling molecules, DAG and PA play critical
roles in signaling from many cell surface receptors (3, 4). It has
been hypothesized that DGKs act as crucial regulators of
receptor signaling and cellular function by modulating DAG and
PA concentrations. However, the physiologic importance of
most DGKs and the role of DGK-derived PA in receptor
signaling have been poorly defined.

T cell maturation in the thymus occurs through CD4�CD8�

double-negative (DN) to CD4�CD8� double-positive (DP) and
finally to the CD4�CD8� or CD4�CD8� single-positive (SP)
stage (9). Engagement of TCR expressed on DP thymocytes with
self-peptide presented by MHCs on thymic stromal cells and
bone marrow-derived dendritic cells induces intracellular signal-
ing that can lead to either maturation (positive selection) or cell
death (negative selection). In general, TCRs with high affinity to
self-antigens elicit strong signals directing negative selection,
whereas TCRs with low affinity to self-antigens induce weak
signals, allowing positive selection to occur (9–11). Thymic
selection results in the generation of a repertoire of T cells that

recognize foreign antigens and, at the same time, are self-
tolerant. Abnormal TCR signaling in thymocytes can skew
thymic selection and cause autoimmune diseases.

Following TCR engagement, phospholipase C�1 (PLC�1) pro-
duces inositol trisphosphate (IP3) and DAG. IP3 and DAG induce
activation of the Ca2�-calcineurin and RasGRP1-Ras-Erk1/2 cas-
cades. Ras and Erk1/2 have been implicated in both positive
selection and negative selection (12–17). Recent evidence indicates
that DGK� and �, isoforms known to be expressed in T cells
negatively control DAG and the Ras-Erk1/2 signaling pathway after
TCR engagement (18–22). Deficiency of either DGK� or � causes
enhanced T cell activation and resistance to anergy induction (19,
20). We report here that loss of both DGK� and � (DGK��/���/�,
DKO) in mice selectively inhibits positive selection that can be
rescued by PA. Furthermore, decreased DGK activity promotes
thymic lymphomagenesis in the HY-TCR transgenic model, which
correlates with elevated Ras and Erk1/2 activation. These obser-
vations demonstrate that two structurally distinct DGK isoforms
perform synergistic roles in T cell maturation through the action of
their product PA, and that DGK activity is involved in tumor
suppression.

Results
Deficiency of both DGK� and � Inhibits T Cell Maturation. Deficiency
of either DGK� or � promotes peripheral T cell activation without
obviously altering T cell numbers (19, 20). In DGK��/���/� mice,
we observed severe decreases of SP thymocytes, indicating a
synergistic role of these 2 isoforms in promoting DP to SP matu-
ration. The total thymic cellularity in DGK��/���/� mice was
similar to WT mice, although the ratio of DGK��/���/� DP
thymocytes increased in compensation (Fig. 1 A–C). TCR� defi-
ciency causes T cell developmental blockade at the DP stage, and
positive selection is not initiated in TCR��/� DP thymocytes due
to lack of a functional TCR (23). In TCR��/� DP thymocytes, cell
surface CD69, CD5, and TCR� were low or hardly detectable.
Compared with TCR��/� mice and WT mice, CD69 and CD5
up-regulation and up-regulation of TCR� or CD3 on cell surface
from negative to low levels, events occurring during positive selec-
tion, were not inhibited in DGK��/���/� DP thymocytes (Fig. 1
D–F). However, the TCR�high population in DGK��/���/� DP
thymocytes was decreased 90% (Fig. 1 E and F). Furthermore, the
majority of DGK��/���/� CD4 and CD8 SP thymocytes expressed
low levels of TCR, whereas 98% or more WT controls expressed
high levels of TCR (Fig. 1G). Increased cell death was detected in
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DGK��/���/� CD4 SP, CD8 SP, and TCRhigh DP thymocytes but
not in DGK��/���/� TCRlow DP (Fig. 1 H and I). These results
indicate that increased death of thymocytes during and after
positive selection may cause the decrease of SP thymocytes in the
DGK��/���/� thymus.

NKT cells, expressing both TCR and NK1.1 but low levels of
CD24, are generated at the DP stage (24). NKT cells were much
more dramatically decreased in DGK��/���/� thymi, spleen,
and livers compared with total �� T cells (Fig. 1J). In contrast,
DN III (CD25�CD44�) to DN IV (CD25�CD44�) maturation
was not blocked in DGK��/���/� mice (Fig. 1K).
CD4�CD8�TCR��� thymocytes were slightly increased in
DGK��/���/� mice (Fig. 1L). Thus, DGK� and � deficiency
preferentially inhibits DP to SP maturation and NKT cell
development but does not inhibit DN to DP maturation or �� T
cell development.

T-Cell Intrinsic Mechanisms Cause Developmental Defects in
DGK��/���/� Mice. Both DGK� and � are expressed in multiple cell
lineages and tissues inside and outside the hematopoietic system

(18, 22, 25). To determine whether the developmental defect in
DGK��/���/� mice is T cell autonomous, WT and DGK��/���/�

bone marrow (BM) cells were injected into lethally irradiated
C57BL/6 mice to generate chimeric mice. An obvious blockade of
T cell maturation at the DP stage was observed in recipients reconsti-
tuted with DGK��/���/� BM but not in WT BM recipients (Fig. 2A).
Furthermore, in sublethally irradiated Rag-1�/� mice reconsti-
tuted with equal portions of WT (Thy1.1) and DGK��/���/�

(Thy1.2) BM, very few DGK��/���/� SP T cells developed. In
contrast, DGK��/���/� DP thymocyte numbers were similar to
WT control (Fig. 2 B and C). Very few DGK��/���/� T cells
were presented in the peripheral lymphoid organs in the recip-
ient mice (Fig. 2D). Thus, the presence of WT BM-derived
elements including WT thymocytes cannot correct the develop-
mental defects of DGK��/���/� thymocytes.

Impairment of Positive Selection but Not Negative Selection in
DGK��/���/� Mice. The HY-TCR is MHC class I-restricted and
directs thymocytes to the CD8 lineage in female mice but induces
negative selection in male mice because of the presence of the
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Fig. 1. Loss of both DGK� and � inhibits �� T-cell development at the DP stage. Thymocytes from DGK��/���/� mice and WT mice were stained with different
fluorescently labeled antibodies and analyzed by FACS. (A) Total thymocyte numbers (n � 10). (B) Percentage of thymocyte subsets (n � 3). (C) Representative
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cognate male antigen (26). In female HY-mice, absence of either
DGK� or � did not obviously affect positive selection of HY
thymocytes to CD8 lineage, although the number of CD4�CD8�

SP thymocytes decreased in HY-DGK��/� female mice (Fig. 3 A
and B). However, in female DGK��/���/�-HY mice, total thymic
cellularity and the numbers of DP, CD8 SP, and CD4 SP thymo-
cytes were decreased (Fig. 3 C and E). The ratio of DN thymocytes
in these mice was relatively increased but the absolute numbers
were similar to WT HY mice. In the peripheral lymphoid organs,
very few T cells were detected in DGK��/���/�-HY
mice (Fig. 3D). In male mice, very few DP or SP thymocytes
were presented and the total cellularity was low in WT-HY,
DGK��/�-HY, DGK��/�-HY, and DGK��/���/�-HY mice (Fig.
3 A–C, and E). Thus, at least in the HY-TCR transgenic model,
deficiency of both DGK� and � causes impairment of positive
selection but does not inhibit negative selection.

Elevated DAG and Activation of Ras and Erk1/2 in DGK��/���/� DP
Thymocytes. To investigate how DGK� and � deficiency may
affect TCR signaling in thymocytes, we first assessed TCR-
induced Ras activation, which is downstream of DAG through its
effector molecules RasGRP1 and PKC� (13, 27), in total thy-
mocytes from WT, DGK��/�, DGK��/�, or DGK��/���/�

mice. Ras activation was elevated in DGK��/�, DGK��/�, and
DGK��/���/� thymocytes after TCR stimulation for 2 min.
Fifteen min after TCR stimulation, increased Ras activation was
only observed in DGK��/� and DGK��/���/� thymocytes but
not in DGK��/� thymocytes, suggesting a stronger role of DGK�
in regulating Ras activation than DGK� (Fig. 4A).

Because thymic selection occurs at the DP stage, we further
examined how deficiency of both DGK� and � may affect TCR
signaling in purified DP thymocytes. TCR stimulation induced
slight elevation of total DAG concentrations in WT DP thymo-
cytes (Fig. 4B). In DGK��/���/� DP thymocytes, a more robust
elevation of total DAG concentrations was observed, indicating
that deficiency of DGK activity leads to decreased conversion of
DAG to PA.

TCR-induced Ras activation was enhanced in DGK��/���/�

DP thymocytes as compared with WT DP thymocytes (Fig. 4C).
Stimulation with PMA, a functional analogue of DAG resistant
to DGK activity, caused similar Ras activation in both WT and
DGK��/���/� DP thymocytes. Erk1/2 phosphorylation, which
correlates with their activation and is downstream of the Ras
pathway, was also enhanced in DGK��/���/� DP thymocytes
(Fig. 4D). These observations indicate that DGK activity inhibits
the TCR-induced Ras-Erk1/2 pathway downstream of DAG in
DP thymocytes.

Exogenous PA Promotes DGK��/���/� T-Cell Maturation. In addition
to terminating DAG, DGKs produce PA. We investigated a po-
tential role of DGK-derived PA in TCR signaling and T cell
maturation. Fetal thymic organ culture (FTOC) in the presence or
absence of exogenous PA was used. In the absence of exogenous
PA, DGK��/���/� thymi showed decreased SP thymocytes as
compared with DGK��/���/� thymi or DGK��/���/� thymi (Fig.
4E and data not shown). Addition of PA during FTOC resulted in
an increase of SP thymocytes in DGK��/���/� thymi without
obvious effects on control thymi. Thus, exogenous PA can partially
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promote the positive selection of DGK��/���/� thymocytes, sug-
gesting that, in addition to terminating DAG-mediated signaling,
DGK� and � may produce PA, which in turn promotes positive
selection.

Decreased DGK� and � Activities Promote Thymic Lymphomagenesis.
Approximately 2–3% HY-TCR transgenic mice develop thymic
lymphoma at 5 months of age, with increased tumor occurrence
at older ages (28). At 3 to 5 months of age, some DGK��/�

��/�-HY or DGK��/���/�-HY male but not female mice de-
veloped thymic lymphomas. Higher percentages of both female
and male DGK��/���/�-HY mice developed thymic lymphoma
(named as DGK-HY lymphoma), suggesting a synergistic role of
DGK� and � in suppressing lymphomagenesis (Fig. 5 A and B).
DGK-HY lymphomas appeared heterogeneous among different
mice, as CD4lowCD8�, CD4�CD8�, or CD4lowCD8low. Most of
them expressed the HY-TCR (Fig. 5C). Some of them did not
express the canonic HY-TCR but did express the � chain of the
HY-TCR (V�8). Ras and Erk1/2 activation was increased in
DGK-HY lymphomas (Fig. 5D). No thymic lymphomas have been
observed in DGK��/�, DGK��/�, DGK��/���/�, DGK��/�

��/�, DGK��/���/�, or DGK��/���/� mice without a TCR trans-
gene. However, DGK��/���/� mice have shortened life spans
because of autoimmunity (Wan et al., manuscript submitted).
We cannot exclude the possibility that thymic lymphoma might
have developed in these mice if they had normal lifespans.
Together, these observations indicate that DGK� and � inhibit
the oncogenic potential caused by the HY-TCR transgene.

Discussion
This study demonstrated that DGK� and � synergistically promote
positive selection, which also provides evidence that 2 DGK iso-
forms perform synergistic function in vivo. In DGK��/���/� DP
thymocytes, positive selection events such as CD69, CD5, and
TCR� up-regulation, are not inhibited. The developmental
defect in DGK��/���/� DP thymocytes appears to occur when
they reach the TCRhigh stage and may be caused by increased
death of TCRhigh DP and SP thymocytes. These observations
suggest that DGK activity might be dispensable for the initiation
of positive selection but critical for successful completion of
positive selection.

Our data suggest that DGK� and � function both as signal
terminator and initiator by converting DAG to PA in thymo-
cytes. In DGK��/���/� DP thymocytes, DAG concentration and
activation of Ras and Erk1/2 are increased after TCR engage-
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carrying the HY-TCR transgene. (A) Incidence of thymic lymphomas in 3–5-
month-old mice with decreased DGK� and/or � activity. (B) Pictures of a pair of
littermate of female WT-HY and DGK��/���/�-HY thymi. (C) FACS plots of
representative male and female HY mice of indicated genotypes. FSC indicates
increased cell sizes of DGK-HY lymphomas. (D) Elevated Ras and Erk1/2 acti-
vation in DGK-HY lymphomas. Thymocytes from DGK��/���/�-HY male mice
and DGK��/���/�-HY male mice were stained for CD4 and CD8 followed by
intracellular staining for Ras-GTP, phosphor-Erk1/2, and Erk2.
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ment. Ras and Erk1/2 are known to be important for positive
selection but may also contribute to negative selection (12–15,
29–31). At present, the role of increased DAG concentration
and enhanced Ras and Erk1/2 activation in the developmental
defect of DGK��/���/� thymocytes is not clear. Transient but
robust Erk1/2 activation after strong engagement of TCR in DP
thymocytes induces negative selection. By contrast, weaker but
prolonged Erk1/2 activation after low-affinity engagement of
TCR in DP thymocytes promotes positive selection (14, 16, 17).
The Ras and Erk1/2 activation in DGK��/���/� DP thymocytes
is enhanced which could convert positive selection into negative
selection. Furthermore, activation of Ras and Erk1/2 in the
cytoplasm membrane but not in the intracellular compartments
is correlated with negative selection whereas activation of these
2 molecules in both cytoplasm membrane and intracellular
compartments is correlated with positive selection (17). Defi-
ciency of DGKs could cause abnormal accumulation of DAG
and activation of Ras and Erk1/2 in abnormal subcellular
compartments, leading to impairment of positive selection.
Because overexpression of RasGRP1 does not cause develop-
mental blockage of thymocytes (32), enhanced DAG-RasGRP1-
Ras-Erk1/2 pathway alone in DGK��/���/� mice might not be
sufficient to cause the developmental defects seen in these mice.
It remains to be determined whether other DAG-mediated
signaling mechanism(s) may contribute to the failure of positive
selection.

Although much evidence has implicated phospholipase D-
derived PA as the major source of PA in receptor signaling (4),
accumulating data reveal that DGK-derived PA is also impor-
tant for receptor signaling. DGK�-derived PA can promote
mTOR signaling in HEK293 cells, enhance PI5K activity, and
increase TLR-induced IL-12 production in macrophages (8, 33,
34). We show here that PA can promote DGK��/���/� DP
thymocyte maturation to the SP stage in FTOC, indicating a
critical role of PA for positive selection. PA has been found to
associate with and to promote the activities of numerous effector
molecules such as mTOR, SHP-1, Sos, PI5K, PDE4, and PP-1
(4–8). PA may promote positive selection by regulating one or
several of its effector molecules. A particular interesting candi-
date is mTOR, which promotes protein translation, glucose
uptake, cell survival, and proliferation, and inhibits autophagy
(35). Inhibition of mTOR by rapamycin causes death of thymo-
cytes (36). A potential decrease of mTOR activity in the absence
of DGK activity could cause death of positive selecting thymo-
cytes. In addition to specific PA-protein interactions, PA may
also affect positive selection indirectly, such as by serving as an
intermediate for the production of other messengers.

We observed accelerated thymic lymphomagenesis in HY-
TCR transgenic mice when DGK� and/or � activities were
decreased. In some human cancer patients, DGK� expression is
correlated with good prognosis (37), and the tumor suppressor
p53 promotes DGK� expression (38, 39). Thus, DGK activity
may function as tumor suppressor both in mice and in humans.

Sustained DAG signaling may associate with tumorigenesis,
because phorbol esters, functional analogues of DAG that have
long-half lives and are strong activators of RasGRPs and PKCs,
are carcinogenic. In DGKHY-thymic lymphoma, there is an
obvious increase of Ras and Erk1/2 activation, suggesting that
DGK activity may suppress lymphomagenesis by terminating
DAG and preventing overactivation of RasGRP1 and Ras.
Overexpression of RasGRP1 induces transformation in cell line
models and thymic lymphomas in mice (32, 40). RasGRP1
expression is elevated in many human acute T lymphocytic
leukemias that originate predominantly from transformed thy-
mocytes (41). Constitutive elevation of Ras activity has been
detected in many human solid tumors and a subset of T
lymphocytic leukemia (42). The causes of increased Ras activa-
tion in some of these tumors have not been revealed. It would be

interesting to determine whether loss-of-function mutations in
DGK loci may exist and contribute to elevated Ras activation
and tumorigenesis in humans. Of note, the tumorigenesis caused
by DGK� and � deficiency occurs only in mice carrying the
HY-TCR transgene, whereas lymphomagenesis caused by Ras-
GRP1 overexpression is independent on a TCR (32). It is
possible that other DAG-metabolizing mechanisms might also
be involved in limiting DAG-mediated signaling. In addition to
inhibiting RasGRP1 and Ras activation, DGK activity may also
influence tumorigenesis through other mechanisms. For exam-
ple, the retinoblastoma protein (pRB) binds to DGK� and
activates DGK� to promote cell cycle arrest (43, 44). In addition,
DGK-derived PA could induce signaling events that suppress
tumorigenesis. However, this possibility is less likely because of
the mitogenic function of PA demonstrated in cell line models
(6).

In summary, our studies demonstrate a synergistic role of 2
DGK isoforms with distinct structural features in T cell devel-
opment and in tumor suppression. We propose that DGK
activity may serve two functions in developing T cells, by
terminating DAG signaling and by initiating PA signaling to
ensure proper T cell development and to suppress tumorigenesis.

Experimental Procedures
Mice. C56BL/6 mice, TCR��/�, Rag-1�/�, and the HY-TCR transgenic mice were
obtained from the Jackson Laboratory. DGK� and � deficient mice were
reported (19, 20). All mice were used in accordance with protocols approved
by the Institutional Animal Care and Use Committee at Duke University.

FACS Analysis. Thymocytes were incubated with fluorescently labeled antibodies
in 5% FBS-PBS at 4°C for 30 min. Stained cells were collected in a FACScan or
FACSCalibur with Cellquest software and analyzed with FlowJo software. Fluo-
rescently labeled anti-CD3 (145–2C11), CD4 (GK1.5), CD8 (53–6.7), CD25 (7D4),
TCR� (H57–597), CD5 (53–7.3), CD69 (H1.2F3), CD24 (M1/69), NK1.1 (PK136), and
CD44 (G44–26) were purchased from BD Biosciences. The phycoerithrin (PE)-
conjugated anti-HY TCR antibody (T3.70) was from eBiosciences.

Isolation of DP Thymocytes. Thymocytes (1 � 108) from WT and DGK��/���/�

mice were stained with a biotin-labeled anti-Db antibody (2 �l) in 400 �l 0.5%
BSA- and 0.2 mM EDTA-PBS (BEP) at 4°C for 20 min. After washing two times,
cells were resuspended in 500 �L BEP and then stained with 2 �l streptavidin-
conjugated PE at 4o for 20 min. Cells were washed and mixed with 20 �l anti-PE
microbeads (Miltenyi Biotec GmbH). After incubation at 4°C for 15 min, DP
thymocytes were isolated by using the LD depletion column (Miltenyi Biotec
GmbH). The purities of DP thymocytes were usually �95%.

Western Blot. A 5- to 10-million quantity of total or CD4�CD8� DP thymo-
cytes was rested in 0.5 ml PBS at 37°C for 20 min. Cells were then left
unstimulated, stimulated with an anti-CD3 antibody (500A2, 5 �g/ml) for
different times, or stimulated with PMA (50 ng/ml) for 5 min. Cells were
lysed in 1% Nonidet P-40 lysis buffer (1% Nonidet P-40, 150 mM NaCl, 50
mM Tris, pH 7.4) with protease and phosphatase inhibitors. Proteins in
lysates were separated by SDS/PAGE and transferred onto nitrocellularose
membrane. The blots were probed with anti-phospho-Erk1/2 antibody and
reprobed with anti-Erk1/2 for loading control. Western blot was quantified
by using the ImageJ software (National Institutes of Health).

Measurement of Ras-GTP. Thymocytes were stimulated as described above
except lysed in Mg2� lysis/wash buffer (25 mM Hepes, 150 mM NaCl, 1%
(vol/vol) Nonidet P-40, 0.25% (wt/vol) Na deoxycholate, 10 mM MgCl2, 1 mM
EDTA, 10% (vol/vol) glycerol, pH 7.5) with freshly added PMSF (Sigma) and
protease inhibitor mixture. GTP-bound Ras was pulled down by GST-Raf-RBD
agarose beads and detected by Western blot with an anti-Pan Ras antibody,
as described in ref. 18.

Detection of Erk1/2 Phosphorylation and GTP-Ras by Intracellular Staining.
Thymocytes were stained with PE-Cy5 conjugated anti-CD4 and PE-
conjugated CD8 antibodies at 4°C. Cells were pelleted, fixed, permeabilized,
and stained with an anti-phospho-Erk1/2 antibody (Cell Signaling Technol-
ogy), Erk2 antibody (Santa Cruz Biotechnology), or GST-Raf-RBD fusion pro-
tein. These cells were further stained with an Alexa Fluor 488 conjugated
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anti-mouse, anti-rabbit Ig, or anti-GST antibody (Invitrogen), respectively, and
followed by FACS analysis.

Measurement of DAG. A 5- to 10-million quantity of DP thymocytes was left
unstimulated or stimulated with an anti-CD3� antibody (500A2, 5 �g/ml) for the
indicated lengths of time. Cells were pelleted and total lipids were collected
according to the method of Bligh and Dyer (45). DAG was measured with an in
vitro DAG kinase assay. DAG levels were always normalized to lipid phosphates,
which was measured according to the method of Rouser et al. (46).

Fetal Thymic Organ Culture (FTOC). Embryonic Day 15 thymi from DGK��/���/�

male x DGK��/���/� female mating were cultured on Millipore filters in a
48-well plate with 1 ml RPMI-1640 medium supplemented with 10% FBS and

penicillin/streptomycin/glutamine. One thymic lobe was treated with 100 �M
PA and the other lobe was left untreated. After 7 days’ incubation at 37°C with
5% CO2, single cell suspensions were stained for cell surface molecules fol-
lowed by FACS analysis. Genotypes of fetuses were determined by PCR.

Statistical Analysis. Experimental data are expressed as the mean � SD. The
statistical significance of differences between means was determined by using
the unpaired two-tailed Student’s t test.
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