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Many human epithelial cancers are characterized by abnor-
mal activation of the epidermal growth factor receptor (EGFR),
which is often caused by its excessive expression in tumor cells.
The abundance of EGFR is modulated, in part, by its ubiquitina-
tion, which targets it for degradation. The components respon-
sible for adding ubiquitin to EGFR are well characterized, but
this is a reversible process, and the mechanisms that modulate
the removal of ubiquitin from the EGFR are not well known. We
found that de-ubiquitination of EGFR was regulated by diacyl-
glycerol kinase & (DGKd), a lipid kinase that terminates diacyl-
glycerol signaling. In DGK&-deficient cells, ubiquitination of
EGEFR was enhanced, which attenuated the steady-state levels of
EGFR and promoted its ligand-induced degradation. These
effects were not caused by changes in the ubiquitinating appa-
ratus, but instead were due to reduced expression of the de-
ubiquitinase, ubiquitin-specific protease 8 (USP8). Depletion of
protein kinase Ca (PKCe), a target of diacylglycerol, rescued the
levels of USP8 and normalized EGFR degradation in DGK&-de-
ficient cells. Moreover, the effects of PKCa were caused by its
inhibition of Akt, which stabilizes USP8. Our data indicate a
novel mechanism where DGKé and PKCa modulate the levels of
ubiquitinated EGFR through Akt and USPS8.

The EGFR? is an important cancer target that is often abnor-
mally active in human tumors. Its role in carcinogenesis has
been firmly established in numerous animal models of cancer.
For example, mice harboring mutations in the tumor suppres-
sor adenomatous polyposis coli gene develop 50-90% fewer
polyps when EGFR signaling is disrupted either genetically (1)
or through the use of EGER inhibitors (1-3). Its importance in
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tumorigenesis makes it critical that we understand in more
detail the mechanisms by which EGFR can be modulated so
that we can identify additional avenues to inhibit this important
signaling pathway.

Upon binding to its ligands the EGFR activates phospho-
lipase C enzymes that generate diacylglycerol (DAG), an
important lipid second messenger that recruits and can acti-
vate numerous signaling proteins, including PKC enzymes.
DAG is metabolized by a family of proteins called the diacyl-
glycerol kinases (DGKs), which consume DAG in a spatially
discrete manner that allows some DGK isoforms to regulate
specific DAG target proteins. DGKS& is a type II DGK with two
alternatively spliced products, DGK&1 and DGK®&2, that differ
at their amino termini (4). This alternative splicing does not
alter their DGK activity, but appears to affect their sub-cellular
localization (4). We disrupted the DGK8 gene in mice and
found that DGK& null mice displayed a phenotype almost iden-
tical to that of EGFR null mice: the pups were born with open
eyelids, developed respiratory difficulty, and died within 24 h
after birth (5). This phenotype was specific to DGK®&: other
DGK knock-out mice («, €, ¢, t, and 6) did not display these
defects (Refs. 5-9 and data not shown). In DGKS& null mice, we
found that EGFR expression was reduced and that the kinase
activity of EGFR was attenuated (5). In DGK6 null mice we also
observed excessive phosphorylation of threonine 654 (Thr-
654) in EGFR, which led us to hypothesize that this change
altered both the expression and the activity of EGFR (5). In this
report, we show that Thr-654 is not responsible for the changes
in EGFR abundance. Instead, we found that DGK& deficiency
reduces steady-state levels of EGFR and accelerates its ligand-
induced degradation by modulating the expression of USPS, a
de-ubiquitinase. We show that the effects of DGK& on USP8
and EGFR are mediated through PKCa, which we found was
excessively active in DGK&-deficient cells. PKCe, in turn,
inhibits Akt activity that is necessary for proper USP8 expres-
sion. Collectively, these observations contribute novel mecha-
nistic insights linking DGK8, PKCa, Akt, USP8, and EGER that
could identify additional mechanisms to disrupt EGFR signal-
ing in tumors.

EXPERIMENTAL PROCEDURES

Expression Plasmids, Cell Culture, and Transfection—Full-
length human wt, T654A, or Y1045F EGFR were cloned into
pcDNA3.1/Myc-His (Invitrogen), and human DGK&1 and
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DGK&2 were cloned into p3XFLAG (Sigma). V5-c-Cbl was a
kind gift from Dr. S. Kuwada (University of Utah). V5-USP8
(murine) was from Dr. K. L. Carraway 3rd (University of Cali-
fornia Davis). HeLa, SCC-9, H441, H460, SW1271, H1650, and
H1975 cell lines were from ATCC and were grown according to
their instructions. Primary keratinocytes were isolated and
grown as described (5). Transfection of expression vectors was
performed using Lipofectamine (Invitrogen) according to the
instructions. Prior to treating cells with recombinant EGF
(#236-EG from R&D Systems), all cells were starved for 4 —24 h.
In some cases, 250 nM G66976 (Calbiochem) was added prior to
the agonist. DGK& RNAi was performed using Oligofectamine
(Invitrogen) and the siRNA duplex: 5'-GGCCAUGGUUCAC-
ACAUCGTT-3" and 5'-CGAUGUGUGAACCAUGGCCTT-
3'. The PKCa siRNA duplexes were: 5'-GGCUUCCAGUGC-
CAAGUUUTT-3'" and 5'-AAACUUGGCACUGGAAGCCTT-
3’. Scrambled siRNA duplexes were used as controls.

Antibodies, Western Blots, and Immunoprecipitation—
Western blotting was performed according to instructions
provided by the suppliers. Anti-EGFR (#2232), anti-phos-
pho-EGFR (#2234 or #2237), anti-pThr (#9381), and anti-
phospho-MARCKS (#2741) antibodies were from Cellular Sig-
naling. Anti-PKCa (sc-208, for Western blotting), anti-Myc
(sc-40), anti-MARCKS (sc-6454), anti-c-Cbl (sc-170), anti-Ub
(sc-8017), and anti-ERK2 (sc-154) were from Santa Cruz Bio-
technology. Anti-FLAG M2 was from Sigma, anti-V5 for
immunoprecipitation (ab9116) was from Abcam, anti-PKCe
(P16520, for immunoprecipitation) and anti-transferrin recep-
tor (612124) were from BD Transduction Laboratories, anti-V5
for Western blotting (#46-0705) was from Invitrogen, and
anti-DGKS has been described (10). Anti-pY774-c-Cbl (#1160)
was from Epitomics. Anti-USP8 was from Dr. K. Carraway
(University of California Davis). Horseradish peroxidase-la-
beled secondary antibodies (Cellular Signaling) were used to
detect the primary antibodies, and multiple exposures were
obtained to ensure that the signal was in the linear range. To
quantify bands, scanned Western blot images were analyzed
using National Institutes of Health Image]. Mean = S.D. were
calculated, and statistical significance was established by
paired, one-tailed ¢ tests.

To immunoprecipitate endogenous EGFR or transfected
EGFR-Myc, cells were collected in lysis buffer (Cellular Signal-
ing #9803), incubated on ice for 10 min, and then centrifuged to
remove debris. The lysates (200 —1500 ug of protein) were incu-
bated with anti-Myc or anti-EGFR overnight (4 °C) and then
protein A/G plus agarose (25 ul, Santa Cruz Biotechnology)
was added for 1 h. After three washes with lysis buffer, the
pellets and lysates (10-50 pug) were separated by SDS-PAGE
and then immunoblotted to detect Ub or EGFR. To immuno-
precipitate V5-Cbl or V5-USPS8, anti-V5 antibodies were used
in the above protocol.

EGFR Endocytosis and Recycling Assays—To measure the
rate of EGFR endocytosis, HeLa cells were transfected with
scrambled control or DGK& siRNA duplexes, and then inter-
nalization of ['*°I]EGF (0.5 ng/ml, PerkinElmer Life Sciences)
was detected in duplicate each minute for 6 min as described
before (11). The internal:surface ratio of radioactivity was plot-
ted versus time, and the endocytosis rate constant (k,) was cal-
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culated from the plots (11). To measure recycling of EGFR,
HelLa cells were transfected with scrambled control or DGK&
siRNA duplexes, and then recycling of EGFR was measured
in duplicate by loading the cells with [***I]EGF (0.5 ng/ml)
for 10 min, stripping the surface-bound EGF, adding excess
cold EGF (100 ng/ml), and then measuring the amount of
intact [**°I]EGF released into the medium over 40 min (12).
Cell Viability Assay—Lung cancer cells were plated in
96-well plates at a density of 4000 cells/well. On the following
day, the medium was changed to RPMI medium with 2% fetal
bovine serum (80 ul/well). A mixture of 1 ul of siRNA duplex in
16 ul of Opti-Mem (Invitrogen) plus 0.4 ul of Oligofectamine in
2.6 ul of Opti-Mem was added to each well. Cell viability was
measured 72 h later using the Cell Proliferation Kit II (XTT)
from Roche Applied Science according to their instructions.

RESULTS

DGK$ Deficiency Accelerates EGFR Degradation—In our
prior work we found reduced expression of EGFR in DGK&-
deficient cells and tissues that was not due to changes in the
abundance of EGFR mRNA (5). We also found higher levels
of phosphorylated Thr-654 in DGK&-deficient tissues (5).
Because phosphorylation of Thr-654 in EGFR modulates EGFR
trafficking (12—15), we hypothesized that this excessive phos-
phorylation of Thr-654 was responsible for reducing the levels
of EGFR. To test this possibility, we transfected wt EGFR or a
T654A EGFR mutant into HeLa cells (or SCC-9 cells, not
shown) and then knocked down the expression of DGK8 using
RNAi. We found that DGKS deficiency still reduced expression
of the T654A EGFR mutant (Fig. 1, A and B) and concluded that
phosphorylation of Thr-654 in EGFR does not substantially
contribute to the changes in EGER expression caused by DGKS.

In our prior work, we also found that the reduced steady-
state expression levels of EGFR that were caused by DGK$ defi-
ciency were rescued by concurrent knockdown of dynamin II
(5), a protein that is required for the initial steps of endocytosis.
Because the abundance of EGER is highly regulated by endo-
some trafficking, and endocytosis is essential for this process
(16), we next examined the effects of DGK6 deficiency on EGFR
trafficking. First, we measured the rate of ligand-induced endo-
cytosis using radiolabeled EGF. Based on the reduced levels of
EGEFR in DGK&-deficient cells, we predicted that the internal-
ization rate (k.) of EGFR might be increased by DGK& defi-
ciency. But, contrary to this expected outcome, we found that
DGKS deficiency reduced the rate of EGFR endocytosis (Fig.
1C). This surprising result is consistent with published data
showing reduced clathrin-mediated endocytosis in DGK&-de-
ficient cells (17, 18) and was likely caused in this context either
by PKC phosphorylation of Thr-654 in EGER (12) or by effects
on the adaptor protein AP2 (17). The slower rates of internal-
ization that we measured in DGKS&-deficient cells did not
account for the defects in steady-state EGFR expression levels,
so we next examined additional steps in the EGFR trafficking
pathway.

Once internalized, EGFR is either recycled back to the
plasma membrane or is directed toward lysosomes for degra-
dation. When we measured EGFR recycling using radiolabeled
EGF (12), we found slightly reduced recycling of EGER in
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FIGURE 1. EGFR endocytosis and recycling in DGK&-deficient cells. A, HelLa
cells were transfected with Myc-tagged wt or T654A EGFR, and then DGK&
was knocked down using siRNA. After 24 h EGFR (anti-Myc), DGKS, and actin
were detected by immunoblotting. EGFR band densities (arbitrary units) are
shown above the blot. B, the band densities of wtEGFR or T654A EGFR from
three experiments similar to Fig. 1A were determined and plotted. Shown are
mean values with S.D. (¥, p < 0.05). B, HeLa cells were transfected with scram-
bled control or DGK& siRNA duplexes, and the endocytosis rate constant (k)
was determined using ['*°I]EGF (11). Shown are mean, relative k, values
(=S.D.) from four experiments. The asterisk indicates a statistically significant
difference compared with scrambled control cells (p < 0.01). C, Hela cells
were transfected with scrambled control or DGK8 siRNA duplexes, and then
recycling of EGFR was measured (12). Shown are mean values (£S.D.) from
three experiments.

DGKé-deficient cells (Fig. 1D). But this change was not statis-
tically significant. Finally, we measured the rate of ligand-in-
duced EGFR degradation by Western blotting and found more
rapid EGFR decay in DGK&-deficient cells (Fig. 24). The half-
life of EGFR in cells depleted of DGK& was about one-half that
of control cells (Fig. 2B). We found similar changes in the pres-
ence of cycloheximide, a protein synthesis inhibitor (data not
shown and see Fig. 64). In primary keratinocytes, which
degrade EGFR more rapidly, we also observed that DGKS defi-
ciency accelerated EGFR decay (Fig. 2, C and D). Collectively,
these data demonstrated that DGK& deficiency promotes
ligand-induced EGFR decay. It is important to note that,
because DGK® deficiency reduced the rate of EGFR internaliza-
tion (Fig. 1C), the rate at which EGFR is degraded once it is
internalized in DGK&-deficient cells is probably in excess of
what we measured by Western blotting.

DGK?$ Deficiency Enhances Both Steady-state and Ligand-
induced Ubiquitination of EGFR—EGEFR is marked for degra-
dation by ubiquitin, a modification that directs EGFR toward
lysosomes (19). Because attaching ubiquitin to EGFR is crit-
ical for its subsequent degradation, our data indicated that
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FIGURE 2. Accelerated decay of EGFR in DGK&-deficient cells. A, Hela cells
were transfected with scrambled or DGKS siRNA duplexes, starved for 16 h,
and then treated with EGF (5 ng/ml) for 0-3 h. EGFR, actin, and DGK§ were
then detected in cell lysates by Western blotting. EGFR band densities (arbi-
trary units) are shown above the blot. Similar results were obtained when
cyclohexamide (5 um) was included to minimize new protein synthesis. B, the
half-life (t:,) of EGFR was measured in three experiments like that shown in A.
Shown are mean values with S.D. (*, p < 0.05). C, EGFR decay in primary
keratinocytes from wild-type mice or mice with heterozygous or homozy-
gous deletion of DGK& was measured after treatment with EGF (10 ng/ml) for
the indicated times. EGFR band densities (arbitrary units) are shown above
the blot. D, the half-life (t:/,) of EGFR was measured in three experiments like
that shown in C. Shown are mean values with S.D. (¥, p < 0.05).

DGKS might alter EGFR degradation by affecting the levels
of ubiquitinated EGFR. To test this possibility, we used RNAi
to knock down DGKS& in HeLa cells, treated the cells with
EGF, and then measured the levels of ubiquitinated EGFR
(EGFR-Ub). We found that DGK& deficiency increased the
amount of EGFR-Ub (Fig. 34). We also found elevated levels
of EGFR-Ub in DGK&-deficient cells under steady-state con-
ditions (Fig. 3A). Because ubiquitination of EGFR promotes
its degradation, these results indicated that DGK®& deficiency
modulates EGFR degradation in both ligand-activated and
steady-state conditions.

The process of attaching ubiquitin to EGFR is mediated by
the E3 ubiquitin ligase, c-Cbl, which docks on phosphoty-
rosine 1045 in EGFR. Mutating tyrosine 1045 to phenylala-
nine (Y1045F) impairs the ability of Cbl to bind to EGFR and
consequently reduces the levels of EGFR-Ub (19, 20). Our
data showing elevated levels of EGFR-Ub in steady-state
conditions suggested that excessive ubiquitination led to
reduced steady-state levels of EGFR. To demonstrate that
modifying EGFR with ubiquitin was required for DGK8 defi-
ciency to alter the steady-state expression levels of EGFR, we
expressed wild-type EGFR or Y1045F EGFR in HeLa cells,
reduced expression of DGK& using RNA], and then mea-
sured the levels of EGFR. We found that, although the
expression of wild-type EGFR was attenuated in DGK&-de-
ficient cells, the Y1045F mutant was resistant to the effects of
DGKS deficiency (Fig. 3B). As another approach to show that
the effects of DGK® require ubiquitination, we examined the
transferrin receptor that, like EGFR, undergoes clathrin-me-
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FIGURE 3.Enhanced ubiquitination of EGFR in DGK&-deficient cellsis not due to an effect on c-Cbl. A, HelLa
cells were transfected with scrambled or DGK& siRNA duplexes. In the left panel, cells were starved for 16 h and
then treated with EGF (10 ng/ml) for 5 min. In the right panel (steady-state), cells were grown in medium with
10% serum for 48 h. EGFR was immunoprecipitated from cell lysates (1 mg of protein for EGF-treated cells and
1.5 mg of protein for steady-state cells) and then ubiquitin (Ub), EGFR, and DGK& were detected by Western
blotting the immunoprecipitation or cell lysates. Ub band densities (arbitrary units) are shown above the blot.
B, Hela cells were transfected with Myc-tagged wild-type or Y1045F EGFR and then DGKS was knocked down
using siRNA. After 48 h EGFR (anti-Myc), DGKS, and actin were detected by immunoblotting. EGFR band
densities (arbitrary units) are shown above the blot. C, Hela cells were transfected with scrambled or DGK&
siRNA duplexes, and then grown in complete medium or starved for 24 h. DGK$, EGFR, transferrin receptor
(TfnR), or actin were then detected in cell lysates by Western blotting. TfnR and EGFR band densities (arbitrary
units) are shown above the blots. D, Hela cells were transfected with scrambled or DGKS siRNA duplexes,
starved for 16 h, and then treated with EGF (5 ng/ml) for 0-30 min. Total EGFR, pY1045EGFR, actin, and DGK§
were detected in cell lysates by Western blotting. Band densities (arbitrary units) of pY1045EGFR normalized to
total EGFR are shown above the blot. E, Hela cells were transfected with V5-tagged c-Cbl and scrambled or
DGKG3 siRNA duplexes. After starvation for 16 h, the cells were exposed to 50 or 100 ng/ml EGF for 10 min, and
then c-Cbl was immunoprecipitated from 1 mg of cell lysates. EGFR, c-Cbl (anti-V5), and DGK& were detected in
the precipitates and cell lysates by Western blotting. F, HeLa cells were transfected with scrambled or DGK8
siRNA duplexes, starved for 16 h, and then treated with EGF (5 ng/ml) for 0-30 min. Total c-Cbl, pY774-c-Cbl,
and DGK3& were detected in cell lysates by Western blotting. All blots are representative of at least three
independent experiments.

Lysates

DGK®& Modulates the Levels of an
Enzyme That Removes Ubiquitin
from EGFR—The excessive levels of
EGFR-Ub in DGK&-deficient cells
suggested that c-Cbl might be abun-
dantly active in DGK&-deficient cells.
To assess this possibility, we first
examined expression of c-Cbl in cell
lysates and found similar levels of
¢-Cbl in DGKé-deficient and con-
trol cells (Fig. 3F). Next, we assayed
the extent of phosphorylated Y1045
in EGFR, the major Cbl binding site,
and found reduced phosphorylation
of EGFR in DGK&d-deficient cells
(Fig. 3D). This result is consistent
with our previous data showing
reduced levels of pY1068 and pY992
EGER in conditions of DGK& defi-
ciency (see Fig. 5B and Ref. 5).
Because Cbl can bind other tyrosines
in EGFR and can also bind indirectly
to EGFR, we additionally examined
association of ¢-Cbl with EGFR
and found slightly reduced coim-
munoprecipitation of c-Cbl and
EGFR in DGKé-deficient cells (Fig.
3E). This change, however, could
not account for the elevated levels of
ubiquitin on EGFR. Finally, to mea-
sure changes in c-Cbl activation, we
assayed the levels of tyrosine-phos-
phorylated c-Cbl and discovered that
c-Cbl phosphorylation was reduced
in DGK®&-deficient cells (Fig. 3F),
indicating that c-Cbl was less active
in conditions of DGKS deficiency.
Less phosphorylated c-Cbl was con-
sistent with the reduced levels of
phosphorylated EGFR in DGK&-de-
ficient cells. None of these changes
could account for the excessive lev-
els of EGFR-Ub in DGK&-deficient
cells, but there are other Cbl iso-
forms that we did not test (21).
However, the significant attenua-
tion of pY1045 and other EGFR
phosphorylations in DGK&-deficient
cells argues against the possibility
that other Cbl isoforms might con-

diated endocytosis, but unlike EGFR it is recycled back to the
plasma membrane because it is not ubiquitinated. We found
that DGK& deficiency did not affect the levels of the trans-
ferrin receptor (Fig. 3C). Collectively, these data indicated
that ubiquitination of EGFR is required for DGKS& deficiency
to reduce its steady-state levels and were consistent with a
model where DGKS$ deficiency enhances the levels of ubiq-
uitin on EGFR, which accelerates its degradation.
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tribute to the excessive ubiquitination of EGFR. Thus, we con-
cluded that DGKS& deficiency did not enhance ubiquitination of
EGER through an effect on Cbl proteins.

Ubiquitination of EGFR is also modulated by de-ubiquiti-
nases that remove ubiquitin from EGFR. Current data suggest
that USP8 (which is also called UBPY) is primarily responsible
for removing ubiquitin from EGFR (22, 23). To determine if
USP8 was affected by DGK® deficiency, we used RNAi to knock
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FIGURE 4. DGKé deficiency reduces the levels of USP8 and attenuates Akt
phosphorylation. A, in two separate experiments, HelLa cells were trans-
fected with scrambled or DGKS siRNA duplexes and then USP8, DGKS, and
actin were detected in cell lysates by Western blotting. USP8 band densities
(arbitrary units) are shown above the blot. B, HeLa cells were transfected with
V5-USP8 and then with DGK& or control siRNA duplexes. Cells grown in
medium with serum were treated with calyculin A (100 nm) for 5 min, and then
lysates were harvested and V5-USP8 was immunoprecipitated. The indicated
proteins were detected by Western blotting, and pThr band densities (arbi-
trary units) are shown above the blot. C, Hela cells were transfected with
scrambled or DGKS siRNA duplexes, starved for 16 h, and then treated with
EGF (5 ng/ml) for the indicated times. Akt, p473-Akt, and DGK& were detected
in cell lysates by Western blotting. Band densities (arbitrary units) of phos-
phorylated Akt are shown above the blot. D, Hela cells growing in medium
with serum were treated with 20 um LY294002 for 24 h, and then the levels of
theindicated proteins were detected in cell lysates by Western blotting. USP8
band densities (arbitrary units) are shown above the blot. E, lung cancer cell
lines (noted above each lane) were grown in complete medium and har-
vested, and then the indicated proteins were detected by Western blotting.

down DGK& in HeLa cells and then assayed expression levels of
USP8 by Western blotting. We consistently found reduced
expression of USP8 in DGKé-deficient cells (Fig. 44). Thus,
instead of affecting the process of attaching ubiquitin to EGFR,
DGKS& appears to modulate its de-ubiquitination by helping
maintain the levels of USP8.

DGKS Affects USP8 by Modulating the Activation of Akt—
We next performed a series of experiments aimed at deter-
mining the cause of altered USP8 expression. First, to deter-
mine if the effects of DGK& on the levels of USP8 were due to
transcriptional regulation, we used reverse transcription-
PCR to assay the abundance of USP8 mRNA in control or
DGKS& knockdown cells. We observed that there was no differ-
ence in the level of USP8 mRNA (not shown), indicating that
the changes were due to post-transcriptional alterations. The
abundance of USP8 can be modulated by Akt, which phosphor-
ylates a threonine in USP8 that is thought to stabilize the pro-
tein by an unknown mechanism (24). We examined the levels of
threonine-phosphorylated USP8 and found reduced levels in
DGK3&-deficient cells (Fig. 4B), indicating that this might cause
the attenuated expression of USP8. To test if this reduced phos-
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FIGURE 5. DGK& and PKCa modulate Akt phosphorylation and USP8 lev-
els. A, DGK&and/or PKCa were depleted in HeLa cells using RNAi and then the
levels of phosphorylated MARCKS (pMARCKS), MARCKS, PKCe, DGKS, and
actin were determined by Western blotting. Lanes were removed from the
blot for clarity. The densities of the pMARCKS bands (arbitrary units) are indi-
cated above the blot. B, HeLa cells were transfected with scrambled or DGK&
siRNA duplexes, starved for 16 h, exposed to 250 nm G66976 and then to EGF
(10 ng/ml) for 10 min. The levels of the indicated proteins in cell lysates were
detected by Western blotting and the densities of phosphorylated Akt and
EGFR (arbitrary units) are indicated above the blots. C, HeLa cells were trans-
fected with scrambled, PKCq, and/or DGK& siRNA duplexes, grown in
medium with serum, and then the levels of the indicated proteins in cell
lysates were detected by Western blotting and the densities of phosphoryla-
ted Akt and USP8 (arbitrary units) are indicated above the blots.

phorylation of USP8 resulted from altered Akt activity, we mea-
sured Akt phosphorylation in response to EGF and found
reduced levels of phosphorylated Akt in DGKé&-deficient cells
(Fig. 4C). The levels of phosphorylated Akt were also reduced in
DGK38-deficient cells under steady-state conditions (Fig. 5C).
These data indicated that the reduced Akt activity caused by
DGKS$ deficiency might contribute to the attenuated levels of
USP8. To test this possibility, we exposed cells to LY294002, a
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phosphatidylinositol 3-kinase inhibitor, for 24 h and then mea-
sured USP8 expression by Western blotting. We found that this
inhibitor attenuated Akt phosphorylation and reduced the lev-
els of USP8 (Fig. 4D). Total Akt was also reduced by the inhib-
itor, but ERK2 and actin levels were not altered. These changes
in phosphorylated Akt and USP8 were similar to the effects of
DGKS$ deficiency. Finally, to determine if the levels of EGFR,
DGKS$, USP8, and phosphorylated Akt in cancer cells paralleled
our experimental observations, we examined five lung cancer
cell lines and found that the levels of EGFR, USP8, and phos-
phorylated Akt correlated closely with those of DGKS in most
of the lines (Fig. 4E). Collectively, these data indicate that, by
reducing Akt activation, DGK& modulates the expression of
USP8.

PKCa Is Necessary for DGK6 to Modulate USP8 Levels—
Work in our laboratory has demonstrated that, by removing
DAG, DGKs inhibit the function of DAG-activated proteins (7,
25, 26). We found evidence of augmented PKCa activity in
DGKS null cells and tissues (5), and others have observed that
phorbol esters, which activate PKCs, reduced phosphorylation
of Akt by inhibiting phosphatidylinositol 3-kinases (27).
Together, these observations suggested that the excessive acti-
vation of PKCa in DGK8-deficient cells might account for the
reduced Akt phosphorylation that we observed.

To test this possibility, we first assayed the activity of PKCa
under these conditions by measuring phosphorylated myris-
toylated alanine-rich protein kinase C substrate (MARCKS),
a major PKC substrate. Knockdown of PKCa almost com-
pletely reduced MARCKS phosphorylation (Fig. 54), indicating
that PKCa is responsible for the majority of phosphorylated
MARCKS in the cells. In DGK& knockdown cells, we measured
higher levels of phosphorylated MARCKS compared with con-
trol cells (Fig. 5A4), demonstrating that knockdown of DGK$&
enhanced PKCa activity. Next, we attempted to rescue Akt
phosphorylation in DGK8-deficient cells by inhibiting PKCa
with G66976. We found that this inhibitor normalized Akt
phosphorylation in DGK8-deficient cells (Fig. 5B). In parallel,
we also measured phosphorylation of EGFR and found that it
was not rescued by G66976 (Fig. 5B). Together, these data indi-
cated that the effects on Akt in DGK&-deficient cells were due
to PKCa and occurred downstream of EGFR.

As another approach to modulate the activity of PKCa and to
measure Akt phosphorylation under steady-state conditions,
we used RNAI to reduce the levels of PKCa and/or DGKS8, and
then we measured phosphorylated Akt. Similar to ligand-acti-
vated conditions (Fig. 5B), the steady-state levels of phosphor-
ylated Akt in DGK&-deficient cells were reduced, but were
rescued by PKCa knockdown (Fig. 5C). Collectively, these data
suggested that, by modulating the function of PKCa, DGK&
regulates Akt signaling and consequently the levels of USP8.
Finally, to determine if PKCa cooperated with DGK8 to mod-
ulate USP8 levels, we tested whether we could rescue USP8
expression in DGK&-deficient cells by reducing the expression
of PKCa. We found that knockdown of PKCa increased the
expression of USP8 in DGK&-deficient cells (Fig. 5C). Together,
these data indicated that, through PKCa, DGK8 modulates the
levels of USPS.
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FIGURE 6. Depleting PKCa rescues the EGFR defects caused by DGK& defi-
ciency. A, Hela cells were transfected with scrambled or the indicated siRNA
duplexes, starved, treated with cycloheximide (5 um, 20 min), and then
exposed to EGF (5 ng/ml for 0-2 h). EGFR, DGKS, PKCe, and actin were
detected in cell lysates by Western blotting. Samples are from the same blot,
but are presented to allow comparison. B, the half-life (t,) of EGFR was deter-
mined from Western blots in three independent experiments. The asterisk
indicates statistical significance (p < 0.05, n = 3). C, Hela cells were trans-
fected with scrambled, DGKS, and/or PKCa siRNA duplexes, grown in
medium with 10% serum, and then steady-state levels of EGFR, actin, DGKS,
and PKCa were detected by Western blotting. EGFR band densities (arbitrary
units) are indicated above the blot. D, our data support a model where DGK&
and PKCa regulate the activity of Akt, which in turn modulates the levels of
USP8 and consequently the amount of ubiquitin attached to EGFR. E, DGK&
was knocked down using RNAi in H441 lung cancer cells (which are resistant
to EGFR inhibitors) or H1650 lung cancer cells (which are sensitive) grown in
medium with 2% serum. At 72 h after knockdown, cell viability was examined.
Viability (mean * S.D.) is shown normalized to cells exposed to scrambled
siRNA. The asterisk indicates statistical significance (p < 0.01, n = 4). Western
blotting demonstrated similar knockdown of DGK& and EGFR in both cell
lines (not shown).

H441  H1650

Depleting PKCa Rescues the EGFR Defects in DGK6-deficient
Cells—Our experiments suggested a model in which DGK&
regulates EGFR ubiquitination and consequent degradation by
modulating the activity of PKCea. To test if PKCa was necessary
for DGK& deficiency to accelerate EGFR degradation, we simul-
taneously knocked down both PKCa and DGKS6 using RNAi
and then followed EGFR degradation by Western blotting. We
found that PKCa knockdown normalized EGFR decay in
DGKé-deficient cells (Fig. 6, A and B), indicating that it was
necessary for DGKS to accelerate EGFR degradation. We found
similar results with G66976 (not shown). In addition to testing
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ligand-induced degradation of EGFR, we also determined the
effects of PKCa knockdown under steady-state conditions. We
found that, like its effects on ligand-induced EGFR decay, RNAi
knockdown of PKCa normalized steady-state levels of EGFR in
DGK8&-deficient cells (Fig. 6C). Taken together, our data indi-
cate that PKCa and DGKS collectively regulate expression lev-
els of EGFR during both steady-state and ligand-activated con-
ditions by modulating its ubiquitination through Akt and USP8
(Fig. 6D).

Depleting DGK8 Reduces Growth of Lung Cancer Cells That
Are Sensitive to EGFR Inhibitors—Finally, we tested whether
reducing the expression of DGKS affected the viability of lung
cancer cell lines that were either resistant (H441) or sensitive
(H1650) to EGFR inhibitors (28, 29). To examine this issue, we
knocked down DGKG& using RNAi and then measured cell via-
bility 72 h later. We found that depleting DGKd reduced the
viability of the sensitive H1650 cells but did not affect the resis-
tant H441 cell line (Fig. 6D).

DISCUSSION

The EGFR has a central role in normal cell survival, differen-
tiation, and proliferation. As such, its activity must be precisely
regulated. This is accomplished, in part, through its removal via
endocytic pathways that terminate in lysosomes where EGFR is
degraded. A critical step in this process is the conjugation of
ubiquitin to EGFR. The mechanisms responsible for attaching
ubiquitin to EGFR have been studied in great detail. However,
this is a reversible process, and evidence indicates that de-ubiq-
uitinases also have important roles in maintaining the levels of
EGFR and modulating its rate of degradation. Although there is
some controversy about whether USP8 promotes or inhibits
EGFR degradation (23, 30), evidence strongly supports that
USP8 most likely stabilizes EGFR, and it appears to be a critical
modulator of the levels of ubiquitin on EGFR. For example,
USP8 de-ubiquitinates EGER in vitro and depletion of USP8 by
RNAi increases EGFR ubiquitination and enhances its degrada-
tion (23). Additionally, conditional deletion of USP8 in mice
causes reduced steady-state levels of EGFR (22).

We found that DGK& modulated the expression of USPS,
altered the levels of ubiquitin on EGFR, modified the rate of
EGFR degradation, and controlled the steady-state levels of
EGFR. That DGK& modulates USP8 is consistent with data
showing that several features are shared by both USP8-deficient
cells and DGK&-deficient cells: both have reduced steady-state
levels of EGFR (5, 22), increased ubiquitination and degrada-
tion of EGFR (Figs. 2 and 3) (23), and enlarged early endosomes
(18, 23). Collectively, these data provide strong evidence that
DGKS is an important regulator of USP8 and of its effects on
EGER.

Little is known about how USP8 is regulated, but several
phosphorylation sites on USP8 have been identified, and some
of them alter its activity or stability. For example, phosphoryla-
tion of serine 680 in murine USP8 inhibits its activity by pro-
moting association of USP8 with 14-3-3 proteins (31). We
assayed the levels of phosphorylated serine 680 in overex-
pressed murine USP8 using a 14-3-3 binding site antibody and
did not detect any differences between wild-type and DGK&-
deficient cells (not shown). Nor did we find evidence of changes
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in the affinity of USP8 for 14-3-3 proteins (not shown).
Together, these data indicated that DGK® does not affect USP8
activity by modifying serine 680 phosphorylation. Threonine
907 in murine USP8 is an Akt substrate, and phosphorylation of
this residue stabilizes USP8 by an unknown mechanism (24).
Several of the changes that we found in DGK&-deficient cells
are consistent with the possibility that DGK& modifies USP8
levels by affecting phosphorylation of threonine 907. For exam-
ple, both USP8 threonine phosphorylation and Akt phosphor-
ylation were significantly reduced in DGK&-deficient cells, and
there were lower levels of USP8 protein. Moreover, inhibition
of phosphatidylinositol 3-kinase attenuated the expression of
USP8. Together, these data strongly argue that DGK& modifies
the levels of USP8 by modulating Akt activation.

The link between DGK$, Akt, and USP8 appears to be PKCaq,
which was excessively active in DGK&-deficient cells. The
abnormal activity of PKCa that we discovered was most likely
due to the elevated levels of DAG that we observed in DGK&-
deficient cells (5). How PKCa modulates the activation of Akt is
an area that we are currently investigating. But prior data show-
ing that activation of PKCs with phorbol ester reduced both Akt
phosphorylation and phosphatidylinositol 3-kinase activity
(27) suggest that this might be an effect on phosphatidylinositol
3-kinases. PKCs have long been known to modulate the activity
and trafficking of many receptors, including EGFR, but the
mechanisms by which they do so have been somewhat nebu-
lous. Our data indicate that some of the effects on EGFR traf-
ficking were caused by changes in its ubiquitination that, in
turn, were mediated through PKCa and DGKG.

Because we have also shown that DGK{, a type IV DGK,
regulates PKCa (26), we tested whether reducing the expres-
sion of DGK{ using RNAi altered EGFR degradation. We found
that DGK{ had no effect on EGFR degradation (not shown),
indicating that these two DGKs likely modulate the activity of
PKCa under different circumstances. Indeed, their association
with PKCa occurs in different contexts: while DGK{ binds
PKCa only in non-stimulated conditions (26, 32), DGKS binds
PKCa predominantly in cells activated by EGFR ligands (not
shown).

There are two DGKS splice variants that are both associated
with clathrin-coated vesicles (33). Using reverse transcription-
PCR, we were able to detect only the DGK®2 splice variant in
HeLa cells, suggesting that it is responsible for modulating
EGEFR decay. Unfortunately, we have not been able to selectively
knock down each splice variant in a suitable cell line to under-
stand their specific effects on EGFR, but we are currently pre-
paring the necessary reagents for rescue experiments.

In summary, our experiments show that DGK& partici-
pates in regulating the expression levels of EGFR. However,
the effect of depleting DGKS& on the viability of lung cancer
cells was modest (Fig. 6D), calling into question the physiolog-
ical significance of our findings. But one must consider several
technical issues that might have diminished the effects of
depleting DGKS in those experiments. For example, the levels
of DGK& protein were not significantly reduced until about 24 h
after the experiment began, providing only 48 h of depletion.
Additionally, we only achieved a ~75% reduction in DGK& pro-
tein. Our DGK& knock-out mice have a phenotype very similar
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to EGFR knock-out mice (5), suggesting that more robust and
prolonged depletion of DGK& might have more pronounced
effects on EGFR signaling. Thus, it is reasonable to proceed
with experiments testing the effects of prolonged depletion of
DGKS in appropriate cancer cell lines. It is interesting to note
that DGKm), which is structurally similar to DGKS, was recently
shown to affect EGFR signaling, and depletion of DGKn
reduced cell viability by a similar amount compared with
DGKS&. However, these effects occurred by a different mecha-
nism that affected Raf signaling (34). DGKa has also been
shown to modulate receptor tyrosine kinase signaling (35-37),
but DGKa null mice have no evidence of altered EGER signal-
ing (5-9). We and others have additionally generated mouse
knockouts of DGKs €, £, t, and 0, all of which show no evidence
of EGFR signaling defects (Refs. 5-9 and data not shown). Thus,
it appears that regulation of EGFR signaling might be a unique
property of the type II DGKs 6 and 7. Further studies to deter-
mine the suitability of these DGKs as therapeutic targets appear
to be warranted.
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