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Reversible ubiquitination is essential for the endocytic
sorting and down-regulation of G protein-coupled receptors,
such as the chemokine receptor CXCR4. The deubiquitinat-
ing enzyme AMSH has been implicated in the endocytic sort-
ing of both G protein-coupled receptors and receptor-tyro-
sine kinases. Herein, we examine the role of AMSH in the
regulation of CXCR4 stability and trafficking and character-
ize protein-protein interactions critical for this function.
Loss of AMSH catalytic activity or depletion by RNAi results
in increased steady-state levels of CXCR4 under basal condi-
tions. Analysis of truncation and point mutation of AMSH
reveal the importance of an RXXKmotif for CXCR4 degrada-
tion. The RXXK motif of AMSH interacts with the SH3
domains of the STAM and Grb2 families of adaptor proteins
with high affinity. Cells expressing a catalytically inactive
mutant of AMSH show basal hyperubiquitination, but not
increased degradation, of the ESCRT-0 components STAM1
and Hrs. This is dependent on the RXXK motif of AMSH.
Ubiquitination of endocytic machinery modulates their
activity, suggesting that AMSH may directly regulate endo-
cytic adaptor protein function. This is reflected inCXCR4 traf-
ficking and provides amechanism by which AMSH specifies the
fate of endocytosed receptors. Taken together, these studies
implicate AMSH as a keymodulator of receptor fate determina-
tion through its action on components of the endocytic
machinery.

The sorting and trafficking of cell surface receptors
through endosomal compartments is a highly regulated
process that is essential for maintaining cellular homeostasis
and generating adaptive and coordinated responses to exter-
nal stimuli. To avoid prolonged receptor activation and sig-
naling, receptor-ligand complexes are endocytosed and
either recycled back to the plasma membrane or sorted to
lysosomes for degradation (1–4). This process is mediated
by reversible ubiquitination. The modification of a target
protein with ubiquitin moieties is extensively utilized to reg-
ulate the assembly of endosomal machinery as well as being

a sorting signal for transmembrane proteins within the
endosomal system (5–7). The crucial role for ubiquitination
in the trafficking of endocytosed receptors has been docu-
mented for receptor-tyrosine kinases and a number of G
protein-coupled receptors including the chemokine recep-
tor CXCR4 (8–10). CXCR4 has been extensively studied as a
co-receptor for the entry of T-trophic human immunodefi-
ciency virus into CD4� T-cells (11, 12). Along with its cog-
nate ligand, Stromal cell-derived factor-1� (SDF-1/
CXCL12), CXCR4 plays important roles in hematopoiesis,
development, and organization of the immune system and
stem cell homing (13–15). CXCR4 deregulation is associated
with various pathologies, including human immunodefi-
ciency virus infection, cardiovascular disease, and neurode-
generative diseases and is associated with metastatic disease
in a number of cancers (16–20). Mutations that result in trun-
cation of the C-terminal intracellular region of CXCR4 cause
WHIM syndrome, a dominantly inherited immunodeficiency
disease involving hypogammaglobulinemia and abnormal sus-
ceptibility to warts (19, 21). WHIM mutants of CXCR4 fail to
undergo regulated internalization and are not effectively stabi-
lized on the plasma membrane (22).
Upon stimulation with CXCL12, CXCR4 is rapidly internal-

ized in a process requiring both ubiquitin and clathrin (23–26).
CXCR4 has been reported to become monoubiquitinated by
the HECT-family E3 ligase, atrophin-interacting protein 4
(AIP4/Itch),3 in a CXCL12-dependent manner, and is deubiq-
uitinated by USP14 (27). These studies suggest that reversible
ubiquitination is a keymechanism for regulating the trafficking
and stimulation-induced degradation ofCXCR4.CXCR4 is also
known to be constitutively endocytosed in a ligand-indepen-
dentmanner (28, 29). AlthoughCXCL12mediated degradation
of CXCR4may be essential for signal attenuation, basal CXCR4
turnover was recently found to control steady-state abundance
(28, 29).
Deubiquitinating enzymes mediate receptor-tyrosine

kinase and G protein-coupled receptor homeostasis and
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degradation (30–36). The deubiquitinating enzyme, known
as associated molecule with the SH3 domain of STAM
(AMSH), has been implicated in the regulation of epidermal
growth factor receptor, calcium-sensing receptor, and most
recently, the �-opioid receptor and the protease-activated
receptor 2 (37–43). AMSH was first identified as an inter-
acting partner of the SH3 domain of STAM (44) and later
characterized as a Zn2�-dependent ubiquitin isopeptidase
with a substrate preference for Lys-63-linked polyubiquitin
chains (37, 45). AMSH is composed of multiple protein-pro-
tein interaction domains that have been shown to control its
recruitment and localization (Fig. 3A). At the N terminus,
AMSH contains a nuclear localization signal and a microtu-
bule-interacting and transport (MIT) domain, shown to
interact with several chromatin-modifying proteins
(CHMPs) that are components of the endosomal sorting
complex required for transport (ESCRT) III complex (38, 39,
44, 46–49). Mutations in AMSH that inhibit binding to
CHMP3 result in the accumulation of ubiquitinated cargo on
endosomes and inhibition of epidermal growth factor recep-
tor degradation (38, 39). AMSH has a clathrin binding
domain that interacts with the terminal domain of the clath-
rin heavy chain and is required for AMSH localization to
endosomes (45, 50). AMSH contains a STAM-interacting
motif (PPVVDRSLKPGA) that serves as a binding site for the
SH3 domain of the STAM family of adaptor proteins (37, 44,
51, 52). STAM SH3 domain binding to this region has been
shown to stimulate the deubiquitinating activity of AMSH in
vitro (45, 52); however, a clear role for this interaction in a
cellular context had not been previously demonstrated.
The substrate preferences of AMSH for Lys-63-linked polyu-

biquitin chains taken together with its known interaction part-
ners implicate AMSH in the regulation of the ubiquitination
status of proteins during endocytic trafficking. AMSH has been
implicated in the endocytic trafficking of various receptors (37–
42); however, a role for AMSH in the trafficking of CXCR4 has
not been previously described. Endosomal sorting and degra-
dation of CXCR4 are dependent on the adaptor protein hepa-
tocyte growth factor-regulated tyrosine kinase substrate (Hrs),
arrestin-2, and on the AAA-type ATPase Vps4 (24, 25). Loss of
both Hrs and arrestin-2 results in the accumulation of CXCR4
on enlarged early endosomes after activation with CXCL12.
Vps4 has been implicated in the later-stage deubiquitination of
CXCR4 and Hrs through what is assumed to be an indirect
mechanism (24, 25).
Herein, we report a critical role for AMSH in the regula-

tion of basal CXCR4 trafficking and steady-state homeosta-
sis. We report that both AMSH depletion and overexpres-
sion of a catalytically inactive form of AMSH results in
increased levels of CXCR4 protein. We identify conserved
interactions between the RXXKmotif in AMSH and the non-
canonical SH3 domains of adaptor and scaffold proteins,
including those of the STAM family with affinity approxi-
mating that of an optimal ligand. Recruitment of AMSH to
the Hrs�STAM complex on sorting endosomes requires an
intact RXXK, motif and our results suggest that AMSH func-
tions at the sorting endosome to regulate the ubiquitination
status of ESCRT-0 proteins. Because ubiquitination of endo-

cytic machinery modulates their activity, we propose that
AMSH acts to modulate ESCRT-0 function and subse-
quently affects the fate of endocytosed cargo as reflected in
CXCR4 trafficking. Taken together, our studies on CXCR4
trafficking implicate AMSH as a key modulator of receptor
fate through its action on the components of the endocytic
machinery.

EXPERIMENTAL PROCEDURES

Cell Lines, cDNA Constructs, Antibodies, and RNAi—
HEK293 (human embryonic kidney) and HeLa (human car-
cinoma) cells were grown in complete media consisting of
Dulbecco’s modified Eagle’s medium (Invitrogen) contain-
ing 10% fetal bovine serum (SAFC Biosciences, Lenexa, KS),
100 units/ml penicillin, and 100 �g/ml streptomycin
(Invitrogen) in 5% CO2, 95% air at 37 °C. Stably transfected
HeLa cells expressing HA-tagged CXCR4 were generated
and selected by resistance for neomycin using G418 (Gene-
ticin, Invitrogen) followed by fluorescence-activated cell
sorting using a mouse anti-HA (F-7) antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA). The mammalian
expression construct of murine AMSHwas amplified by PCR
and cloned into the pcDNA3.1(�) (Invitrogen) vector sys-
tem at KpnI/ApaI. An N-terminal Myc epitope tag was
inserted at the KpnI restriction site using annealed primer
pairs. Point mutations at the catalytic aspartate residue
and/or the RXXK recruitment motif were introduced by site-
directed mutagenesis (QuikChange, Stratagene, La Jolla,
CA). AMSH truncationmutants were cloned by PCR into the
pcDNA3.1(�) vector system at BamHI/EcoRI. Glutathione
S-transferase (GST) fusion constructs of SH3 domains from
STAM1, STAM2, Grb2, and Gads were cloned into the
pGEX-2TK vector at BamHI/EcoRI by Heather Schwartz
(The University of Chicago, Chicago, IL). HA-tagged ubiq-
uitin was provided by Suzanne D. Conzen (The University of
Chicago, Chicago, IL). Cloning vectors for the bimolecular
fluorescence complementation (BiFC) assay, pBiFC-VN173
and pBiFC-VC155 (53, 54), were provided by Chang-Deng
Hu (Purdue University, West Lafayette, IN). AMSH and
AXXA were cloned by PCR into pBiFC-VN173 at EcoRV/
XbaI. STAM1 and Grb2 were cloned by PCR into pBiFC-
VC155 at EcoRI/XhoI. The following primary antibodies
were used for Western blotting, immunoprecipitation, and
immunofluorescence microscopy: mouse anti-HA (Covance,
Berkeley, CA), mouse anti-Myc 9E10 (Cell Signaling Tech-
nology, Inc., Danvers, MA), rabbit anti-STAM1 (Calbiochem
(San Diego, CA) and Santa Cruz Biotechnology, Inc.), rabbit
anti-STAM2 (Calbiochem), mouse anti-Grb2 (Cell Signaling
Technology, Inc.), mouse anti-actin (Sigma), mouse anti-
EEA1 (BD Biosciences), mouse anti-CD63 polyclonal (De-
velopmental Studies Hybridoma Bank, Iowa City, IA), and
rat anti-CXCR4 (BD Biosciences). Rabbit polyclonal Hrs
anti-sera were generated against a GST fusion protein of
murine Hrs (BC003239) amino acid residues 216–289. Rab-
bit polyclonal AMSH anti-sera were generated against the
peptide MSDHGDVSLPPEDRV (amino acids 1–15). The
following secondary antibodies were used: anti-mouse 800
(LI-COR, Lincoln, NE) anti-rabbit 680 (LI-COR), anti-
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mouse Alexa Fluor 488 (Invitrogen), anti-mouse Alexa Fluor
647 (Invitrogen), anti-rabbit Alexa Fluor 568 (Invitrogen),
and anti-rat Alexa Fluor 488 (Invitrogen). The control
siRNA oligo and the siRNA oligo targeting AMSH (UUA-
CAAAUCUGCUGUCAUUUU) were purchased from Dhar-
macon Inc., Chicago, IL. The shRNA control in the pLKO.1
lentiviral vector was purchased from Sigma. To stably sup-
press AMSH, we used pLKO.1 shRNA constructs generated
by The RNAi Consortium (TRC) (55). A pool of five different
shRNA sequences (TRC0000073973–77) was purchased
fromOpen Biosystems, Huntsville, AL. Lentiviral infections were
performed as described (55). The shRNA, TRCN0000073975,
provided the optimum knockdown of AMSH and was used for
CXCR4 degradation experiments. CXCL12 was purchased
from PeproTech (Rocky Hill, NJ).
Degradation Assay—HEK293 cells were seeded onto 100-

mm tissue culture dishes and allowed to adhere overnight. Cells
were co-transfected with HA-CXCR4 and Myc-AMSH or
mutant AMSH using Lipofectamine 2000 (Invitrogen). 48 h
post-transfection, cells were treated with vehicle (Dulbecco’s
modified Eagle’s medium � 0.5% fetal bovine serum) or
CXCL12 (25 nM) in the presence of 50 �g/ml cycloheximide
(Sigma) for 3 h. Samples labeled 0� represent cells not treated
with cycloheximide or CXCL12. Cells were directly lysed in
SDS sample buffer, and receptor levels were detected by immu-
noblot. For RNA interference experiments, HeLa cells were co-
transfected with HA-CXCR4 and control siRNA or siRNA
directed against AMSH at 50 nM concentration using Lipo-
fectamine 2000 in the absence of serum. HeLa cells stably
expressing HA-CXCR4 and shControl or shAMSH were lysed
in SDS sample buffer, and receptor levels were detected by
immunoblot.
Surface Biotinylation—For CXCR4 surface biotinylation ex-

periments, HeLa cells were seeded onto 100-mm tissue culture
dishes and allowed to adhere overnight. Cells were transiently
co-transfected with HA-CXCR4 and control siRNA or siRNA-
directed against AMSH using Lipofectamine 2000. 48 h post-
transfection, cells were washed three times with ice-cold PBS.
NHS-Biotin (Pierce) was dissolved in DMSO and added to
HBSS on ice (Mediatech, Inc.Manassas, VA) for a final concen-
tration of 2 mM NHS-Biotin. Cells were surface-biotinylated
with theNHS-Biotin/HBSSmixture for 30min at 4 °C and then
washed 3 times in PBS containing 100mMglycine to quench the
reaction. Biotinylated cells were either lysed immediately or
incubated at 37 °C for 3 h in the presence or absence of
CXCL12. After treatment, cells were washed with ice-cold PBS
and lysed on ice in 900�l of surface biotinylation lysis buffer (20
mMTris-HCl, pH 7.4, 150 mMNaCl, 1% Triton X-100, 5% glyc-
erol, 10 mM NaF, 5 mM EDTA, 1 mM CaCl2, 10 mM Na2VO4,
protease inhibitors mixture (Roche Applied Science). Lysates
were sonicated and clarified at 10,000 rpm for 15 min at 4 °C.
Lysates were incubated with 50 �l of NeutrAvidin-agarose
resin (Pierce) for 3 h at 4 °C to precipitate biotinylatedmaterial.
Washed beadswere elutedwith SDS sample buffer, subjected to
10% SDS-PAGE, transferred onto nitrocellulose membrane,
and immunoblotted with mouse anti-HA antibody to detect
HA-CXCR4.

GST Pulldown Assays and Co-immunoprecipitation—Esche-
richia coli strain BL21 were transformed with GST fusion
constructs and grown overnight at 37 °C in LB media. Cul-
tures were diluted 1:50 and grown at 37 °C to an optical
density (� � 600 nm) of 0.6 and then induced with 1 mM

isopropyl-1-thio-B-D-galactopyranoside (Denville Scien-
tific, Inc., Metuchen, NJ.) for 3 h at 30 °C. The cells were
harvested by centrifugation, resuspended in cell lysis buffer
(50mMHepes, pH 7.5, 150mMNaCl, 10% glycerol, 1% Triton
X-100, 1.5 mM MgCl2, 1 mM EDTA, 100 mM NaF), and son-
icated on ice. Lysates were clarified at 10,000 rpm for 15 min
at 4 °C followed by incubation with GST fusion glutathione-
Sepharose 4B beads (Thermo Fisher Scientific, Waltham,
MA) for 4 h at 4 °C and washed with PBS. For AMSH binding
experiments, 11 �g of GST fusion proteins were incubated
with HeLa lysates transfected with AMSH or mutants. Reac-
tions were incubated for 4 h at 4 °C. Washed beads were
eluted with SDS sample buffer followed byWestern blot with
mouse anti-Myc antibody to detect AMSH binding. For co-
immunoprecipitation of AMSH or AXXA with the endoge-
nous adaptor proteins, STAM1, STAM2, Grb2, and Gads,
HeLa cells were transfected with Myc-tagged AMSH con-
structs and incubated in complete media for 24 h. After incu-
bation, cells were washed with ice-cold PBS and lysed in
immunoprecipitation buffer (50 mM Tris-HCl, pH 7.5, 150
mM HCl, 0.5% Triton X-100, 10 mM NaF, 1 mM Na2VO4, 1
mM phenylmethylsulfonyl fluoride, protease inhibitors mix-
ture). Cell lysates were clarified at 10,000 rpm for 15 min at
4 °C. Equal amounts of lysate were incubated with 3 �g of
anti-Myc antibody overnight at 4 °C followed by incubation
with protein G beads (Roche Applied Science) for 3 h at 4 °C.
Washed beads were eluted with SDS sample buffer, sepa-
rated by 10% SDS-PAGE, and visualized by immunoblotting
with rabbit anti-STAM1 (Calbiochem), rabbit anti-STAM2,
or rabbit anti-Grb2 antibodies to detect endogenous adaptor
proteins.
Ubiquitination Assays—HeLa cells were seeded onto 100-

mm tissue culture dishes and allowed to adhere overnight. Cells
were co-transfected with HA-tagged ubiquitin and either vec-
tor, AMSH, or AMSHmutants using Lipofectamine 2000. 24 h
post-transfection, cells were washed with ice-cold PBS and
lysed on ice in 900�l of immunoprecipitation buffer (as above).
Equal amounts of lysate were incubated with 3 �g of rabbit
anti-STAM1 (Santa Cruz) or rabbit anti-Hrs (see above) over-
night at 4 °C. Protein G beads (Roche Applied Science) were
added to lysates and further incubated for 3 h at 4 °C. Washed
beads were eluted in SDS sample buffer, subjected to 10% SDS-
PAGE, transferred onto nitrocellulose membranes, and immu-
noblotted with mouse anti-HA antibody (Covance) to detect
ubiquitinated protein.
Fluorescence Polarization—The AMSH peptide, PPV-

VDRSLKPG (amino acids 230–240), was synthesized by Fmoc
(N-(9-fluorenyl)methoxycarbonyl) solid-phase peptide synthe-
sis and HPLC-purified. Fluorescein-labeled probes were pre-
pared through the reaction of C-terminal peptides with 5-(and-
6)-carboxyfluorescein succinimidyl ester (Molecular Probes,
Invitrogen), purified by reverse-phaseHPLC, and confirmed by
mass spectrometry. The Slp-76 peptide, FL-APSIDRSTKPA
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(amino acids 232–242), was as previously described (56). Equi-
librium dissociation constants (KD) were determined by fluo-
rescence polarization using a Beacon 2000 Fluorescence Polar-
ization System (Invitrogen). Binding studies were conducted at
22 °C using 5 nM fluorescein-labeled peptides dissolved in PBS
containing 100 �g/ml bovine serum albumin and 1 mM dithio-
threitol. Reaction mixtures were allowed to equilibrate for 10
min at room temperature before each measurement. Data fit-
ting and dissociation constant determinationwas carried out as
previously described (56).
Bimolecular Fluorescence Complementation and Immuno-

fluorescence Microscopy—The bimolecular fluorescence com-
plementation (BiFC) assay was used to study protein-protein
interactions in living cells (53, 54). HeLa cells were seeded onto
polylysine-coated glass coverslips (Corning) in 6-well plates
and allowed to adhere overnight. Cells co-transfected with
pBiFC-VN173-AMSH and pBiFC-VC155-STAM1 or pBiFC-
VC155-Grb2 were incubated at 37 °C to allow adequate devel-
opment of venus fluorescent protein (VFP) fluorescence (6–8
h) followed by fixation and permeabilization with methanol:
acetone (1:1). Cells were immunostained with mouse anti-HA,
rabbit anti-FLAG, rabbit anti-Hrs, mouse anti-EEA1 mono-
clonal, and mouse anti-CD63 monoclonal antibodies. Colocal-
ization of CXCR4 with AMSH and endosomal markers was
visualized using HeLa cells transiently co-transfected with HA-
CXCR4 and AMSH or mutants. HeLa cells were seeded onto
polylysine-coated glass coverslips in 6-well plates and allowed
to adhere overnight. 24 h post-transfection with HA-CXCR4
and AMSH, cells were fixed and permeabilized with methanol:
acetone (1:1). Cells were immunostained with rat anti-CXCR4,
mouse anti-Myc, and rabbit anti-STAM1 (SantaCruz) antibod-
ies. Colocalization of AMSHor STAM1withHA-ubiquitin was
performedwith transiently co-transfected cells expressingHA-
ubiquitin and AMSH or mutants as before. In this experiment
cells were fixed and permeabilized with methanol:acetone (1:1)
followed by immunostaining with mouse anti-HA, rabbit anti-
STAM1 (Santa Cruz), and rabbit anti-AMSH antibodies. Spec-
imens were imaged by confocal fluorescence microscopy using
a Leica TCS SP2 AOBS spectral microscope. The acquired
images were analyzed using Image J software (National Insti-
tute of Health) (57, 58). The extent of colocalization in single
cells was determined using the ImageJ-based JACoP (Just
Another Colocalization Plugin) software (57, 58). Background
was subtracted from each image before setting thresholds for
each channel.We calculatedMander’s coefficients for the over-
lap of green on red (tM1) and red on green (tM2). Only the tM1
is displayed in the figures. This coefficient ranges from 0 (indi-
cating that no pixels within the threshold colocalize) to 1 (indi-
cating that 100% of pixels colocalize). All quantitative image
analysis was conducted in a blinded fashion. A minimum of 15
cells were analyzed for each experiment (biological replicate).
In each experiment n represents the number of biological rep-
licates. In total, 290 confocal paired (two-channel) images were
collected and submitted electronically in a blinded fashion for
analysis by the second author.
Statistical Analysis—Quantitative data were averaged across

multiple independent experiments, with the number of exper-
iments specified in the corresponding figure legend. The error

bars represent the S.E. of the mean frommultiple independent
experiments. The statistical significance of the indicated differ-
ences was analyzed by Student’s t test, with the relative signifi-
cance specified by calculated p values listed in the figure
legends.

RESULTS

AMSH Modulates CXCR4 Turnover—To ascertain whether
AMSH plays a role in CXCR4 turnover and degradation, we
examined the effects of a catalytically inactivemutant of AMSH
on basal and agonist-promoted degradation of CXCR4. AMSH
is a JAMM-domain isopeptidase, and aspartate 348 is part of the
catalytic mechanism within the JAMM domain (37). Mutation
of aspartate to alanine at residue 348 (D348A) results in a cat-
alytically inactive protein (37). HeLa cells expressing high
endogenous levels of CXCR4 were transiently transfected with
vector control, wild type AMSH, or the D348A mutant. Over-
expression of D348A resulted in increased basal levels of
endogenous CXCR4 (Fig. 1A), suggesting a role for AMSH
activity in the basal turnover of CXCR4.We next examined the
role of AMSH in CXCR4 degradation using HEK293 or HeLa
cells, established systems for the study of CXCR4 trafficking
(23). Expression of D348A resulted in a 2-fold increase of
CXCR4 in HEK293 cells compared with cells transfected with
vector or wild type AMSH (Fig. 1, B andC). Furthermore, over-
expression of D348A resulted in a significant reduction in ago-
nist-induced degradation of HA-CXCR4 (Fig. 1, B and D).
Although overexpression of D348A resulted in a decrease in
agonist-induced degradation, CXCR4 degradation was still
observed. These results suggest that AMSH catalytic activity
plays a role in mediating CXCR4 steady-state levels.
To confirm the role of AMSH in mediating CXCR4 stability,

endogenous AMSH was depleted by RNA interference. HeLa
cells stably expressingHA-CXCR4were lentivirally transduced
with shRNA targeting AMSH. Total HA-CXCR4 protein levels
were greater in AMSH-depleted cells (Fig. 2A). To specifically
follow the fate of the mature surface receptor, HeLa cells tran-
siently co-transfected with HA-CXCR4 and siRNA targeting
AMSH or non-targeting control were labeled by surface biotin-
ylation, and degradation of cell-surface receptors was evaluated
byNeutrAvidin affinity purification andWestern blot. The pro-
tein levels of HA-CXCR4 were quantified under basal condi-
tions and after stimulation. Cell surface biotinylation demon-
strated a modest increase in CXCR4 protein at the cell surface
comparedwith total protein levels in AMSHdepleted cells (Fig.
2, B–D). These results suggest that the majority of the addi-
tional CXCR4 is intracellular. Furthermore, CXCR4 was still
degraded in AMSH-depleted cells after stimulation with
CXCL12, suggesting that the major role for AMSH is in the
basal turnover of CXCR4.
AMSH is composed of multiple domains that have been

shown to play key roles in its recruitment and localization (Fig.
3A) (37–39, 44–48, 50, 51). To determine which domains or
motifs within AMSH are essential for CXCR4 turnover, we
tested AMSH mutants on CXCR4 stability. Fig. 3B shows the
AMSH constructs used for overexpression experiments. Trun-
cation mutants of AMSH were co-transfected along with HA-
CXCR4 to determine which domains of AMSH are necessary
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for CXCR4 degradation. The truncation mutants, MIT-CBD
and RXXK-JAMM, did not affect CXCR4 stability (Fig. 3C).
However, RXXK-D348A showed an increased stability of
CXCR4under basal and stimulation conditions (Fig. 3C). These
data implicate a key role for the RXXK motif in mediating
CXCR4 down-regulation.
The RXXKMotif of AMSH Binds to a Subset of SH3 Domains

with High Affinity—In a mammalian library screen of binding
targets for non-canonical SH3 domains, we have previously
identified a consensus PX(V/I)(D/N)RXXKP (RXXK) motif
within AMSH (56). These SH3 domains have been identified as
the C-terminal SH3 domains of theGrb2 family of adaptor pro-
teins (denoted Grb2-C, Gads-C, and Grap-C) as well as those
found in the endocytic adaptor proteins STAM1 and STAM2.
AMSH has previously been shown to co-immunoprecipitate
with overexpressed STAM1 and Grb2 (37, 44, 45, 51, 52), an
interaction that depends on an intact STAM binding motif
within AMSH (37, 44, 45, 51, 52). We have further character-
ized the SH3 domain binding site of AMSH by identifying the
necessary residues for optimal binding and determining the
binding affinities between AMSH and this subset of SH3
domains. To define the critical residues in the SH3 domain
binding site of AMSH, peptide arrays were employed (59). The
peptide corresponding to the SH3 domain binding site of

AMSH was used as a template in
which each residue in the sequence
was substituted with each of the 20
natural amino acids. The resulting
peptide libraries were probed with
the GST-SH3 domains of STAM1
(Fig. supplemental S1A), Grb2-C,
and Gads-C (data not shown). Al-
though other studies have impli-
cated proline 239 as important for
binding (45), our results confirm an
essential role for arginine 235 and
lysine 238 while indicating a more
minor role for prolines 231 and 239.
Furthermore, the STAM1 SH3 do-
main did not accept prolines at posi-
tions�1 and�1 relative to the con-
served arginine, indicating that
embedding a conventional PXXP
ligand within the context of the
AMSH peptide is in fact highly dis-
favored for binding to the STAM1
SH3 domain. This is consistent with
previous structural studies indicat-
ing that this region forms a 310 helix
(60, 61).
The interactions between AMSH

and the SH3 domains of the STAM
and Grb2 families of adaptor pro-
teins were confirmed using native
proteins and revealed varying affin-
ities and specificity for binding (Fig.
3, D–F, and supplemental Fig. S1B).
To confirm the requirement of the

arginine and lysine in the RXXKmotif in the binding of AMSH
to adaptor SH3 domains, co-precipitation experiments were
performed using GST fusion proteins corresponding to the
SH3 domains of STAM1, STAM2, Grb2-C, and Gads-C. Puri-
fied SH3 domains bound to glutathione-Sepharose beads were
presented with cell lysates from HeLa cells transfected with
vector, Myc-tagged AMSH, AXXK, KXXK, RXXA, or AXXA.
Precipitation of AMSH and AMSH mutants was assayed by
Western blot (supplemental Fig. S1B). The SH3 domains of
STAM1 and STAM2 as well as the C-terminal SH3 domains of
Grb2 and Gads were found to bind efficiently to wild type
AMSH containing an intact RXXK motif. We also tested bind-
ing to the N-terminal SH3 domains of Gads and Grb2, which
have been shown to bind conventional PXXP ligands. The
N-terminal SH3 domain of Gads or Grb2 failed to bind to
AMSH (data not shown). AMSH binding to the SH3 domains
was not observed when arginine 235 was mutated to either ala-
nine or lysine in most cases, although weak precipitation of the
C-terminal SH3 domain of Gads was observed. Mutation of
lysine 238 to alanine or mutation of arginine 235 and lysine 238
to alanines severely compromised binding to all of the SH3
domains tested (supplemental Fig. S1B). Results described
above demonstrate the necessity of an intact RXXK motif of
AMSH in supporting interactions with the non-canonical

FIGURE 1. AMSH activity modulates CXCR4 turnover. A, overexpression of a catalytically inactive AMSH led
to accumulation of endogenous CXCR4 under steady-state conditions. Whole cell lysates derived from HeLa
cells transiently expressing pcDNA3.1 vector (vector), wild type AMSH, or D348A, a catalytic point mutant of
AMSH, were immunoblotted (IB) against endogenous CXCR4, AMSH, and �-actin proteins as indicated. B–D,
AMSH regulates both basal turnover and ligand-mediated degradation of CXCR4. B, HEK293 cells transiently
co-transfected with HA-tagged CXCR4 (HA-CXCR4) and either vector, wild type AMSH, or D348A were treated
with vehicle alone (0�) or in the presence of cycloheximide with (�) or without (�) CXCL12 for 3 h. C, shown is
a graphical representation of HA-CXCR4 protein levels relative to the control cells. D, percent HA-CXCR4
degraded after a 3-h stimulation with CXCL12 relative to treatment with cycloheximide alone. Quantification of
HA-CXCR4 levels by immunoblot was performed using LiCOR Odyssey infrared imager and software. Signifi-
cance was assessed using Student’s t test with the asterisks corresponding to p � 0.05, n � 3. All graphs were
generated using Delta graph 5.7.5 software.
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RXXK binding SH3 domains of the STAM andGrb2 families of
proteins.
To detect interactions between full-length AMSH and

endogenous adaptor proteins,Myc-taggedAMSHor the RXXK
mutant, AXXA, was expressed in HeLa cells and immunopre-
cipitated, and co-immunoprecipitated endogenous STAM1,
STAM2, and Grb2 were detected by Western blot. Each of the
three adaptor proteinswas successfully immunoprecipitated by
AMSH. However, no interaction was observed when the RXXK
motif was mutated to AXXA (Fig. 3D).
To determine binding affinities of theAMSHRXXKmotif for

the SH3 domains involved in this study, equilibrium dissocia-
tion constants were determined by fluorescence polarization
for the interaction between a fluorescein-labeled synthetic pep-
tide corresponding to the RXXK motif of AMSH (FL-PPV-
VDRSLKPG) and the SH3 domains of STAM1, STAM2,
Grb2-C, and Gads-C (Fig. 3, E and F). The AMSH peptide was
found to bind with high affinity to the Gads-C (Kd of 240 nM),

STAM 1 (Kd of 11 �M), STAM2 (Kd of 4.8 �M), and Grb2-C (Kd
of 7 �M). In our experiments, the Slp-76 peptide was found to
bind with high affinity to the Gads-C (Kd of 210 nM), STAM1
(Kd of 8.6 �M), STAM2 (Kd of 3.8 �M), and Grb2-C (Kd of 11
�M). Incubation of a GST protein alone with the AMSH and
Slp-76 peptides produced no discernible binding (data not
shown). In both affinity and residue requirement, the motif in
AMSH is almost identical to the Slp-76 RXXK motif that has
been described as a near optimal binding motif for the SH3
domains under study (56). Our results confirm that AMSH, like
Slp-76, preferentially binds a subset of SH3 domains that rec-
ognizes RXXK-containing ligands assuming a 310 helical con-
formation with similar affinities.
To determinewhetherAMSH forms a complexwith our sub-

set of SH3 domains on endocytic compartments, we employed
the BiFC assay (53) to study the subcellular localization of the
AMSH�STAM�Grb2 complex. In this assay, two fragments of
the VFP are fused to putative interaction partners. The associ-

FIGURE 2. AMSH depletion results in increased abundance and intracellular accumulation of CXCR4. A, stable ablation of AMSH led to HA-CXCR4
accumulation under steady-state conditions. Whole cell lysates derived from HeLa cells stably expressing HA-CXCR4 and a lentiviral shRNA targeting either
AMSH (sh-AMSH) or a non-targeting control shRNA (sh-Control) were immunoblotted (IB) against HA-CXCR4, AMSH, and �-actin proteins as indicated. B, AMSH
regulated CXCR4 trafficking to the cell surface. Surface biotinylation of HeLa cells transiently express HA-CXCR4 and oligo-induced RNAi against AMSH
(siAMSH/siA) or non-targeting control (siControl/siC). Cells were treated with vehicle alone (0�) or in the presence of cycloheximide with (�) or without (�)
CXCL12 for 3 h. Biotinylated material was precipitated with NeutrAvidin-agarose resin, and HA-CXCR4 was followed by an immunoblot. Graphical represen-
tations of surface (C) and total cellular HA-CXCR4 abundance (D) are shown; asterisks correspond to p � 0.05, n � 3.
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ation of the two interaction partners allows formation of a BiFC
complex, resulting in fluorescence. For BiFC analysis of the
AMSH�STAM1 or AMSH�Grb2 complexes, AMSH was fused
to the N-terminal fragment of VFP (VN-FLAG-AMSH), and
STAM1 or Grb2 was fused to the C-terminal fragment of VFP
(VC-HA-STAM1orVC-HA-Grb2). Fig. 4A illustrates the BiFC
technique and constructs used. HA and FLAG immunoblotting
and immunofluorescent staining confirmed the expression of
the VN and VC fusion proteins (Fig. 4, B and C). AMSH wild
type, but not the AXXA mutant, forms a BiFC complex with
STAM1 (Fig. 4C, top andmiddle panels). AMSH failed to form
a BiFC complex with Grb2 (Fig. 4C, bottom panel), suggesting
that this complex does not readily form in vivo. As the sorting
endosome represents an intermediate between early and late
endocytic compartments, the complex between AMSH and
STAMwas expected to reside between the early and late endo-
somes. Indeed, the AMSH�STAM1 complex colocalized with
Hrs, a critical component of the sorting endosome (Fig. 5A, top

panel). However, there was no significant overlap between
AMSH�STAM1 BiFC and the early endosomal marker EEA1 or
themultivesicular bodymarker CD63 (Fig. 5A,middle and bot-
tom panels). Quantitative analysis revealed that colocalization
of the AMSH�STAM1 BiFC complex with Hrs was significantly
greater than that observed with both EEA1 and CD63 (Fig. 5B).
Taken together, these results demonstrate that the RXXKmotif
is essential for formation of the AMSH�STAM complex on Hrs
positive endosomes. Hrs and STAM form the ESCRT-0 com-
plex on sorting endosomes. Thus, the AMSH�STAM complex
appears to reside on sorting endosomes that represent an inter-
mediate stage in the endocytic pathway.
AMSH Mediates CXCR4 Trafficking and Degradation

through Ubiquitination of ESCRT-0—Our data suggest that
AMSH mediates the basal turnover of CXCR4 that is depen-
dent on its recruitment to early endosomes by the ESCRT-0
protein STAM. Hrs, the other component of ESCRT-0, has
been shown to become ubiquitinated by the E3 ubiquitin ligase

FIGURE 3. The RXXK motif of AMSH interacts with a subset of SH3 domains and modulates CXCR4 stability. A, a schematic of domain organization of
murine AMSH (GenBankTM accession no. BC025111). Amino acid boundaries of individual domains and motifs are as indicated; RXXK, conserved RXXK peptide
sequence which interacts with SH3 domain. NLS, nuclear localization signal. B, shown are constructs of AMSH and mutants used in this study; D348A, catalytic
domain mutant, MIT-CBD (amino acids 1- 187), RXXK-JAMM (amino acids 201– 424), RXXK-D348A (amino acids 201– 424). C, the RXXK motif of AMSH is required
for AMSH-mediated regulation of CXCR4 stability. HEK293 cells co-transfected with HA-tagged CXCR4 and vector, wild type AMSH, D348A, MIT-CBD, RXXK-
JAMM, or RXXK-D348A were treated with cycloheximide and vehicle (�) or CXCL12 (�) for 3 h. IB, immunoblot. D, the RXXK motif is essential for AMSH
interaction with the adaptor proteins STAM1, STAM2, and Grb2. HeLa cells transiently expressing vector, wild type AMSH, or AXXA mutant were immunopre-
cipitated (IP) from Myc or AMSH (as indicated) to determine whether RXXK mutation to AXXA would alter the ability of AMSH to interact with endogenous
binding partners. Corresponding input whole cell lysates (WCL) are shown. E and F, the RXXK motif of AMSH binds to Gads, Grb2, STAM1, and STAM2 SH3
domains with high affinity. Dissociation constants for the interactions between fluorescein-tagged peptides Slp76 (fluorescein-tagged APSIDRSTKPA) bound
with affinities as shown to Gads-C (210 nM), STAM1 (8.6 �M), STAM2 (3.8 �M), Grb2-C (11 �M) (E), and AMSH (fluorescein-tagged PPVVDRSLKPG) bound with
affinities as shown to Gads-C (240 nM), STAM1 (11 �M), STAM2 (4.8 �M), and Grb2-C (7 �M) (F). GST-SH3 domains were measured using fluorescence polarization
(FP). Measurements (millipolarization units (mP)) were taken using Beacon 2000, and curve fitting was performed using DeltaGraph 5.7.5.
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AIP4 in response to CXCR4 activation (24). The importance of
ubiquitination in specifying function of endosomal proteins is
well documented (35, 62, 63). Previous reports have indicated
that loss of AMSH catalytic activity incurs hyperubiquitination
of overexpressed STAM (45). To determine whether AMSH-
mediated deubiquitination is involved in regulating ubiquitina-
tion of ESCRT-0, we tested the effects ofAMSHand itsmutants
on steady-state ubiquitination and cellular abundance of Hrs
and STAM1. Expression of D348A resulted in the accumula-
tion of HA-ubiquitin on STAM1 positive endosomes (Fig. 6A,

third panel). The accumulation of ubiquitin on enlarged endo-
somal structures was not observed in control or AMSH wild
type-transfected cells (Fig. 6A, first and second panels). To
assess the importance ofAMSHrecruitment by STAMinmedi-
ating ESCRT-0 ubiquitination, we mutated the arginine and
lysine residues to alanine in the RXXKmotif within the D348A
mutant. This mutant failed to hyperubiquitinate STAM1-pos-
itive endosomes (Fig. 6A, fourth panel). Quantitative analysis
revealed a significant increase of ubiquitin on STAM1 positive
endosomes inD348Amutant cells (Fig. 6B). The ubiquitination

FIGURE 4. Subcellular localization of AMSH with STAM1 requires the RXXK/SH3 interaction. A, shown is a schematic representation of the BiFC assay. VN
and VC represent the N-terminal and C-terminal fragments of the VFP, respectively, and are not singularly fluorescent. When the two fragments colocalize
(green), fluorescence is observed. B and C, AMSH interacts directly with STAM1 via the RXXK motif but not with Grb2. B, HeLa cells transiently co-transfected with
VN-AMSH/VC-STAM1 or VN-AXXA/VC-STAM1 or VN-AMSH/VC-Grb2 cells were lysed, and protein levels were detected by immunoblot (IB). C, cells were fixed
and immunostained for FLAG (red) and HA (blue) to detect expression of VN-AMSH or VC-STAM1 and of VC-Grb2, respectively. Representative images are
shown with scale bars corresponding to 5 �m.
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status of STAM1 or Hrs was also assessed by immunoprecipi-
tating endogenous STAM1 or Hrs from cell lysates co-express-
ing HA-ubiquitin and either vector, AMSH, D348A, or AXXA-
D348A. Overexpression of wild type AMSH did not appear to
significantly alter the prevalence ofmono- or polyubiquitinated
STAM1 or Hrs (Fig. 6, C andD). Conversely, overexpression of
the D348A mutant resulted in hyperubiquitination of both
STAM1 and Hrs (Fig. 6, C and D). Similar to the results in Fig.
6A, mutation of the RXXK motif of the D348A mutant reverses
the hyperubiquitination signature of Hrs and STAM1 (Fig. 6, C

andD). AMSH also binds to the SH3
domain of Grb2; therefore, we
wanted to determinewhether AMSH
also mediates the ubiquitination sta-
tus of Grb2. Although loss of AMSH
catalytic activity results in thehyperu-
biquitination of ESCRT-0, it does not
affect the ubiquitination status of
Grb2 (supplemental Fig. S2) further
implicating a specific role for the deu-
biquitinating activity of AMSH. Pre-
vious studies have shown a similar
effect on overexpressed STAM ubiq-
uitination (45, 49); however, our data
show a different pattern of ubiquiti-
nation, which appears as a smear
rather than a single band running at a
higher molecular mass. This is an
important distinction as the type of
ubiquitination on ESCRT-0 adaptor
proteins may play a role in protein-
protein interactions and localization
in theendocyticpathway. Specifically,
STAM and Hrs can themselves
become ubiquitinated, and this is
important for their localization and
functional activity (33, 64). An
increase inHA-ubiquitinonSTAM1-
positive endosomes was also ob-
served incellsdepletedofAMSH(Fig.
7, A and B). AMSH knockdown
results in a less drastic hyper-
ubiquitination of ESCRT-0 than does
expression of the D348A mutant
(supplemental Fig. S3A). Neither
D348A overexpression nor AMSH
depletion resulted in a decrease in the
cellular abundance of either Hrs or
STAM1 (Fig. 6E and supplemen-
tal Fig. S3B). It has been shown pre-
viously that overexpression of
D348A results in the redistribu-
tion of AMSH to endosomes (45)
and accumulation of ubiquitinated
cargo on both early and late endo-
somes (37, 38). Furthermore, redis-
tribution to endosomes is depen-
dent on an intact RXXK motif (45).

To confirm the role of AMSH in mediating CXCR4 trafficking
to sorting endosomes, we depleted endogenous AMSH using
RNAi andmeasured CXCR4 colocalization on STAM1 positive
endosomes. AMSH depletion leads to the accumulation of
CXCR4 on STAM1-positive endosomes, suggesting that
proper sorting of CXCR4 is dependent on AMSH (Fig. 7, C
and D).
To assess the role of AMSH recruitment by STAM in the

regulation of CXCR4 turnover and degradation, the effect of
mutating this motif on D348A mutant overexpression was

FIGURE 5. The AMSH�STAM1 interaction occurs on sorting endosomes. Direct interactions between AMSH
and STAM1 occur at the Hrs-positive/sorting endosome and not at the early (EEA1-positive) or late (CD63-
positive) endosome. A, HeLa cells co-transfected with VN-AMSH and VC-STAM1 were fixed and immunostained
for Hrs, EEA1, or CD63 (red). Scale bars correspond to 5 �m. B, shown is a graphic representation of colocaliza-
tion between VFP and endosomal proteins, where 0 indicates no overlap, and 1 indicates complete overlap;
***, p � 0.001 n � 3.
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tested. Overexpression of wild type AMSH (Fig. 8A) or AMSH
lacking an intact RXXKmotif (data not shown) had no effect on
CXCR4 levels. Conversely, overexpression of the D348A

mutant resulted in a significant increase of basal CXCR4. Over-
expression of the AXXA-D348Amutant failed to affect CXCR4
stability (Fig. 8, A and B). These results suggest that the RXXK

FIGURE 6. AMSH regulates ESCRT-0 ubiquitination in a manner dependent upon the RXXK motif. The RXXK motif of AMSH is required in the spatial
organization of AMSH to endosomes to deubiquitinate target protein cargo. A, HeLa cells co-transfected with HA-ubiquitin and vector, AMSH, D348A, or
AXXA-D348A were fixed and immunostained with anti-STAM1 (red) and anti-HA (green). Representative images are shown with scale bars corresponding to 5
�m. B, quantification of colocalization between HA-ubiquitin and STAM1 from experiments in A; ***, p � 0.001, n � 2. C and D, the RXXK motif of AMSH is
required for regulation of ubiquitin status of ESCRT-0 components. HeLa cells co-transfected with HA-ubiquitin and vector, AMSH, D348A, or AXXA-D348A were
immunoprecipitated (IP) for endogenous proteins. STAM1 (C) and Hrs (D) and their ubiquitination status was assessed by immunoblot (IB). E, AMSH does not
affect the stability of Hrs or STAM1. Corresponding whole cell lysates were analyzed by immunoblot against endogenous Hrs, STAM1, AMSH, and �-actin
proteins.
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motif is important for the recruitment of AMSH and subse-
quent catalytic activity. Previous studies have shown that
CXCR4 is constitutively internalized and trafficked to early and
recycling endosomes (28). Because an increase inCXCR4 abun-
dance is seen in unstimulated cells where AMSH function has
been perturbed, we examined the steady-state distribution of
CXCR4 in cells overexpressing wild type or D348A using
immunofluorescence microscopy. In the absence of stimula-
tion, CXCR4 predominantly localizes to the plasmamembrane
in cells overexpressing vector alone or wild type AMSH. How-
ever, in D348A cells, CXCR4 colocalized with STAM1 on
enlarged endosomes as well as to the plasmamembrane (Fig. 8C).
Upon stimulation, CXCR4 concentrates in enlarged endosomal
structures in D348A-expressing cells (data not shown). The

AXXA-D348A mutant lacking an intact RXXK motif failed to
result in the accumulation of CXCR4 on enlarged endosomes
(Fig. 8C). Quantitative analysis revealed a significant increase in
CXCR4 colocalization with STAM1-positive endosomes in
D348Acells (Fig. 8D).Our results suggest thatAMSHrecruitment
via the RXXKmotif is an important mediator of CXCR4 traffick-
ing. Taken together, our results demonstrate that AMSH recruit-
ment by STAM1 to early/sorting endosomes is an important
mechanism in the basal turnover of CXCR4.

DISCUSSION

Reversible ubiquitination has been proposed as a key mech-
anism in regulating the trafficking of endocytic cargo (8, 32–35,
64), yet relatively little is known regarding the deubiquitinating

FIGURE 7. AMSH regulates ubiquitin dynamics and trafficking of CXCR4 on STAM-positive endosomes. AMSH ablation results in accumulation of
ubiquitinated cargo and CXCR4 on endosomes marked by endogenous STAM1 protein. HeLa cells transfected with HA-ubiquitin (A) or HA-CXCR4 (C) in
combination with either siControl or siAMSH were fixed and immunostained for HA (green) and STAM1 (red). Representative images are shown with scale bars
corresponding to 5 �m. Graphic representations of colocalization between STAM1 and HA-ubiquitin (B) or HA-CXCR4 (D)are shown; *, p � 0.05, ***, p � 0.001,
n � 2. E, whole cell lysates corresponding to C were immunoblotted (IB) against HA-CXCR4, AMSH, and �-actin as indicated.
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enzymes involved or the mechanisms governing this process.
The current study provides further evidence for a global regu-
latory role of AMSH in the endocytosis of surface receptors
through modulation of endocytic adaptor proteins and

describes a specific role for AMSH in the stability and traffick-
ing of the chemokine receptor CXCR4.
We report that loss ofAMSHcatalytic activity by overexpres-

sion of a catalytic mutant results in a dramatic increase in

FIGURE 8. AMSH recruitment via the RXXK motif mediates steady-state CXCR4 trafficking. AMSH mediated trafficking of CXCR4 through Stam1-
positive endosomes requires the RXXK motif of AMSH and the direct interaction of that motif with STAM. A, HEK293 cells co-transfected with HA-CXCR4
and vector, AMSH, D348A, or AXXA-D348A and immunoblotted (IB) against HA-CXCR4, AMSH, and �-actin as indicated. B, shown is quantification of
steady-state HA-CXCR4 protein abundance relative to the vector control for the corresponding immunoblot shown in panel A; *, p � 0.05, n � 3. C, HeLa
cells transiently coexpressing HA-CXCR4 (green) and vector, AMSH, D348A, or AXXA-D348A (blue) were fixed and immunostained for endogenous
STAM1 (red). Scale bars correspond to 5 �m. D, shown is a graphic representation of colocalization between CXCR4 and STAM1; ***, p � 0.001. **, p �
0.01, n � 2.
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CXCR4 basal levels and a decrease in CXCL12-mediated deg-
radation (Fig. 1). AMSH depletion by RNAi-mediated knock-
down also results in an increase in steady-state levels of CXCR4
(Fig. 2), further supporting a role for AMSH deubiquitinating
activity in the regulation of receptor turnover. This is analogous
to the general effect of AMSH on epidermal growth factor
receptor, the �-opioid receptor, and the protease-activated
receptor 2 (37–39, 42). Although CXCR4 trafficking and deg-
radation after CXCL12 activation has been the focus of numer-
ous studies, less is known regarding the constitutive or basal
endocytosis of CXCR4. CXCR4 is known to be constitutively
endocytosed and recycled to the plasmamembrane in a ligand-
independent manner (28). This process is clathrin-dependent,
with CXCR4 colocalizing with markers for early and recycling
endosomes (28). Constitutive endocytosis and recycling of
CXCR4 are important mechanisms for maintaining homeo-
static control of cell surface levels to sense ligand. It is crucial
for a cell to be able to rapidly up- and down-regulate cell surface
levels of receptor in response to changing signals. Our results
demonstrate that AMSH plays a role in modulating CXCR4
steady-state levels and that AMSH catalytic activity is critical
for this regulatory mechanism.
A number of studies suggest that AMSHmay be recruited to

the endocytic pathway via multiple mechanisms. Specifically,
AMSH can interact with clathrin through its clathrin binding
domain (Fig. 3A), resulting in localization of AMSH to clathrin-
coated pits and early endosomes (45, 50). Furthermore, AMSH
binds to the SH3 domain of STAM1 through an integral STAM
bindingmotif enabling the recruitment of AMSH to early/sort-
ing endosomes (Fig. 5) (37, 44, 45, 51, 52). In addition to the
recruitment of AMSH to early endocytic compartments,
AMSHmay be recruited to the multivesicular body via interac-
tions with the ESCRT-III protein CHMP3 (38, 39, 44, 46–48).
The integrity of these protein-protein interactions is pre-
sumably crucial for the spatial and temporal localization of
AMSH to different functional compartments within the
endocytic pathway. To determine which of these interac-
tions influence the endocytosis and turnover of CXCR4, we
examined several truncation mutants of AMSH. Mutational
analysis revealed the importance of the STAM binding motif
of AMSH for CXCR4 stability (Figs. 3C and 8). A truncation
mutant of AMSH containing the STAM binding motif and a
catalytically inactive JAMM domain (RXXK-D348A) results
in a similar increase in CXCR4 levels observed with overex-
pression of the full-length catalytically inactive AMSH. This
implies that the RXXK-D348A fragment alone is able to dis-
place endogenous wild type AMSH by effectively competing
for relevant protein-protein interactions. As the previously
described function for this fragment is recruitment by
STAM (37, 44, 45, 51, 52), our findings suggest that the inter-
action between AMSH and STAMmay be critical for appro-
priate trafficking and degradation of CXCR4. Indeed, our
results show that mutation of the STAM binding RXXK
motif of AMSH within this mutant abrogates its ability to
interfere with CXCR4 levels (Fig. 8). AMSH recruitment by
STAM may be an important mechanism of CXCR4 endocy-
tosis and stability and, therefore, important for a number of
cellular processes involving functional CXCR4 including

human immunodeficiency virus infection and stem cell
homing.
Previous reports have established that the RXXK motif of

AMSH binds a variant subfamily of SH3 domains found in
proteins belonging to the Grb2 and STAM adaptor families
(37, 44, 45, 51, 52, 56). Although the classical SH3 domains
bind to proline-rich ligands that assume a polyproline type II
helix (65), this subfamily of SH3 domains interacts with
RXXK-containing ligands that assume a 310 helical confor-
mation (60). To define the critical residues in the SH3
domain binding site of AMSH, we employed a number of
biochemical techniques including co-immunoprecipitation
and high density peptide array technology. The arginine and
lysine residues in the RXXK motif are both critical for bind-
ing as loss of either residue is sufficient to disrupt interac-
tions between AMSH and the non-canonical RXXK binding
SH3 domains of the STAM and Grb2 protein families. Affin-
ity of binding between AMSH and the above subset of SH3
domains were found to be in the 0.2–12 �M range. Affinities
in this range suggest transient associations between these
proteins in vivo, which is important for proteins involved in
dynamic cellular process of endocytosis.
An interaction between AMSH and STAM reported here

has also been previously described (37, 44, 45, 48, 52). Where
this complex forms and whether the complex specifically
localizes to endosomal compartments has never been dem-
onstrated. To visualize the AMSH�STAM complex, we used
bimolecular fluorescence complementation. Our results
indicate that AMSH associates with STAM1 specifically on
Hrs-positive endosomes, and this interaction is dependent
on a functional RXXK motif in AMSH (Fig. 4–5). The
AMSH�STAM1 BiFC complex does not appreciably colocal-
ize with the early and late endosomal markers EEA1 and
CD63, respectively (Fig. 5). This indicates that the
AMSH�STAM1 interaction is an event specific to sorting
endosomes decorated with the Hrs�STAM complex. As Hrs
has been shown to be a central mediator of CXCR4 traffick-
ing (24), the AMSH�STAM1 interaction provides a direct
link between a deubiquitinating enzyme and the ESCRT-0
complex in the trafficking of CXCR4. The ESCRT-0 complex
is thought to be involved in the initial selection of ubiquiti-
nated cargo at the endosomal membrane (33). ESCRT-0 is
composed of Hrs, STAM, and associated molecules. Both
Hrs and STAM bind ubiquitin via ubiquitin-interacting
motifs (66–68). STAM also contains a VHS domain
reported to interact with ubiquitin (68). Ubiquitin binding
by STAM and Hrs is thought to be essential for the efficient
sorting of ubiquitinated membrane proteins (33, 64, 67, 69).
In addition, STAM andHrs can themselves become ubiquiti-
nated, a modification shown to be important for their func-
tion at sorting endosomes (33, 64). Our results demonstrate
that AMSH catalytic activity mediates the steady-state ubiq-
uitination status of ESCRT-0 (Fig. 6). The ability of AMSH to
deubiquitinate ESCRT-0 adaptors is dependent upon a func-
tional STAM interacting motif in AMSH (Fig. 6). In agree-
ment with published data implicating STAM as a substrate
of AMSH (45, 48), our results also identify Hrs as a potential
target of AMSH deubiquitinating activity. Neither STAM1
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nor Hrs stability is measurably affected in D348A cells (Fig.
6E), indicating that the ubiquitin linkage cleaved by AMSH is
not related to proteasomal degradation. Previous studies
have shown that AMSH preferentially cleaves lysine-63
ubiquitin chains known to function in endocytosis (45), sup-
porting our findings regarding stability of Hrs and STAM1.
CXCR4 trafficking and degradation is known to be regu-

lated in part by Hrs (24). To determine whether the regula-
tion of ESCRT-0, as mediated by AMSH, is an important
mechanism for CXCR4 trafficking, we examined AMSH
recruitment by STAM1 in the context of CXCR4 turnover.
Overexpression of D348A, which cannot bind STAM1, failed
to affect steady-state levels of CXCR4 (Fig. 8, A and B). Loss
of AMSH catalytic activity or protein depletion by RNAi
resulted in the accumulation of both CXCR4 and AMSH on
enlarged STAM1-positive (Figs. 7 and 8) and Hrs-positive
endosomes (data not shown). D348A accumulated on
enlarged endosomes, as compared with wild type AMSH,
which localizes diffusely in the nucleus and cytoplasm (Fig.
8C). This disparity in localizationbetweenAMSHand its catalytic
mutant has been previously noted (45) and suggests that deubiq-
uitination of endocytic cargo by AMSH is required for functional
trafficking. One possible explanation for the relocalization of
D348A to enlarged endosomes is that a catalytically inactive form
of AMSH cannot dissociate from the endosomal membrane,
resulting in not only its own accumulation but also that of bound
STAM and ubiquitin chains, which can no longer be cleaved by

AMSH. Failure of D348A to bind
STAM1, however, did not lead to the
accumulation of CXCR4 or AMSH
on enlarged endosomes. This further
supports amodelwhereAMSH func-
tion at the sorting endosome ismedi-
ated by its interaction with STAM1
(Fig. 9), as we no longer see the accu-
mulation of D348A or ubiquitin on
the endosomal membrane.
Collectively, our studies impli-

cate AMSH in controlling endo-
cytic trafficking through modula-
tion of the ubiquitination status of
ESCRT-0 proteins. This in turn
affects the fate of endocytosed
CXCR4 (Fig. 8). The recruitment
of AMSH to ESCRT-0 on early/
sorting endosomes requires an
intact RXXK motif, which results
in the deubiquitination of STAM1
and Hrs and potentially other tar-
gets on ESCRT-0-associated en-
dosomes. This is required for
proper sorting of receptors such as
CXCR4, even in the absence of
activating ligand. This demon-
strates that AMSH recruitment by
STAM1 is key for the regulation of
constitutive or basal CXCR4 traf-
ficking. Our findings not only

demonstrate a role for AMSH in the trafficking of CXCR4,
but they further build upon the model that AMSH is a global
regulator of receptor endocytosis and degradation.
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