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Background:Whether a change in protein biosynthesis modulates protein degradation is unknown.
Results: Inhibition of protein biosynthesis induces activation of AKT (protein kinase B), leading to activation of E3 ubiquitin
ligase and thus degradation of its substrate proteins.
Conclusion: Protein degradation is regulated by protein biosynthesis.
Significance: This study reveals a novel regulation of protein degradation.

The homeostasis of protein metabolism is maintained and
regulated by the rates of protein biosynthesis anddegradation in
living systems. Alterations of protein degradation may regulate
protein biosynthesis through a feedbackmechanism.Whether a
change in protein biosynthesis modulates protein degradation
has not been reported. In this study, we found that inhibition of
protein biosynthesis induced phosphorylation/activation of
AKT and led to phosphorylation of AKT target substrates,
including FoxO1, GSK3�/�, p70S6K, AS160, and the E3 ubiq-
uitin ligase MDM2. Phosphorylation of ribosomal protein S6
was also modulated by inhibition of protein biosynthesis. The
AKT phosphorylation/activation was mediated mainly through
the PI3K pathway because it was blocked by the PI3K inhibitor
LY294002. The activated AKT phosphorylatedMDM2 at Ser166

and promoted degradation of the tumor suppressor p53. These
findings suggest that inhibition of protein biosynthesis can alter
degradation of some proteins through activation of AKT. This
study reveals a novel regulation of protein degradation and calls
for caution in blocking protein biosynthesis to study the half-life
of proteins.

The most common approach to determine the turnover or
half-life of a protein in cultured cells is to measure the degrada-
tion of the protein after blocking its biosynthesis. Cyclohexi-
mide, a protein synthesis inhibitor that acts specifically on the
60 S subunit of eukaryotic ribosomes (1), is widely used for this
purpose. However, inhibition of protein synthesis also confers
cellular stress. Cells respond to stress in a variety of ways, rang-
ing from activation of survival pathways to initiation of pro-

grammed cell death, eventually eliminating damaged cells.
Whether cells provide a protective or destructive stress
response depends on the nature and duration of the stress as
well as the cell type (2). Treatment of rat hepatocytes or astro-
cytes, human leukocytes, and Burkitt lymphoma cells with
cycloheximide can induce apoptosis (3–5). Whether the
responses of cells to protein synthesis inhibitors alter protein
turnover is not known.
The serine/threonine kinase AKT (transformingmurine ret-

rovirus AKT8-related oncogene), also known as PKB, is a
downstream effector of PI3K/PDK1 (3-phosphoinositide-de-
pendent protein kinase 1) and plays key roles in the regulation
of cell survival, the cell cycle, cell growth, and cell metabolism
(6). AKT is activated through its phosphorylation at Thr308 and
Ser473 (7, 8). There are three isoforms of AKT in mammals,
termed AKT1/PKB�, AKT2/PKB�, and AKT3/PKB�. These
isoforms are products of distinct genes but are highly related,
exhibiting �80% protein sequence homology, and share the
same structural organization (9). However, the AKT isoforms
distribute differently and have different functions despite the
high level of homology. AKT1 is expressed in most tissues;
AKT2 is highly expressed in insulin-responsive tissues, includ-
ing adipose tissue, skeletal muscle, and liver; and AKT3 expres-
sion is prominent in the brain and testes (10). Animal models
deficient in AKT1, AKT2, or AKT3 have indicated that the
three AKT isoforms differ in physiological functions. Mice
lacking AKT1 demonstrate increased perinatal mortality and
reductions in body weight (11, 12). In contrast, AKT2-deficient
mice exhibit a diabetes-like syndrome with an elevated fasting
plasma glucose level, elevated hepatic glucose output, and
peripheral insulin resistance (10, 13). Although the functions of
AKT3 are not well known, AKT3-deficient mice exhibit a
reduction in brain weight resulting from decreases in both cell
size and cell number but maintain normal glucose homeostasis
and body weight (14, 15).
During investigation of the regulation and turnover of AKT,

we observed that inhibition of protein biosynthesis by cyclo-
heximide induced phosphorylation/activation of AKT and
altered its degradation. Furthermore, we found that the degra-
dation of several other proteins was also altered when protein
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biosynthesis was inhibited and that this phenomenon involved
AKT activation.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—LY294002, rapamycin, cyclohexi-
mide, and anti-p53 antibody were products of Sigma-Aldrich.
NSC119889 was purchased from EMD Chemicals. Antibodies
against GAPDH, MDM2 (SMP14), and phospho-MDM2
(Ser166) were products of Santa Cruz Biotechnology. Antibodies
against AKT, phospho-AKT (Ser473 or Thr308), FoxO1, phospho-
FoxO1 (Ser256), GSK3�/�, phospho-GSK3�/� (Ser21/Ser9),
AS160, phospho-AS160 (Thr642), S6, phospho-S6 (Ser235/
Ser236), p70S6K, and phospho-p70S6K (Thr389) were pur-
chased from Cell Signaling Technology.
Cell Culture—The human embryonic kidney cell line HEK-

293FT and the mouse neuroblastoma cell line (N2a) were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, and 100
units/ml streptomycin and incubated in a humidified atmo-
sphere of 5% CO2 at 37 °C.
Plasmid Construction and DNA Mutagenesis—The expres-

sion construct for human AKT1 was generated by RT-PCR
from RNA isolated from normal human neuronal progenitor
cells and confirmed by DNA sequence analysis and was
obtained fromSignalChem (Richmond, BritishColumbia, Can-
ada). AKT tagged with HA was cloned into the pCI-Neo vector
via XhoI and SalI sites. Mutation of Thr308 or Ser473 to Ala in
AKT was achieved using the QuikChange II site-directed
mutagenesis kit (Stratagene) with primers 5�-ggtgccaccatgaag-
Gccttttgcggcacacctg-3� (forward) and 5�-caggtgtgccgcaaaagg-
Ccttcatggtggcacc-3� (reverse) for T308A and 5�-ccacttcccccag-
ttcGcctactcggccagcggc-3� (forward) and 5�-gccgctggccgagtag-
gCgaactgggggaagtgg-3� (reverse) for S473A. The mutations at
Thr308 and Ser473 to Ala (T308A/S473A) were produced by
PCR from the vector pCI-Neo-HA-AKT-T308A with the same
forward primers used for S473A. The mutations were con-
firmed by DNA sequence analysis.
Transfection—All transfections of HEK-293FT cells were

performed with FuGENE 6 (Roche Applied Science) in 12-well
plates. HEK-293FT cells were transfected with 0.5 �g of plas-
mid DNA and 1.5 �l of FuGENE 6 in 50 �l of Opti-MEM I
(Invitrogen) for 16 h and then treatedwith the protein synthesis
inhibitor cycloheximide orNSC119889. LipofectamineTM2000
reagent (Invitrogen) was used for transfection in N2a cells
according to the manufacturer’s instructions.
Cycloheximide Chase Analysis—For cycloheximide chase

analysis, after transfectionwithHA-taggedwild-type ormutant
AKT for 16 h, HEK-293FT cells were incubated with 100 �M

cycloheximide (diluted from a 355.4 mM stock solution in
Me2SO) for various times. Cell lysates were prepared, and the
expression of HA-AKT was analyzed by Western blotting.
Cell Lysis and Western Blotting—Whole cell extracts were

prepared using buffer consisting of 50 mM Tris-HCl (pH 7.4),
150 mM sodium chloride, 1% Nonidet P-40, 0.25% sodium
deoxycholate, 1.0 mM PMSF, and Roche cOmplete mini prote-
ase inhibitor mixture. Protein concentrations of cell lysates
were determined using the Pierce 660nm protein assay reagent
(Thermo Fisher Scientific). Western blotting was carried out

after 10% SDS-PAGE. After incubation with HRP-conjugated
secondary antibodies, the protein-antibody complexes were
visualized using the Pierce ECL Western blotting substrate
(Thermo Scientific Inc.) and exposed to Kodak medical x-ray
film. Specific immunostaining was quantified using the Multi-
Gauge version 3.0 software (Fujifilm).
Statistical Analysis—All experiments were repeated at least

three times. To determine differences between groups, analysis
of variance or Student’s t test was performed, and a p value of
�0.05 was defined to be statistically significant.

RESULTS

Inhibition of Protein Synthesis Promotes Phosphorylation and
Alters Degradation of AKT—When we tried to determine the
half-lives of HA-tagged WT and mutant (T308A/S473A,
T308A, and S473A) AKT by measuring the level of HA-AKT
with anti-HA antibody at various time points after treatment
with the protein synthesis inhibitor cycloheximide at the con-
centration (100 �M) that is used in many studies (16, 17), we
found that AKT with a single mutation (T308A or S473A) was
more stable thanWTAKT,whereas the turnover of theT308A/
S473Amutant wasmore rapid comparedwithWTAKT (Fig. 1,
a–e). To investigate what made such apparent differences in
their turnover, we determined AKT phosphorylation after
cycloheximide treatment because the turnover of some protein
is regulated by phosphorylation. We found that cycloheximide
dramatically induced AKT phosphorylation at Ser473 in HEK-
293FTcells transfectedwithHA-WTAKT(Fig.1a).Phosphory-
lation of AKT at Thr308 was also detected 36 h after the cyclo-
heximide treatment. The same phenomenon was seen for
endogenous AKT when HA-AKT-T308A/S473A, in which no
phosphorylation could occur on residue 308 or 473 of exoge-
nous AKT, was expressed in HEK-293FT cells (Fig. 1b). Phos-
phorylation of AKT at Ser473 and Thr308 was also seen in cells
expressing the AKT single mutant T308A or S473A (Fig. 1, c
and d). Treatment of the cells with various concentrations of
cycloheximide ranging from 0.1 to 300 �M, which covered
almost all of the concentrations used in published studies, indi-
cated a dose-dependent induction of AKT phosphorylation
(Fig. 1f). Dose-dependent inhibition of protein biosynthesis was
also evident, as the total amounts of cellular proteins were
decreased along with increasing concentrations of cyclohexi-
mide (Fig. 1f, lower left panel). Correlation analysis indicated
a strong negative correlation (r � �0.99) between AKT
phosphorylation at Ser473 and the total amounts of cellular
proteins (Fig. 1f, lower right panel), suggesting that AKT
phosphorylation correlates positively with inhibition of pro-
tein biosynthesis.
To investigate whether the AKT phosphorylation we

observed above was the cells’ response to the stress induced by
the transfection reagent FuGENE 6, we studied cycloheximide-
induced AKT phosphorylation in HEK-293FT cells both with
and without FuGENE 6 pretreatment for 16 h. We found that
cycloheximide induced an increase in AKT phosphorylation at
Ser473 under both conditions (Fig. 1g). No phosphorylation of
AKT at Thr308 was detected within 12 h after cycloheximide
treatment. These results suggest that the AKTphosphorylation
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FIGURE 1. Inhibition of protein synthesis induces AKT phosphorylation in HEK-293FT cells. a–d, HEK-293FT cells were transfected with plasmids express-
ing HA-WT AKT (a), HA-AKT-T308A/S473A (HA-AKT-2A) (b), HA-AKT-T308A (c), or HA-AKT-S473A (d) for 16 h, followed by treatment with 100 �M cycloheximide
for the indicated periods of time. The levels and site-specific phosphorylation of AKT in the cell lysates were determined by Western blotting. e, quantification
of AKT levels (HA blots) after normalization with GAPDH. f, upper left panel, after transfection with plasmids expressing HA-WT AKT for 16 h, equal amounts of
HEK-293FT cells were treated with the indicated concentrations of cycloheximide for 3 h. The levels of AKT and its phosphorylation in the cell lysates were
determined by Western blotting. Upper right panel, quantification of AKT phospho-Ser473 blots after normalization with the HA blots. Lower left panel, the total
amounts of cellular proteins were also determined and are presented relative to those of untreated cells. Lower right panel, the linear correlation between AKT
phospho-Ser473 and the total protein amounts is shown. g, HEK-293FT cells with (right panel) or without (left panel) FuGENE 6 pretreatment for 16 h were treated
with 100 �M cycloheximide and harvested at the indicated time points. h, HEK-293FT cells were treated with 50 �M NSC119889 (NSC) for 3 h, and the cell lysates
were analyzed by Western blotting. The experiments were repeated three to four times, and the graphs in e–h are quantifications of the blots and are presented
as means � S.E. *, p � 0.05; **, p � 0.01 versus 0 h or 0 �M controls.
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we observed in HEK-293FT cells was induced by cyclohexi-
mide, rather than by FuGENE 6.
To determine whether the cycloheximide-induced AKT

phosphorylation results from inhibition of protein synthesis,
we treated HEK-293FT cells with NSC119889, another protein
synthesis inhibitor that acts by preventing mRNA-ribosome
interaction and inhibiting 5�-mediated/cap-dependent initia-
tion of protein synthesis (18). A marked increase in AKT phos-
phorylation at Ser473 was also observed (Fig. 1h). Because cyclo-
heximide and NSC119889 are two structurally different
compounds and inhibit protein synthesis through different
mechanisms, our results suggest that inhibition of protein syn-
thesis induces AKT phosphorylation.
We also investigated the effect of protein synthesis inhibition

on AKT phosphorylation in mouse neuroblastoma N2a cells.
We found that, as in HEK-293FT cells, inhibition of protein
synthesis in N2a cells by either cycloheximide or NSC119889
promoted Ser473 phosphorylation of both endogenous AKT
(Fig. 2a) and transfected AKT (Fig. 2b). AKT phosphorylation
at Thr308 was also seen as early as 3 h after the treatments with
the inhibitors in N2a cells. Taken together, these data suggest
that inhibition of protein synthesis induces AKT phosphory-
lation, which does not appear to be a cell type-specific
phenomenon.
AKT Phosphorylation Mediated by Inhibition of Protein Syn-

thesis Leads to Phosphorylation of Multiple AKT Substrates—
AKT is activated through its phosphorylation at Thr308 and
Ser473 in response to various stimuli or stresses (19). To study
whether protein synthesis inhibition-induced phosphorylation
of AKT indeed leads to activation of its kinase activity, wemea-
sured phosphorylation of several well known AKT substrates,
including AKT1 downstream substrates FoxO1, GSK3�/�,
p70S6K, and ribosomal protein S6 and the AKT2 downstream
substrate AS160. We found that treatment of the WT AKT-
expressing HEK-293FT cells with cycloheximide resulted in a
marked increase in phosphorylation of both the AKT1 and
AKT2 substrates (Fig. 3a). To determine whether these sub-

strates are also phosphorylated by endogenous AKT under
these conditions, we treated the untransfected HEK-293FT
cells with cycloheximide and found a similar increase in phos-
phorylation of all of the AKT substrates studied (Fig. 3b).When
the cells were treated with NSC119889, a marked increase in
phosphorylation of FoxO1, p70S6K, and AS160, but not of
GSK3�/�, was observed (Fig. 1c). In contrast, phosphorylation
of ribosomal protein S6 was significantly decreased with
NSC119889 treatment. Taken together, these results indicate
that inhibition of protein synthesis induces both phosphoryla-
tion and activation of AKT and that this phenomenon is not
AKT isoform-dependent.
Inhibition of Protein Synthesis Induces AKTPhosphorylation/

ActivationMainly through the PI3K/PDK1 Pathway—AKT can
be activated through phosphorylation at Thr308 and/or Ser473

by its upstream kinases, i.e. PI3K/PDK1 ormTORC2 (mamma-
lian target of rapamycin complex 2) (7, 20). To investigate
through which upstream pathway the protein synthesis inhibi-
tors induce AKT phosphorylation/activation, we treated cul-
tured cells with cycloheximide in the presence of LY294002, a
selective inhibitor of PI3K, or rapamycin, an inhibitor of
mTOR.Weobserved that 10�MLY294002,which is commonly
used for selective inhibition of PI3K (21, 22), not only blocked
the cycloheximide-induced AKT Ser473 phosphorylation but
also blocked basal phosphorylation (Fig. 4, a and b), suggesting
that cycloheximide-induced AKT phosphorylation/activation
in HEK-293FT cells is mediated mainly through the PI3K/
PDK1 pathway.
Treatment of HEK-293FT cells with 100 nM rapamycin for

24 h inhibited AKT Ser473 phosphorylation, but treatment for
3 h instead increasedAKT Ser473 phosphorylation (Fig. 4, a and
b). The latter might have resulted from the known rapamycin-
induced feedback activation of PI3K/PDK1 (8, 23, 24). Cyclo-
heximide-induced AKT Ser473 phosphorylation was also inhib-
ited by rapamycin at 24 h post-treatment. Additive effects were
seen when both LY294002 and rapamycin were used. Similar
results were seen in HEK-293FT cells transfected with WT
AKT (Fig. 4c). As cycloheximide did not induce detectable
phosphorylation of AKT at Thr308 during 24 h of treatment
(Fig. 1a), phosphorylation at this site could not be studied here.
Taken together, these results suggest that inhibition of protein
synthesis induces AKT phosphorylation/activation mainly
through the PI3K/PDK1 pathway, but the mTOR pathway
could also play a minor role.
Inhibition of Protein Synthesis Induces Activation of the E3

Ubiquitin Ligase MDM2 and Degradation of Its Substrate
Proteins—Most cellular proteins are degraded through the
ubiquitin-proteasome system, in which the E3 ubiquitin ligases
are critical. MDM2 is an E3 ligase and is known to be regulated
by AKT (25, 26). Phosphorylation of MDM2 by activated AKT
at Ser166 and Ser186 activates MDM2 and promotes its nuclear
entry (25, 26). To determine whether cycloheximide treatment
increases MDM2 phosphorylation via AKT activation, we
treated HEK-293FT cells transfected with HA-WT AKT with
cycloheximide and observed time-dependent increases in
phosphorylation of both AKT at Ser473 and MDM2 at Ser166

(Fig. 5, a–c). The cycloheximide-induced phosphorylation of

FIGURE 2. Inhibition of protein synthesis induces AKT phosphorylation in
N2a cells. Untransfected N2a cells (a, upper panel) or N2a cells transfected
with HA-tagged WT AKT for 16 h (b, upper panel) were treated with 100 �M

cycloheximide (CHX) or 50 �M NSC119889 (NSC), and the cells were then har-
vested at the indicated time points. The levels and site-specific phosphory-
lation of AKT in the cell lysates were determined by Western blotting. The
lower panels show quantifications of the blots. Con, control. *, p � 0.05; **, p �
0.01 versus 0 h controls.
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both proteins could be blocked by the PI3K inhibitor LY294002
(20 �M).
The tumor suppressor p53 is a known substrate of MDM2,

andMDM2 plays a central role in p53 ubiquitination and rapid
degradation by the 26 S proteasome (27, 28). To study whether
cycloheximide-induced phosphorylation/activation of MDM2
leads to p53 degradation, we determined the p53 level and
found a rapid decrease in the p53 level (Fig. 5d) along with
phosphorylation/activation of AKT and MDM2 (Fig. 5, a–c).
This decrease was not the consequence of merely protein syn-
thesis inhibition by cycloheximide because inhibition of AKT
andMDM2 phosphorylation with LY294002 in the presence of
cycloheximide completely blocked the p53 reduction (Fig. 5d).
Because the level of AKT and MDM2 was also decreased after
cycloheximide treatment for 60–120 min, which is consistent
with self-ubiquitination and degradation upon their activation
(29), the total phosphorylated MDM2 and AKT decreased
slightly after those time points (Fig. 5, a and b). However, after
normalization with the corresponding protein level, clear time-
dependent increases in phosphorylation of these two proteins
were seen with the cycloheximide treatments (Fig. 5, a and c).
These data indicate that inhibition of protein synthesis can alter
the degradation of some proteins via activation of AKT and its
downstream E3 ligase.

DISCUSSION

The homeostasis of protein metabolism is maintained and
regulated by the rates of protein biosynthesis and degradation
in living system. In some cases, alterations of protein degrada-
tion regulate protein biosynthesis through a feedback mecha-
nism.Whether a change in protein biosynthesismodulates pro-
tein degradation has not been reported. In this study, we found
that inhibition of protein synthesis by cycloheximide or
NSC119889 induced AKT phosphorylation/activation mainly
through the PI3K pathway. AKT signaling regulates many
aspects of biological functions, including cell survival, prolifer-
ation, metabolism, migration, and metastasis. Activated AKT
can phosphorylate the E3 ubiquitin ligaseMDM2 and promote
MDM2 nuclear entry and p53 degradation via the ubiquitin-
proteasome pathway (25, 26).We thus postulate that cyclohex-
imide alters protein turnover via activation of AKT and its
downstream substrates, including MDM2. Our results show
the increased degradation of two proteins (MDM2 and p53)
when protein biosynthesis was inhibited with cycloheximide or
NSC119889.
Accumulating evidence has shown thatAKTcanbe activated

by various cellular stresses, such as heat, oxidative stress, hyper-
osmotic stress, and sodium arsenite (30). AKT contains a PH

FIGURE 3. Inhibition of protein synthesis induces phosphorylation of AKT substrates. a, upper panel, HEK-293FT cells were transfected with HA-WT AKT for
16 h, followed by treatment with 100 �M cycloheximide (CHX) for 3 h. The levels and phosphorylation of AKT and its substrates were analyzed by Western
blotting. b and c, upper panels, HEK-293FT cells were treated with 100 �M cycloheximide (b) or 50 �M NSC119889 (NSC; c) for the indicated periods of time, and
the cell lysates were analyzed. The lower panels show the densitometric quantification (mean � S.D.) of the phosphorylation of individual AKT substrates
calculated after being normalized to the levels of the corresponding proteins. Con, control. *, p � 0.05; **, p � 0.01 versus 0-h controls.
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(pleckstrin homology) domain that binds to phosphatidylinosi-
tol 3,4,5-triphosphate with high affinity. Once at the correct
position in the plasmamembrane, AKT can be phosphorylated
by PDK1mainly at Thr308 (7) and bymTORC2mainly at Ser473
(8). In this study, we found that the cellular stress of protein
biosynthesis inhibition activatedAKT.As the phosphorylation/
activation ofAKTwas completely blocked by thePI3K inhibitor
LY294002 and was also partially affected by themTORC inhib-
itor rapamycin, we conclude that the protein biosynthesis inhi-
bition-induced AKT phosphorylation/activation is mediated
mainly through the PI3K pathway. Consistent with our obser-
vations, Hemi et al. (19) reported that translational inhibitors
activate the transactivation of ErbB2/ErbB2 receptors, leading
to activation of the PI3K-regulated pathway. AKT activation is
also induced by oxidative stress via the EGF receptor/PI3K
pathway (30).
Inhibition of protein synthesis has been shown to be protec-

tive in various apoptosis models (31, 32). We speculate that
AKT phosphorylation/activation under this condition might
underlie this protective role because AKT signaling is anti-apo-
ptotic (33). Activated AKT can phosphorylate and inactivate
the pro-apoptotic proteins Bad and caspase-9 (34–36), leading
to inhibition of apoptosis and promotion of cell survival.
The AKT kinase family includes three highly homologous

isoforms: AKT1, AKT2, and AKT3. The development of AKT
isoform-specific null mice has proven a functional diversity of
AKT isoforms in physiology and in disease, although they have
overlapping functions. In this study, we observed increased

phosphorylation of bothAKT1 andAKT2 substrateswhen pro-
tein synthesis was inhibited. These results suggest that protein
synthesis inhibition-induced phosphorylation/activation of
AKT may not be AKT isoform-dependent.
Rapamycin is a potent inhibitor of mTORC1 (37). We

observed that treatment of HEK-293FT cells with rapamycin
for 24 h partially inhibited protein synthesis inhibition-induced
phosphorylation/activation of AKT, which is consistent with
previous studies showing that prolonged rapamycin treatment
also inhibits mTORC2 and AKT/PKB (38). Interestingly, we
observed AKT activation after treatment of cells with rapamy-
cin for 3 h. This short-term phenomenon could bemediated by
feedback activation of AKT signaling through an insulin-like
growth factor-1 receptor mechanism (8, 23, 24).
Ubiquitination of proteins occurs through three steps that

require ubiquitin-activating enzyme (E1), ubiquitin-conjugat-
ing enzymes (E2), and ubiquitin ligases (E3) (39, 40). Ubiquitin
itself contains seven lysine residues, and each of these can be
further conjugated to the C terminus of another ubiquitin to
form a polyubiquitin chain (41). As the three-step process

FIGURE 4. LY294002 and rapamycin inhibit AKT phosphorylation
induced by cycloheximide. a, HEK-293FT cells were treated with 100 �M

cycloheximide (CHX), 10 �M LY294002 (LY), or 100 nM rapamycin (Rap) alone
or in combination for 3 or 24 h, followed by analysis of the levels and phos-
phorylation of AKT by Western blotting. The GAPDH blot was included as a
loading control. b, quantification of the blots shown in a. The relative AKT
phosphorylation (mean � S.E.) after being normalized to the total AKT levels
is shown. c, HEK-293FT cells transfected with WT AKT for 16 h were treated
with cycloheximide, LY294002, or rapamycin for 3 or 24 h, followed by anal-
ysis of the levels and phosphorylation of AKT by Western blotting. exp, expo-
sure; Con, control. *, p � 0.05; **, p � 0.01.

FIGURE 5. Cycloheximide induces p53 turnover through activation of
AKT. a, HEK-293FT cells were pretreated with or without 20 �M LY294002 for
1 h, followed by treatment with 100 �M cycloheximide for the indicated peri-
ods of time. The cell lysates were then analyzed by Western blotting. b and c,
quantification of the blots shown in a (left panel) in the absence of LY294002.
d, quantification of p53 levels. The data are representative of three indepen-
dent experiments with similar results.
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advances, specificity increases: E1 interacts with all E2
enzymes, which then interact with a more limited subset of E3
enzymes. Each E3 in turn targets only a limited array of protein
substrates based on a shared recognition motif within the pro-
teins to be labeled. This enables the ubiquitination-proteasome
pathway to be specific in the selection of the proteins to be
labeled (42). The human proteome contains two ubiquitin E1
enzymes, �50 E2 enzymes, and 600 E3 enzymes (43). It is the
specificity of the E3 enzyme that determines which proteins in
the cell are to bemarked for destruction in the proteasome (43).
Although MDM2 originally functions as an E3 ligase to

degrade p53 (44–46), MDM2 also targets other proteins, such
as the androgen receptor (47) and Numb (a protein that plays
an important role in specifying cell fate during development)
(48, 49), for ubiquitination and degradation. Because we
observed an increase in the phosphorylation/activation of
MDM2 despite its elevated degradation after treatment of cells
with cycloheximide, we speculate the altered degradation or
half-lives of the proteins that are substrates of MDM2, when
protein biosynthesis is inhibited.
Activation of AKT in response to inhibition of protein syn-

thesis could alter degradation of other cellular proteins. It has
been reported that activated AKT phosphorylates a deubiquiti-
nating enzyme called USP8 at Thr907, resulting in its activation
and stabilization, which in turn stabilizes the ubiquitin ligase
Nrdp1 and promotes degradation of the growth factor receptor
ErbB3 (50). ActivatedAKT1, but notAKT2, phosphorylates the
ubiquitin ligase Skp2 at Ser72 and protects it from Cdh1-medi-
ated degradation through disruption of the interaction between
Skp2 and its E3 ligase Cdh1 (51). Importantly, the E3 ubiquitin
ligase Skp2 targets a growing number of proteins, including the
transcription factors E2F-1 (52) and c-Myc (53, 54), the Cdk
inhibitors p21Cip1 (55) and p27Kip1 (56), and the Forkhead tran-
scription factor FoxO1 (57). Collectively, inhibition of protein
synthesis may alter turnover of many proteins via activation of
AKT and its downstream ubiquitin ligases.
Our observations of increased p53 degradation with cyclo-

heximide treatment are consistent with a previous study show-
ing that the chemopreventive agent apigenin inhibits ubiquiti-
nation of p53 and increases its stability (58). Apigenin can
actually lead to a dose- and time-dependent decrease in AKT
phosphorylation at Ser473 (59). In light of our observations, api-
genin-induced AKT inhibition may underlie the apigenin-me-
diated p53 stabilization. AKT activation also promotes protea-
some-dependent degradation of the AKT substrates tuberin,
FoxO1, and FoxO3a (60).
It is worth noting that inhibition of protein biosynthesis by

either cycloheximide or NSC119889 increased phosphoryla-
tion of AKT and its substrates FoxO1, p70S6K, and AS160.
However, cycloheximide, but not NSC119889, led to increased
phosphorylation of GSK3�/� and S6. The exact mechanism
leading to these differential consequenceswith these two inhib-
itors remains to be investigated. These observations suggest
that besides inhibition of protein biosynthesis, NSC119889
might have an additional activity that would stimulate other
signaling pathways and in turn counteract the AKT-induced
phosphorylation ofGSK3�/� and S6when protein biosynthesis

is inhibited. This additional activity might also affect turnover
of some proteins.
A common approach to determine a protein’s half-life is to

measure the remaining amount of the protein throughout a
period of time after new protein biosynthesis is completely
blocked. Cycloheximide is most commonly used for this pur-
pose in biological research. It blocks protein synthesis through
interfering with the translocation step (movement of two tRNA
molecules and mRNA in relation to the ribosome) and thus
blocking translation elongation (61). Our results indicate that
inhibition of protein synthesis, such as with cycloheximide,
alters turnover of some proteins via activation of AKT. There-
fore, for determination of the half-lives of these affected pro-
teins, the approach using protein synthesis inhibitors should be
avoided. Pulse-chase radiolabeling analysis, which does not
require inhibition of protein biosynthesis, should be used
instead.
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