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Abstract
Akt plays a role in protecting macrophages from apoptosis induced by some oxysterols Previously
we observed enhanced degradation of Akt in P388D1 moncocyte/macrophages following treatment
with 25-hydroxycholesterol (25-OH) or 7-ketocholesterol (7-KC). In the present report we examine
the role of the ubiquitin proteasomal pathway in this process. We show that treatment with 25-OH
or 7-KC results in the accumulation of poly-ubiquitinated Akt, an effect that is enhanced by co-
treatment with the proteasome inhibitor MG-132. Modification of Akt by the addition of a Gly-Ala
repeat (GAr), a domain known to block ubiquitin-dependent targeting of proteins to the proteasome,
resulted in a chimeric protein that is resistant to turn-over induced by 25-OH or 7-KC and provides
protection from apoptosis induced by these oxysterols. These results uncover a new aspect of
oxysterol regulation of Akt in macrophages; oxysterol-stimulated poly-ubiquitination of Akt and
degradation by the proteasomal pathway.
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Introduction
Although the role of the phosphorylation mediated regulation of Akt/PKB activity by PI3-
kinase [1] and PP2A [2,3] has been extensively studied, the regulation of Akt levels in cells
has been less well analyzed. One such process is regulation of the proteolytic degradation of
Akt. Akt can undergo both caspase-dependent [4] and independent degradation [5] in response
to proapoptotic signals. However, there is evidence that of involvement of the proteasome in
Akt degradation [6,7], as well. In some instances, proteasomal degradation of Akt,
accompanied by ubiquitination takes place subsequent to caspase-6 cleavage [8]. It is also
noteworthy that ubiquitin-independent proteasomal degradation can be observed for a number
of proteins [9] and there is some evidence that Akt can be degraded without ubiquitination
[10]. Perhaps the most widely studied pathway of degradation of Akt, is that induced by Hsp90
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inhibitors, such as geldanomycin and 17-allylaminogeldanomycin, which are in clinical trials
as anti-cancer drugs [11]. These compounds promote proteasomal degradation of Akt, and
other proteins, by a caspase-independent, ubiquitination-dependent pathway[12,13]. Thus,
there are non-proteosomal and proteosomal pathways that regulate cellular Akt levels.

We previously reported that the oxysterols, 25-hydroxycholesterol (25-OH) and 7-
ketocholesterol (7-KC), induce apoptosis in a monocyte/macrophage cell line, P388D1 cells,
by a process involving Akt degradation and that a proteasome inhibitor blocked the oxysterol-
induced Akt degradation[14]. This process is of potential clinical interest since oxysterol-
induced apoptosis has been widely reported for vascular cells with potential pro and anti-
atherogenic effects depending on the stage of plaque development and the tissue affected[15,
16].

To further explore the mechanism by which 7-KC and 25-OH induce Akt degradation we have
attempted to create a proteasome-resistant Akt. The Gly-Ala repeat (GAr) domain of the
Epstein-Barr virus (EBV) nuclear antigen-1 (EBNA-1) has been reported[17] to be a modulator
of proteasomal-dependent proteolysis. The GAr interferes with the proteasomal processing of
EBNA-1, prolonging its half-life and abrogating the presentation of EBNA-1 epitopes to the
major histocompatibility complex class I-restricted CD8+ T-lymphocytes [18,19]. The GAr
acts as a cis-acting transferable element on different proteasome substrates, providing an
attractive tool for regulating the proteolysis of many substrates of potential interest [20,21]. In
the current study, a myr-Akt-GAr chimera was constructed and stably expressed in P388D1
cells in order to gain further understanding of oxysterol regulation of Akt activity by
degradation. Since Akt activity mediates many important biological processes and is an
emerging target in cancer chemotherapy, gaining further understanding of regulation of Akt
activity by degradation could illuminate novel regulation of many downstream effectors of
Akt.

Materials and methods
Construction of the myr-Akt-GAr Chimera

A plasmid expressing a Myc-His-tagged, myristoylation-activated murine Akt1 (myr-Akt1)
was purchased from Upstate Biotechnology, Inc (Charlottesville, VA). An Xba1 site located
at 935 bp in myr-Akt1 was removed by conserved site-directed mutagenesis of a serine codon
(TCT→TCC). Then a pair of synthetic oligonucleotides encoding a 29 aa sequence of the EBV
EBNA1 GAr domain and containing Xba1 overhangs (underlined) (5′-
CTAGAGCTGGAGCAGGCGGTGGAGCAGGTGCTGGAGGTGCAGGTGGAGCAGGC
GGTGCAGGAGCAGGTGGTGCAGGTGCTGGAGGTGGAGCAGGTT-3′ and 5′ -
CTAGAACCTGCTCCACCTCCAGCACCTGCACCACCTGCTCCTGCACCGCCTGCTC
CACCTGCACCTCCAGCACCTGCTCCACCGCCTGCTCCAGCT-3′) were annealed and
ligated into the Xba1 site at nucleotide 2461. The resulting plasmid, myr-Akt-GAr, encodes a
protein that is identical to myr-Akt1 except for the addition of the 29 a.a. GAr domain between
the C-terminus of Akt and the myc-his tag. The construct was confirmed by sequencing using
upstream primer 5′ -GCAGCACCGGTTCTTTGC- 3′ and downstream primer 5′ –
GAAGGGCCCTCTAGAACCTGC- 3′.

Cell culture, Transfection and Stable cell line selection
P388D1 cells were maintained in a humidified atmosphere of 5% CO2 and 95% air at 37°C,
and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 units/ml penicillin, and 100
μg/ml streptomycin. Cells were transfected with the plasmid expressing Myr-Akt-GAr chimera
using Lipofectamine Plus (Invitrogen) according to the manufacturer's instructions. Stable
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clones (Myr-Akt1-GAr P388D1) were selected by serial dilution in medium containing 1 mg/
ml G418 for 7 days, followed by 14 days incubation with 0.25 mg/ml G418. G418 resistant
clones were screened by immunoblotting using anti-Myc (Upstate Biotechnology, Inc.) and
anti-Akt1/2(N-19) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA).

Cell Lysis, Immunopreciptitation and Immunoblotting
Cells were collected by centrifugation at 1,000 × g for 5 minutes, rinsed by suspending in ice-
cold PBS and collected by centrifugation again. Cell pellets were suspended in modified RIPA
buffer containing 50 mM Tris (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mM
NaCl, 1 mM EDTA supplemented with protease inhibitors (Pierce). Lysates were incubated
on ice for 10 min, and centrifuged at 14,000 × g for 10 min to remove the insoluble debris and
protein concentration was measured by micro-BCA assay (Pierce). Standard procedures were
applied for immunoprecipitation of Akt using anti-Akt1/2(N-19). Proteins were separated by
SDA-PAGE on 4-12% NuPAGE gels (Invitrogen) and transferred to PVDF membranes
(Immobilon-P, Millipore). The blots were probed using antibodies specific for the protein of
interest and the HRP-conjugated secondary antibodies. Ubiquitinated conjugates were detected
by immunoblotting with an anti-Ubiquitin antibody (Boston Biochem, Cambridge, MA).
Visualization was achieved by SuperSignal® West Pico chemiluminescent kit (Pierce).

Caspase-3 Assay
Cells were seeded at 1 × 106 / well in 12-well culture plates, and treated with oxysterols,
purchased from Steraloids (Wilton, NH), or an equivalent volume of solvent (ethanol).
Following an incubation period, the cells were collected, washed in ice-cold PBS, and
resuspended in lysis buffer (10 mM Tris (pH 7.5), 130 mM NaCl, 1% Triton X-100, 10 mM
sodium Pi, and 10 mM sodium PPi). Cell lysates were cleared by centrifugation at 14,000 ×
g at 4 °C for 20 min and assayed for protein concentration using a micro-BCA kit (Pierce) and
for caspase-3 activity as follows. Equal volumes were incubated at 37 °C for 2.5 h in 20 mM
Hepes, pH 7.5, 10% glycerol, and 2 mM dithiothreitol containing 5 μM caspase-3 substrate
Ac-DEVD-AFC in the presence and absence of 100 nM Ac-DEVD-CHO, a caspase-3 specific
inhibitor, added 30 min prior to the addition of the substrate. The released AFC was measured
using a spectrofluorometer (FluroMax 3, Jobin-Yvon Inc.) equipped with a microplate reader
at an excitation wavelength of 400 nm and an emission wavelength of 505 nm. Net caspase-3
activity was determined by subtracting the relative fluorescent light units (RFLU) obtained in
the presence of the inhibitor from the RFLU obtained in the absence of the inhibitor, and then
normalized to the protein content of the sample. Treatments were performed in triplicate and
the data presented as the mean induction ± S.D.

Akt Kinase Assay
Akt activity was measured using an Akt kinase assay kit from Cell Signaling Technology, Inc.
following the manufacturer's directions. Essentially, an immobilized Akt monoclonal antibody
was used to selectively immunoprecipitate Akt from cell lysates. The immunoprecipitated Akt
was then incubated with a substrate, glycogen synthase kinase-3 fusion protein (GSK-3), in
kinase buffer in the presence of ATP. The phosphorylation of glycogen synthase kinase-3
(Ser21/9) was then measured by immunoblotting using a phospho-GSK-3 (Ser21/9) antibody.

Pulse-Chase Labeling and Immunoprecipitation of Akt
Cells were grown in Met/Cys deficient DMEM medium supplemented with 5% FBS for 30
min and then pulsed with Tran35S-label (250 μCi/ml) for 1 h, washed and then chased for 30,
60, 90 and 240 min in medium supplemented with 3 mM Met/Cys and either 10 μg/ml 7-KC
or 25-OH or an equivalent amount of vehicle (ethanol). Cells were lysed in RIPA buffer and
subjected to immunoprecipitation using goat polyclonal Akt1/2 antibody (Santa Cruz
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Biotechnology, Inc.) and Seize® coated plate immunoprecipitation kits (Pierce) according to
the manufacturer's instructions. The amount of radiolabeled Akt in the precipitates was
determined by SDS-PAGE and phosphorimaging.

Results and discussion
25-hydroxycholesterol and 7-ketocholesterol up-regulate the ubiquitination of Akt which
targets it for degradation via the proteasome

A previous report[14] from our laboratory indicated that 25-OH and 7-KC could produce a
reduction in the level of total Akt in P388D1 cells by enhancing its rate of degradation. We
were able to show that a proteasome inhibitor blocked enhanced degradation of Akt in response
to 25-OH treatment which is consistent with our hypothesis that these oxysterols regulate
degradation of Akt via the proteasome. Proteasomal degradation of proteins can be either
ubiquitination dependent or independent[9]. To assess any role for ubiquitination in oxysterol-
regulated degradation of Akt we determined the effect of 25-OH and 7-KC on the ubiquitination
of Akt. To do this, Akt was immunoprecipitated from oxysterol-treated P388D1 cells and then
assessed for derivatization with ubiquitin by immunoblotting with a ubiquitin antibody. The
study was limited to 25-OH and 7-KC as, among the oxysterols examined; 7-
betahydroxycholesterol, 7-ketocholesterol, 24-hydroxycholesterol, 25-hydroxycholesterol
and 27-hydroxycholesterol, only 25-OH and 7-KC displayed a significant ability to induce
apoptosis in P388D1 cells as determined by induction of caspase 3 activity (Figure 1). The
results demonstrate that treatment of P388D1 cells with 25-OH or 7-KC produces
ubiquitination of Akt (Figure 2). The accumulation of ubiquitinated Akt is considerably
enhanced by co-treatment with the proteasome inhibitor MG-132 (Figure 2B). These findings
are consistent with the hypothesis that stimulation of Akt degradation by 25-OH and 7-KC is
via ubiquitination-dependent targeting of Akt to the proteasome.

25-hydroxycholesterol and 7-ketocholesterol do not activate degradation of a proteasome-
resistant mutant of Akt

Since ubiquitination can signal other events besides proteasomal degradation[22], we sought
another approach to testing the hypothesis that these oxysterols induce proteasome degradation
of Akt. Studies of other proteins degraded via the proteasome, subsequent to ubiquitination,
have indicated that a GAr domain can block ubiquitination-dependent targeting to the
proteasome. The effect of a GAr is much like that of a proteasome inhibitor and acts to suppress
degradation of the ubiquitinated protein. However, it has the advantage over proteasome
inhibitors of only targeting the protein of interest thus reducing the possibility of non-specific
effects associated with proteasome inhibitors. Since Akt is ubiquitinated in response to
oxysterol treatment, we predicted that Akt modified with a GAr would be resistant to down-
regulation by oxysterols if the ubiquitination was targeting degradation via the proteasome.
Since one of our eventual goals in this study is to develop an oxysterol-resistant Akt we chose
as our base construct a constitutively activated (myristoylated) Akt (myr-Akt) which we
modified to contain a carboxyl terminal GAr domain as described in Methods. We have
previously reported that wild type Akt and myr-Akt levels decline in cells treated with 25-OH
or 7-KC [14]. To examine the effect of oxysterols on myr-Akt-GAr chimera, both wild type
P388D1 cells and P388D1 cells stably expressing myr-Akt-GAr (myr-Akt-GAr P388D1) were
treated with10 μg/ml 7-KC for various periods of time. The level of Akt in wild-type cells, as
well as the endogenous wild-type Akt levels in myr-Akt-GAr P388D1 cells, decreased
following treatment with 7-KC. However, myr-Akt-GAr levels were increased by 7-KC
treatment compared (Figure 3A).

Clone B cells are P388D1 cells stably expressing myr-Akt, the parent construct of myr-Akt-
GAr [14]. We performed pulse-chase experiments to examine the degradation rates of myr-
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Akt in clone B cells and myr-Akt-GAr in P388D1 after treatment with 7-KC or 25-OH. The
result showed that both 7-KC and 25-OH enhanced the rate of myr-Akt degradation (Figure
3B) but not myr-Akt-GAr (Figure 3C). These results indicate that these oxysterols reduce Akt
levels in P388D1 cells, at least in part, by upregulating Akt degradation through the
ubiquitination-proteasome pathway.

Myr-Akt-GAr is active and protects cells from oxysterol-induced apoptosis
Since regulation of Akt reflects activity as well as expression, the functional significance of
myr-Akt-GAr expression was assessed at the level of kinase activity. Clone B and myr-Akt-
GAr P388D1 cells were treated with 10 μg/ml 7-KC and cell lysates were assayed for Akt
kinase activity using GSK-3 as a substrate (Figure 4A). Both forms of myr-Akt were active.
An increase in GSK-3 phosphorylation by myr-Akt-GAr P388D1 cell lysates was observed
indicating increased activity as well as the increased level of myr-Akt-GAr in response to 7-
KC treatment seen in Figure 3A. Therefore, the myr-Akt-GAr chimera retained the functional
properties of wild type Akt. As expected, Akt activity was not detectable in wild type cells,
even in the absence of oxysterol treatment. Consistent with the increased Akt kinase activity,
immunoblotting using an antibody specific for phospho-Akt (Ser473) showed an increased
level of phospho-Akt, the active form of Akt, in myr-Akt-GAr P388D1 cells following
treatment with 7-KC (Figure 4B).

Akt has been well characterized as an anti-apoptotic kinase that transduces survival signals in
many cell types including macrophages[23-25]. To examine whether the expression of myr-
Akt-GAr chimera protein could provide resistance to oxysterol-induced apoptosis, cells were
treated with 15 μg/ml 7-KC or 25-OH for different periods of time and assayed for caspase-3
activity. Consistent with the increased kinase activity described above, only a slight increase
in the induction of caspase-3 activity was detected in myr-Akt-GAr P388D1 cells following
treatment with 7-KC or 25-OH (Figure 4C and 4D, respectively). In contrast, caspase-3 activity
was significantly increased in wild type cells by treatment with 7-KC or 25-OH. These results
demonstrate that 7-KC and 25-OH induce ubiquitin-dependent degradation of Akt in P388D1
cells. Furthermore, inhibition of this degradation, particularly with a constitutively active form
of Akt, partially rescues P388D1 cells from induction of apoptosis by these oxysterols.

Oxysterols affect multiple pro- and anti- apoptotic signaling pathways in macrophages [26].
We partially characterized the steps in one of the oxysterol-induced pro-apoptotic pathways
as involving a calcium-influx mediated activation of cytosolic phospholipase A2 resulting in
the production of arachidonic acid which then is utilized as a substrate by acyl coenzyme A:
cholesterol transferase (ACAT) to esterify the oxysterol [14,27-29]. The subsequent steps in
the pathway are unknown and currently under investigation.

Cannabinoids protect neuronal cells from apoptosis induced by a variety of insults by
modulating Akt [30] and recent work from our laboratory showed macrophages lacking the
cannabinoid type 2 receptor are resistant to 7-KC-induced apoptosis and 7-KC-induced
dephosphorylation of Akt [31]. Combined with the result of the current study, these studies
indicate that oxysterol regulation of Akt in macrophages occurs by multiple mechanisms and
that the integration of the signals controlling these mechanisms is likely to be critical in
determining the eventual fate of the macrophage.

A few studies have investigated the effects of oxLDL, and/or 7-ketocholesterol, on
derivatization of proteins in other vascular cell types, smooth muscle cells (SMC) and
endothelial cells [32-34]. In endothelial cells, OxLDL induces ubiquitination, as well as
derivatizations with 4-hydroxy-2-nonenal (4-HNE), of cellular proteins [32]. In vascular SMC,
7-KC induces immunoreactivity for 4-HNE and enhanced ubiquitination of cellular proteins
[34]. In these studies, treatment with a proteasome inhibitor was demonstrated to potentiate

Liu et al. Page 5

Arch Biochem Biophys. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the toxic effects of oxLDL or 7-KC [32,34]. In contrast, our results (Fig 4C and 4D) demonstrate
that expression of a degradation-resistant Akt protects P388D1 cells from oxysterol-induced
apoptosis. This difference may be the result of cell specific responses to proteasome inhibition,
or, more likely, reflect the difference between selectively inhibiting the degradation of a strong
survival signal, AKt, versus generalized inhibition of all proteasomal targeted proteins within
the cell. The endothelial isoform of nitric oxide synthase (eNOS) is carbonylated and nitrated
in endothelial cells after exposure to oxLDL and undergoes proteasomal degradation [33].
Whether oxysterols induce other forms of Akt derivatization in P388D1 cells is unknown and
currently under investigation.

Alteration of the phosphorylation status of several proteins has been shown to create
recognition sites for ubiquitin ligases [35], and phosphorylation/activation-induced
ubiquitination and proteasomal degradation of other kinases has been suggested to be a
mechanism preventing the inappropriate accumulation of activated kinases in cells[36,37]. Akt
has several sequences known to affect its activity or stability [38]. In the current study, 7-KC
treatment did not stimulate Akt activity (Fig 4A) or Ser473 phosphorylation (Fig 4B)
suggesting that increased Akt ubiquitination and degradation is not dependent upon Akt
phosphorylation at Ser473 or Akt activation. Alternatively, the effect of oxysterol treatment
might be to induce conformation changes which unmask or activate destabilizing sequences.
PEST sequences mediate rapid turn over of proteins [39] and a putative PEST sequence in the
N-terminal region of Akt as been identified [38]. Regardless of the mechanism(s) involved in
destabilizing Akt, our results document a new aspect of oxysterol regulation of Akt,
ubiquitination and targeted proteasomal degradation.

Since activated Akt is found in lesions and appears to play an important role in determining
macrophage survival, we anticipate that the development of a degradation-resistant form of
Akt, myr-Akt-GAr, could prove very useful in developing a further understanding of the
functional significance of oxysterol-induced Akt degradation in atherosclerosis. As the
phenotype produced by such a construct in whole animals would be dominant we expect that
the development of transgenic mice expressing myr-Akt-GAr under the control of a
macrophage specific promoter would be informative in studying the role of oxysterol-induced
Akt degradation in lesion development and progression.
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Fig.1.
Activation of apoptosis by oxysterols in P388D1 monocyte/macrophages. P388D1 cells were
culture for 30 h in the presence of (15 μg/ml) 7-betahydroxycholesterol (7β–OH), 7-
ketocholesterol (7-KC), 24-hydroxycholesterol (24-OH), 25-hydroxycholesterol (25-OH) or
27-hydroxycholesterol (27-OH) as indicated in the figure. Caspase 3 activity in total cell lysates
was determined as describe in Materials and methods. Only 7-KC and 25-OH treatment resulted
in significant induction of caspase -3 activity in P388D1 cells.
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Fig. 2.
Stimulation of Akt ubiquitination by 7-ketocholesterol and 25-hydroxycholesterol in P388D1
macrophages. (A) Total cell lysates prepared from P388D1 cells treated with 7-KC or 25-OH
(10 μg/ml) in the presence and absence of a proteasome inhibitor, MG-132 (30 μM), were
subjected to immunoblotting with an anti-ubiquitin antibody. (B) To detect ubiquitinated Akt,
Akt was immunoprecipitated and subjected to immunoblot analysis using ubiquitin antibody.
Treatment with the proteasome inhibitor resulted in a large increase in ubiquitinated Akt. (C)
Stripping and reprobing of the blot shown in (B) with an Akt antibody reveals that equivalent
amounts of immunoprecipitated Akt were loaded on the gel. The arrow and brackets indicate
the location of Akt and ubiquitinated Akt protein bands on the blots.
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Fig. 3.
Addition of a GA repeat to Akt prevents its regulated degradation by 7-ketocholesterol and 25-
hydroxycholesterol. myr-Akt-GAr is myc tagged and constitutively activated by
myristoylation. (A) Wild-type P388D1 cells or P388D1 cells expressing myr-Akt-GAr were
treated with 7-ketocholesterol for various periods of time as indicated and cell lysates were
examined for Akt levels by immunoblotting with an Akt antibody. (B) P388D1 cells expressing
myc tagged myristoylated Akt or (C) myc-tagged myristoylated Akt-GAr were pulsed with
S35 methionine and chased with unlabeled methionine for various periods of time in the
presence and absence of 7-KC or 25-OH. The ecotopic Akt was immunoprecipitated with an
antibody specific for the myc epitope.
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Fig. 4.
myr-Akt-GAr is biochemically active. (A) Akt activity in wild type P388D1 cells, clone B,
and myr-Akt-GAr cells after treatment with 10 μg/ml 7-KC for 16 hours. The Akt kinase
activity was assayed using GSK-3 as a substrate for phosphorylation as described in the
Materials and Methods. The phospho-GSK-3 formed is visualized by immunoblotting with
antibody specific for phospho-GSK-3 (Ser21/9). (B) Activation of myr-Akt-GAr as determined
by immunoblotting with a phospho-Akt(ser473) antibody. (C and D) The myr-Akt-GAr
construct confers sustained resistance to 7-KC or 25-OH (15 μg/ml) induced apoptosis as
determined by measurement of caspase 3 activity.
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