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Diacylglycerol kinases (DGKs) phosphorylate diacylglycerol (DAG)
to terminate its signaling. To study DGK�, we disrupted its gene in
mice and found that DGK� deficiency reduced EGF receptor (EGFR)
protein expression and activity. Similar to EGFR knockout mice,
DGK�-deficient pups were born with open eyelids and died shortly
after birth. PKCs are activated by DAG and phosphorylate EGFR to
reduce its expression and activity. We found DAG accumulation,
increased threonine phosphorylation of EGFR, enhanced phos-
phorylation of other PKC substrates, and increased PKC autophos-
phorylation in DGK� knockout cells, indicating that DGK� regulates
EGFR by modulating PKC signaling.

D iacylglycerol kinases (DGKs) catalyze the phosphorylation
of diacylglycerol (DAG) to produce phosphatidic acid (1,

2). DAG, the substrate of the DGK reaction, is a key intracellular
signaling factor that activates PKCs, Ras guanyl nucleotide-
releasing proteins, and some transient receptor potential chan-
nels (3, 4). DAG also recruits a number of proteins to membrane
compartments, including the chimaerins, PKD, and the Munc13
proteins (3). Its effects on numerous and diverse targets under-
scores the importance of DAG signaling and indicates that DAG
affects a broad array of signaling events. Because the consump-
tion of DAG by DGKs is thought to attenuate these actions, the
DGK reaction is biologically important and likely regulates
numerous DAG signaling pathways.

Mammalian DGKs differ in their structures, patterns of tissue
expression, and catalytic properties. Ten of them have been
identified and are classified into five subtypes based on their
structural motifs (1, 2, 5, 6). Their structural diversity and distinct
expression patterns indicate that each isoform may perform a
different biological function. Supporting functional diversity, the
DGK knockout mice that have been studied to date have distinct
phenotypes, including resistance to seizures in DGK� knockout
mice (7), attenuated Ras signaling in DGK� knockouts (8), and
hyperactive T cell signaling in DGK�-deficient mice (9).

As a type II DGK, DGK� has a characteristic pleckstrin
homology domain and a sterile �-motif domain (Fig. 1A). To
determine its biological function, we generated mice with a
targeted mutation of the DGK� gene. Our data indicate an
important role for DGK� in modulating PKC and EGF receptor
(EGFR) signaling.

Results and Discussion
We used mice to make a targeted deletion of the N-terminal
portion of the DGK� catalytic domain (see Fig. 7, which is
published as supporting information on the PNAS web site).
Southern blot analysis of tail DNA confirmed proper insertion
of the targeting vector (data not shown), and RT-PCR demon-
strated absence of DGK� mRNA in homozygous mutant cells
(Fig. 7C). Also confirming DGK� gene inactivation, DGK�
protein was absent in knockout keratinocyte and dermal fibro-
blast cell lysates (Fig. 7D). Deleting DGK� did not significantly
affect mRNA expression of other DGKs in brain tissue (Fig. 7E).
Finally, to establish the expression pattern of DGK� in WT mice,
we performed RT-PCR using mouse tissues and found DGK�
mRNA in most tissues and in developing embryos (Fig. 7F).

Heterozygous mice (dgkd�/�) were viable and fertile, and the
genotypes of newborn progeny from dgkd�/� intercrosses were
consistent with Mendelian inheritance. Unexpectedly, the ho-
mozygous null defect was invariably lethal: dgkd�/� mice devel-
oped respiratory difficulty and died within 24 h after birth.
Additionally, most dgkd�/� fetuses were smaller than WT and
heterozygous littermates: Newborn dgkd�/� mice weighed
1.10 � 0.21 g (n � 11), whereas WT mice weighed 1.39 � 0.15 g
(n � 11). Newborn dgkd�/� mice were identifiable by their open
eyelids (Fig. 1 A). Normally, eyelids fuse at approximately em-
bryonic day (E) 16.5 and do not open until approximately
postnatal day 14. In contrast, at E17.5 and at birth, all dgkd�/�

fetuses that we examined had open eyelids.
Several genetic abnormalities result in the phenotype of open

eyelids at birth. In most cases, these mutations have disrupted
EGFR signaling. For example, disrupting the genes encoding
c-Jun (10, 11), JNK (12), or MEK (MAPK�ERK kinase) kinase
1 (13) resulted in reduced expression of EGFR and�or its growth
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Fig. 1. Morphology of DGK�-deficient mice, expression of EGFR and its
growth factors, and JNK signaling. (A) Newborn DGK� knockout mice had
open eyelids and were smaller than normal littermates. (B) Using mRNA from
primary keratinocytes, we detected EGFR, TGF�, HB-EGF, amphiregulin, and
tubulin by RT-PCR. (C) DGK� mutant or WT immortalized embryo fibroblasts
were treated with activin B (10 ng�ml) for the indicated times, and phosphor-
ylated JNK1 and JNK2 (pJNK1 and 2) were detected by immunoblotting.
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factor ligands, causing an open-eyelid phenotype. And disrupt-
ing TNF� converting enzyme (TACE), which proteolytically
releases EGFR ligands from the cell surface, or EGFR itself
similarly caused an open-eyelid phenotype (14–16). TACE is
predominantly responsible for shedding the six known EGFR
ligands (17). We found no differences in dgkd�/� and WT
embryo fibroblasts in TACE expression or in their ability to shed
overexpressed TGF�, heparin binding EGF (HB-EGF), amphi-
regulin, and betacellulin (data not shown). Nor were there
differences in TNF� or p75 TNF� receptor shedding in newborn
dgkd�/� and dgkd�/� liver homogenates (data not shown). Based
on these results, we concluded that DGK� did not regulate
TACE activity.

Several mutations that interrupted the JNK signaling pathway
reduced mRNA expression of EGFR and�or its growth factors
and resulted in the open-eyelids-at-birth phenotype (10–13).
Using semiquantitative RT-PCR, we tested expression of mRNA
encoding EGFR, HB-EGF, TGF�, and amphiregulin in primary
keratinocytes isolated from either WT or DGK�-null mice and
found similar expression of EGFR and growth factor mRNA in
knockout cells compared with WT cells (Fig. 1B). We also found
identical phosphorylation of JNK1�2 in dgkd�/� and dgkd�/�

embryo fibroblasts treated with activin B (Fig. 1C). Thus,
deleting DGK� did not affect JNK signaling pathways known to
cause aberrant mRNA expression of EGFR or its growth factors.

Next, we examined EGFR protein in primary keratinocytes
and consistently found reduced EGFR expression in DGK�-null
keratinocytes (Fig. 2 A and B). To verify reduced EGFR
expression, we immunostained EGFR in paraffin sections from
dgkd�/� or dgkd�/� newborn mice and found reduced levels of
EGFR in all layers of the epidermis in dgkd�/� mice. EGFR was
most significantly reduced in the basal layer of the epidermis
(Fig. 2C). These data indicated that DGK� is necessary for
proper expression of EGFR protein. To verify that reduced
DGK� attenuated EGFR protein expression, we used RNAi to
knock down DGK� in SCC-9 cells, a squamous cell cancer line.
Consistent with reduced EGFR expression in DGK�-deficient
mice, we found significantly reduced EGFR protein in DGK�
knockdown cells (Fig. 2 D and E).

Our data indicated a crucial role for DGK� in maintaining
EGFR protein expression. We considered the possibility that
DGK� might maintain this expression by regulating DAG sig-
naling. PKC enzymes are major targets of DAG and are known
to phosphorylate human EGFR at threonine-654 (T654) (18,
19). The consequences of this phosphorylation are twofold. First,
it reduces EGFR tyrosine kinase activity by an unknown mech-
anism (18–20). Second, it induces internalization of EGFR but
then causes the silenced receptor to be recycled to the plasma
membrane (21–24). Combined, the overall immediate effect of
PKC phosphorylation is to blunt EGFR signaling. The negative
effects on EGFR are further augmented if PKC activation
continues for several hours, at which point, EGFR is degraded,
and its levels fall (25).

By consuming DAG, DGKs can reduce PKC activity (26–28),
so we reasoned that deleting DGK� might have increased PKC
activity and caused excess T654 EGFR phosphorylation. To
explore this possibility, we immunoprecipitated EGFR from
newborn mouse brain lysates and then immunoblotted to detect
phospho-Thr-X-Arg. In dgkd�/� mice, we found increased phos-
pho-threonine EGFR compared with dgkd��� and WT mice
(Fig. 3A and B), which suggested that deleting DGK� activated
PKCs that then phosphorylated EGFR. To test whether express-
ing DGK� could attenuate EGFR threonine phosphorylation,
we expressed DGK�1 in embryo fibroblasts, treated the cells
with TGF�, and then immunoprecipitated EGFR and measured
its threonine phosphorylation by Western blotting. We found
that expressing DGK�1 reduced the phosphorylation of T654 in

EGFR (Fig. 3 C and D). Together, our data indicate that DGK�
regulates PKCs that phosphorylate EGFR.

Increased T654 EGFR phosphorylation in dgkd�/� mice
would be expected to eventually reduce EGFR protein expres-
sion levels by causing its degradation. To test whether we could
rescue EGFR expression by inhibiting PKCs, we treated dgkd�/�

keratinocytes with a broad-spectrum PKC inhibitor, bisindolyl-
maleimide I, for 1 h and found partial rescue of EGFR expres-
sion in the cells (Fig. 3E). Other PKC inhibitors, Gö6976 and
Gö6983, also increased EGFR expression in dgkd�/� keratino-
cytes and SCC-9 cells treated with DGK� siRNA (data not
shown). Because SCC-9 cells and keratinocytes express at least
five PKC isoforms and the inhibitors that we used would not
affect all of them, it was not surprising that the inhibitors did not
fully restore EGFR expression. Because PKCs participate in
endosome formation and trafficking (29, 30) and can phosphor-
ylate and regulate dynamin (31), we explored the possibility that

Fig. 2. DGK� deficiency reduces EGFR expression. (A) EGFR and �-actin
protein expression in WT or DGK� knockout primary keratinocytes was de-
tected by Western blotting. Samples from two WT and two knockout lysates
are shown; lane separations were removed from the blot for clarity. (B)
Scanning densitometry of EGFR Western blots demonstrated significant re-
duction of EGFR expression in DGK�-null cells. Shown are mean values and SD
for DGK� knockout mice compared with WT (*, P � 0.02; n � 12). (C) Back skin
from heterozygous (���) and homozygous (���) DGK� mutant mice was
immunostained to detect EGFR (brown) and counterstained with hematoxy-
lin. The arrows mark the basal layer of the epidermis. (D) Using siRNA, DGK�

was knocked down in SCC-9 cells. After 48 h, EGFR and DGK� were detected
by immunoblotting. Shown is a nonspecific band detected by the anti-EGFR
antibody that did not change upon knockdown of DGK�. There was also no
change in expression of �-actin (not shown). (E) Scanning densitometry of
Western blots from six experiments demonstrated that knockdown of DGK�

reduced EGFR expression. Shown are mean values and SD of DGK� siRNA
compared with scrambled control siRNA (*, P � 0.05).
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the effects on EGFR might be due to its endocytosis and
degradation. By using siRNA to reduce expression of both
DGK� and dynamin II, we found that dynamin knockdown partly
rescued EGFR expression (Fig. 3F). Together, our data indicate
that the reduced EGFR expression in DGK�-deficient cells
requires PKC activity and functional endocytosis.

Because T654 EGFR phosphorylation also affects EGFR kinase
activity, we next examined the effects of deleting DGK� on EGFR
kinase activity by treating primary keratinocytes with TGF� and
then measuring phospho-tyrosine EGFR (pY EGFR). We found
significantly reduced EGFR autophosphorylation in DGK�-
deficient cells (Fig. 4A), indicating that the absence of DGK�
attenuated EGFR activity. To quantify the effect of deleting DGK�
on EGFR kinase activity, we used scanning densitometry to
normalize pY EGFR to total EGFR expression and found a
significant reduction of phospho-EGFR in DGK� knockout kera-
tinocytes (Fig. 4B). Together, our results indicate that deleting
DGK� increases PKC activity, causing threonine phosphorylation

of EGFR. This, in turn, marks EGFR for degradation and de-
creases its intrinsic tyrosine kinase activity.

The effect of DGK� on PKC activity suggested that DGK�
negatively regulates DAG signaling. To determine whether
deleting DGK� affected DAG levels, we assayed the amount of
DAG in immortalized embryo fibroblasts and found significantly
more DAG in dgkd�/� cells compared with dgkd�/� cells, both
in basal and growth factor-stimulated states (Fig. 5A). Together,
these data suggested that DGK� reduces DAG levels and
consequently inhibits PKC activity. DGKs regulate specific
signaling events through their interactions with DAG-activated
proteins such as the PKCs (8, 26, 32, 33). There are two splice
variants of DGK�; to test whether either of them could bind
PKCs, we coexpressed each splice variant with each of the
DAG-activated PKC isotypes (�, �, �, and �) found in keratin-
ocytes and then immunoprecipitated the DGK. By immunoblot-
ting, we found that both DGK� splice variants coimmunopre-
cipitated each PKC isotype that we tested (Fig. 5B). Thus, DGK�
potentially binds and regulates multiple PKC isotypes.

The open eyes at birth and respiratory distress in newborn
mutant mice suggested that DGK� has an important role in lung
and keratinocyte function. Supporting this possibility, we de-
tected expression of DGK� in mouse lung and keratinocytes by
RT-PCR and protein blotting (Fig. 7 D and F). To determine
whether PKC activity correlated with expression of DGK� in
these tissues, we immunostained lung sections from newborn
mice by using an antibody that recognized phospho-Thr-X-Arg,
a common PKC substrate. There was strong immunostaining in
the epithelium of the large airways in dgkd�/� mice compared
with dgkd�/� mice (Fig. 5C), which corresponded to the region
of DGK� mRNA expression detected by in situ analysis (Fig. 5C).
In the skin of dgkd�/� mice, we found increased phospho-Thr-
X-Arg immunostaining throughout the dermis and epidermis,
whereas in dgkd�/� skin, immunostaining was limited to the
epidermis (Fig. 5D). The changes in phospho-Thr-X-Arg were
consistent with expression of DGK� in primary dermal fibro-
blasts and keratinocytes (Fig. 7D). Keratin 6 protein is up-
regulated by phorbol esters, which activate conventional and
novel PKCs (cnPKCs) (34). We examined expression of keratin
6 as an additional assessment of PKC activity in the mice and
found that it was highly expressed in the epidermis of DGK�-null
mice and extended into the dermis and muscle (Fig. 5D). In
dgkd�/� mice, keratin 6 expression was confined to the epidermis
and hair follicles (Fig. 5D). The increased phospho-Thr-X-Arg

Fig. 3. DGK� regulates threonine phosphorylation of EGFR. (A) EGFR was
immunoprecipitated from brain lysates of newborn heterozygous or DGK�

mutant mice. The amount of threonine-phosphorylated EGFR (pT EGFR) was
detected by immunoblotting by using a phospho-Thr-X-Arg antibody. The
membrane was stripped and reprobed to detect total EGFR. (B) Scanning
densitometry from five experiments demonstrated increased pT EGFR in
tissues from DGK�-deficient mice compared with WT mice. Shown are mean
values and SD (*, P � 0.05). (C) Immortalized embryo fibroblasts were trans-
fected with EGFR and either a control vector or DGK�1. Starved cells were
treated for the indicated times with TGF� (10 ng�ml), and EGFR was immu-
noprecipitated. After detecting pT EGFR by immunoblotting, the membrane
was stripped and reprobed to detect total EGFR. Cell lysates were probed to
detect either EGFR or DGK�1. (D) Embryo fibroblasts were transfected with
either WT or a T654A EGFR mutant. Starved cells were treated for 10 min with
or without TGF� (20 ng�ml) and lysed. EGFR was precipitated, followed by
detection of pT EGFR by Western blotting. The blot was stripped and reprobed
to detect total EGFR in the precipitates. (E) DGK�-deficient or heterozygous
primary keratinocytes were starved and then treated for 1 h with or without
bisindolylmaleimide I (200 nM). EGFR and actin were detected by Western
blotting. Similar results were obtained with the PKC inhibitors Gö6976 and
Gö6983 (100 nM). (F) SCC-9 cells were transfected with siRNA duplexes for
DGK� and�or dynamin II. At 24 h, EGFR, DGK�, dynamin II, and �-actin were
detected in cell lysates by immunoblotting.

Fig. 4. Reduced EGFR kinase activity in DGK�-deficient cells. (A) Primary
mouse keratinocytes were starved and treated with TGF� (5 ng�ml) for the
indicated times. EGFR, pY EGFR, and �-actin were detected by immunoblot-
ting. (B) Western blots of pY EGFR from cells treated with TGF� were quan-
tified by scanning densitometry. Values were normalized to total EGFR (no
TGF� treatment). There was a significant reduction in normalized pY EGFR in
DGK�-null cells compared with WT cells. Shown are mean values and SD (*, P �
0.02; n � 6).
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and keratin 6 immunostaining in dgkd�/� mice indicated that
deleting DGK� led to increased PKC activity.

To confirm high levels of PKC activity in cells and tissue from
the mice, we immunoblotted primary dermal fibroblast lysates to
detect phospho-MARCKS (myristoylated alanine-rich C kinase
substrate), a major substrate of PKCs, and found increased

MARCKS phosphorylation in dgkd�/� cells compared with
dgkd�/� cells (Fig. 6 A and B). Finally, to assess the abundance
of active PKCs, we measured the levels of phospho-PKC in the
lysates by immunoblotting with an antibody to detect hydropho-
bic motif serine�threonine phosphorylation of cnPKCs. We
found that, in starved cells, there were at least two highly
phosphorylated PKC isotypes in dgkd�/� cells compared with
dgkd�/� cells. Using an antibody that is specific for phospho-
PKC�Ser-657, we determined that it was one of the highly
phosphorylated PKCs in keratinocytes (Fig. 6C). Using scanning
densitometry of Western blots, we found 1.20 (�0.04; n � 5; P �
0.05) times more phospho-PKC� in DGK�-null keratinocytes
compared with WT or heterozygous cells. And based on the
mobility of PKC�, which migrates farther than other PKCs, we
determined that it was often phosphorylated at higher levels in
dgkd�/� fibroblast and keratinocyte lysates (Fig. 6C). In five
experiments using scanning densitometry, we found 1.63 (�0.95)
times more phospho-PKC� in DGK�-null keratinocytes com-
pared with WT or heterozygous cells. The changes in PKC� were
not statistically significant, likely because its phosphorylation
was often, but not always, elevated in the knockout cells. To
verify these observations in newborn mice, we immunoblotted
newborn lung lysates and similarly found significantly increased
phospho-cnPKC in dgkd�/� mice (Fig. 6 D and E). The lung

Fig. 5. DAG levels and assessment of PKC activity. (A) DAG quantity in starved
or TGF�-treated (10 ng�ml for 15 min), immortalized embryo fibroblasts was
normalized to lipid phosphate. Shown are mean values and SD (n � 4). * and

** indicate that the changes were significant (P � 0.05) as calculated by
one-tailed t tests. (B) FLAG-DGK�1 or FLAG-DGK�2 was cotransfected into
MCF-7 cells with either control vector or a PKC isotype with a Myc epitope tag.
The PKC was immunoprecipitated with anti-Myc antibodies, and coimmuno-
precipitation of DGK� was detected by immunoblotting using anti-FLAG
antibodies. (C Upper) Sections from heterozygous (���) or DGK�-null (���)
newborn mouse lung that were immunostained to detect phospho-Thr-X-Arg
and counterstained with hematoxylin. In dgkd�/� mice, there was increased
immunostaining (brown, marked by arrows) in the epithelial lining of the
major bronchi (br). (C Lower) Lung sections from WT mice processed for in situ
hybridization by using an antisense (�-sense) probe. Expression of DGK�

mRNA (brown, marked by arrows) in the epithelium of major bronchi is shown.
There was minimal in situ staining of the epithelium (marked by arrow) with
the sense probe. (D) Sections from heterozygous (���) or DGK�-null (���)
newborn mouse back skin immunostained brown to detect phospho-Thr-X-
Arg or keratin 6 and counterstained with hematoxylin.

Fig. 6. Indicators of active PKCs. (A) Primary dermal fibroblasts were treated
with TGF� (10 ng�ml) for the indicated times. Phospho-MARCKS was then
detected in the cell lysates by immunoblotting. Membranes were stripped and
reprobed to detect total MARCKS. (B) Western blots of phospho-MARCKS
(pMARCKS) were quantified by scanning densitometry. There was a signifi-
cant increase in pMARCKS in DGK�-null cells compared with WT cells. Shown
are mean values and SD from four experiments (*, P � 0.05). (C) Starved
primary dermal fibroblast or keratinocyte lysates were immunoblotted to
detect hydrophobic motif phosphorylation of cnPKCs (phospho-cnPKC) or
phospho-PKC�Ser-657. Blots were stripped and reprobed to detect total PKC�

and PKC�. Bands corresponding to PKCs � and � are marked by arrows. (D)
Lung lysates from DGK� mutant or WT mice were immunoblotted to detect
hydrophobic motif phosphorylation of cnPKCs (phospho-cnPKC). The blot was
reprobed to detect �-actin. (E) Western blots of phospho-cnPKC (p-cnPKC)
were quantified by scanning densitometry. There was a significant increase in
cnPKC phosphorylation in DGK�-null lung lysates compared with WT cells.
Shown are mean values and SD (*, P � 0.05; n � 3).
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phospho-cnPKC band and the major phospho-cnPKC band in
dgkd�/� fibroblast lysates did not correspond with PKCs � or �,
indicating that other PKC isotypes were highly phosphorylated
in these cells.

We have shown that DGK� is an important regulator of PKC
activity and consequently modulates the phosphorylation of
several PKC targets. Important among these targets is EGFR,
whose expression and activity is reduced in DGK�-deficient
mice. But, in addition to its effects on EGFR, deleting DGK�
also affected other targets downstream of PKCs, including
MARCKS and keratin 6, suggesting that aberrant phosphory-
lation of multiple PKC targets likely contributed to the pheno-
type of the mice. Supporting a role for DGK� in regulating
numerous PKC signaling events, other researchers have found
that the DGK� heterozygous mice developed insulin resistance
and obesity (A. V. Chibalin, J. R. Zierath, personal communi-
cation). They found that DGK� regulated insulin signaling in
part by modulating PKC phosphorylation of IRS1 (insulin
receptor substrate 1). Thus, it appears that DGK� regulates
PKCs and consequently modulates EGFR and insulin signaling.
It is important to note, however, that DAG affects numerous
proteins in addition to cnPKCs (35) and that DGKs regulate
some of these DAG targets (8, 32, 33). So some of the effects
caused by deleting DGK� might also be mediated through
non-PKC DAG targets, a possibility that will be important to
explore.

Materials and Methods
Generation of Chimeric and Heterozygous Mice. We isolated,
mapped, and subcloned three genomic clones spanning a total of
�100 kb of the murine DGK� gene. Exons 6–8 were replaced
with a neomycin resistance cassette, and the fragment was cloned
into the vector TK1-TK2A (provided by Kirk Thomas, Univer-
sity of Utah). Culture, selection of embryo stem cells, and
screening of targeted clones were performed as described in ref.
8. Clones were screened by Southern blot analysis of EcoRI-
digested genomic DNA probed with a 0.5-kb PCR fragment from
the 3� external region of the targeting vector (Fig. 7B). Two of
144 clones were identified as homologous recombinants. Ho-
mologous recombinant clones were injected into blastocysts of
C57BL�6J mice and transferred into uteri of pseudopregnant
C57BL�6J females. The resulting chimaeric animals were back-
crossed to C57BL�6J mice, and heterozygous mutants were
identified by Southern blot analysis of genomic tail DNA.

Southern Blot Analysis and RT-PCR. Genomic DNA (10 �g) digested
with EcoRI (Fermentas, Bulington, ON, Canada) was subjected to
agarose gel electrophoresis. Southern hybridization was performed
as described in ref. 36 with a digitonin-labeled 3� external probe
(Roche Molecular Biochemicals, Indianapolis, IN).

Total RNA was prepared from primary embryo fibroblasts or
primary keratinocytes by using TRIzol reagent (Invitrogen, Carls-
bad, CA) and reverse-transcribed as described in ref. 37. The mouse
multitissue cDNA panel was from Clontech (Mountain View, CA).
RT-PCR using 10 ng of total cDNA was performed with the
following primers: DGK�, 5�-GTGGTGATCTCATCAGCC-3�
(forward) and 5�-TCTTCTCAGATTCAGAGAGG-3�; EGFR, 5�-
GGAGGAAAAGAAAGTCTGCC-3� (forward) and 5�-ATCG-
CACAGCACCAATCAGG-3�; TGF�, 5�-GTATCCTGTTAG-
CTGTGTGC-3� (forward) and 5�-GCTTCTCATGTCTGCA-
GACG-3�; HB-EGF, 5�-GATGCTGAAGCTCTTTCTGG-3�
(forward) and 3�-GATGACAAGAAGACAGACGG-3�; amphi-
regulin, 5�-TTAGGCTCAGGCCATTATGC-3� (forward) and 5�-
ATCTGCATTCGCCATGAATGC-3�; tubulin, 5�-CAAGAA-
CAGCAGCTACTTCG (forward) and 5�-CTGACAGAGGC-
AAACTGAGC-3�. Protocols and primer sets used to amplify
mouse DGK isotypes are available on request.

Histological and in Situ Hybridization Analysis. Embryos and new-
born mice were fixed in 10% neutral buffered formalin for 30–48
h, paraffin-embedded, sectioned (5 �m), and stained with
hematoxylin�eosin according to standard protocol. Mouse
DGK� riboprobes (nucleotides 3451–4007 in human DGK�
cDNA from GenBank accession no. D73409) were made by
using a DIG RNA Labeling Kit (Roche Molecular Biochemi-
cals). This antisense probe showed only one band (6.7 kb) of
mouse DGK� mRNA by Northern blotting. In situ hybridization
was performed as described in ref. 38. Immunostaining was
performed by using ABC reagent (Vector Laboratories, Bur-
lingame, CA) and anti-phospho-Thr-X-Arg (no. 2351) or anti-
EGFR (no. 2232) from Cell Signaling Technonlogy (Boston,
MA) or anti-keratin 6 (no. MK6, Covance, Cumberland, VA)
according to instructions provided by the supplier.

Expression Plasmids, Cell Culture, and Transfection. Full-length hu-
man WT or T654A EGFR was cloned into pcDNA3.1�Myc-His
(Invitrogen), and human DGK�1 and DGK�2 were cloned into
p3XFLAG (Sigma, St. Louis, MO). Human PKCs �, �, �, and �
were cloned into pCMV-myc (Clontech). Human pro-TGF�,
pro-HB-EGF, proamphiregulin, and probetacellulin were
cloned into pcDNA3.1�Zeocin. Primary mouse embryo fibro-
blasts were prepared from embryonic day 14.5 (8) and were
grown in DMEM with 10% FBS and antibiotics. They were
immortalized by transfection with simian virus 40 large T antigen
(cloned into pcDNA3.1�Zeocin), followed by isolation of poly-
clonal populations of cells by selection with 100 �g�ml Zeocin
(Invitrogen). Primary keratinocytes and dermal fibroblasts were
isolated from newborn mice by overnight dispase II (Invitrogen)
digestion. Keratinocytes were grown in Epilife medium with
human keratinocyte growth supplement (Cascade Biologics,
Portland, OR), and dermal fibroblasts were grown in DMEM
with 10% FBS. MCF-7 cells were cultured in DMEM with 10%
FBS and antibiotics. Transfection of expression vectors was
performed by using Lipofectamine (Invitrogen) according to the
manufacturer’s instructions. Before treating cells with agonist
(recombinant activin B no. 659-AB or TGF� no. 239-�, R & D
Systems, Minneapolis, MN), all cells were starved for 24 h.
DGK� RNAi was performed by using Lipofectamine Plus
(Invitrogen) and the siRNA duplex: 5�-GGC CAU GGU UCA
CAC AUC GTT-3� and 5�-CGA UGU GUG AAC CAU GGC
CTT-3�. The dynamin II siRNA duplex is described in ref. 39.
Scrambled siRNA duplexes were used as controls.

Western Blotting and Immunoprecipitation. Western blotting was
performed according to instructions provided by the suppliers.
The following antibodies were from Cell Signaling Technology:
anti-phospho-Thr-X-Arg (no. 2351), anti-EGFR (no. 2232),
anti-phospho-EGFR (no. 2234), anti-phospho-MARCKS (no.
2741), anti-phospho-JNK (no. 9251), and anti-phospho-cnPKC
(no. 9371). Anti-MARCKS (sc-6454) and anti-PKC� (sc937)
were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
phospho-PKC� (no. 06-822) was from Upstate Biotech (Char-
lottesville, VA). Anti-FLAG M2 was from Sigma; anti-DGK� is
described in ref. 36. To quantify bands, scanned Western blot
images were analyzed by using NIH ImageJ. Means and SD were
calculated, and statistical significance was established by using
paired, one-tailed t tests.

To test coimmunoprecipitation of DGK� and PKC, cDNAs
were transfected into MCF-7 cells. Forty-eight hours later, the
cells were collected in lysis buffer (no. 9803; Cell Signaling
Technology) and centrifuged to remove debris. The lysates (200
�g of protein) were incubated with anti-Myc overnight (at 4°C),
and then protein A�G plus agarose (25 �l; Santa Cruz Biotech-
nology) was added for 1 h. After three washes with lysis buffer,
the pellets and lysates (10 �g) were separated by SDS�PAGE
and then immunoblotted to detect the DGK (anti-FLAG) or the
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PKCs (anti-Myc). To immunoprecipitate transfected EGFR, we
incubated 250 �g of cell lysate overnight at 4°C with anti-EGFR
(Ab-13; Neomarkers, Fremont, CA) and added protein A�G
plus agarose for 1 h, followed by washes as above. To immuno-
precipitate endogenous EGFR, 2 mg of newborn liver or brain
lysates was combined with anti-EGFR (no. E12020; Transduc-
tion Laboratories, San Jose, CA) overnight at 4°C; then, protein
A�G agarose was added for 1 h, followed by washes as above.

DAG Quantity Assays. Immortalized embryo fibroblasts were
starved overnight and treated with TGF� (10 ng�ml) for 15 min.
Cells were washed once with PBS and harvested in methanol.
Lipid extractions, DAG quantity assays, and lipid phosphate
assays were performed as described in ref. 40.

Assays of TACE Activity. Primary or immortalized embryo fibro-
blasts were transfected with either control vector or a growth
factor (TGF�, HB-EGF, amphiregulin, or betacellulin). Twenty-
four hours later, the cells were starved overnight. Agonist (50
ng�ml phorbol ester, 2 units�ml thrombin, or 25 �M lysophos-
phatidic acid) in fresh medium was added for 30, 60, or 120 min.
The medium was collected, and debris was pelleted. The amount
of growth factor in the medium and cell lysates was then
determined by using sandwich ELISAs (protocols are available

on request). All agonists that were tested caused a 2- to 3-fold
increase in growth factor shedding compared with nontreated
controls. Results were normalized to total protein or growth
factor in the lysate. Additional experiments testing the effects of
overexpressing either DGK� splice variant in HEK293, HeLa, or
MCF-7 cells demonstrated no difference in growth factor re-
lease. To assay TNF� or p75 TNF receptor (TNFR) shedding,
livers from newborn mice were homogenized in DMEM, and
debris was allowed to settle. The remaining cell suspension
(500,000 cells in 1 ml) was treated with agonist (5 �g�ml
lipopolysaccharide or 50 ng�ml phorbol ester) for 3 h at 37°C.
TNF� (no. KMC3012; Biosource, Carlsbad, CA) or p75 TNFR
(no. 269SKI; PharMingen, San Jose, CA) was assayed in the cell
lysate or medium by using sandwich ELISAs.
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