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To study the physiological function of diacylglycerol (DAG) kinase
1 (DGKU4), which converts DAG to phosphatidic acid, we deleted this
gene in mice. In contrast to previous studies showing that DGK
isoforms decrease Ras activity, signaling downstream of Ras in
embryonic fibroblasts was significantly reduced in cells lacking
DGK:t. DGKs regulate Ras signaling by attenuating the function of
the DAG-dependent Ras guanyl nucleotide-releasing proteins
(RasGRPs). We tested whether DGK: inhibited the four known
RasGRPs and found that it inhibited only RasGRP3. In addition to
activating Ras, RasGRP3 also activates Rap1, which in some cases
can antagonize the function of Ras. We demonstrate that DGK.
bound to RasGRP3 and inhibited its activation of Rap1 by metab-
olizing DAG. This inhibition consequently affected Ras signaling.
We tested the physiological consequence of deleting DGK:. by
crossing wild-type or DGK-deficient mice with mice carrying a
v-Ha-Ras transgene, and then we assessed tumor formation. We
observed significantly fewer tumors in DGKt-deficient mice. Be-
cause Rap1 can antagonize the function of Ras, our data are
consistent with a model in which DGK. regulates RasGRP3 with a
predominant effect on Rap1 activity. Additionally, we found that
DGK{, which is structurally similar to DGK¢, inhibited RasGRPs 1, 3,
and 4 and predominantly affected Ras signaling. Thus, type IV
DGKs regulate RasGRPs, but the downstream effects differ de-
pending on the DGK.

D iacylglycerol (DAG) is a potent activator of several signaling
proteins, many of which, when abnormally active, can contrib-
ute to the initiation or promotion of cancer (1, 2). Several enzymes
can metabolize signaling DAG, but the major route is thought to be
by its phosphorylation, a reaction that produces phosphatidic acid
and is catalyzed by the DAG kinases (DGKs) (reviewed in ref. 2).

DAG exerts its effects by activating classical and novel protein
kinase Cisoforms, as well as other proteins including the Ras guanyl
nucleotide-releasing proteins (RasGRPs) (reviewed in refs. 3-5).
Although the transforming effects of DAG have been attributed to
activation of PKCs, identification of the RasGRP family suggested
that DAG could also transform cells by directly activating Ras-
GRPs, which in turn could lead to excess Ras signaling. The four
known RasGRP proteins are RasGRP1 [calcium DAG guanine
exchange factor II (CalDAG-GEFII)], RasGRP2 (CalDAG-
GEFTI), RasGRP3 (CalDAG-GEFIII), and RasGRP4 (reviewed in
ref. 5). Each RasGRP activates either Ras or Rapl, except
RasGRP3, which is unique because it facilitates exchange for both
Ras and Rapl (6-10).

Activating mutations in Ras are found in a number of tumors
(reviewed in ref. 11). Using a mouse model, Chin ef al. (12) showed
that Ras expression was an absolute requirement for melanoma
tumor maintenance, and other studies have demonstrated a role for
Ras in metastasis (reviewed in ref. 13). Together, these data clearly
show that abnormally active Ras contributes to the maintenance
and progression of many types of cancer.

Rap1-dependent signaling is not as well understood. Rap1, which
shares a high degree of homology with Ras (14), is also able to bind
Raf-1 (15) and in doing so may antagonize the function of Ras.
Indeed, overexpression of Rapl can revert the transformation of
cells caused by Ras (16). Additionally, Okada et al. (17) demon-
strated that inhibiting Rap1 allowed Ras to bind Raf-1 and initiate
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downstream signaling (17). Conversely, other groups have shown
that Rapl fails to interfere with Ras signaling (18-20). One
explanation for these conflicting observations is that competition
between Ras and Rap1 depends on a number of factors, including
the relative abundance of Ras and Rapl, expression of different Raf
isoforms, and perhaps other regulatory proteins.

The antagonistic relationship between Ras and Rapl places
RasGRP3, which can activate both proteins, at an interesting
crossroad, and the physiologic response elicited by RasGRP3 is not
well characterized. Compared to activating only Ras, concurrently
activating both Ras and Rapl likely reduces downstream events
dependent on Ras. For example, Yamashita et al. (6) compared the
Ras-dependent responses, neurite outgrowth, and anchorage-
independent cell growth in cells expressing RasGRP1, RasGRP2,
or RasGRP3. Consistent with simultaneous activation of both Ras
and Rapl, RasGRP3 caused responses intermediate between
RasGRP1 (Ras activation) and RasGRP2 (Rapl activation). How-
ever, these experiments were performed by overexpressing active
RasGRP mutants, so they may not reflect the true physiologic
response elicited by RasGRP3. In fact, one would predict that,
rather than always activating both Ras and its antagonist, Rapl, a
higher degree of regulation might exist in vivo that leads to
predominant activation of one or the other.

We have demonstrated that DGK({ binds to and regulates the
activity of RasGRP1 by metabolizing DAG (21). Additionally,
Jones et al. (22) found that DGKa reduced Ras activation in T
lymphocytes, presumably by reducing RasGRP1 activity. Together,
these data demonstrate that specific DGK isotypes can regulate
RasGRP1, and they suggest that DGKs may regulate other
RasGRPs as well. While characterizing mice with targeted deletion
of the gene encoding DGK(, we found that cells lacking this DAG
kinase had reduced Ras activity. Further experiments demon-
strated that DGK could bind and regulate the activity of RasGRP3
and predominantly reduced Rap1 activation. We crossed transgenic
mice expressing the v-Ha-Ras protooncogene with wild-type or
DGK. knockout mice and found that mice lacking DGK. devel-
oped fewer tumors in response to a phorbol ester or after wounding.
Together, our data demonstrate that DGKi regulates RasGRP3 but
has a predominant effect on its activation of Rapl.

Experimental Procedures

Materials. Ras transgene (TG.AC) homozygous animals were pro-
vided by Judson Spalding (National Institute on Environmental
Health Sciences via Taconic Farms. Gary Koretzky (University of
Pennsylvania, Philadelphia) supplied dgkz~/* animals. TG.AC mice
were screened by using a Southern blotting probe (pASV) from
Philip Leder (Harvard University, Boston) (23). The following
supplies were used: anti-myc and anti-hemagglutinin (HA) anti-
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bodies (Calbiochem); normal IgG, protein A/G Sepharose, anti-
phospho-ERK, anti-ERK1/2, and anti-Rap1 (Santa Cruz Biotech-
nology); anti-pan-Ras (Oncogene Science); glutathione Sepharose
4B (Amersham Pharmacia); cell culture reagents including Lipo-
fect AMINE (Invitrogen); phorbol myristate acetate, platelet-
derived growth factor, phosphatase inhibitors, and chemicals not
listed (Sigma).

Expression Plasmids. Lawrence Quilliam (Indiana University, Indi-
anapolis) provided RalGDS-GST. HA-DGKs, RasGRP1, Flag-
DGKY{, and kinase-dead DGK{ were previously described (21).
Kinase-dead DGK. was made by site-directed mutagenesis
(Stratagene, 5'-GTGGTGGGGATGACACGGTGGGCTGG-
3"). RasGRP3 was obtained from KIAA0351 (Kazusa DNA Re-
search Institute, Kisarazu, Chiba, Japan) and cloned into
pCDNA3.1myc/his. The Rap1 plasmid was from Johannes L. Bos
(Utrecht University, Utrecht, The Netherlands). Rapl mutants
were made by using site-directed mutagenesis (Stratagene, V12:
5'-GTCCTTGGTTCAGTAGGCGTTGGGAAG-3" and N17: 5'-
AGGCGTTGGGAAGAATGCTCTGACAGTTCAG-3").

Interruption of the DGK: Gene in Mice. A DGKu gene (Fig. 1) in the
phage-targeting vector MDASHII-2TK (Kirk Thomas, University
of Utah) was electroporated into R1 ES cells, which were then
isolated by positive-negative selection (24). To screen ES cell lines
for homologous recombination, DNA was digested with EcoRI and
probed by using a DGK-specific probe external to the targeting
vector sequence. Of the 31 selected clones, 8 contained the homol-
ogous recombined allele (26%). The homologous recombinant
clones were injected into c57/BL6 blastocysts that were then
implanted into uteri of pseudopregnant ¢57/BL6 females. Male
chimeric mice were crossed with ¢57/BL6 females.

Genotyping by PCR and Southern Blotting. Tail DNA (24) was either
analyzed by Southern blotting or tested by PCR by using the primer
5'-AGGATGGTCCAGGAATGGCTTC-3' and either 5'-
AGGTGAGTGAGGCCAACTAGGC-3" (wild type) or 5'-
GAGGGAAGCGTCTACCTACTGG-3" within the neomycin re-
sistance cassette (knockout). The PCRs used 35 cycles, annealing
at 65°C for 1.5 min and extending at 72°C for 1.5 min.

Tumor Induction in Mice. TG.AC mice (FVB/N) were crossed with
dgkv™'~ or wild-type mice. The Ras transgene was detected either
by Southern blotting or by PCR by using primers in the SV40
promoter (5'-CCTCATCATCACTAGATGG-3') and in H-Ras
(5'-GCATGAGCTGCAAGTGTGT-3"). Within each experiment,
animals of similar ages and colors were used for controls. For the
phorbol 12-myristate 13-acetate (PMA)-induction experiment,
shaved animals were treated three times per week for 8 weeks with
1.25 ng of PMA (in acetone), and tumor burden was assessed at 8
weeks. Two TG.AC™ /dgki*/* mice had >40 tumors, the maximum
number of tumors counted on each animal in the PMA study (295).
The wound-induction experiment was performed as described (26)
by making a 1-cm full-thickness incision on the back. Tumor
number was recorded at 20 weeks. Statistical analysis was per-
formed by using one-tailed paired ¢ tests.

Mouse Embryonic Fibroblasts/Transfections. HEK293 cells were
maintained as described (21). Mouse embryonic fibroblasts from
either DGKt or DGK{ mice were prepared by harvesting embryos
at embryonic day 14.5. The head and liver were used for genotyping,
and the remaining tissue was passed through an 18-gauge needle
three times. Cells were cultured in DMEM with 10% FBS and 100
pg/ml penicillin/streptomycin. They were immortalized with SV40
T-antigen. All transfections were performed by using Lipo-
fect AMINE, as described (27).
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Assays to Detect Activity of H-Ras and Rap1. Activity of Elk-1 was
monitored by using the Stratagene EIlk-1 luciferase system, as
described (21). In six-well plates, RasGRP3 (500 ng per well) was
transfected with either a control vector or an HA-tagged DGK (500
ng/well). Elk-1 luciferase activity was normalized to total protein.
Pull-down assays for GTP-bound H-Ras were performed as de-
scribed (21, 28). The same protocol was used to precipitate GTP-
bound Rapl, except the Rapl-binding domain of Ral-GDS was
used.

Immunoprecipitations and Western Blotting. Transfected HEK293
cells were lysed in either magnesium lysis buffer or immunopre-
cipitation buffer (21). Cell lysates were precleared with IgG/
Protein A/G beads, then mixed with anti-myc-conjugated beads
(Santa Cruz Biotechnology) or protein A/G with Rap1 antibodies
(Santa Cruz Biotechnology) for 2 h (4°C). Western blotting was
performed as described (21). For phosphoERK experiments, cells
were harvested into CS lysis buffer (20 mM Tris-HCI, pH 7.5/150
mM NaCl/1 mM EDTA/1 mM EGTA/1% Triton/2.5 mM sodium
pyrophosphate/1 mM B-glycerophosphate/1 mM sodium or-
thovanadate/1 pg/ml leupeptin/1 mM phenylmethylsulfonyl fluo-
ride). Cell lysates were separated by SDS/PAGE, and then phos-
phorylated ERK1/2 were detected by using antiphosphoERK
antibodies and subsequently stripped and reprobed to detect total
ERK1/2. In all cases, scanning densitometry was performed by
using ADOBE PHOTOSHOP to determine relative protein expression
in both experimental and lysate/total protein controls.

Results

Deleting DGKt Attenuates Ras Signaling. By homologous recombi-
nation, we deleted part of the catalytic domain encoded by exon 14
of the DGKu gene in mice (Fig. 1). The knockout allele followed
Mendelian distribution of inheritance, and mice lacking DGKu
(dgki—'~) had a normal gender ratio, were grossly normal, and did
not express truncated or full-length DGKt mRNA (Fig. 1 and data
not shown). Because DGK(, which is structurally similar to DGKG,
regulates Ras signaling (21), we compared Ras signaling in primary
embryonic fibroblasts derived from either wild-type or dgki~/~
mice. Initial experiments demonstrated that wild-type embryonic
fibroblasts expressed DGKw mRNA, whereas dgki '~ cells did not
(data not shown). Using an assay that measures activity of the
Ras-dependent transcription factor, Elk-1, we found that deleting
DGK. reduced Elk-1 activity in serum-starved cells as well as cells
exposed to platelet-derived growth factor (PDGF, Fig. 24) or 10%
serum (data not shown). Thus, cells lacking DGK had lower Ras
activity, suggesting that DGKu activated Ras signaling. This result
was surprising, because we previously demonstrated that DGK{¢
inhibited Ras activation (21), whereas its deletion activated Ras
(29). To directly compare the roles of these two closely related
DGK isoforms, we assessed Ras activity in embryonic fibroblasts
lacking DGK{ (dgkz /™). Consistent with our prior observation that
DGK( inhibited Ras activation, cells lacking DGK(¢ had higher
Elk-1 activity compared with wild-type cells (Fig. 2B). Thus,
DGK({/have opposing effects on Ras signaling: DGK( inhibits Ras
signaling, whereas DGKu activates it.

DGK. Inhibits RasGRP3. DGKs terminate DAG signaling and can
regulate Ras activity by binding and inhibiting RasGRPs, which
require DAG for activity (30). We considered the possibility that
DGK. affected Ras signaling by altering RasGRP activity. Using
RT-PCR, we found that mouse embryonic fibroblasts expressed
RasGRP1-4 (data not shown), indicating that the effects on Ras
signaling we observed may have been caused by regulation of any
of these RasGRPs. Depending on the subtype, RasGRPs activate
either Ras or Rapl. We tested whether DGK. could regulate
RasGRP activity in HEK293 cells by coexpressing DGK with one
of the four RasGRP enzymes. Because it had a different effect on
Ras signaling (Fig. 2), we also tested DGK( in these experiments.

Regier et al.



Lo L

P

1\

o LN A D

A MARCKS homology region

Zinc finger 1 Catalytic domain

DGK1 protein
ex 14
13.5 kb

dgki gene

Targeting vector

Recombinant
Mutant allele

‘% :234bp
“—%317bp

EcoRI Xhol EcoR-’ Xhol
>
probe

Ankyrin repeats

-,‘+ +H+ M+ /-
- 317 bp (wt)

- 234 bp (ko)

- DGKu

} PCR products

Fig. 1. Generation of DGKi-deficient animals by homologous recombination. (A) DGK. knockout targeting vector with thymidine kinase (TK) and neomycin-
resistance cassettes. ECoRI was used for Southern blotting, and the shaded box represents the probe. Also shown are PCR primers (arrows) used for genotyping
and the size of the PCR products. (B) PCR to detect the genotype of the animals using genomic DNA from tail lysates. (C) RT-PCR analysis of mRNA from wild-type

(+/+) or knockout (—/—) mouse livers to detect expression of DGKt mRNA.

To measure active Ras or Rapl, we used pull-down assays. As
described (reviewed in ref. 30), RasGRP1/4 did not activate Rap1
(data not shown) and, consistent with our published work (21), we
found that DGK. did not inhibit RasGRP1, whereas DGK({ inhib-
ited it (Fig. 34). RasGRP2 activates Rap1 (8), and we found that
neither DGKu nor DGK( affected Rapl activation by RasGRP2
(Fig. 34). DGK({ inhibited RasGRP4, whereas DGK. did not (Fig.
34). Finally, we found that DGK. inhibited RasGRP3, consistently
reduced Rapl1 activation, and variably affected Ras activation (Fig.
3). DGK{ inhibited both Ras and Rap activation by RasGRP3 (Fig.
34). When expressed with RasGRP3, a catalytically inactive DGKu
mutant (Ac) did not inhibit Rap1 activity (Fig. 3B), consistent with
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Fig. 2. Type IV DGKs have different effects on Ras signaling. Immortalized
fibroblasts from either wild-type, dgki~'~ (A), or dgkz~—/~(B) mouse embryos
were transfected with the PathDetect plasmid constructs and starved over-
night. They were then treated with platelet-derived growth factor (PDGF,
5.5 h, 40 ng/ml), and luciferase activity was detected. The data shown are the
average + SE (n = 4-6). *, P < 0.05, compared with wild type.

None
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our previous model where DGK activity is required to regulate
RasGRP1 (21).

DGK¢, RasGRP3, and Rap1 Associate with the Same Signaling Complex.
RasGRP3 is expressed in kidney tissue (6). To test whether
endogenous DGKt and RasGRP3 were expressed in the same
regions within the kidney, we performed in situ hybridization using
human kidney tissue. We found that both DGK. and RasGRP3
were expressed in the distal convoluted tubules but not in the
glomeruli (Fig. 44). Thus, the two proteins are expressed in the
same cells. Additionally, we found that when both proteins were
overexpressed in COS-7 cells/DGKe extensively colocalized with
RasGRP3 in the perinuclear region and throughout the cytoplasm
(data not shown). We were unable to examine colocalization of the
endogenous proteins, because available antibodies do not recognize
endogenous DGK.. We next tested whether DGK could coimmu-
noprecipitate with RasGRP3 or Rapl1 by expressing the proteins in
HEK?293 cells and then immunoprecipitating DGKu with anti-HA
antibodies. Consistent with its inhibition of RasGRP3 and Rap1, we
found that DGK coimmunoprecipitated with both proteins (Fig. 4
B and C). It associated with both inactive (N17) and active (V12)
mutants of Rapl. A also coprecipitated with both RasGRP3 and
Rapl (data not shown). Furthermore, when we immunoprecipi-
tated Rapl, we detected coprecipitation of endogenous DGK
activity (data not shown). We were unable to detect direct in vitro
association of purified DGKtand Rap1, suggesting they do not bind
directly to each other. Combined, these data suggest that DGKG,
RasGRP3, and Rapl associate in the same signaling complex,
allowing the DGK to regulate the activity of RasGRP3 and
consequently Rapl.

DGK: Predominantly Affects Rap1 Signaling. Active Rap1 is known to
interfere with, and thus inhibit, Ras signaling. By predominantly
affecting Rap1 activity through RasGRP3, deletion of DGKtwould
lead to activation of Rap1, which in turn could reduce Ras signaling.
This model is consistent with the reduced Ras-dependent luciferase
activity we observed in dgki~/~ embryonic fibroblasts (Fig. 24). To
further pursue this, we assessed the overall effect that expression of
Avhad on Ras-dependent signaling. In HEK293 cells, we found that
expression of RasGRP3 increased Ras signaling measured by
Elk-1-dependent luciferase activity. Coexpression of wild-type
DGK. did not affect Elk-1 activity, but simultaneous expression of
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Fig.3. DGK. selectively inhibits RasGRP3. (A) HEK293 cells were transfected
with RasGRPs along with the empty vector (—), Flag-DGK{, or Flag-DGK.. After
24-48 h, active Ras (Ras-GTP) or Rap1 (Rap1-GTP) was detected by using
GST-RBD pull-down assays. Total cell lysates were used to assess total Ras,
Rap1, and DGK (n = 2-6 per experiment). (B) HEK293 cells were transfected
with the indicated constructs. After 48 h, Rap1-GTP or Ras-GTP were affinity-
precipitated and then detected by Western blotting. Data were analyzed by
using scanning densitometry, and the results shown represent active Rap1 or
active Ras normalized to total Rap1 or Ras in the lysates + SE (n = 3).

Av and RasGRP3 reduced Elk-1 activity to basal levels (Fig. 54).
This result was consistent with Acv having a dominant-negative
effect, causing increased Rapl activation that interfered with
signaling downstream of Ras. However, we found (Fig. 3B) that Ac
did not consistently increase Rapl activation. The inconsistent
dominant-negative effects may have been due to the relative
expression levels of RasGRP3 and kinase-dead DGK..

The previous results were obtained by overexpressing DGKt and

7598 | www.pnas.org/cgi/doi/10.1073/pnas.0500663102
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Fig. 4. DGK. colocalizes and coimmunoprecipitates with both RasGRP3 and
Rap1. (A) Human kidney sections were incubated with either sense or anti-
sense RNA probes specific for DGK. or RasGRP3. The blue signal indicated
mRNA for both proteins in the distal convoluted tubules. Little or no expres-
sion was observed in the glomeruli. There was minimal signal in the sense
(negative) control (data not shown). (B) Cell lysates of HEK293 cells transfected
with the indicated plasmids were precipitated with anti-HA antibody. The
lysates or precipitated proteins were separated by SDS/PAGE, and then DGK.
and RasGRP3 were detected by Western blotting (n = 2-4). (C) HEK293 cells
were transfected with the indicated plasmids. Anti-Rap1 antibody was used
forimmunoprecipitation, and then DGK.and Rap1 were detected by Western
blotting (n = 3).

RasGRP3, which may have caused artifacts by altering the normal
stoichiometry of these proteins. For example, differing relative
expression levels of Av and RasGRP3 may have caused inconsistent
dominant-negative effects by kinase-dead DGKt and could have
masked the predicted increase in luciferase activity when wild-type
DGK. was overexpressed with RasGRP3. To more accurately
examine the effects of DGKv on RasGRP3 and the consequent
changes in Ras and Rap signaling, we examined the effects of
deleting endogenous DGK. by treating wild-type or dgki~/~ em-
bryonic fibroblasts with thrombin and then measuring active Rapl,
Ras, and ERK. Based on its selective inhibition of Rapl (Fig. 3B),
we predicted that deletion of DGKt would augment Rapl activity.
Indeed, we found elevated levels of active Rapl (Rap1-GTP) in
embryonic fibroblasts isolated from dgki~'~ mice (Fig. 5B). Using
densitometry of Western blots at the 2-min time point (n = 3), we
found an average of 9.7-fold more active Rap1 in dgki '~ cells. Rap1
can interfere with Ras signaling by forming nonproductive com-
plexes with Raf-1 (reviewed in ref. 31). In doing so, it should not
interfere with the levels of Ras-GTP, which we found in Fig. 3B, but
should reduce signaling downstream of Ras. We thus predicted that
deletion of DGK., which increased Rapl-GTP (Fig. 5B), should
have the same effect. Consistent with this, we found similar levels
of Ras-GTP in wild-type and dgki~/~ embryonic fibroblasts (Fig.
5B, no significant change by densitometry in two experiments).
Although there was no change in active Ras, we found reduced
phosphorylated ERK in dgki '~ cells compared with wild-type cells
(Fig. 5C). Using densitometry of Western blots at the 2-min time
point (n = 3), there was a 30% reduction in ERK phosphorylation

Regier et al.
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DGK. regulates Rap1 activity through RasGRP3. (A) HEK293 cells were transfected with the PathDetect plasmids, RasGRP3, and either DGK. or

kinase-dead DGK.. After 48 h, luciferase activity was determined and then normalized to total protein. Data shown are the average + SE (n = 5; *, P < 0.05
compared to control). (B) Immortalized embryonic fibroblasts were starved overnight and then treated with 2 units/ml thrombin. Active Rap1 and Ras were
detected by using affinity precipitation followed by Western blotting (n = 2-3 per condition). (C) Immortalized wild-type DGK{¢ knockout or DGK: knockout
embryonic fibroblasts were treated as above, and then phospho-ERK and total ERK levels were measured by Western blotting (n = 3).

in dgki~'~ cells compared with wild-type cells. ERK phosphoryla-
tion was not reduced in dgki~/~ cells at the latest time point (30
min), presumably due to signaling by RasGRP1 at the Golgi
apparatus (32). These data are consistent with the reduced Ras-
dependent luciferase activity in dgki~/~ fibroblasts (Fig. 2A4). In
contrast, there were higher levels of phosphorylated ERK in
dgkz='~ fibroblasts (Fig. 5C), consistent with its effects on
RasGRP1 (21). However, because the fibroblasts also express
RasGRP3/4, the augmented ERK activity in dgkz '~ cells may have
been due to an effect on one of these RasGRPs as well. Together,
our data suggest a model where DGK. inhibits RasGRP3 and has
a predominant effect on Rapl.

Deletion of DGK. Reduces Ras-Induced Tumor Formation. The re-
duced Ras activity in embryonic fibroblasts lacking DGKu sug-
gested that deleting DGKt may affect Ras-dependent tumor for-
mation. To investigate this, we used TG.AC mice, which carry
multiple copies of a v-Ha-Ras transgene (23, 25), which encodes an
active form of Ras that makes them prone to form tumors. For
example, skin tumors can be induced by topical application of
various carcinogens or by simply wounding the skin (26). In initial
experiments, we confirmed using RT-PCR that DGKt mRNA was
expressed in skin homogenates from wild-type mice (data not
shown). By crossbreeding dgki =/~ mice with TG.AC mice, we
generated four groups of animals: dgku*/* /TG.AC~ (DGK. wild-
type without Ras transgene), dgkv~~/TG.AC~ (DGKt knockout
without Ras transgene), dgkv*/*/TG.AC™ (DGK wild-type with
Ras transgene), and dgkt™'~/TG.AC* (DGK knockout with Ras
transgene). We first induced skin tumors using PMA. Control mice
receiving vehicle alone (acetone) did not develop skin tumors, but
application of PMA caused tumor formation. Likewise, full-
thickness skin wounding also caused skin tumors. Mice lacking the
Ras transgene (TG.AC™) did not develop tumors when wounded or
when exposed to PMA (data not shown), indicating that tumor
formation in the TG.AC mice was caused by expression of v-Ha-
Ras. We found, using either wounding or PMA to induce tumors,
that the dgkv/~/TG.AC* animals had fewer tumors than the
dgkvt/TG.AC* animals (Fig. 6 A and B). The v-Ha-Ras trans-
gene encodes an active form of Ras, indicating that the reduced
tumor load in DGKu knockout mice was caused by inhibition
downstream of Ras. This was consistent with Fig. 5, where deletion
of DGKu activated Rapl, which consequently inhibited ERK
phosphorylation but did not affect Ras activation. We were unable
to measure active Ras or Rap in the skin tumors but, in spontaneous
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oral tumors that developed in one dgkt™*/TG.AC* and one
dgk.™'~/TG.AC™ mouse, we detected higher levels of active Rapl
in the DGK. knockout mouse (Fig. 6C). Thus, deleting DGKu in
mice reduced Ras-dependent tumor formation, which was consis-
tent with the attenuated Ras signaling we observed in dgki~/~
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Fig. 6. Deletion of DGK. enhances Ras-dependent tumor formation.
TG.AC*/dgki*'* or TG.AC"/dgki~/~ animals were either treated with PMA
three times per week for 8 weeks (A, n = 8 per condition) or subjected to
full-thickness wounding (B, n = 22-25 per condition, tumors assessed at 20
weeks). *, P < 0.05 as compared with vehicle control animals. (C) Using affinity
precipitation, levels of active Rap1 were determined in spontaneous mouth
tumors from one TG.AC*/dgki*/* or one TG.AC* /dgki~'~ animal.
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embryonic fibroblasts. Taken together, our data indicate that DGKu
regulates RasGRP3 and Rap1, which consequently modulates Ras
signaling.

Discussion

We have demonstrated that DGK. regulates RasGRP3 by associ-
ating with it and metabolizing DAG. Inhibition of RasGRP3 by
DGK. appears to primarily affect activation of Rapl, consequently
altering Ras-dependent signaling events. Indeed, in dgki ~/~ embry-
onic fibroblasts, we found higher levels of active Rap1 and reduced
ERK phosphorylation. Further, we noted reduced tumor formation
in TG.AC mice lacking DGK.. It is important to note that TG.AC
mice express an active v-Ha-Ras transgene (23, 25), indicating that
the effect of deleting DGKt occurs downstream of Ras. Rap1 can
activate B-Raf or act as an antagonist of Raf-1 (reviewed in ref. 31).
Consistent with a predominant effect on Raf-1, we found that
mouse embryonic fibroblasts expressed high levels of Raf-1 and
little, if any, B-Raf (data not shown). Previous studies testing the
antitumor effects of Rapl have demonstrated interesting similari-
ties to our studies. Waniet al. (33) found that expressing Rap1 could
suppress H-Ras-induced genomic instability in transformed mouse
fibroblasts. Damak et al. (34) found that expressing Rap1 reduced
the incidence of lung tumors in a transgenic mouse model. Finally,
expression of Rapl reduced growth rates of the human prostate
cancer cell lines PC-3 and TSU-Pr1 and attenuated tumor growth
(35). These studies using overexpression of Rapl (16, 33-35)
support our data where changes in the activity of RasGRP3
similarly alter Ras signaling and consequent tumor growth.

Regulation of RasGRP3 by DGK.u is consistent with previous
models where enzymes that modify lipids associate in signaling
complexes with proteins activated by the lipids. This allows the
enzymes to cause discrete, rather than global, changes in signaling
lipids that may comprise specificity. Combined with previous work
demonstrating that both DGK{ and -« can regulate RasGRP1 (22,
36) and the inhibition of RasGRP3/4 by DGK({ (Fig. 34), these
data demonstrate that regulation of RasGRPs by DGKs is
common.

Because each DGK isoform appears to be regulated uniquely,
individual DGKs may regulate RasGRP proteins in specific
tissues, cells, or even compartments within a cell. We also found
that DGK{ coimmunoprecipitated with RasGRP3 (data not
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shown). And like DGK:, DGK{ was also coexpressed with
RasGRP3 in kidney tissue. Consistent with its structural simi-
larities to DGKt, DGK{ also reduced activation of both Ras and
Rapl (Fig. 34). We tested the effects of DGK{ on signaling
downstream of Ras by measuring Elk-1 luciferase activity in-
duced by RasGRP3. In contrast to DGK., wild-type DGK,
when expressed with RasGRP3, reduced Elk-1 activity, whereas
kinase-dead DGK{ augmented its activity (data not shown),
suggesting that DGK( inhibits Ras signaling. Thus, both type IV
DGKs inhibit RasGRP3, but DGK. predominantly affects Rapl
signaling, whereas DGK{ appears to primarily affect Ras sig-
naling. In fact, DGK{ appears to broadly affect Ras signaling,
because it also inhibited the Ras-specific RasGRP1/4 (Fig. 3 and
ref. 21), and its deletion enhanced phosphorylation of ERK in
embryonic fibroblasts treated with thrombin for 2 min (Fig. 5C).
Finally, we crossed DGK{¢ knockout mice with TG.AC mice and
found that dgkz=/~/TG.AC* mice had more tumors than
dgkz*'" /TG.AC* mice (2.8 +/—1.2vs. 4.5 = 3.7, n = 8) when
treated with phorbol ester. Thus, DGK{ appears to inhibit the
RasGRPs that activate Ras, whereas DGKu appears to selec-
tively affect Rapl activation.

The Ras- or Rap-selective effects that DGK{/¢ have on
RasGRP3 may be due to the ability of the DGKSs to bind either Ras
or Rapl in addition to RasGRP3. For example, we found that
overexpressed DGK{ could associate with H-Ras (21), which is
consistent with its inhibition of Ras signaling, whereas DGKu
associated with Rapl (Fig. 4B). Selectivity may also be caused by
the ability of a DGK to access subcellular compartments along with
RasGRP3, Ras, or Rapl. Because there are no antibodies sensitive
enough to recognize endogenous DGK., we have not been able to
compare its affinity for endogenous Ras or Rapl or its true
subcellular localization. However, our data clearly demonstrate that
DGKUu inhibits RasGRP3 and Rap1. More broadly, we have shown
that type I'V DGKs regulate RasGRP3, but the downstream events
affected by these DGKs differ.
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