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ACK (activated Cdc42-associated tyrosine kinase) (also Tnk2) is an ubiquitin-binding protein and plays an
important role in ligand-induced and ubiquitination-mediated degradation of epidermal growth factor receptor
(EGFR). Here we report that ACK is ubiquitinated by HECT E3 ubiquitin ligase Nedd4-1 and degraded along
with EGFR in response to EGF stimulation. ACK interacts with Nedd4-1 through a conserved PPXY WW-
binding motif. The WW3 domain in Nedd4-1 is critical for binding to ACK. Although ACK binds to both
Nedd4-1 and Nedd4-2 (also Nedd4L), Nedd4-1 is the E3 ubiquitin ligase for ubiquitination of ACK in cells.
Interestingly, deletion of the sterile alpha motif (SAM) domain at the N terminus dramatically reduced the
ubiquitination of ACK by Nedd4-1, while deletion of the Uba domain dramatically enhanced the ubiquitination.
Use of proteasomal and lysosomal inhibitors demonstrated that EGF-induced ACK degradation is processed
by lysosomes, not proteasomes. RNA interference (RNAi) knockdown of Nedd4-1, not Nedd4-2, inhibited
degradation of both EGFR and ACK, and overexpression of ACK mutants that are deficient in either binding
to or ubiquitination by Nedd4-1 blocked EGF-induced degradation of EGFR. Our findings suggest an essential
role of Nedd4-1 in regulation of EGFR degradation through interaction with and ubiquitination of ACK.

Activated Cdc42-associated tyrosine kinase (ACK) (also
Tnk2) is a member of the type VIII tyrosine kinase family.
Activation of ACK, including both ACK1 and ACK2, occurs in
response to signaling of epidermal growth factor receptor
(EGFR), platelet-derived growth factor (PDGF) receptor, in-
sulin receptor, Gas-6 receptor (Mer), M3 muscarinic receptor,
integrins, or proteoglycan (3, 7, 11, 23, 26, 30, 44, 47). In
Drosophila, D-ACK mediates the function of Cdc42 in dorsal
closure during embryonic development (31). The ACK homo-
logue, Ark-1, in Caenorhabditis elegans negatively regulates
EGF signaling (15).

A number of studies suggest a role for ACK in EGFR
degradation. ACK1 and ACK2, two alternatively spliced iso-
forms, possess a highly conserved clathrin-binding motif and
interact with clathrin (37, 45). Overexpression of ACK2 se-
verely impairs transferrin receptor endocytosis, causes aber-
rant localization of AP-2, and induces changes in clathrin as-
sembly. Furthermore, ACK2 interacts with sorting nexin 9
(SNX9, also named SH3PX1), a member of the sorting nexin
family, via its proline-rich domain 1 and phosphorylates SNX9
to facilitate the degradation of EGF receptors (22). In C.
elegans, Ark-1 genetically interacts with UNC101, the homo-
logue of mammalian clathrin-associated protein AP47, and
SLI-1, the homologue of mammalian Cbl that is an E3 ubiq-
uitin ligase for ubiquitination of EGFR, and negatively regu-
lates EGFR signaling (15).

Our previous studies showed that ACK1 interacts with
EGFR upon EGF stimulation via a region at the carboxyl

terminus, designated the EGFR-binding domain (EBD), which
is highly homologous to the EGFR/ErbB2-binding domain of
Gene-33/Mig-6/RALT (32, 43). The interaction of ACK1 with
EGFR is dependent on kinase activity and tyrosine phosphor-
ylation of EGFR. Immunofluorescent staining using anti-
EGFR and GFP-ACK1 indicates that ACK1 is colocalized
with EGFR on large vacuolar structures upon EGF stimula-
tion. Suppression of the expression of ACK1 by ACK-RNA
interference (RNAi) inhibits ligand-induced degradation of
EGFR, suggesting that ACK1 plays an important role in the
regulation of EGFR degradation in cells. Furthermore, we
identified ACK1 as an ubiquitin-binding protein. Through an
ubiquitin association (Uba) domain at the carboxyl terminus,
ACK1 is capable of interacting with both poly- and monoubiq-
uitin. Overexpression of an Uba domain deletion mutant of
ACK1 blocked the ligand-dependent degradation of EGFR,
suggesting that ACK1 regulates EGFR degradation via its Uba
domain. Thus, ACK1 senses EGF signaling and regulates deg-
radation of EGFR.

EGF-induced degradation of EGFR is mediated by ubiquiti-
nation (16). The ubiquitination of EGFR is activated upon
EGF stimulation by recruiting the RING family E3 ubiquitin
ligase Cbl to pY1045 (20, 21). This ubiquitination functions as
a sorting signal for transporting EGFR to lysosomes for deg-
radation (14). Nedd4, the HECT domain-containing E3 ubiq-
uitin ligase, is also involved in the regulation of EGFR traf-
ficking by ubiquitination of endocytic or vesicle sorting
proteins (28). For example, it has been observed that Nedd4
ubiquitinates Cbl, Eps15, Tsg101, Hrs, and secretory carrier
membrane proteins (SCAMPs) and participates in the pro-
cesses of EGFR endocytosis and degradation (1, 18, 25, 42).
However, exactly how Nedd4 engages in the EGFR degrada-
tion process in response to EGF stimulation is not known.

In this report, we show that EGF stimulation induces ACK
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degradation. This degradation is associated with ubiquitination
of ACK. Nedd4-1, but not Nedd4-2, is identified as the E3
ubiquitin ligase for ubiquitination of ACK. Furthermore,
EGF-induced degradation of ACK is EGFR activation depen-
dent and processed by lysosomes. RNAi knockdown and mu-
tational analysis demonstrated that Nedd4-1 and Nedd4-1-cat-
alyzed ubiquitination of ACK are required for EGF-induced
degradation of EGFR and ACK. Our findings suggest a new
mechanism in regulation of EGFR degradation.

MATERIALS AND METHODS

Reagents (i) Biochemicals. EGF was purchased from Invitrogen (GIBCO);
MG-132, PSI, lactacystin, SB203850, and bafilomycin were from CalBiochem;
NH4Cl was from Fisher. Velcade (bortezomib) was from LC Laboratories.

(ii) Antibodies. Anti-EGFR (Mab528) was obtained from hybridoma Mab528
cell culture medium and used for immunoprecipitation; anti-EGFR (1005) and
anti-ACK (A11) were from Santa Cruz Biotech; anti-ACKPCC is a polyclonal
rabbit anti-ACK antibody against the N-terminal 100-amino-acid residues of
ACK2, as described previously (32); antiubiquitin and antihemagglutinin (anti-
HA) (12CA5) were from Covance; anti-Myc (9E10) was from the Developmen-
tal Studies Hybridoma Bank (DSHB, University of Iowa); anti-PY (4G10) and
anti-Nedd4-1 were from Chemicon (Upstate Biotech); anti-�-actin was from
Sigma. cDNAs of MGC (Mammalian Gene Collection) and IMAGE (the Inte-
grated Molecular Analysis of Genomes and their Expression) clones were pur-
chased from Open Biosystems. RNAi oligonucleotides were synthesized by In-
vitrogen. Cell lines were purchased from ATCC.

Construction of cDNA plasmids and mutagenesis. (i) Nedd4 constructs.
pcDNA3-HA-human Nedd4-1 and pcDNA3 HA-human Nedd4-2b were con-
structed by subcloning human Nedd4-1 cDNA (IMAGE no. 8862584) and hu-
man Nedd4-2b (IMAGE no. 5528964), respectively. The pcDNA3-HA-human
Nedd4-2 was constructed by ligation of the partial human Nedd4-2 cDNA
(IMAGE no. 3604024) with the 5� end of human Nedd4-2b cDNA. Nedd4-2b is
a splicing variant of Nedd4-2 without exons 13 and 14.

(ii) Construction of GST fusion proteins. The Uba domain or the WW-binding
domain (WWBD) of ACK, or the WW domains of human Nedd4-1, was sub-
cloned into the glutathione S-transferase (GST) fusion protein expression vector
pGEX4T3 by PCR. The constructs were confirmed by DNA sequencing.

(iii) Mutagenesis. Mutations of ACK and Nedd4s were generated by site-
directed mutagenesis using a mutagenesis kit manufactured by Stratagene.

Cell culture, transfection, and preparation of cell lysates. COS7, HEK293T,
HeLa, T47D, and A549 cells were maintained in Dulbecco modified Eagle
medium (DMEM) plus 10% fetal bovine serum (FBS) at 37°C and 5% CO2. The
cells were cultured to 90% confluence before transfection. For transfection, the
plasmid DNA (1 to 2 �g/60 mm dish) was premixed with ESCORT V transfec-
tion reagent (SIGMA) in ESCORT V transfection reagent buffer (0.2 ml per
60-mm dish) or Lipofectamine 2000 (Invitrogen) and incubated at room tem-
perature for 15 min. The cells were incubated in the plasmid DNA/ESCORT V
or Lipofectamine 2000 mixture for 5 h. After 48 h of transfection, the cells were
lysed with precooled mammalian cell lysis buffer (40 mM HEPES [pH 7.4], 100
mM NaCl, 1% Triton X-100, 25 mM glycerol phosphate, 1 mM sodium or-
thovanadate, 1 mM EDTA, 10 �g/ml aprotinin, and 10 �g/ml leupeptin) or
Radioimmunoprecipitation assay (RIPA) buffer (40 mM HEPES [pH 7.4], 1%
Triton X-100, 0.5% Na deoxycholate, 0.1% SDS, 100 mM NaCl, 1 mM EDTA,
25 mM �-glycerolphosphate, 1 mM Na orthovanadate, 10 �g/ml each leupeptin
and aprotinin) (for GST-ACK1Uba pulldown assays) by rocking the plates at 4°C
for 30 min. The cell lysates were cleared by centrifugation at 14,000 rpm in a
Microfuge (Eppendorf) for 10 min at 4°C before use.

Immunoprecipitation and immunoblotting. For immunoprecipitation, the
precleared cell lysate was incubated with primary antibody on ice for 30 min;
then protein A beads were added, and the mixture was incubated at 4°C for 2 h
with rotation. The beads were washed with lysis buffer three times, and the
immunoprecipitation complexes were either ready for enzymatic assays or di-
rectly dissolved in SDS-PAGE sample buffer for SDS-PAGE. Immunoblotting
was performed as instructed by Western Lightning immunoblot kits (Perkin
Elmer).

Endogenous Nedd4 was detected by immunoblotting with an anti-Nedd4-1
antibody that was against the WW2 domain (amino acid residues 395 to 462) of
rat Nedd4-1 (UBI). Because this antibody also recognizes Nedd4-2, we did not
specify detected endogenous Nedd4 as Nedd4-1, except in Nedd4-1 RNAi
knockdown experiments.

Expression and purification of GST fusion protein. GST fusion proteins were
expressed in Escherichia coli (JM109) and purified by affinity purification with
glutathione-agarose beads as described previously (45).

Expression and purification of His-tagged Nedd4-1 proteins. His-tagged E3
ligase Nedd4-1 was expressed in E. coli BL21 cells by isopropyl-�-D-thiogalac-
topyranoside (IPTG) induction. The cells were lysed in His-lysis buffer (25 mM
Tris-HCl [pH 8.0], 50 mM NaCl, 0.5% Triton X-100, 10% glycerol, 10 mM
imidazole). The cell lysates were cleared by 14,000 rpm centrifugation at 4°C for
20 min, and the cleared lysates was incubated with Ni-nitrilotriacetic acid (Ni-
NTA) agarose beads at 4°C with rotation for 2 h. The Ni beads were washed
three times with His-lysis buffer containing 20 mM imidazole. The bead-bound
Nedd4-1 was eluted by incubation of the beads with elution buffer (25 mM
Tris-HCl [pH 8.0], 50 mM NaCl, 10% glycerol, 250 mM imidazole) at 4°C with
rotation for 15 min. The eluted Nedd4-1 was dialyzed overnight in Nedd4 dialysis
buffer (25 mM Tris-HCl [pH 8.0], 100 mM NaCl, 2 mM MgCl2) and stored at
�80°C for use.

Pulldown assays with GST fusion proteins. The GST fusion protein beads
containing 15 to 30 �g of GST fusion protein were incubated with the mamma-
lian cell lysates (about 1 mg) at 4°C for 3 h with rotation. The beads were washed
three times with the mammalian cell lysis buffer and resuspended in 2� SDS-
PAGE sample buffer. After SDS-PAGE, the precipitated proteins were trans-
ferred to a polyvinylidene difluoride (PVDF) membrane for immunoblotting.

Precipitation of denatured ACK by Ni-NTA-bead pulldown. His-tagged mouse
ACK1 in pcDNA3 vector was transfected into HEK293 cells for 36 h followed by
12 h of serum starvation. The cells were treated with MG-132 for 30 min followed
by EGF (50 ng/ml) for the indicated time and lysed in mammalian cell lysis buffer
plus 6 M urea for 30 min at 4°C. To precipitate denatured His-tagged ACK, 20
�l of Ni-NTA beads (Qiagen) was added to 500 �l of the cell lysates, and the
mixture was incubated for 3 h with rotation at 4°C. The beads were precipitated,
washed three times with mammalian cell lysis buffer, and used for SDS-polyac-
rylamide gel electrophoresis and immunoblotting.

In vitro ubiquitination of ACK1 by Nedd4-1. To examine in vitro ubiquitination
of ACK1 by Nedd4-1, Myc-tagged ACK1 was transiently expressed in HEK293
cells and immunoprecipitated by protein A-bead-bound anti-Myc antibody. In
vitro ubiquitination of ACK1 was performed by adding 15 �l reaction mixture
containing a final concentration of 100 nM E1, 0.5 �M UbcH7 (E2), 5 �M
monoubiquitin, and 2 mM ATP in ULR buffer (25 mM Tris-HCl [pH 8.0], 100
mM NaCl, 2.0 mM MgCl2, and 1 mM dithiothreitol) to 10 �l of the ligase/
substrate fraction containing protein A bead-bound immunoprecipitated ACK1
and/or purified His-Nedd4-1 (100 ng). The reaction was initiated by adding the
reaction mixture and was carried out at 22°C for 20 min. The protein A bead-
bound ACK1 was washed three times by mammalian cell lysis buffer to remove
non-ACK-conjugated ubiquitin and resuspended in 25 �l 2� SDS-PAGE sample
buffer for SDS-PAGE.

RNA interference. Nedd4-1, Nedd4-2, and ACK-RNAi experiments were per-
formed according to the method described by Elbashir et al. (9). Two 21-
nucleotide small interference RNA (siRNA) sequences (h-Nedd4-1 RNAi-A,
UUGAGAUGAUUUCCUAGGUCA; h-Nedd4-1 RNAi-B, UUCCAUGAAU
CUAGAAGAACA; h-Nedd4-2 RNAi, AACCACAACACAAAGUCACAC;
h-ACK RNAi, AAGAUGGUGACAGAGCUGGCA) corresponding to the cod-
ing region of human Nedd4-1, Nedd4-2, or ACK were selected. The siRNA
oligonucleotides were chemically synthesized by Invitrogen. The negative control
was set up using the 21-nucleotide RNA oligonucleotide that corresponded to
the coding sequence of luciferase. Transfection of the siRNA (final concentra-
tion, 40 nM) into HEK293 or A549 cells was carried out using Lipofectamine
2000 (Invitrogen). Suppression of expression of endogenous Nedd4-1, Nedd4-2,
or ACK by the siRNAs was determined by immunoblotting.

RESULTS

EGF signaling induces ACK degradation. Our previous
studies observed that interaction of endogenous ACK with
EGFR in response to EGF stimulation occurred at a late stage
(30 to 60 min after the addition of EGF) of the stimulation,
while exogenously expressed ACK interacted with EGFR im-
mediately upon EGF stimulation (as fast as 1 min) (32). We
speculated that EGF stimulation might affect the expression of
ACK as it affects that of Mig-6 (13). Thus, we examined the
expression of endogenous ACK in response to EGF stimula-
tion in HeLa and COS7 cells. As shown in Fig. 1A and B,
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unexpectedly, EGF treatment significantly reduced the expres-
sion of ACK accompanied by degradation of EGFR. This
EGF-induced reduction of ACK was dependent on EGFR
kinase activity. When the kinase activity of EGFR was inhib-
ited by treatment with AG1478, a specific kinase inhibitor of
EGFR, the reduction of expression of ACK in HeLa or COS7
cells upon EGF stimulation was eliminated (Fig. 1C and D),
accompanied by inhibition of EGFR degradation (Fig. 1C and
D, lanes 5 to 8).

There are two possible causes for EGF-induced reduction
of ACK expression in HeLa or COS7 cells. One is suppression of
biosynthesis of ACK; the other is induction of degradation of
ACK. To determine the cause, we pretreated HeLa cells be-
fore EGF stimulation with the protein translation inhibitor

cycloheximide to eliminate protein biosynthesis and then ex-
amined the effect of EGF stimulation on ACK expression. As
shown in Fig. 1E, cycloheximide pretreatment did not prevent
EGF-induced reduction of ACK level and EGFR degradation
(lanes 6 to 8), indicating that EGF-induced reduction of ACK
is protein synthesis independent. As a control, cycloheximide
alone did not cause significant change in ACK expression level
(lanes 1 to 4). Thus, we conclude that EGF induces ACK
degradation and that this EGF-induced degradation of ACK is
EGFR kinase activity dependent.

ACK binds to Nedd4 and is ubiquitinated upon EGF stim-
ulation. To elucidate the molecular mechanism underlying
EGF-induced degradation of ACK, we first examined the ubiq-
uitination of ACK in response to EGF stimulation. However,

FIG. 1. EGF induces degradation of ACK. HeLa or COS7 cells were cultured to 90% confluence and starved overnight (12 h) in either 0.1%
FBS medium (A, C, and E, HeLa cells) or serum-free medium (B and D, COS7 cells). The cells were stimulated with EGF (50 ng/ml) alone (A
and B) or EGF (50 ng/ml) plus EGFR inhibitor AG1478 (1 �M) (C and D) or translational inhibitor cycloheximide (10 �g/ml) (E). AG1478 or
cycloheximide was added to culture medium 30 min before EGF stimulation. (A) EGFR (top panel) and ACK (middle panel) in the cell lysates
were detected by immunoblotting with anti-EGFR (1005) or anti-ACK (A11) antibody. (B) EGFR or ACK was immunoprecipitated (IP) with
anti-EGFR (Mab528) or anti-ACK (anti-ACKPCC) and detected by immunoblotting with anti-EGFR (1005) (top panel) or anti-ACK (A11)
(bottom panel). (C) EGFR was immunoprecipitated and immunoblotted with anti-EGFR antibody (top panel). The coprecipitated ACK was
detected by immunoblotting with anti-ACK (A11) antibody (second top panel). The tyrosine phosphorylation of EGFR was determined by
immunoblotting the lysates with anti-PY(4G10) (second bottom panel). The amount of ACK in the cell lysates was detected by immunoblotting
with anti-ACK (A11) (bottom panel). (D and E) EGFR (top panel) and ACK (middle panel) in cell lysates were detected by immunoblotting with
anti-EGFR (1005) and anti-ACK (A11) antibodies. The amount of actin was used for indication of the lysate loading (bottom panels in panels A,
D, and E).
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we found it difficult to detect the ubiquitination of endogenous
ACK by immunoblotting the immunoprecipitated ACK with
antiubiquitin antibody because of the low level of endogenous
ACK. To overcome this difficulty, we developed a GST-ACK-
Uba pulldown assay for detection of ubiquitinated ACK, based
on our previous studies showing that the ACK-Uba domain
has a high binding affinity for ubiquitinated proteins (32). The
GST-ACK-Uba precipitates only ubiquitinated proteins from
cell lysates; thus it is able to enrich ubiquitinated ACK for
detection.

With the GST-ACK-Uba pulldown assay in HeLa cells,
EGFR ubiquitination was detected after 10 min stimulation
with EGF (Fig. 2A, top panel, lane 2). The EGFR ubiquitina-
tion declined rapidly, due to either degradation or dissociation
of Cbl, the E3 ubiquitin ligase for EGFR. ACK was persis-
tently ubiquitinated in response to EGF stimulation (Fig. 2A,
second panel from top, lanes 2 to 4), suggesting that ubiquiti-
nation of ACK might be catalyzed by a different E3 ubiquitin
ligase from that for EGFR ubiquitination, which is consistent
with our previous data that ACK was not able to complex with
Cbl (32). To further characterize EGF-induced ubiquitination
of ACK, we overexpressed Myc-tagged ACK1 (Myc-ACK1)
along with Cdc42Q61L, a GTPase-defective mutant of Cdc42
that activates ACK (44), in HEK293 cells and examined the
ubiquitination of Myc-ACK1 immunoprecipitation complex
upon EGF stimulation (Fig. 2B). We found that the HECT
family E3 ubiquitin ligase Nedd4 was coprecipitated with ACK
upon EGF stimulation (Fig. 2B, third panel, lanes 2 and 3),
suggesting that ACK1 and Nedd4 are in complex in response
to EGFR signaling. We also observed that Grb2 was associated
with ACK1 upon EGF stimulation (Fig. 2B, fourth panel).
EGF stimulation rapidly induced ubiquitination of the ACK1
immunoprecipitation complex at 180 kDa (Fig. 2B, top panel),
similar to the ubiquitinated ACK band in Fig. 2A. To confirm
that this EGF-induced ubiquitination is on ACK1, not the
coprecipitated proteins, we transiently expressed His-tagged
ACK1 alone or with Cdc42Q61L in HEK293 cells, stimulated
the cells with EGF, and denatured the cell lysates with 6 M
urea to dissemble any protein complex. Then we precipitated
denatured ACK1 with nickel-NTA beads and detected ubiq-
uitination of precipitated ACK1 by immunoblotting with anti-
ubiquitin antibody. As shown in Fig. 2C, EGF stimulation
induced ubiquitination of ACK (lanes 2 and 3). Coexpression
with Cdc42Q61L enormously enhanced EGF-induced ubiquiti-
nation of ACK1 (lanes 5 and 6). Taken together, these data
indicate that EGF stimulation promotes the association of
ACK with E3 ubiquitin ligase Nedd4 and therefore the ubiq-
uitination of ACK.

To confirm that Nedd4 could ubiquitinate ACK in cells, we
cotransfected human Nedd4-1 with ACK in HEK293 cells and
examined the ubiquitination of ACK (Fig. 2D). As expected,
overexpression of Nedd4-1 caused extensive ubiquitination of
ACK (Fig. 2D, top panel, lane 2). We also examined in vitro
ubiquitination of ACK by Nedd4-1. Incubation of purified
Nedd4-1 with ACK1 immunoprecipitated from HEK293 cells
caused strong ubiquitination of ACK1 (Fig. 2E, top panel, lane
2). No ubiquitination was detected in samples that had no
addition of Nedd4-1 or/and ACK1 (Fig. 2E, top panel, lanes 1,
3, and 4), indicating that the ubiquitination is both ACK1 and
Nedd4-1 dependent. In addition, nonubiquitinated ACK1 pro-

tein was significantly reduced by incubation with Nedd4-1 (Fig.
2E, bottom panel, compare lane 2 with lane 4), presumably
resulting from an ubiquitination-caused gel shift, implicating
that ACK1 is ubiquitinated by Nedd4-1 in vitro. Taken to-
gether, these data suggest that Nedd4 is the E3 ubiquitin ligase
ubiquitinating ACK in response to EGF signaling.

ACK interacts with Nedd4 via a conserved WW domain-
binding motif. We next characterized the interaction of ACK
with Nedd4. Nedd4 belongs to the WW domain-containing
family of E3 ubiquitin ligases (17, 29) and has three or four
type I WW domains that interact with the PPXY motif in its
ubiquitination substrates or regulatory proteins (36). The pep-
tide sequence of ACK contains a PPXY motif located in a
proline-rich region from amino acids 647 to 650 in mouse
ACK1 (Fig. 3A). This PPXY motif is also present in epithelial
sodium channel subunits, which are known Nedd4 substrates
(12, 35) (Fig. 3A). We designated this region the WW-binding
domain (WWBD). To confirm that WWBD is the Nedd4 bind-
ing site, we constructed a GST-ACK-WWBD fusion protein
for a Nedd4 pulldown assay. As shown in lane 2 of Fig.
3B, GST-ACK-WWBD precipitated Nedd4 from COS7 cell
lysates, whereas GST (lane 4) or GSH beads (lane 1) did not,
indicating that Nedd4 interacts with the WWBD. To confirm
interaction of ACK with Nedd4 in cells, Myc-tagged ACK1 was
expressed in HEK293 cells. Endogenous Nedd4 was coimmu-
noprecipitated with ACK after immunoprecipitation of ACK
with anti-Myc antibody (Fig. 3C). To determine whether the
PPXY motif is the site in ACK interacting with Nedd4, we
mutated Y650 to alanine, changing PPAY to PPAA, and then
examined coimmunoprecipitation with Nedd4-1. As shown in
Fig. 3D, while wild-type ACK coprecipitated Nedd4-1 (lane 2
of the right panel), the Y650A mutation eliminated the inter-
action of ACK with Nedd4-1 (lane 3 of the right panel), indi-
cating that Y650 is required for ACK to bind to Nedd4-1. To
confirm that interaction between ACK and Nedd4-1 is direct
and no other protein is needed, we performed an in vitro
binding assay with purified Nedd4-1 and ACK-WWBD pro-
teins. As shown in Fig. 3E, purified His-tagged Nedd4-1 was
coprecipitated with purified GST-WWBD (lane 3) but not with
GST-WWBD-Y650A, the Nedd4-binding-defective mutant
(lane 2), or GST (control) (lane 1), demonstrating a direct
interaction between the ACK-WWBD and Nedd4-1. Further-
more, in a GST-ACK-Uba pulldown assay, abolishing the bind-
ing of ACK to Nedd4-1 by mutation of Y650 reduced the
ubiquitination of ACK by 90% (Fig. 3E, lane 3), suggesting
that the binding is required for the ubiquitination.

The WW3 domain of human Nedd4-1 interacts with ACK
and is required for ubiquitination of ACK. To determine the
region in Nedd4 that interacts with ACK, we subcloned each of
four WW domains of human Nedd4-1 into a GST fusion pro-
tein expression vector (Fig. 4A) and performed the GST fusion
protein pulldown assay by incubating purified bead-bound
GST-WW domain fusion proteins with ACK-overexpressed
HEK293 cell lysates. As shown in Fig. 4B, the bead-bound
GST-WW3 precipitated Myc-ACK1 from the cell lysates (lane
4, top panel), while the GST-WW1, GST-WW2, and GST-
WW4 did not (lanes 2, 3, and 5, top panel), indicating that
WW3 is the domain binding to ACK1.

Nedd4-1 is the E3 ubiquitin ligase for ubiquitination of
ACK. There are two members in the Nedd4 family, Nedd4-1
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FIG. 2. ACK is ubiquitinated in response to EGF stimulation. (A) HeLa cells were starved overnight (12 h) in 0.1% FBS medium and treated
with MG-132 (10 �M) 30 min before EGF stimulation. After EGF stimulation for the indicated time, the cells were lysed. The ubiquitinated
proteins in cell lysates (1 mg) were precipitated by glutathione-bead-bound GST-ACK-Uba (15 to 20 �g). Ubiquitinated EGFR (top panel) or
ACK (second panel from top) was detected by immunoblotting with anti-EGFR (1005) or anti-ACK (A11) antibodies. EGF-induced degradation
of EGFR and ACK is shown in the bottom two panels by immunoblotting the cell lysates with anti-EGFR (1005) and anti-ACK (A11) antibodies.
(B) Myc-tagged mouse ACK1 was transfected into HEK293 cells for 36 h. The cells were serum starved for 12 h and stimulated with EGF for the
indicated time. ACK1 was immunoprecipitated with anti-Myc antibody (second panel from top), and ubiquitinated ACK1 was determined by
immunoblotting with antiubiquitin antibody (top panel). Coprecipitated endogenous Nedd4 (third panel from top) and Grb2 (fourth panel from
top) were detected by immunoblotting with anti-Nedd4-1 and anti-Grb2 antibodies. The amount of Nedd4 or Grb2 in the lysates is shown in the
two bottom panels by immunoblotting. (C) His-tagged mouse ACK1 was transfected into HEK293 cells for 36 h. The cells were serum starved for
12 h, treated with MG-132 (10 �M) for 30 min, and then stimulated with EGF (50 ng/ml) for the indicated time. The cells were lysed in mammalian
cell lysis buffer plus 6 M urea. The denatured His-tagged ACK1 was precipitated by Ni-NTA beads. The ubiquitination of His-tagged ACK1 was
detected by immunoblotting with antiubiquitin antibody (top panel). Expression of ACK1 was determined by immunoblotting of cell lysates with
anti-ACK antibody (A11) (middle panel). (D) Myc-tagged ACK1 was cotransfected with HA-tagged Nedd4-1 (lane 2) or vector (lane 1) into
HEK293 cells for 48 h. Ubiquitinated ACK1 was precipitated by glutathione-bead-bound GST-ACK1Uba and detected by immunoblotting with
antiubiquitin antibody (top panel). The expression level of ACK1 or Nedd4 was determined by immunoblotting the lysates with anti-Myc or
anti-HA antibodies (bottom two panels). (E) Myc-tagged ACK1 was immunoprecipitated from Myc-ACK1-transfected HEK293 cell lysates and
used for an in vitro ubiquitination assay. For the ubiquitination assay, 100 ng of purified Nedd4-1 was used in each sample. After the ubiquitination
reaction, Myc-ACK-bound beads were washed with mammalian lysis buffer three times to remove non-ACK-conjugated polyubiquitin. Ubiq-
uitination of Myc-ACK1 was detected by immunoblotting with antiubiquitin antibody (top panel). The amount of Myc-ACK1 was determined by
immunoblotting with anti-Myc antibody (bottom panel). Controls that had no Myc-ACK (but with the same amount of protein A beads that were
incubated with Myc-ACK-transfected HEK293 cell lysates) (lanes 1 and 3) or Nedd4-1 (lane 4) were set up to exclude endogenous E3 ligase activity
and Nedd4-1 autoubiquitination.
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and Nedd4-2 (also Nedd4L), in mammalian cells (5). Both
Nedd4-1 and Nedd4-2 have a similar domain structure, with a C2
domain at the N terminus, followed by four WW domains and the
HECT domain at the C terminus. Human Nedd4-1 and Nedd4-2
are about 65% identical in primary sequence. The most divergent
region is the segment between the WW1 and the WW3 domains.
Despite their structural similarity, Nedd4-1 and Nedd4-2 recog-
nize distinct substrates, for example, ion channels and membrane
transporters for Nedd4-2 (8, 33, 34, 40, 49) and endocytic proteins
for Nedd4-1 (1, 18, 25, 42).

To distinguish the specificity of Nedd4-1 and Nedd4-2 in
ubiquitination of ACK, we first examined the binding of
Nedd4-1 and Nedd4-2 to ACK1. HA-tagged Nedd4-1 or
Nedd4-2 was cotransfected with Myc-ACK1 into HEK293
cells. ACK1 was immunoprecipitated with anti-Myc antibody,

and coimmunoprecipitated Nedd4-1 or Nedd4-2 was detected
by immunoblotting with anti-HA antibody. As shown in Fig.
5A, both Nedd4-1 and Nedd4-2 were coprecipitated with
ACK1 (lanes 2 and 3, middle panel).

Although both Nedd4-1 and Nedd4-2 bind to ACK, a sig-
nificant difference in ubiquitination of ACK1 was observed
between Nedd4-1 and Nedd4-2. Using a GST-ACK-Uba pull-
down assay, we found that coexpression with Nedd4-1 resulted
in ubiquitination of ACK1 that was more than 10-fold higher
than coexpression with Nedd4-2 (Fig. 5B, lanes 2 to 4). A
difference in ubiquitination of endogenous ACK between
Nedd4-1 and Nedd4-2 was also observed (Fig. 5C). Upon over-
expression of Nedd4-1 or Nedd4-2 followed by treatment with
the proteasomal inhibitor MG-132 for accumulation of ubiq-
uitinated ACK, we detected that overexpression of Nedd4-1

FIG. 3. ACK interacts with Nedd4 through a conserved PPXY WW-binding motif. (A) Alignment of the PPXY WW-binding motif of ACK
with the known Nedd4-binding site of ENaC subunits. The boxed residues are the conserved WW-binding motif. (B) Glutathione (GSH)-
conjugated beads, the bead-bound GST-ACK-WWBD, or GST was incubated with HEK293 cell lysates (lanes 1, 2, and 4). As a control, the
bead-bound GST-ACK-WWBD was also incubated with the lysis buffer (lane 3). Coprecipitated Nedd4 was detected by immunoblotting with
anti-Nedd4-1 antibody (top panel). The GST fusion proteins were visualized by Coomassie blue staining (bottom panel). (C) Myc-tagged ACK1
(lane 1) or the vector (lane 2) was transfected into HEK293 cells. Myc-ACK1 was immunoprecipitated and immunoblotted with anti-Myc antibody
(the second top panel). Coprecipitated endogenous Nedd4 was detected by immunoblotting with anti-Nedd4-1 antibody (top panel). The amount
of endogenous Nedd4 in the lysates is shown in the second panel from the bottom. Actin was used as an indication of the lysate loading (bottom
panel). (D) Myc-tagged ACK1, the WW-binding-defective mutant ACK1Y650A, or the vector was cotransfected with HA-tagged Nedd4-1 into
HEK293 cells. ACK1 or ACK1Y650A was immunoprecipitated with anti-Myc antibody (the left bottom panel). Coprecipitated Nedd4-1 was
detected by immunoblotting with anti-HA antibody (left top panel). The expression levels of Myc-ACK and HA-Nedd4-1 in the cell lysates are
shown in the right panels. (E) Purified GST-ACK-WWBD or GST-ACK-WWBD-Y650A was incubated with purified His-Nedd4-1. The bead-
bound GST fusion proteins were precipitated by centrifugation. The coprecipitated Nedd4-1 was detected by immunoblotting with anti-Nedd4-1
(top panel). The GST fusion proteins were visualized by Coomassie blue staining (bottom panel). (F) Myc-tagged ACK1, the WW-binding-
defective mutant ACK1Y650A, or the vector was cotransfected with HA-tagged Nedd4-1 into HEK293 cells. The ubiquitinated ACK1 was
precipitated by GST-ACK1Uba and detected by immunoblotting with anti-ACK (A11) (top panel). Expression of Myc-ACK1 and Nedd4-1 is
shown in the two bottom panels.
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significantly enhanced ubiquitination of endogenous ACK
(Fig. 5C, lanes 1 to 4). However, overexpression of Nedd4-2
did not yield any increase in ubiquitination of ACK; rather, it
reduced ubiquitination of ACK, which might result from com-
peting with endogenous Nedd4-1 (compare lane 5 with lane 3).
We sometimes observed a significant gel shift of endogenous
ACK in SDS-PAGE with expression of Nedd4-1 (Fig. 5C,
compare lane 1 with lane 2 in middle panel). These data
suggest that Nedd4-1, not Nedd4-2, is the E3 ubiquitin ligase
for ubiquitination of ACK in cells.

To confirm that Nedd4-1 is the E3 ubiquitin ligase for ACK,
we also performed Nedd4-1 RNAi knockdown experiments.
We transfected the Nedd4-1 RNAi oligonucleotides into either
HEK293 cells or human non-small cell lung cancer (NSCLC)
A549 cells for 48 to 72 h and examined the knockdown effect
of Nedd4-1 on ACK protein level by immunoblotting of the
cell lysates (Fig. 5D and E). The Nedd4-1 protein level was
reduced more than 50% in both HEK293 and A549 cells by
Nedd4-1 RNAi knockdown over that of the control RNAi (Fig.
5D, lanes 1 to 3 in the middle panel, and E, lanes 1 and 2 in the
third panel). Knockdown of Nedd4-1 dramatically increased
ACK protein levels in both cell lines compared to those of the
controls (Fig. 5D and E, top panel). A significant increase of
EGFR expression by Nedd4-1 knockdown was also observed in
A549 cells (Fig. 5E, top panel, lane 2).

We further examined the effect of Nedd4-2 knockdown on
the ACK expression level in A549 cells. We could not find a
suitable commercial anti-Nedd4-2 antibody for detection of
endogenous Nedd4-2 in A549 cells. However, the anti-
Nedd4-1 antibody (Upstate Biotech) used in our studies was
raised against an antigen region in Nedd4-1 that is partially
conserved in Nedd4-2. We tested the anti-Nedd4-1 in detec-
tion of exogenously expressed HA-tagged Nedd4-2 (HA-
Nedd4-2) and estimated the difference in detection sensitivity
between HA-Nedd4-1 and HA-Nedd4-2 by comparison with
anti-HA antibody. We found that the anti-Nedd4-1 was about
10-fold less sensitive in detection of HA-Nedd4-2 than detec-
tion of HA-Nedd4-1 (data not shown). As expected, we de-
tected endogenous Nedd4-2 expression with the anti-Nedd4-1
in A549 cells (Fig. 5E, third panel, lanes 1 to 3) and estimated
that expression of Nedd4-2 is approximately 2-fold higher than
that of Nedd4-1 in A549 cells after rectifying the detection

sensitivity. We observed that more than 80% of endogenous
Nedd4-2 was diminished by Nedd4-2 RNAi knockdown (Fig.
5E, lane 3). To confirm this knockdown, we examined the
effect of Nedd4-2 RNAi oligonucleotide on exogenous expres-
sion of HA-Nedd4-2 in HEK293 cells and demonstrated that
the Nedd4-2 RNAi depleted more than 80% of exogenously
expressed Nedd4-2 (Fig. 5E, lane 7), which is consistent with
the effect on knockdown of endogenous Nedd4-2. By knock-
down of Nedd4-2, expression level of both ACK and EGFR
was only slightly enhanced (Fig. 5E, two top panels, lanes 2 and
3), probably due to more Nedd4-1 occupied by dual substrates
upon the depletion of Nedd4-2. In summary, the RNAi knock-
down data confirm that Nedd4-1, not Nedd4-2, is the E3 ubiq-
uitin ligase regulating ACK and EGFR degradation in vivo.

The effects of the SAM and the Uba domains on the ubiq-
uitination of ACK. ACK contains a sterile alpha motif (SAM)
domain at the N terminus and an ubiquitin association (Uba)
domain at the carboxyl terminus (11, 32). Deletion of the SAM
domain by truncating the first 89 amino acid residues
(ACK1�89) resulted in a dramatic reduction of ubiquitination
of ACK1 when coexpressed with Nedd4-1 (Fig. 6A), suggesting
that the SAM domain is required for Nedd4-1-catalyzed ubiq-
uitination of ACK1. How deletion of the SAM domain elimi-
nates the ubiquitination is not known. Our speculation is that
the SAM domain may contain major ubiquitination sites of
ACK, as the SAM domain has a lysine-rich region (46). On the
other hand, deletion of the Uba domain (ACK1�Uba) remark-
ably enhanced ubiquitination (compare lane 4 with lane 2 in
the top panel of Fig. 6B). This enhancement of ubiquitination
seems to result from increased binding to Nedd4-1, since sub-
stantially more Nedd4-1 was coimmunoprecipitated with
ACK1�Uba than with ACK1 (Fig. 6B, compare lane 4 with
lane 2 in the second panel from the top).

To test whether the enhanced ubiquitination caused by de-
letion of the Uba domain occurs in the lysine-rich region of the
SAM domain, we compared the ubiquitination catalyzed by
Nedd4-1 between ACK1 �Uba and ACK1�89�Uba. As shown
in Fig. 6C, deletion of the SAM domain in ACK1�Uba signif-
icantly reduced the ubiquitination catalyzed by Nedd4-1 (lane
2), supporting the hypothesis that the lysine-rich region in the
SAM domain may contain the majority of the ubiquitination
sites of ACK.

FIG. 4. ACK1 interacts with the WW3 domain of Nedd4-1. (A) Schematic representation of GST–human Nedd4-1 WW domain constructs.
(B) The bead-bound GST or GST–human Nedd4-1 WW domain was incubated with Myc-ACK1-expressed HEK293 cell lysates and precipitated
by centrifugation. Coprecipitated Myc-ACK1 was detected by immunoblotting with anti-Myc antibody (top panel). Loaded GST fusion proteins
were visualized by Coomassie blue staining (bottom panel).
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Interestingly, when Cdc42 Q61L, a GTPase-defective mu-
tant of Cdc42, was cotransfected with ACK1�Uba and
Nedd4-1, the ubiquitination of ACK was further enhanced
(Fig. 6D, compare lane 4 with lane 2 in the top panel). This is
consistent with the effect of Cdc42 on EGF-stimulated ubiq-
uitination of ACK (Fig. 2C). Cdc42 is a member of the Rho
family GTPase and an activator of ACK. These data suggest
that activated ACK may be a preferential ubiquitination sub-
strate for Nedd4-1.

EGF-induced degradation of ACK is processed by lyso-
somes, not proteasomes. Ubiquitination-mediated protein deg-
radation can occur via proteasomes or lysosomes. It has been
demonstrated that ubiquitination-mediated EGFR degrada-
tion is mediated by the lysosomal pathway (21). To determine
the mechanism of EGF-induced ACK degradation, we used
inhibitors of proteasomal (MG-132, PSI, Velcade [bort-
ezomib], lactacystin) or lysosomal (bafilomycin and NH4Cl)
pathways to assess the degradation route for ACK in COS7,
HeLa, and A549 cells. As shown in Fig. 7A, in COS7 cells,

treatment with bafilomycin (lanes 7 to 9) or MG-132 (lanes 10
to 12) significantly inhibited EGF-induced degradation of both
EGFR and ACK (top and middle panels). However, MG-132
is known to inhibit calpain in addition to proteasomes, and
thus it is not a specific proteasomal inhibitor (6, 39). The
specific proteasome inhibitor Velcade (bortezomib) only
slightly blocked the degradation of EGFR and ACK (Fig. 7A,
top and middle panels, compare lane 6 with lane 3). Both
MG-132 and Velcade activated p38 kinase (phosphorylation of
Hsp27) to the same extent (Fig. 7A, second panel from the
bottom, lanes 4 to 6 and 10 to 12), suggesting that both effec-
tively inhibited proteasomes. Therefore, inhibition of EGFR
and ACK degradation by MG-132 in COS7 cells might result
from a nonproteasomal inhibitory activity.

As shown in Fig. 7B, MG-132 treatment did not significantly
affect EGF-induced degradation of either EGFR or ACK (top
and bottom panels) or the binding of ACK to EGFR (middle
panel) in HeLa cells. Similar results were observed with the
proteasomal inhibitor lactacystin (Fig. 7C, top and bottom

FIG. 5. Nedd4-1 is the E3 ubiquitin ligase for ACK ubiquitination. (A and B) HA-tagged human Nedd4-1, Nedd4-2, or vector was coexpressed
with Myc-ACK1 in HEK293 cells. In panel A, Myc-ACK1 was immunoprecipitated with anti-Myc antibody (top panel). Coprecipitated Nedd4 was
detected by immunoblotting with anti-HA antibody (middle panel). The expression level of Nedd4 was determined by immunoblotting the cell
lysates with anti-HA antibody (bottom panel). In panel B, ubiquitinated ACK1 was precipitated by GST-ACK1Uba pulldown and detected by
immunoblotting with anti-ACK (A11) (top panel). The expression level of ACK1 or Nedd4 is shown in the two bottom panels. Lane 2, 2 �g
Nedd4-1 for transfection; lane 3, 1 �g Nedd4-1; lane 4, 2 �g Nedd4-2. (C) HA-tagged Nedd4-1, Nedd4-2, or the vector was transfected into
HEK293 cells for 36 h. The cells were treated with MG-132 for 12 h to accumulate ubiquitinated ACK. The cells were lysed, and the endogenous
ubiquitinated ACK was precipitated by GST-ACK1Uba pulldown and detected by immunoblotting with anti-ACK (A11) (top panels). The
expression level of endogenous ACK or HA-tagged Nedd4-1 and Nedd4-2 is shown in the middle and bottom panels. (D) Nedd4-1 RNAi-A,
Nedd4-1 RNAi-B, or luciferase RNAi (control) was transfected into HEK293 cells for 48 h. (E) Nedd4-1 RNAi-B, Nedd4-2 RNAi, or luciferase
RNAi (control) was transfected into A549 cells (lanes 1 to 3) for 72 h or cotransfected with HA-Nedd4-1 or Nedd4-2 into HEK293 cells for 48 h
(lanes 4 to 7). For both panels D and E, the cells were lysed and expression of ACK and Nedd4-1 was detected by immunoblotting with anti-ACK
(A11) or anti-Nedd4-1 antibodies. The actin amounts shown in the bottom panels indicate the lysate loading.
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panels, compare lane 9 with lane 3). Treatment with NH4Cl, an
inhibitor of lysosomes, significantly blocked EGF-induced deg-
radation of EGFR and ACK (Fig. 7C, top and bottom panels,
lane 6). These data demonstrate that EGF-induced degrada-
tion of ACK is processed by lysosomes.

Similar results were observed in A549 cells. The proteaso-
mal inhibitors MG-132 and PSI did not inhibit degradation of
EGFR or ACK (Fig. 7D, two top panels, lanes 3 and 4 and
lanes 11 and 12). The lysosomal inhibitors, NH4Cl and bafilo-
mycin, blocked 70 to 90% of the EGF-induced degradation of
EGFR and ACK (Fig. 7D, two top panels, lanes 5 and 6 and
lanes 9 and 10).

It has been reported that p38 kinase activity was required
for ligand-induced EGFR degradation via regulation of ty-
rosine phosphorylation of Y1045 of EGFR, which is the

binding site for Cbl, the E3 ubiquitin ligase for EGFR (10).
The p38 kinase inhibitor SB203850 blocked EGF-induced
degradation of EGFR (Fig. 7A, top panel, compare lanes 13
to 15 with lanes 1 to 3) and ACK (Fig. 7A, second panel
from top, compare lanes 13 to 15 with lanes 1 to 3). This
result suggests that EGF-induced ACK degradation is de-
pendent on EGFR degradation, likely via cotransporting
with EGFR to lysosomes.

Nedd4-1, not Nedd4-2, is required for EGF-induced ACK
and EGFR degradation. To address the role of Nedd4-1 and
Nedd4-1-catalyzed ubiquitination of ACK in regulation of
EGF-induced degradation of EGFR and ACK, we compared
the degradation of EGFR and ACK in Nedd4-1 knockdown
cells with that in Nedd4-2 knockdown and control cells (Fig. 8).
Knockdown of Nedd4-1 significantly increased both EGFR

FIG. 6. The effects of the SAM and the Uba domains on the ubiquitination of ACK. (A) Myc-tagged ACK1 or ACK1�89 was cotransfected
with HA-tagged Nedd4-1 or the vector into HEK293 cells. Myc-tagged ACK1 or ACK1�89 was immunoprecipitated and immunoblotted with
anti-Myc antibody (middle panel), and the ubiquitination of ACK was detected by immunoblotting with antiubiquitin antibody (top panel). The
expression level of Nedd4-1 was determined by immunoblotting with anti-HA (bottom panel). (B and C) Myc-tagged ACK1, ACK1�Uba, or
ACK1�89�Uba was cotransfected with HA-tagged Nedd4-1 into HEK293 cells and immunoprecipitated with anti-Myc. The ubiquitination of
ACK1 was determined by immunoblotting with antiubiquitin antibody (top panel). Immunoprecipitated ACK1 and its mutants were detected by
immunoblotting with anti-Myc. The expression level of HA-Nedd4-1 in cells was determined by immunoblotting the cell lysates with anti-HA
(bottom panel). In panel B, coimmunoprecipitated Nedd4-1 was detected by immunoblotting with anti-HA (the second top panel). (D) Myc-
ACK1�Uba was cotransfected with HA-Nedd4-1 and/or HA-Cdc42Q61L into HEK293 cells and immunoprecipitated with anti-Myc antibody.
Immunoprecipitated ACK (the third panel from top), coimmunoprecipitated Nedd4-1 (the second panel from top), and coimmunoprecipitated
Cdc42Q61L (the fourth panel from top) were detected by immunoblotting with anti-Myc or anti-HA. The expression levels of ACK1�Uba,
Nedd4-1, and Cdc42Q61L in cells are shown in the three bottom panels.
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and ACK expression levels (Fig. 8A, two top panels, lanes 1
and 3), while knockdown of Nedd4-2 caused little change in
expression levels of ACK and EGFR (Fig. 8A, two top panels,
lanes 5 and 7). Quantification of the data from three indepen-
dent experiments shows that knockdown of 70 to 80% of
Nedd4-1 caused a 2- to 5-fold increase in ACK1 expression and
a 3- to 10-fold increase in EGFR expression in A549 cells,
whereas knockdown of more than 80% of Nedd4-2 had little
effect on expression of both ACK and EGFR (Fig. 8B). EGF-
induced degradation of ACK and EGFR was significantly in-
hibited by Nedd4-1 knockdown. While about 65% of EGFR
and ACK was degraded upon 60 min EGF stimulation in
control RNAi-transfected cells, only about 20% of EGFR or
ACK was degraded upon 60 min EGF stimulation in Nedd4-1
knockdown cells (Fig. 8C and D). Thus, Nedd4-1 knockdown
yielded inhibition of about 70% of the degradation of both
EGFR and ACK. Again, knockdown of Nedd4-2 caused little
effect on EGF-induced degradation of ACK and EGFR (Fig.

8C and D). These data indicate that Nedd4-1, not Nedd4-2,
plays an important role in regulation of EGF-induced degra-
dation of EGFR and ACK.

We further assessed the role of Nedd4-1-catalyzed ubiquiti-
nation of ACK in regulation of EGFR degradation. We first
confirmed the role of endogenous ACK in regulation of EGFR
degradation by depletion of ACK with RNAi. As shown in Fig.
9A, knockdown of about 70% of ACK1 in A549 cells inhibited
EGF-induced degradation of EGFR (top panel, lanes 5 to 6).
We next examined the effects of overexpression of the Nedd4-
1-binding-defective mutant ACK1Y650A and the ubiquitina-
tion-defective mutant ACK1�89 on ligand-induced EGFR
degradation in HEK293 cells. With overexpression of the
Nedd4-1-binding-defective mutant ACK1Y650A, EGFR deg-
radation upon 60 min EGF stimulation was reduced to 45%
from 80% in wild-type ACK1-overexpressed or vector-trans-
fected cells (Fig. 9B and C), indicating that about 45% of
EGF-induced degradation of EGFR was inhibited by overex-

FIG. 7. EGF-induced degradation of ACK is mediated by lysosomes. COS7 (A), HeLa (B and C) or A549 (D) cells were cultured to 90%
confluence, followed by serum starvation (0.1% FBS for HeLa cells, serum-free for COS7 and A549 cells) for 12 h. The proteasomal, lysosomal,
or p38 inhibitor (10 �M Velcade [bortezomib], 1 �M bafilomycin, 10 �M MG-132, 10 �M SB203850, 20 mM NH4Cl, 10 �M lactacystin, or 10 �M
PSI) was added to the culture medium 30 min before EGF stimulation. After EGF (50 ng/ml) stimulation for the indicated time, the cells were
lysed. EGF-induced degradation of EGFR or ACK1 was determined either by directly immunoblotting the cell lysates with anti-EGFR (1005) or
anti-ACK (A11) (top two panels in panels A and D) or by immunoprecipitation of EGFR followed by immunoblotting with anti-EGFR (1005) and
combined with immunoblotting the cell lysates with anti-ACK (A11) (top and second bottom panel in panel B, top and bottom panels in panel
C). Coimmunoprecipitated ACK1 with EGFR was detected by immunoblotting with anti-ACK (A11) antibody (second top panel in panel B).
Detection of phosphorylation of Hsp27 was performed by immunoblotting with anti-phospho-Hsp27 to indicate activation of p38 kinase by
proteasomal inhibition treatments in COS7 cells (second bottom panel in panel A). The actin amount was used to show the cell lysate loading
(bottom panels in panels A, B, and D). WCL, whole-cell lysate.
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pression of ACK1Y650A. Similar inhibition of ligand-induced
EGFR degradation was observed with overexpression of the
ubiquitination-defective mutant ACK1�89 in HEK293 cells
(Fig. 9D and E). Overexpression of ACK1�89 caused inhibi-
tion of EGF-induced degradation by about 40% compared
with that in the vector-transfected cells (Fig. 9E). These data
suggest that Nedd4-1-catalyzed ubiquitination of ACK is re-
quired for ACK in the regulation of ligand-induced degrada-
tion of EGFR.

DISCUSSION

Our previous studies have shown that ACK interacts with
EGFR in response to EGF stimulation and regulates EGF-
induced EGFR degradation (32). We also observed that the
Uba domain is required for ACK to facilitate EGFR degrada-
tion, suggesting that ACK might be involved in ubiquitination-
mediated EGFR degradation via Uba-ubiquitin interaction
(32). In this report, we found that EGF signaling induced ACK
degradation along with EGFR degradation. This degradation
is mediated by the E3 ubiquitin ligase Nedd4-1 and processed

by lysosomes. Interestingly, the degradation of ACK induced
by EGF requires EGFR kinase activity, since EGFR kinase
inhibitor AG1478 completely blocked the degradation (Fig. 1).
Because EGFR tyrosine kinase activity is also required for
ACK to bind to EGFR (32), association of ACK with activated
EGFR might be necessary for EGF-induced degradation of
ACK. Furthermore, EGF-induced degradation of ACK is
tightly correlated with EGF-induced degradation of EGFR
(Fig. 8), suggesting that ACK might be cotransported with
EGFR to lysosomes for degradation. This cotransportation
may be regulated by Nedd4-1-mediated ubiquitination of
ACK, which may serve as a sorting signal for transporting the
EGFR/ACK complex from early endosomes to late endo-
somes/lysosomes. In fact, knockdown of Nedd4-1 by RNAi and
overexpression of the Nedd4-1-binding-defective and ubiquiti-
nation-defective mutants of ACK inhibited EGFR degrada-
tion, suggesting that Nedd4-1 and Nedd4-1-catalyzed ubiquiti-
nation of ACK are required for EGF-induced degradation of
EGFR.

We observed a specificity of ACK ubiquitination, which was
preferentially catalyzed by Nedd4-1, not Nedd4-2 (Fig. 5).

FIG. 8. Knockdown of Nedd4-1 by RNAi enhances the expression level of EGFR and ACK and inhibits EGF-induced degradation of EGFR
and ACK. (A) Nedd4-1 RNAi-B, Nedd4-2 RNAi, or the luciferase RNAi (control RNAi) was transfected into A549 cells for 60 h, followed by
serum starvation for 12 h. The cells were stimulated with EGF for 60 min. The amounts of EGFR, ACK1, Nedd4-1, and Nedd4-2 were determined
by immunoblotting with anti-EGFR (1005) (top panel), anti-ACK (A11) (the second top panel), and anti-Nedd4-1 (the second bottom panel). The
amount of actin was used as an indication of the lysate loading (bottom panel). (B to D) Expression of EGFR and ACK1 and degradation of EGFR
and ACK1 induced by 60 min EGF (50 ng/ml) treatment in A549 cells with or without knockdown of Nedd4-1 or Nedd4-2 by RNAi were
determined by immunoblotting and quantified by the Gel Logic 100 Image system (Kodak) from three independent experiments.
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Nedd4-2 is known to ubiquitinate ion channels, transporters,
and other membrane proteins (8, 33, 34, 40, 49), while Nedd4-1
ubiquitinates endocytic proteins (1, 18, 25, 42), most of which
are nonmembrane proteins. For example, previous studies ob-
served that Nedd4-1 ubiquitinated several proteins that play
critical roles in EGFR endocytosis and degradation, such as
Cbl and Eps15 (25, 42). It is not known how substrate speci-
ficity is determined. The WW domains are highly conserved
between Nedd4-1 and Nedd4-2. The unconserved regions are
located mainly between WW1 and WW3 domains. We ob-
served an insignificant difference between Nedd4-1 and
Nedd4-2 in binding to ACK (Fig. 5). However, the difference
in ubiquitination of ACK between Nedd4-1 and Nedd4-2 was
more than 10-fold (Fig. 5). We speculate that there may be
additional Nedd4-binding proteins interacting with the uncon-
served region between WW1 and WW3 that help Nedd4 to
establish the specificity in recognizing substrates. During prep-
aration of the manuscript, Chan et al. reported that ACK1 is
ubiquitinated by E3 ubiquitin ligase Nedd4-2 (4), which is not
consistent with our findings. We speculate that the discrepancy
between their conclusion and ours may result from differences
in experimental system and approaches. They assayed the
ubiquitination of ACK1 by Nedd4-2 and the colocalization of
ACK1 with Nedd4-2 mainly with exogenously expressed pro-
teins. We also observed ubiquitination of ACK1 by overexpres-
sion of Nedd4-2 in HEK293 cells (Fig. 5B), although the ubiq-
uitination was much less efficient than that by Nedd4-1.

Our data in Fig. 8 and 9 suggest an important role of
Nedd4-1 but not Nedd4-2 in regulation of EGF-induced
EGFR and ACK degradation. It has been proposed that ubiq-
uitination of membrane proteins by Nedd4 generates a sorting
signal for transporting these proteins to lysosomes for degra-
dation (19, 29). The ubiquitination in these proteins may func-
tion as a protein-protein interactive module for the assembly of
transporting complexes. ACK is ubiquitinated by Nedd4-1
(Fig. 5). Although treatment of MG-132, a proteasomal inhib-
itor, caused accumulation of ACK ubiquitination, it did not
significantly affect the protein amount of ACK (Fig. 5C), indi-
cating that inhibition of proteasomes did not affect the protein
degradation of ACK. However, Nedd4-1 is required for both
EGFR and ACK degradation, because knockdown of Nedd4-1
by RNAi significantly enhanced the protein expression level of
EGFR and ACK and suppressed EGF-induced degradation of
EGFR and ACK (Fig. 8). Thus, ubiquitination of ACK by
Nedd4-1 may function as a sorting signal for transporting the
EGFR/ACK complex to lysosomes for degradation. This hy-
pothesis explains why degradation of ACK always accompanies
degradation of EGFR (Fig. 7) and requires binding to EGFR
(Fig. 1). Because the optimal interaction of ACK with EGFR
occurs at the late stage of EGFR internalization (30 to 60 min
after EGF stimulation) (32), we speculate that the EGFR/
ACK complex formation would take place on endosomes and
the ubiquitination of ACK by Nedd4-1 might be critical for
sorting the complex to late endosomes or lysosomes. However,

FIG. 9. Overexpression of the Nedd4-1-binding-defective mutant ACK1Y650A and the ubiquitination-defective mutant ACK1�89 inhibits
EGF-induced degradation of EGFR. (A) ACK1 RNAi or luciferase RNAi (control RNAi) was transfected into A549 cells for 60 h followed by
12 h serum starvation. The cells were stimulated with EGF (50 ng/ml) for 0, 30, and 60 min. The amounts of EGFR and ACK1 were detected by
immunoblotting with anti-EGFR (1005) and anti-ACK (A11). (B to E) pcDNA3 (vector control), pcDNA3-Myc-ACK1, pcDNA3-Myc-
ACK1Y650A, or pcDNA3-Myc-ACK1�89 was transfected into HEK293 cells for 36 h followed by 12 h serum starvation. The cells were stimulated
with EGF (50 ng/ml) for 0, 5, 30, and 60 min (B and C) or 0, 30, and 90 min (D and E). EGFR was immunoprecipitated with anti-EGFR (Mab528)
and immunoblotted with anti-EGFR (1005). The amount of tubulin (B) or actin (D) was used to indicate lysate loading. In panels C and E, the
amount of EGFR determined by immunoblotting was quantified from two independent experiments by FUJIFILM Multi Gauge V3.0.
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whether Nedd4-1-mediated ubiquitination of ACK is required
for EGF-induced EGFR and ACK degradation needs to be
further determined by examining the dominant negative effects
of the ubiquitination site mutants of ACK and the ligase-dead
mutant of Nedd4-1 on EGFR and ACK degradation.

In COS7 cells, MG-132 treatment inhibited both EGF-in-
duced EGFR and ACK degradation (Fig. 7A). However, the
specific proteasome inhibitor Velcade did not have such an
effect (Fig. 7A), indicating that the inhibitory effect of MG-132
was through a nonproteasomal mechanism. An inhibitory ef-
fect on EGFR degradation by MG-132 was also observed in
hepatoma Hep2 cells (24). It was proposed that inhibition of
cathepsin B, a lysosomal protease, by MG-132 might block
degradation of EGFR (2). We observed little effect of MG-132
on inhibition of EGFR degradation in HeLa and A549 cells
(Fig. 7), arguing that inhibition of the lysosomal protease
cathepsin B may not be the cause for MG-132 in blocking the
degradation of EGFR in COS7 cells. MG-132 is also a known
inhibitor of calpain, a calcium-activated protease (39). We
speculate that inhibition of calpain in COS7 cells might con-
tribute to the inhibitory effect by impairing an unidentified
process in EGFR trafficking that is unique in COS7 or Hep2
cells.

Our data suggest that the SAM domain may contain the
majority of the ubiquitination sites in ACK (Fig. 6A and C).
The SAM domain is found in many proteins and functions as
a protein-binding module for formation of homo- or hetero-
oligomers (38). The SAM domain of ACK may also play a role
in homodimerization or interaction with other SAM domain
proteins, and the ubiquitination of the SAM domain might
disrupt the homodimerization or the interaction with other
proteins. We observed that deletion of the Uba domain signif-
icantly enhanced ubiquitination of ACK, probably by increas-
ing binding to Nedd4-1 (Fig. 6B). The Uba domain may inter-
act with the ubiquitinated SAM domain to change the
conformation of ACK, resulting in reduction of the binding
affinity of ACK to Nedd4-1, thus dissociating Nedd4-1 and
preventing ACK from excessive ubiquitination. Such regula-
tion may be necessary to control overubiquitination, which may
interfere with the structure and function of the kinase or other
domains of ACK. Interestingly, coexpression of active Cdc42
enhanced the ubiquitination of ACK even though the binding
of ACK to Nedd4-1 was decreased (Fig. 6D), implying that the
ACK/Cdc42 complex may activate Nedd4-1 E3 ligase activity.

Overexpression of ACK is correlated with aggressiveness of
tumors (41). Amplification of the ACK gene was found in
primary prostate tumor samples from patients with recurrent
tumors by analysis of chromosomal alterations (41). In prostate
cancer, ACK overexpression is associated with metastasis and
androgen independency of the tumors (41). It has been pro-
posed that ACK promotes tumor cell metastasis through the
integrin-mediated signaling pathway and possibly by interac-
tion with and phosphorylation of the p130Cas complex (41).
Other mechanisms were also proposed in different studies for
the role of ACK in prostate tumorigenesis (26, 27). It was
observed that the activated ACK phosphorylated WWOX, a
tumor suppressor protein, and androgen receptor in prostate
cancer cells (26, 27). The phosphorylation promoted ubiquiti-
nation and degradation of WWOX (26) and activated andro-
gen receptor (27). However, connection of the role of ACK in

regulation of EGFR signaling to tumor progression has not
been established. EGFR signaling is known to initiate tumor-
igenesis and promote tumor progression. Deregulation of in-
teraction of ACK with EGFR and ubiquitination of ACK by
Nedd4-1 might result in deregulation of EGFR signaling. In
addition, the tumor suppressor Mig-6 (also known as Gene-33
or RALT) has the same EGFR/ErbB2-interactive domain as
ACK that directly binds to the kinase domain of EGFR/ErbB2
(13, 48). Cross talk between ACK and Mig-6 to modulate
EGFR signaling might also be an important avenue to regulate
tumorigenesis and tumor progression.
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