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Background: After activation by phosphorylation, phospho-AKT (pAKT) is translocated to nucleus.
Results: Ubiquitination of pAKT by NEDD4-1 is coupled to AKT activation at the plasma membrane by insulin-like growth

factor (IGF)-1, which promotes pAKT nuclear trafficking.

Conclusion: NEDD4-1 is an E3 ligase for pAKT specifically involved in pAKT nuclear trafficking in IGF-1 signaling.
Significance: AKT activation and proper subcellular localization requires specific E3 ligases in a ligand-specific manner.

AKT is a critical effector kinase downstream of the PI3K path-
way that regulates a plethora of cellular processes including cell
growth, death, differentiation, and migration. Mechanisms
underlying activated phospho-AKT (pAKT) translocation to its
action sites remain unclear. Here we show that NEDD4-1 is a
novel E3 ligase that specifically regulates ubiquitin-dependent
trafficking of pAKT in insulin-like growth factor (IGF)-1 signal-
ing. NEDD4-1 physically interacts with AKT and promotes
HECT domain-dependent ubiquitination of exogenous and
endogenous AKT. NEDD4-1 catalyzes K63-type polyubiquitin
chain formation on AKT in vitro. Plasma membrane binding is
the key step for AKT ubiquitination by NEDD4-1 in vivo. Ubiq-
uitinated pAKT translocates to perinuclear regions, where it is
released into the cytoplasm, imported into the nucleus, or coupled
with proteasomal degradation. IGF-1 signaling specifically stimu-
lates NEDD4-1-mediated ubiquitination of pAKT, without alter-
ing total AKT ubiquitination. A cancer-derived plasma mem-
brane-philic mutant AKT(E17K) is more effectively ubiquitinated
by NEDD4-1 and more efficiently trafficked into the nucleus com-
pared with wild type AKT. This study reveals a novel mechanism by
which a specific E3 ligase is required for ubiquitin-dependent con-
trol of pAKT dynamics in a ligand-specific manner.

AKT is a major effector kinase relaying signaling events
downstream of the PI3K pathway (1). Deregulated AKT activa-
tion inhibits apoptosis and promotes cancerous growth and
invasion (2). Upon ligand binding to receptor tyrosine kinases
or G protein-coupled receptors, AKT activation is initiated by
membrane recruitment, via interaction of its PH* domain with
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the phospholipid PIP;. This is followed by sequential phospho-
rylation at threonine 308 (Thr*°®) by PDK-1 and serine 473
(Ser*”?) by mammalian target of rapamycin complex 2
(mTORC?2) (3, 4). Phosphorylated AKT translocates from the
plasma membrane to intracellular compartments, including
the cytoplasm and nucleus where it phosphorylates substrates.
Negative regulation of AKT activation is achieved via two
mechanisms that operate at the plasma membrane: PTEN-me-
diated dephosphorylation of PIP; and PHLPP- or PP2A-medi-
ated dephosphorylation of pAKT (5, 6). However, the mecha-
nisms underlying trafficking of the active form of AKT to its
action sites remain unknown.

The Nedd4 E3 ligase appears to play multiple roles in IGF-1
signaling because it interacts with multiple IGF1R/PI3K signal-
ing components. The C2-domain of NEDD4-1 interacts with
the Src homology 2-domain of Grb10«, whereas the BPS
domain of Grb10w« interacts with IGF1R upon ligand binding.
This Grb10-mediated interaction negatively regulates IGFIR
signaling by promoting Nedd4-dependent IGF1R endocytosis
(7). Consistent with this notion, disruption of the maternal
Grb10 allele (expression of maternal allele Grb10 predomi-
nates, whereas the paternal allele is imprinted and expressed at
low levels) in peripheral tissue causes insulin sensitivity in vivo
and increases body weight and size of Grb10 knock-out mice
(8). On the other hand, NEDD4-1 was identified as a PTEN E3
ligase through biochemical purification (9). Ubiquitination by
NEDD4-1 has multifold effects on PTEN protein, including
reduced stability, inhibition of lipid phosphatase activity, and
nuclear translocation in cell culture (9 -13). The HECT domain
of NEDD4-1 can interact with the N-terminal region of PTEN
and mediate PTEN ubiquitination (14), a similar substrate rec-
ognition mechanism employed by Rsp5, the only orthologue of
NEDD4-1 in yeast (15). PTEN ubiquitination by NEDD4-1 is
facilitated by NEDD4 —linteracting protein Ndfip1 in neurons
of ischemic mice (16), or inhibited by PTEN-binding protein
RAK tyrosine kinase in breast cancer (10). However, the role of
PTEN regulation by Nedd4 in IGF1 signaling has proved elusive

phosphatase and tensin homolog deleted on chromosome 10; MEF,
mouse embryonic fibroblast; DN, dominant-negative.
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because PTEN protein levels are not altered in Nedd4 knock-
out mouse embryonic fibroblasts (MEFs) (17, 18). In this report,
we describe evidence demonstrating that AKT is a new sub-
strate for NEDD4-1 E3 ligase, and AKT ubiquitination by
NEDDA4-1 positively regulating nuclear trafficking of the acti-
vated form of AKT.

EXPERIMENTAL PROCEDURES

Cell Culture, Chemicals and Treatment—MCF-7, HeLa, and
Nedd4"’™", and Nedd4 "/~ primary MEFs (from Dr. Baoli Yang
at Carver College of Medicine, University of lowa, Iowa City, IA
52242) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum
(FCS, Atlanta Biologicals, Inc., GA) and antibiotics. Transfec-
tion was carried out with Lipofectamine™ 2000 (Invitrogen).
Protein phosphatase inhibitors (number P5726, mixture II, and
number P2850, mixture I), insulin-like growth factor 1 (IGF-1)
(number 18779), and epoxomicin (number E3652) were pur-
chased from Sigma. Proteasome inhibitor MG-132 was pur-
chased from Calbiochem (number 474790). IGF-1 treatment
was carried out at 100 ng/ml for different periods of time after
cells were starved with serum-free medium for 4 h. MG132
treatment was carried out at 25 um for 4 h.

Plasmids—NEDD4-1 expression plasmids including
pcDNA3.1-dHA-NEDD4-1, pcDNA3.1-AC2-NEDD4-1, and
pcDNA3.1NEDD4-1C867S were obtained from Dr. Xuejun Jiang,
Memorial Sloan-Kettering Cancer Center. pcDNA3.1-HA-AKT1
was subcloned from pBabe-puro-AKT1 (from Dr. Qingbai She,
University of Kentucky) with BamHI and EcoRI. AKT point
mutants including pcDNA3.1-HA-AKT1T308A, pcDNA3.1-
HA-AKT1S473A and pcDNA3.1-HA-AKT1T308A/T473A,
pcDNA3.1-HA-AKT1E17K, and pcDNA3.0-CA-AKT1K179M
were generated by site-directed mutagenesis and con-
firmed by direct sequencing. Constitutive AKT (CA-AKT]1,
pcDNA3-HA-myr-dell-130AKT1) and dominant-negative
AKT (DN-AKT1, pcDNA3-HA-AKT1K179M) were obtained
from Dr. Joan Massague, Memorial Sloan-Kettering Cancer Cen-
ter. His-ubiquitin plasmid (pMT107) was originally generated in
the laboratory of Dr. Bohmann (19) and obtained from Dr. Hui-
Kuan Lin, University of Texas M.D. Anderson Cancer Center.

Antibodies—Rabbit polyclonal AKT (catalog number
9272), rabbit monoclonal pAKT473 (catalog number 4060),
pAKTT308 (rabbit monoclonal, catalog number 4056), and
rabbit monoclonal PARP (catalog number 9532) were pur-
chased from Cell Signaling Technology. Rabbit polyclonal
NEDD4 antibody (catalog number 07-049) was purchased from
Millipore. Lamin B1 (catalog number ZL-5) and integrin « (cat-
alog number sc-271034) were purchased from Santa Cruz Bio-
technology. y-Tubulin (catalog number T6557), a-tubulin (cat-
alog number T9026), and a-actin (catalog number A2066) were
purchased from Sigma. Monoclonal anti-HA antibody was pur-
chased from Covance (HA.11 Clone 16B12). Mouse GFP antibody
was obtained Roche (catalog number 11814460001, a mixture of
7.1and 13.1).

Cytoplasmic and Nuclear Fractionation with Nonidet P-40
Detergent Containing Buffer—Cytosolic and nuclear fraction-
ation was carried out as follows: 0.5-2 X 10° cells were washed
once with 10 ml of Tris-buffered saline and then pelleted by
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centrifugation at 500 X g for 5 min. The cell pellets were resus-
pended in 200-400 ul of buffer A (10 mm HEPES, pH 7.9, 10
mwm KCl supplemented with protease inhibitors) and incubated
on ice for 15 min. The cytosolic fraction was released by a 10-s
vortexing immediately after adding 10% Nonidet P-40 to a final
concentration of 0.625%, and recovered by a 30-s centrifugation
at 10,000 X gat 4 °C. Nuclear pellets were washed once with 1
ml of buffer A, prior to addition of the same volume of buffer A
containing 0.5% SDS. After boiling the sample for 10 min, the
nuclear fraction was recovered by centrifugation for 10 min at
room temperature. This method allowed separation of cellular
proteins into two fractions: the Nonidet P-40-insoluble fraction
or nuclear fraction containing proteins from the nucleoplasm
and nuclear membrane and the Nonidet P-40-soluble fraction
containing proteins from the cytosol and plasma membrane as
judged by marker proteins of plasma membrane-bound integ-
rin a, cytosolic B-actin, nuclear membrane-bound lamin B, and
nucleoplasmic PARP as shown in supplemental Fig. S1.

In Vivo AKT Ubiquitination—MCEF7 cells were plated at a
density of 10 X 10° cells per 6-cm plate. Transfection with
Lipofectamine 2000 (Invitrogen, catalog number 11668-019)
was carried out 18 h after cell plating. Each plate was trans-
fected with 0.5 ug of His-Ub, different amounts of NEDD4-1
plasmids, different amounts of AKT plasmids, or 4 ul of 20 um
control siRNA (Dharmacon, ON_TARGET SMART pool siCon-
trol catalog number L-001816-10) or siRNA for NEDD4-1
(Dharmacon, ON_TARGET SMART pool NEDD4-1 catalog
number L-007178-00). Cells were treated with or without
MG@G132 at 25 uM for 4 h before cytosolic fractions were pre-
pared as described above. Cellular proteins were fractionated
by 0.625% of Nonidet P-40-containing Tris-buffered saline into
soluble cytosolic and insoluble nuclear fractions. To the Non-
idet P-40-insoluble fraction, 300 wl of urea buffer A (8 M urea,
0.1 m phosphate, 0.01 M Tris, pH, 8.0, 15 mm imidazole, 0.2%
Triton X-100) was added and the lysates were sonicated using a
Bioruptor UCD-200TM-EX (Tosho DENKI Co., Ltd.). After
centrifugation for 10 min at 17,000 X g, the supernatants were
collected and transferred to tubes with 15 ul of Dynabeads
slurry (Invitrogen, catalog number 101.3D, Dynabeads His-tag
Isolation and Purification) pre-washed twice with urea buffer A
for 30 min at room temperature with rotation. After two washes
with 1 ml of urea buffer A, the beads were further washed once
with buffer B (buffer B: 20 mm Tris, pH 6.3, 25 mMm imidazole,
0.2% Triton X-100). The His-tagged proteins were then
released by boiling the beads for 10 min in 30 ul of 2X SDS-
PAGE sample buffer containing 200 mMm imidazole. The sam-
ples were then loaded on an 8% SDS-PAGE gel and subjected to
Western blotting for AKT or pAKT/473 with specific antibod-
ies. For in vivo pAKT ubiquitination assays, cells were directly
lysed in the plate and collected with 100 ul of 9 M urea buffer A.
The lysate (~300 wl) was sonicated using a Bioruptor for 10
min, followed by a 10-min centrifugation at 22,000 X g in a
microcentrifuge. Fifty ul of the supernatant was saved for direct
Western blotting and the rest was used for His-tag pulldown
analysis as described above.

Cellular Fractionation—The whole procedure was carried
out on ice and samples were quick-frozen in liquid nitrogen and
stored at —80 °C. Three 10-cm plates of MCE-7 cells at 40 —60%
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confluence or six 10-cm plates of Nedd4™'* or Nedd4 '~
MEFs at 60% confluence were washed once with cold PBS, col-
lected using a cell lifter, and centrifuged at 10,000 X g at 4 °C;
the cell pellet sizes were ~100 ul for MCEF-7 cells and 50 ul for
MEFs. Cells were resuspended in 9 volumes of hypotonic buffer
A (20 mm HEPES, pH 7.5, 0.1 mm EDTA, 0.1 mm EGTA, 1 mMm
DTT, 200 mM sucrose and proteinase inhibitor mixture) and
subjected to three freeze-thaw cycles in liquid nitrogen and a
30 °C water bath. Following centrifugation at 4 °C, 10,000 x g for
10 s, cells were passed through a 27-gauge 1%4 needle and sam-
ples were frozen in liquid nitrogen. The nuclear fraction was
obtained from thawed samples by centrifugation at 1000 X g for
10 min. Supernatants (S1) were centrifuged at 200,000 X g for
1 h at 4°C in a Beckman Ultracentrifuge (Beckman TL-100
Ultracentrifuge). The supernatant from this step was stored at
—80 °C as the cytoplasmic fraction (5200) and the pellet (P200)
was frozen in liquid nitrogen as the plasma membrane fraction,
after two washes with 1 ml of hypotonic buffer and centrifuga-
tion at 16,000 X g for 1 min. To process the nuclear fraction
(P1), the nuclear pellets were washed twice with 200 ul of hypo-
tonic (sucrose) buffer containing protease inhibitor mixtures
(Sigma) and phosphatase inhibitor mixtures (Sigma). The sol-
uble nuclear fraction (P1S) was obtained by extracting the
nuclei with 4 pellet volumes of nuclear extraction buffer (20 mm
HEPES, pH 7.5, 500 mMm NaCl containing protease and phos-
phatase inhibitor mixtures). The pellets after the nuclear
extraction were washed twice with 1 ml of nuclear extraction
buffer and frozen in liquid nitrogen. Sample preparation for
direct Western blot analysis and the His-tag pulldown assay
was as follows: the P200 fractions were resuspended in 5 pellet
volumes of urea buffer A by vortexing and then sonication for 5
min using a Bioruptor UCD-200TM-EX. The P1P fraction was
resuspended in 5 pellet volumes of urea buffer A followed by
freeze thawing 3 times at 30 °C and sonication for 10 min using
a Bioruptor UCD-200TM-EX.

Immunofluorescence Microscopy—MEFs (wild type or
Nedd4-null) were plated on coverslips, starved with serum-free
medium for 4 h, and then treated with 25 um MG132 for 4 h or
IGF-1 at 100 ng/ml for 60 min. Cells were then fixed with pre-
cooled MeOH on ice for 20 min, followed by ice-cold acetone
for 30 s and washes in PBS. For immunostaining, the coverslips
were washed with PBST (PBS, 0.1% Triton X-100), followed by
blocking with 3% BSA(PBT) at RT for 30 min. Cells were incu-
bated with primary antibodies for pAKT (Cell Signaling D9E),
diluted in 3% BSA-PBST or AKT (Cell Signaling number 9272)
at 1:100 for 1 h at 37 °C. After three washes with PBST, cells
were incubated with secondary antibody, goat anti-rabbit Alexa
488 at 1:1000 in 3% BSA-PBST. Nuclei were stained with 0.5
pg/ml of DAPI (PBST) at RT for 8 min. After washing with
PBST at RT for 10 min, coverslips were mounted with Aqua
Polymount (Polysciences, Inc., Warrington, PA) and viewed
with a Zeiss Axioskop epifluorescence microscope using a X40
objective lens. Images were obtained with a Hamamatsu C7780
digital camera.

Co-immunoprecipitation of NEDD4-1 with AKT—MCE-7
cells in a 10-cm plate were transfected with or without
pCDNA3.1-dHA-NEDD4 -1 plasmid and Lipofectamine
(Invitrogen, catalog number 11668-019). Cell lysates were pre-
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pared 24 h later with 400 ul of co-immunoprecipitation lysis
buffer (phosphate-buffered saline, pH 7.4, containing 20% glyc-
erol, 10 mum dithiothreitol, and 1 mm r-dodecyl-B-p-maltopy-
ranoside, 10 mm imidazole, 10 mm NaF, 2 mm Na;VO,, protein-
ase inhibitor mixture, 0.4 mm PMSF). The lysates were frozen in
liquid nitrogen before processing. The frozen samples were
thawed in a 30 °C water bath, vortexed for 20 s, and cooled
down in ice for 10 min followed by centrifugation at 16,000 X g
at 4 °C for 3 min. The supernatants (300 g of total proteins)
were used to incubate with an anti-HA antibody (mouse mono-
clonal 16B12, Covance, 5 ul/sample) or mouse IgG (Santa Cruz
Biotechnology, sc-2025) in 400 ul of co-immunoprecipitation
lysis buffer in 0.5-ml tubes for 60 min at 4 °C. The protein G
DYNA beads (50 ul slurry for each sample) were washed twice
with 1 ml of blocking buffer (PBS, 10% glycerol, 0.5% BSA) then
incubated with blocking buffer for 60 min at 4 °C. Then, the
lysates after antibody incubation were transferred to BSA-
blocked protein G DYNA beads and further incubated at 4 °C
for 1 h. After two washes with co-immunoprecipitation lysis
buffer for 2 times with 1.2 ml of lysis buffer, the proteins bound
to beads were released by boiling the beads in 35 ul of 2X
SDS-PAGE sample buffer for 10 min, and AKT and
HA-NEDDA4-1 were detected by Western blot analysis.

In Vitro Ubiquitination of AKT—The reaction was carried
out at 30 °C for 3 h in a volume of 40 ul containing 40 mm
Tris-HCL, pH 7.5, 2 mm DTT, 5 mm MgCl,, 40 um ubiquitin, 50
nMm hE1, 200-600 nm UbCH5¢, 5 mm ATP (Sigma; catalog
number A-7699), and 20 ul of AKT produced by the TNT-cou-
pled wheat germ extract system (Promega catalog number
L4140) with pET28-AKT1 followed by His-tag affinity purifica-
tion and the indicated amounts of purified rINEDD4-1 from
baculovirus-infected insect cells. The reaction was then
stopped by adding 7 ul of 4X SDS-PAGE sample buffer and
boiling for 5 min. The samples were then resolved by SDS-8%
PAGE and the ubiquitinated AKT species were detected by
smearing the patterns of AKT on Western blots (rabbit poly-
clonal AKT antibody from Cell Signaling, catalog number
9272). For the experiment to compare AKT ubiquitination pat-
terns with wild type, K63-only, K48-only, or lysineless KO ubiq-
uitins (Boston Biochem), 500 nm NEDD4-1, and 10 nm AKT
proteins were used in 30-pul reactions. The AKT proteins were
purified by two-step purification of Rosetta (DE3)pLysS (Nova-
gen)-expressed His-tagged AKT with a nickel-resin column fol-
lowed by gel purification on an 8% native polyacrylamide gel.

Cell Growth Measurement—The wild type or Nedd4-knock-
out MEFs were seeded in a 96-well plate at 1500 cells/well.
Twenty-four h later, the medium was aspirated and the plate
was washed once with PBS. Then 100 ul of DMEM comple-
mented with 1% fetal bovine serum with or without 100 ng/ml
of mouse IGF-1 was added to each well. The medium and the
IGF-1 were changed every day. The cell numbers were quanti-
fied using Cell Counting Kit-8 (CCK-8) (Dojindo Molecular
Technologies, INC., Rockville, MD). Briefly, 5 ul of CCK-8 rea-
gent was added to each well at the indicated time points fol-
lowed by incubation for 2 h in the incubator. Then the absorb-
ance at 450 nm of the metabolized CCK-8 product was read on
a BioTek Synery2 microplate reader. The growth rates were
normalized on readings from different treatment at 0 h.
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Cycloheximide Chase Experiment—The wild type or Nedd4-
knock-out MEFs (50-80% confluence in 60-mm plates) were
starved in serum-free DMEM for 4 h after washing once with
PBS. Then the medium was replaced with 200 ul of DMEM
containing 100 ng/ml of IGF-1 and incubated in a 37 °C incu-
bator for 6 min. Then the cells were washed twice with 4 ml of
PBS and cultured in 2 ml of serum-free DMEM containing 50
png/ml of cycloheximide at 37 °C in an incubator for 0.5, 1, 2,
and 5 h before harvest. The cells were washed with cold PBS and
lysed with 9 M urea buffer (9 M urea, 0.1 M phosphate, 0.01 M
Tris, pH 8.0, 15 mm imidazole, 10 mm NaF, 2 mm NagVO,, 0.2%
Triton X-100). Then the cell lysate was collected with a cell
lifter and transferred to Eppendorf tubes and frozen down in
liquid nitrogen. After harvesting all samples, cell lysates were
freeze-thawed in a water bath at room temperature and liquid
nitrogen for 2 times followed by sonication for 10 min with
Bioruptor UCD-200TM-EX. Clear supernatants after centrifu-
gation for 3 min at 22,000 X g were used for Western blotting
for AKT or pAKT/473, with loading of total proteins from
Nedd4-knock-out MEFs adjusted in a way that gives a nearly
equal pAKT signal as WT MEFs at the 0-time point. The pAKT
band intensities were quantified by IMAGE] software and the
pAKT half-life (¢15) was presented as mean * S.E. The t,, values
were obtained from the best-fit median-effect plots using Com-
puSyn software (20). The shapes of median-effect curves indi-
cate a mode of exponential decay for pAKT.

RESULTS

NEDD4-1 Is an E3 Ligase for AKT—Nedd4-1~'~ MEFs are
profoundly defective in AKT activation/phosphorylation by
insulin and IGF-1 stimulation, but not by EGF or serum (Fig. 14
and see Ref. 18). This puzzling phenotype prompted a search
for mechanisms underlying NEDD4-1 involvement in growth
signaling. We hypothesized that AKT is a direct substrate of
NEDD4-1 E3 ligase activity and that AKT ubiquitination by
NEDD4-1 is a necessary step for insulin- and IGF-1-induced
AKT activation. To test this hypothesis, we established an in
vivo AKT ubiquitination assay. We determined that transfected
AKT is efficiently ubiquitinated in MCF-7 and HeLa cells, and
ubiquitinated AKT resides in the Nonidet P-40-insoluble
fraction (supplemental Fig. S1). Using this assay, we show
that NEDD4-1 overexpression significantly increases ubiquiti-
nation of transfected and endogenous AKT in MCF7 cells (Fig.
1, Band C). Importantly, ubiquitination of endogenous AKT is
significantly reduced in Nedd4-1~'~ MEFs compared with wild
type (WT) MEFs (Fig. 1D). Of note, levels of endogenous AKT
ubiquitination are significantly higher in MEFs than in
MCF7 and Hela cells (Fig. 1, C and D, data not shown).
NEDD4-1 and AKT physically interact with each other in
co-immunoprecipitation experiments (Fig. 1E). Moreover,
recombinant NEDD4-1 protein promotes ubiquitination of
AKT in a concentration-dependent manner in iz vitro ubiquiti-
nation assay (Fig. 1F). These results allow us to conclude that
AKT is a substrate of NEDD4-1 E3 ligase.

NEDD4-1-mediated AKT Ubiquitination Requires HECT
Domain of NEDD4-1 and the PH Domain of AKT—NEDD4-1-
mediated AKT ubiquitination appears to be a direct effect of
NEDD4-1 E3 ligase activity because the enzyme-dead HECT
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FIGURE 1. NEDD4-1 is a novel AKT E3 ligase involved in IGF-1 and insulin
signaling. A, Western blot analysis (WB) of cell lysates from WT and Nedd4-
17/~ MEFs after the indicated treatments (C, control; Stv, starvation; Ins, insu-
lin; Ser, serum). B, in vivo analysis of AKT ubiquitination in MCF7 cells trans-
fected with His-ubiquitin (His-Ub), AKT or NEDD4-1 (N4-1). After His-tag
pulldown (His-pdn), ubiquitinated AKT was detected by anti-AKT immuno-
blotting (/B). Protein input was monitored by direct Western blot (WB). C, in
vivo analysis of endogenous AKT ubiquitination by NEDD4-1 overexpression
in MCF7 cells. D, in vivo ubiquitination of endogenous AKT in Nedd4-1"/* and
Nedd4-1~/~ MEFs. E, coimmunoprecipitation of endogenous AKT with trans-
fected NEDD4-1 (HA-N4-1) in MCF7 cells. F, in vitro ubiquitination of AKT by
recombinant NEDD4-1 (rN4-1). pUb-AKT, polyubiquitinated AKT; Ub-AKT,
ubiquitinated AKT.
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domain mutant, NEDD4CS, failed to promote AKT ubiquitina-
tion (Fig. 24). Furthermore, C2 domain-mediated membrane
anchorage of NEDD4-1 does not appear to be necessary for
AKT ubiquitination because the C2 domain deletion mutant,
NEDD4dC, can promote AKT ubiquitination as efficiently as
WT NEDD4-1 (Fig. 24). Interestingly, a constitutively mem-
brane-bound AKT (CA-AKT, PH-domain deleted, myristoy-
lated AKT) is more efficiently ubiquitinated in cells (Fig. 2B, left
panel) and its ubiquitination can be further increased by
NEDD4-1 overexpression (Fig. 2B, right panel; exposure times
were adjusted to demonstrate differences). These results point
to the plasma membrane as the primary site for AKT ubiquiti-
nation by NEDD4-1. We reasoned that the increased ubiquiti-
nation of myristoylated AKT was caused either by its constitu-
tive plasma membrane binding properties or its increased
phosphorylation. To investigate these possibilities, we manip-
ulated the phosphorylation status of AKT using the PI3K inhib-
itor ZSTK474 or the allosteric AKT inhibitor MK2206, and
examined effects on AKT ubiquitination. As expected, both
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FIGURE 2. AKT ubiquitination by NEDD4-1 is dependent on its intrinsic E3
ligase activity but independent of its C2-domain and AKT phosphoryla-
tion. A, analysis of AKT ubiquitination in MCF7 cells transfected with His-
ubiquitin, AKT, and NEDD4-1 (NEDD4 and *), enzyme-dead NEDDA4-1
(NEDDA4CS) or C2 domain-deleted NEDD4 -1 (NEDD4dC and **). B, ubiquitina-
tion analysis of WT AKT (AKT and *) and constitutively active AKT (CA-AKT and
**) in MCF7 cells transfected with His-ubiquitin (left panel), and CA-AKT in the
presence or absence of NEDD4-1 overexpression (right panel). C, ubiquitina-
tion analysis of transfected AKT in MCF7 cells in the presence of the PI3K
inhibitor ZSTK474 or allosteric AKT inhibitor MK2206. D, in vivo ubiquitination
of CA-AKT in MCF7 cells in the presence of different concentrations of
ZSTK474 (ZSTK). IB, immunoblot.
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inhibitors essentially blocked AKT phosphorylation at Thr
and Ser®”? (Fig. 2C). However, their effects on AKT ubiquitina-
tion were surprisingly different: whereas MK2206 completely
inhibited AKT ubiquitination, ZSTK474 showed no effect.
These results suggest that AKT ubiquitination is independent
of its phosphorylation status. Because MK2206 is a PH domain
targeting inhibitor of AKT thought to inhibit AKT membrane
recruitment (supplemental Fig. S3), these data provide further
support for the importance of plasma membrane binding for
NEDD4-1-induced AKT ubiquitination.

To consolidate this conclusion, we manipulated the phos-
phorylation of myristoylated-AKT (CA-AKT) with the PI3K
inhibitor ZSTK474. ZSTK474 dose-dependently inhibited CA-
AKT phosphorylation but exerted little effect on CA-AKT
ubiquitination (Fig. 2D) or plasma membrane recruitment of
endogenous AKT (supplemental Fig. S2), indicating that mem-
brane targeting of AKT by myristoylation is sufficient to render
AKT constitutively ubiquitinated in cells. This conclusion is
supported by evidence that NEDD4-1-mediated AKT ubiquiti-
nation is not significantly affected by mutations at AKT phos-
phorylation sites T308A and S473A, alone or in combination
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(supplemental Fig. S3). Notably, results with the PI3K inhibitor
ZSTK474 further indicate that AKT plasma membrane binding
can be efficiently mediated through interaction of its PH
domain with phosphatidylinositol 3,4-bisphosphate, as previ-
ously described (21, 22). Together, these findings allow us to
conclude that AKT ubiquitination by NEDD4-1 depends on
NEDD4-1 E3 ligase activity and membrane targeting of the
kinase, but does not require AKT phosphorylation.

NEDD4-1-mediated Ubiquitination Regulates Levels of
PAKT but Not Total AKT—Analysis of Nedd4-1~/~ MEFs indi-
cates that NEDD4-1-mediated AKT ubiquitination does not
affect total AKT protein levels but rather is involved in IGF-1
and insulin signaling to AKT phosphorylation (Fig. 1). As
expected, overexpression of NEDD4-1 does not alter steady state
levels of endogenous or transfected WT or dominant-negative
(DN) AKT in MCF7 cells (Fig. 3A4). In contrast, overexpression of
NEDD4-1 or C2-domain deletion mutant NEDD4-1 (NEDD4dC),
but not enzyme-dead mutant NEDD4-1 (NEDDA4CS), consis-
tently increased pAKT levels (Fig. 3B). To gain insight into AKT
regulation by ubiquitination and the proteasome, we blocked
proteasome function with MG132 and examined total and
pAKT levels. MG132 did not produce detectable changes in
total protein levels of transfected or endogenous AKT in MCF7
cells, but it caused a significant increase in total AKT ubiquiti-
nation (Fig. 3C, right panel) associated with elevated levels of
pAKT (Fig. 3, C, left panel, and D). The lysosome inhibitor
bafilomycin did not cause such an effect (Fig. 3D). The accumu-
lation of pAKT308/S473 in MG132-treated cells indicates that,
consistent with previous findings (23), pAKT is the labile pool
of the enzyme subject to proteasomal degradation. We then
asked whether Nedd4-1 regulates the stability of pAKT, using
Nedd4-1~/~ and WT MEFs for comparison. Serum-starved
cells were stimulated with IGF-1 for 6 min, before being
deprived of growth factors by washing with PBS, and incubated
with serum-free medium containing cycloheximide; the pAKT
signal was chased over time. Because pAKT levels are low in
Nedd4-null MEFs, for a better comparison of pAKT decay,
25-fold more total proteins for Nedd4-null MEFs were loaded
to have an initial level of pAKT comparable with that of WT
MEFs. Unexpectedly, the half-life of pAKT in Nedd4-1/~
MEFs was not decreased, rather increased compared with
WT MEFs (i, 57 = 12 min versus 20 * 4 min, respectively)
(Fig. 3, E and F). Combined with the protective effects of pro-
teasomal blockade on pAKT levels, these data indicate that 1)
NEDD4-1-mediated ubiquitination regulates the stability of
pAKT but not nonphosphorylated AKT protein; and 2) the
deficiency of AKT phosphorylation in Nedd4-1-null MEFs after
IGF-1 stimulation is not due to instability of pAKT but rather to
low production of pAKT in these cells.

NEDD4-1-mediated Ubiquitination Regulate AKT Nuclear
Trafficking—The effects of NEDD4-1 on steady-state levels of
pAKT are paradoxical: on one hand, NEDD4-1 is required for
robust induction of pAKT in IGF-1 signaling (see Ref. 18 and
Fig. 1A4). On the other hand, however, it also reduces the half-
life of endogenous pAKT during the IGF-1 response (~3 times
shorter #, in WT MEFs than Nedd4 '~ MEFs). We propose
that NEDD4-1-mediated AKT ubiquitination regulates two
aspects of AKT activation: efficient generation of pAKT after
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FIGURE 3. NEDD4-1-mediated ubiquitination is involved in regulating
steady-state levels and degradation of pAKT. A, Western blot (WB) analysis
of the effects of NEDD4-1 overexpression on total levels of endogenous
(endo), wild-type (wt), or dominant-negative (DN) AKT. B, effects of WT (W), C2
domain deleted (Dc), or enzyme-dead (CS) NEDD4-1 overexpression on phos-
phorylation of transfected AKT in MCF7 cells. C, effects of proteasomal block-
ade on in vivo ubiquitination (right panel) and steady-state levels of total and
pAKT (left panel) in transfected MCF7 cells. D, effects of MG132 or bafilomycin
(Baf) on steady-state levels of endogenous total and pAKT in MCF7 cells by
Western blot analysis. £, cycloheximide (CHX) chase of decay of pAKT versus
total AKT and tubulinin WT (WT, 1.25 ug of protein/lane) and Nedd4-1~/~ (25
g of protein/lane) MEFs after a 4-h serum starvation followed by 5-min IGF-1
stimulation. Protein loading was adjusted to have the same starting pAKT
levels to chase. F, pAKT decay curve plotted with mean = S.E. obtained from
three independent experiments done as in E. The t,, of pAKT is 57 = 12 min
for Nedd4-null MEFs and 20 = 4 min for WT MEFs.

IGF-1 stimulation and coupling of pAKT with proteasomal
degradation as a constraint to pAKT overproduction. This dual
role establishes the dynamics of pAKT biogenesis and is crucial
for maintaining a biologically significant pool of pAKT during a
growth response. But how is this dynamic regulation of pAKT
achieved by ubiquitination? We hypothesized that NEDD4-1-
mediated ubiquitination of AKT may either (a) facilitate
plasma membrane binding for its efficient phosphorylation, or
(b) prevent dephosphorylation of fully active AKT through
accelerated subcellular trafficking. Results from our cellular
fractionation experiments support both possibilities. A major-
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ity of ubiquitinated exogenous AKT resides in the 1000 X g
insoluble fraction (P1P), which is mainly composed of insoluble
nuclear and perinuclear proteins, with a small portion retained
in the plasma membrane fraction (P200) and no detectable lev-
els in the cytosolic (S200) and nucleoplasmic fractions (P1S)
(supplemental Fig. S4). Although, as expected, more myristoy-
lated CA-AKT resides in the plasma membrane than WT AKT,
surprisingly, most of the myristoylated CA-AKT ubiquitin
adducts also reside in the nuclear insoluble fraction. The sub-
cellular distribution of DN-AKT is similar to that of WT-AKT
(supplemental Fig. S4). Moreover, only phosphomyristoylated-
AKT was readily detectable in the nucleoplasm (supplemental
Fig. S4). These results suggest that AKT undergoes rapid intra-
cellular trafficking toward a nuclear/perinuclear compartment
after being ubiquitinated at the plasma membrane, in a manner
reminiscent of PTEN (12). Overexpression of NEDD4-1 caused
a dramatic increase in ubiquitinated endogenous AKT in both
plasma membrane and nuclear insoluble fractions (Fig. 4A4,
upper panel, P200 and PIP), which was accompanied by
increased accumulation of AKT and pAKT (Fig. 44, lower pan-
els). These results suggest that NEDD4-1-mediated AKT ubigq-
uitination impacts two processes: plasma membrane recruit-
ment of AKT, thus facilitating the AKT phosphorylation step,
and nuclear trafficking of the enzyme, thereby preventing it
from dephosphorylation at the plasma membrane and directing
it to its substrates. Of note, only longer exposure revealed
pAKT in the nucleoplasm (Fig. 44, pS473lo and P1S), indicating
that free pAKT constitutes only a small portion of total pAKT
in the nuclear region in MCF?7 cells, in contrast to MEFs. The
effects of ubiquitination on endogenous AKT subcellular local-
ization were confirmed in MEFs treated with the proteasome
inhibitor MG132 or irrelevant calpain inhibitor E64 followed by
fractionation (Fig. 4B). MG132 but not E64 caused accumula-
tion of ubiquitinated AKT in these cells. Although a moderate
accumulation of highly ubiquitinated AKT (above 170 kDa) was
noted in the plasma membrane fraction, there was a dramatic
accumulation of ubiquitinated AKT in the insoluble nuclear
fraction after MG132 treatment (Fig. 4, lower panel, P1P). Sim-
ilar results were obtained with the proteasome inhibitor epox-
omicin in MEFs (supplemental Fig. S5, middle panel). These
results suggest that ubiquitinated AKT undergoes proteasomal
degradation both at the plasma membrane and in the insoluble
nuclear fraction. Based on our finding that NEDD4-1-mediated
ubiquitination only regulates the stability of pAKT, we
expected to detect accumulation of ubiquitinated pAKT in
MG@G132-treated cells. Indeed, using a sensitivity maximized
immunoblotting procedure, we detected a robust smear of
pAKT (indicative of pAKT-ubiquitin adducts) in the nuclear
fraction of MG132-, or epoxomicin-, but not E64-treated MEFs
(Fig. 4B, upper panel, and supplemental Fig. S5). The specificity
of pAKT immunoblotting and the pattern of ubiquitinated
forms of pAKT were confirmed by His-ubiquitin pulldown
experiments using phosphorylation of AKT mutants (supple-
mental Fig. S6). Importantly, accumulation of ubiquitinated
total AKT but not ubiquitinated pAKT is readily detected in the
plasma membrane fraction (Fig. 4B and supplemental Fig. S5,
compare Ub-AKT with Ub-pAKT, P200). These results may
reflect a pool of ubiquitinated pAKT that was rapidly dephos-
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phorylated in the absence of efficient trafficking off the plasma
membrane. Immunofluorescence microscopy confirmed that
MG132 treatment caused accumulation of pAKT and AKT at
perinuclear sites only in WT but not in Nedd4-1~'~ MEFs (Fig.
4C), in which only punctate, nonperinuclear staining was
observed. Of note, Nedd4-1-null MEFs have larger nuclei
than wild type MEFs as revealed by DAPI staining (Fig. 4C).
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By using wild type (WT), K48-only (K480), K63-only (K630),
and lysineless (KO) ubiquitins, we found that recombinant
NEDD4-1 protein catalyzes AKT ubiquitination in vitro in
forms of multimonoubiquitination (mmUb-AKT) as well as
polyubiquitination (pUb-AKT) (Fig. 4D). Because the AKT
polyubiquitination occurs with wild type and K63-only but not
K48-only ubiquitins, it is likely that NEDD4-1 mediates K63-
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type polyubiquitination of AKT. This is consistent with the
NEDDA4-1 effect on pAKT intracellular trafficking rather than
on its degradation. Because AKT ubiquitination is capped at
about the 120 kDa position with K480 and KO ubiquitins, it is
estimated that AKT has about 8 primary ubiquitination sites for
NEDD4-1 (Fig. 4D). The apparent background bands above the
cap position with K480 and KO ubiquitins are presumably due
to ubiquitination at additional sites in a small fraction of ill-
folded AKT proteins in our recombinant AKT preparation.
Together, these data support our notion that NEDD4-mediated
ubiquitination drives pAKT nucleus-orientated trafficking.

NEDD4-1 Regulates Nuclear Trafficking of pAKT in IGF-1
Signaling and Cancer-derived Mutant AKTE17K—Surpris-
ingly, ubiquitination of total AKT was not affected by altered
cellular growth conditions such as starvation or IGF-1 stimula-
tion (Fig. 5A, left lower panel). However, ubiquitination of
pAKT was strongly modulated by growth factors: it was unde-
tectable after serum starvation and markedly increased by
IGF-1 in MCF?7 cells (Fig. 5A, upper left panel). Thus, only
pAKT appears to be subject to dynamic regulation by ubiquiti-
nation in response to IGF-1, an effect that is mediated by
NEDD4-1 because siRNA knockdown of NEDD4-1 in MCF7
cells abrogated the process (Fig. 54, right panel, Ub-pAKT).
Immunofluorescence confirmed that IGF-1 caused significant
nuclear accumulation of pAKT but not total AKT in WT MEFs,
an effect not seen in Nedd4-1~/~ MEFs (Fig. 5B). Of note, in
contrast to MG132 treatment, which caused perinuclear
accumulation of pAKT (Fig. 4C), IGF-1 stimulation caused
further intranuclear trafficking in MEFs. The IGF-1-stimu-
lated, NEDD4-1-mediated ubiquitination and further nuclear
trafficking of pAKT likely play important roles in cell growth
response to IGF-1, because WT MEFs but not the Nedd4-
knock-out MEFs responded to IGF-1 in a short term cell
growth assay, with significant difference in cell growth rates
shown at 48 and 72 h between the two cell types (p = 0.002 and
0.005, respectively) (Fig. 5C).

One enigma in AKT biology is why the E17K mutation in the
PH domain of the enzyme is selected in sporadic breast cancer
and possibly other cancer types (24, 25). This mutation confers
higher affinity for PtdIns(3,4,5)P;, and thus increases mem-
brane binding (24). Given that ubiquitination of AKT by
NEDD4-1 is more efficient for the membrane-bound enzyme
(Fig. 2B), we found that the AKT(E17K) mutant is significantly
more ubiquitinated than AKT by NEDD4-1 overexpression in
MCF?7 cells (supplemental Fig. S7A). Moreover, AKT(E17K) is
also better ubiquitinated than AKT by NEDD4-1-independent
mechanisms as shown in Nedd4-null MEFs (supplemental Fig.
S7B). Importantly, ubiquitination of phosphorylated E17K
was significantly reduced by siRNA-mediated knockdown of
NEDD4-1 in MCF?7 cells (Fig. 5D). Consistent with our pre-
dictions, higher levels of pAKT(E17K) and ubiquitinated
pAKT(E17K) were observed in plasma membrane, cytosolic,
and insoluble and soluble nuclear fractions compared with WT
AKT counterparts (Fig. 5E). Our results suggest that NEDD4-
1-mediated ubiquitination of pAKT and its subsequent nuclear
trafficking might contribute to the oncogenic effects of
AKT(E17K).
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DISCUSSION

AKT ubiquitination by other E3 ligases has been reported in
previous studies. Unlike phopsphorylation in the AKT activa-
tion segment (Thr*°®) and the hydrophobic motif (Ser®”®),
which generates structurally reorganized and enzymatically
competent kinase (26), ubiquitination of AKT has multiple
effects on other aspects of the enzyme. First, ubiquitination
regulates AKT protein stability. Ubiquitin-dependent AKT
degradation is prevented by a translation-coupled phosphory-
lation event at Thr**® mediated by mTORC2 in a growth factor-
independent manner (27). Lack of Thr**° phosphorylation ren-
ders AKT unstable due to an ill-folded C terminus. In this
regard, ChIP might be the responsible E3 ligase, because ChIP is
involved in protein quality control and can interact and ubig-
uitinate AKT (28). HSP90 binding to AKT prevents its ubiqui-
tin-dependent degradation (29). Of note, activated AKT trans-
locates to the nucleus within 20-30 min subsequent to
stimulation where it phosphorylates its nuclear substrates (30)
and is eventually cleared in the nucleus, probably by TTC3-
mediated ubiquitin-dependent degradation (31). Second, non-
degradable ubiquitination can positively affect AKT plasma
membrane affinity and subsequent phosphorylation. TRAF6-
mediated AKT ubiquitination represents the first example of
this effect and was shown to contribute to AKT activating phos-
phorylation in IGF-1 signaling (32). Here, our findings reveal
another step of AKT activation that is regulated by ubiquitina-
tion, i.e. AKT nuclear trafficking. This ubiquitination is medi-
ated by NEDD4-1 E3 ligase and coupled with the IGF-1
response.

AKT ubiquitination by NEDD4-1 appears to occur in an
unprecedented manner. First, it is independent of AKT phos-
phorylation status (Fig. 2, C and D), but contributes to pAKT
production, in contrast to the mechanisms and effects of
TTC3-mediated pAKT ubiquitination (31). Although we
observed that NEDD4-1 overexpression slightly increased total
AKT levels (Figs. 3, A, endo, DN AKT, and 44), NEDD4-1 does
not contribute significantly to total AKT stability because
Nedd4-1-null MEFs express similar levels of AKT as wild type
MEFs (Fig. 1D). Second, NEDD4-1-mediated AKT ubiquitina-
tion is significantly affected by AKT affinity for the plasma
membrane or by disruption of the AKT PH domain, indicating
that membrane-bound AKT is the primary substrate of
NEDD4-1 (Fig. 2, B-D). This mechanism of action of NEDD4-1
toward the AKT substrate predicts that pAKT is the primary
substrate of NEDD4-1 in growth signaling because pAKT is
generated on the membrane. This also explains why knock-
down of NEDD4-1 primarily affected ubiquitination of pAKT
but not total AKT in IGF1-stimulated cells (Fig. 4D).

The most significant finding from this study is that ubiquiti-
nation of pAKT regulates its nucleus-orientated trafficking
(Fig. 4). This aspect of AKT regulation has not been explored,
yet is an important question in AKT biology because nuclear
AKT plays a critical role in tumorigenesis (33). As depicted in
our proposed model (Fig. 5F), nuclear trafficking of pAKT
seems to involve a two-step mechanism: the first step is regu-
lated by ubiquitination leading to perinuclear accumulation of
Ub-pAKT (Fig. 4, Band C) and a second step involves unknown
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of phosphorylated cancer-derived E17K (E17K) mutant AKT. MCF7 cells were transfected with siRNA as in A. Cells were then transfected with either wild type
(WT) or E17K mutant AKT together with His-ubiquitin. AKT ubiquitination was analyzed by His tag pulldown (His-pdn) followed by pAKT(S473) immunoblotting.
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mechanisms operating in a cell-type dependent manner leading
to pAKT entry to nucleoplasm (Fig. 4, A versus B, and Fig. 4C
versus 5B). Nuclear trafficking of pAKT may play a critical role
in pAKT biogenesis during growth signaling. Our observations
suggest that the decay of pAKT happens at two sites via two
distinct mechanisms: one by a dephosphorylation process at
the plasma membrane by phosphatases such as PP2A and
PHLPP2 and another by ubiquitin-dependent proteasomal
degradation at the nucleus membrane. Lack of NEDD4-1-me-
diated pAKT ubiquitination has different effects on these two
processes. First, lack of NEDD4-1-regulated pAKT nuclear
trafficking may lead to increased dephosphorylation of pAKT
at plasma membrane (Fig. 4B and supplemental Fig. S5), thus
decreasing pAKT production at the activation sites. Second,
NEDD4-1-mediated K63-type polyubiquitination per se is not
suitable for fast degradation of pAKT (Fig. 4D). However, lack
of NEDD4-1-regulated pAKT nuclear trafficking may decrease
the ubiquitin-dependent proteasomal degradation of pAKT at
the nuclear membrane by previously reported E3 ligases such as
TCC3 and BRCA1 (31, 34), indirectly stabilizing pAKT,
because the nuclear membrane is the primary degradation site
of pAKT (Fig. 4B and supplemental Fig. S5). Therefore, intra-
cellular trafficking by NEDDA4-1-mediated ubiquitination
maintains higher pAKT production and also couples pAKT
with its nuclear degradation, thereby regulating pAKT dynam-
ics during growth signaling. This may explain why Nedd4-null
MEFs have a low pAKT production after IGF-1 stimulation but
have more stable pAKT, because pAKT cannot be relocated to
its degradation sites in Nedd4-null MEFs (Figs. 3E and 4C).
Although we have demonstrated that NEDD4-1-mediated
AKT ubiquitination facilitates AKT nuclear trafficking inde-
pendent of AKT phosphorylation, at present, we cannot
exclude another possibility that NEDD4-1-dependent ubiquiti-
nation of AKT may play a critical role in AKT phosphorylation
at the plasma membrane as a first event in response to IGF-1/
insulin, which then allows pAKT to rise above a threshold level
for efficient trafficking to nucleus. This possibility is in fact
partially supported by the increased recruitment of AKT and
the increased levels of pAKT in plasma membrane when
NEDD4-1 is overexpressed (Fig. 44, P200), given that plasma
membrane recruitment is critical for AKT phosphorylation (3).
This defines dual effects of NEDD4-1-mediated ubiquitination
on the AKT activation process: AKT phosphorylation and AKT
nuclear trafficking. How ubiquitination guides AKT for correct
intracellular translocation remains unknown at present. More
interestingly, the fact that NEDD4-1 is only required for IGE-
1/insulin-induced pAKT biogenesis suggests that specific E3
ligases are involved in ubiquitin-dependent AKT traffickingina
ligand/receptor tyrosine kinase-dependent manner. A recent
report that SCF(SKIP2) E3 ligase is required for EGF signaling
to AKT represent another example of E3-specific regulation of
AKT activation through ubiquitination (34). Interestingly,
ubiquitination of pAKT(E17K), the cancer-derived mutant, is
significantly reduced after NEDD4-1 knockdown in MCF7 cells
(Fig. 5C). Therefore, NEDD4-1-mediated ubiquitination of
pAKT(E17K) may underlie the increased nuclear content of
pAKT(E17K) (Fig. 5E). However, AKT(E17K) is also strongly
ubiquitinated in Nedd4-null MEFs and NEDD4-1 overexpres-
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sion only moderately increased its ubiquitination (supplemen-
tal Fig. S7B). These observations suggest that AKT(E17K) is a
better substrate than AKT for multiple E3 ligases in a cell type-
specific manner.
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