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The E3 ubiquitin ligase c-Cbl ubiquitinates the G protein-
coupled receptor protease-activated receptor 2 (PAR2), which is
required for postendocytic sortingof activated receptors to lyso-
somes, where degradation terminates signaling. The mecha-
nisms of PAR2 deubiquitination and its importance in traffick-
ing and signaling of endocytosed PAR2 are unknown.We report
that receptor deubiquitination occurs between early endosomes
and lysosomes and involves the endosomal deubiquitinating
proteasesAMSHandUBPY.Expressionof the catalytically inac-
tive mutants, AMSH(D348A) and UBPY(C786S), caused an
increase in PAR2 ubiquitination and trapped the receptor in
early endosomes, thereby preventing lysosomal trafficking and
degradation. Small interfering RNA knockdown of AMSH or
UBPY also impaired deubiquitination, lysosomal trafficking,
and degradation of PAR2. Trapping PAR2 in endosomes
through expression of AMSH(D348A) or UBPY(C786S) did not
prolong the association of PAR2 with �-arrestin2 or the dura-
tion of PAR2-induced ERK2 activation. Thus, AMSH andUBPY
are essential for trafficking and down-regulation of PAR2 but
not for regulating PAR2 dissociation from �-arrestin2 or PAR2-
mediated ERK2 activation.

Ubiquitination of certain G protein-coupled receptors
(GPCRs)3 is an essential signal for their postendocytic traffick-
ing to lysosomes, which prevents uncontrolled signaling during
chronic stimulation. Agonists stimulate ubiquitination of the
�2-adrenergic receptor (�2AR), chemokine (CXCmotif) recep-
tor 4, and protease-activated receptor 2 (PAR2), and the E3
ubiquitin ligases that mediate ubiquitination of these GPCRs

and associated proteins, such as �-arrestins, have been identi-
fied (1–3). Although ubiquitination of these receptors is not
required for endocytosis, ubiquitin-resistant mutant receptors
show diminished postendocytic sorting to lysosomes and
impaired down-regulation. However, despite of the reversible
nature of this post-translational modification, little is known
about the role of deubiquitinating proteases (DUBs) in the pos-
tendocytic trafficking and signaling of GPCRs.
Our understanding of the role of DUBs in postendocytic

receptor trafficking mostly derives from studies of receptor
tyrosine kinases, such as epidermal growth factor receptor
(EGFR). Two endosomal DUBs, AMSH (associated molecule
with the Src homology 3 domain of STAM (signal-transducing
adapter molecule)) and UBPY (ubiquitin-specific protease Y)
(also known asUSP8), regulate deubiquitination and postendo-
cytic trafficking of EGFR (4). AMSH belongs to the JAMM
(JAB1/MPN/Mov34) family of metalloproteases and shows
specificity for Lys63- over Lys48-linked ubiquitin chains (5, 6).
UBPY is a cysteine protease of the ubiquitin-specific protease
(USP) family and does not discriminate between Lys48- and
Lys63-linked ubiquitin (7, 8). Activated EGFR recruits the E3
ligase c-Cbl, which ubiquitinates the receptor (9). Ubiquiti-
nated EGFR then interacts with the Hrs (hepatocyte growth
factor-regulated tyrosine kinase substrate)-STAM complex in
early endosomes (10). Hrs-STAM forms part of the ESCRT
(endosomal sorting complex required for transport)-I, -II, -III
complex that sorts ubiquitinated receptors in multivesicular
bodies (MVBs) to intralumenal vesicles that eventually fuse
with lysosomes, where degradation occurs (11). Before recep-
tors are incorporated into the intralumenal vesicles, they are
deubiquitinated, which serves to maintain levels of free ubiq-
uitin (11). AMSH and UBPY interact directly with STAM
through a common binding site within its Src homology 3
domain (12–14). The balance of EGFR ubiquitination by c-Cbl
and deubiquitination byAMSH andUBPY controls the posten-
docytic trafficking and down-regulation of the EGFR. c-Cbl
promotes lysosomal degradation of the EGFR (9), AMSH
opposes c-Cbl action and promotes EGFR recycling (5), and
UBPY is required for lysosomal sorting and degradation of
EGFR (8, 15–17). The role of AMSH and UBPY in regulating
deubiquitination, trafficking, and signaling of GPCRs in endo-
somes is largely unknown. A recent study has shown, however,
that AMSH and UBPY regulate the down-regulation of the
�-opioid receptor (DOR), a GPCR that is ubiquitinated and
degraded following activation (18). Expression of catalytically
inactive mutants of AMSH or UBPY or knockdown of AMSH

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK43207, DK57480, and DK39957.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1.

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed: University of California, San

Francisco, 513 Parnassus Ave., San Francisco, CA 94143-0660. Tel.: 415-476-
0489; Fax: 415-476-0936; E-mail: nigel.bunnett@ucsf.edu.

3 The abbreviations used are: GPCR, G protein-coupled receptor; �2AR, �2-ad-
renergic receptor; DOR, �-opioid receptor; DUB, deubiquitinating enzyme;
EGF, epidermal growth factor; EGFR, epidermal growth factor receptor;
ERK, extracellular signal-regulated kinase; MAPK, mitogen activated
protein kinase; MVB, multivesicular body; PAR2, protease-activated
receptor 2; pERK, phosphorylated extracellular signal-regulated kinase;
TfR, transferrin receptor; USP, ubiquitin-specific protease; E3, ubiquitin-
protein isopeptide ligase; siRNA, small interfering RNA; CFP, cyan fluores-
cent protein; HEK, human embryonic kidney 293; PBS, phosphate-buffered
saline; AP, activating peptide; RIPA, radioimmune precipitation; HA,
hemagglutinin.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 41, pp. 28453–28466, October 9, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

OCTOBER 9, 2009 • VOLUME 284 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 28453

http://www.jbc.org/cgi/content/full/M109.025692/DC1


or UBPY levels using siRNA inhibits down-regulation of DOR.
Interestingly, the roles of AMSH and UBPY in DOR down-
regulation appear to be nonredundant, since depletion of either
DUBproduced comparable effects, and simultaneous depletion
of both DUBs did not have additional consequences (18). Dif-
ferent DUBs, USP20 and -33, have been recently shown to
reverse agonist-induced ubiquitination of the �2AR (19).
We examined the roles of AMSH and UBPY in the ubiquiti-

nation, postendocytic trafficking, and lysosomal degradation
of PAR2. We also determined whether AMSH and UBPY
regulate PAR2 association with �-arrestins in endosomes
and control �-arrestin-mediated extracellular signal-regu-
lated kinase (ERK) activation. PAR2 is a receptor for multiple
serine proteases that are generated during injury and inflam-
mation (20). Activated PAR2 promotes inflammation and pain,
and PAR2 contributes to inflammatory diseases of the airway,
joints, and intestine. PAR2 levels are elevated during inflamma-
tion, due to increased mRNA expression or perhaps decreased
receptor degradation, which amplifies the proinflammatory
actions of proteases (21). Given the irreversible nature of pro-
teolytic activation, and since the internalized receptor probably
signals by the �-arrestin-dependent recruitment of mitogen-
activated protein kinase (MAPK) to endosomes (22), termina-
tion of PAR2 signaling requires receptor degradation in lyso-
somes, which in turn is ubiquitination-dependent (3, 23). It is
therefore important to understand mechanisms of PAR2 ubiq-
uitination and lysosomal targeting and also how these processes
can be reversed. We have reported that activated PAR2 is
monoubiquitinated at multiple sites by the E3 ligase c-Cbl and
targeted to lysosomes by an Hrs-dependent pathway (3, 24).
Nothing is known about the mechanism and function of PAR2
deubiquitination. Herein, we examined the role of AMSH and
UBPY in regulating the deubiquitination, lysosomal trafficking,
and degradation of PAR2, the interaction of PAR2 with �-arres-
tin2, and �-arrestin-mediated ERK2 activation. We demon-
strate that endosomal DUBs are key regulators of GPCR
down-regulation.

EXPERIMENTAL PROCEDURES

Reagents—Antibodies were from the following sources: rab-
bit anti-FLAG, rabbit anti-HA11, mouse anti-�-actin, and rab-
bit anti-USP8/UBPY (Sigma); mouse anti-human transferrin
receptor (TfR; Invitrogen); mouse anti-EEA1 (early endosomal
antigen 1; BD Transduction Laboratories); mouse anti-
human LAMP1 (lysosome-associated glycomembrane pro-
tein-1; Developmental Studies Hybridoma Bank, Iowa City,
IA); rat high affinity anti-HA11 (Roche Applied Science);
mouse anti-ubiquitin (P4D1), mouse anti-pERK1/2 (E-4),
rabbit anti-ERK2 (C-14), goat anti-PAR2 (C-17), rabbit anti-
Rab5a (S-19), mouse nonspecific IgG1 (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA); rabbit anti-AMSH (Protein-
Tech Group, Chicago, IL); goat anti-HSV (Abcam,
Cambridge, MA); goat anti-mouse IgG, goat anti-rabbit IgG,
donkey anti-rabbit IgG, or donkey anti-goat IgG, coupled to
fluorescein isothiocyanate, rhodamine red-X, or Cy5 (Jack-
son ImmunoResearch, West Grove, PA); goat anti-mouse or
rabbit IgG coupled to AlexaFluor�680 (Invitrogen) and cou-
pled to IRDyeTM800 (Rockland Immunochemicals, Gilberts-

ville, PA). NeutrAvidin-agarose and EZ-LinkTM-Sulfo-NHS-
Biotin were from Pierce. Human EGF was from Invitrogen.
cDNAs—cDNA for PAR2 has been described (3, 24). GFP-

AMSH, GFP-UBPY, GFP-AMSH(D348A), and GFP-UBPY
(C786S) were from Dr. S. Urbe (University of Liverpool, Liver-
pool, UK). Myc-Hrs and Rab5aQ79L-GFP were from Dr. M.
von Zastrow (University of California, San Francisco, CA), and
a CFP tag was added to Rab5aQ79L by subcloning. Human
�-arrestin2 was cloned from human embryonic kidney 293
(HEK) cells by reverse transcription-PCR, and an HSV tag was
added to the C terminus by PCR. pcDNA5/FRT was from
Invitrogen.
Transfected Cells and Cell Lines—HEK cells were grown in

Dulbecco’s modified Eagle’s medium containing 10% heat-in-
activated FBS (95% air, 5% CO2, 37 °C). The generation and
maintenance of HEK-FLP cells (Invitrogen) stably expressing
PAR2 (HEK-PAR2 cells) with an N-terminal FLAG and C-ter-
minal HA11 or T7 epitopes have been described (3, 24). HEK
cells were transiently transfected using LipofectamineTM 2000
(Invitrogen) according to the manufacturer’s guidelines. Cells
were plated 48 h prior to experiments and incubated inDulbec-
co’s modified Eagle’s medium, 0.1% bovine serum albumin for
treatments. For analysis of ERK2 activation, cells were deprived
of serum (Dulbecco’s modified Eagle’s medium, 0.1% bovine
serum albumin) overnight before experiments.
Activation of PAR2 and Drug Treatments—Cells were stimu-

lated with PAR2 activating peptide (AP; tethered ligand of
mouse PAR2, SLIGRL-NH2, 100 �M; CPC Scientific, San Jose,
CA), bovine pancreatic trypsin (10 nM; Worthington), or
human neutrophil elastase (0.5 �M; Calbiochem). To inhibit
lysosomal proteases, cells were treated with ZPAD, E64d (200
and 20 �M, respectively; Bachem), and pepstatin A (10 �M;
Roche Applied Science). To inhibit clathrin-mediated endocy-
tosis, cells were treated with hypertonic sucrose (0.45 M). To
inhibit EGFR tyrosine kinase activity, cells were treated with
AG1478 (1 �M; Calbiochem). Inhibitors were preincubated
with cells 30–60 min prior to stimulation with AP and were
present throughout experiments. To inhibit N-linked glycosy-
lation, cells were treated with 10 �g/ml tunicamycin (Sigma)
for 24 h.
Immunofluorescence and Confocal Microscopy—Cells were

plated at�3� 105 per 35-mmdish onto coverslips coated with
poly-D-lysine (100 �g/ml). Cells were washed in 100 mM PBS,
pH 7.4, and fixed in PBS containing 4% paraformaldehyde, pH
7.4 (20 min, 4 °C). Cells were washed with PBS containing 0.1%
saponin and 1%normal goat serumor 2%normal donkey serum
for 30min. Proteinswere localized using the primary antibodies
HA11 (rabbit, 1:200), EEA1 (1:500), LAMP1 (1:1,000), andHSV
(1:1000) (overnight, 4 °C). Cells were washed and incubated
with secondary antibodies coupled to fluorescein isothiocya-
nate, rhodamine red-X, or Cy5 (1:200, 2 h, room temperature).
To examine trafficking of PAR2 from the plasma membrane,
cell surface PAR2 was labeled by incubating cells with antibody
to an extracellular epitope tag (FLAG; 1:100, 1 h, 37 °C). Cells
werewashedwith PBS, stimulatedwithAP, fixed and incubated
with secondary antibodies. Antibody-tagged PAR2 traffics sim-
ilarly to non-tagged receptor (3). Cells were observed with a
Zeiss laser-scanning confocal microscope (LSM Meta 510)
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using a Fluar Plan Apochromat �63 oil immersion objective
(numerical aperture 1.4) or a Plan Apochromat �100 oil
immersion objective (numerical aperture 1.4). Imageswere col-
lected at a zoom of 2–3 and an iris of �3 �m, and eight optical
sections were taken at intervals of 0.5 �m. Single sections are
shown. Images were processed (colored and merged) with the
Zeiss (LSM 510) software. Colocalization of proteins in
organelles was analyzed by drawing regions of interest around
the outside of a cell in the merged image and measuring the
overlap coefficient, with a coefficient of 0 indicating no colocal-
ization and of 1 indicating complete colocalization. �20 cells
were analyzed for each experiment.
SDS-PAGE andWestern Blotting—Cells were lysed in 50 mM

Tris/HCl, pH 7.4, 1% SDS. For analysis of ERK2 activation, cells
were lysed in 50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 5 mM

MgCl2, 1 mM EGTA, 10 mM NaF, 10 mM Na4P2O7, 10 mM

Na3VO4, 1% Nonidet P-40. Lysates were separated by SDS-
PAGE (8, 10, or 12%). Proteins were transferred to polyvinyli-
dene difluoride membranes (Immobilon-FL, Millipore, Bil-
lerica, MA) and blocked for 1 h at room temperature (Odyssey
Blocking Buffer, LiCOR, Lincoln, NE). Membranes were incu-
bated with antibodies to HA11 (rabbit, 1:5000), PAR2 C-17
(1:1000), TfR (1:1000), ubiquitin P4D1 (1:1000), �-actin
(1:20,000), pERK1/2 (1:1000), ERK2 (1:5000), AMSH (1:1000),
or UBPY (1:1000) (overnight, 4 °C). Membranes were washed
(1� PBS, 0.1% Tween 20, 30 min) and incubated with second-
ary antibodies coupled to AlexaFluor�680 or IRDyeTM800
(1:20,000, 1 h, room temperature), and blots were analyzedwith
the Odyssey Infrared Imaging System (LiCOR). PAR2 is
detected as several major forms by Western blotting due to
differential glycosylation of the receptor (3, 25). To quantify
PAR2 levels, we included all forms of PAR2 receptor detected.
Quantified signals are indicated in the figures by a bracket
beside theWestern blots. To quantify PAR2 degradation, PAR2
signals were comparedwith TfR signals; to quantify PAR2 ubiq-
uitination, PAR2-ubiquitin signals were compared with total
PAR2 signals; and to quantify ERK2 activation, pERK2 signals
were compared with total ERK2 signals.
Cell Surface Biotinylation—Cells were plated at �1 � 106

cells/35-mm dish coated with poly-D-lysine. After 48 h, cells
were washed in 100 mM PBS, pH 7.4, and incubated with 0.3
mg/ml EZ-LinkTM-Sulfo-NHS-Biotin in PBS for 30 min at 4 °C
to biotinylate cell surface proteins. Cells were washed in PBS,
stimulated with AP, lysed in RIPA buffer (50 mM Tris/HCl, pH
7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM EGTA, 10 mM NaF, 10
mMNa4P2O7, 0.1 mMNa3VO4, 0.5%Nonidet P-40), and centri-
fuged. Biotinylated proteins were recovered by incubation with
40 �l of NeutrAvidin-agarose (overnight, 4 °C), pelleted,
washed with RIPA buffer, boiled in Laemmli buffer, and ana-
lyzed by Western blotting.
Immunoprecipitation—For denaturing immunoprecipita-

tion, cells were lysed in 50 mM Tris/HCl, pH 7.4, 1% SDS; son-
icated; mixed with 9 volumes of RIPA buffer; and centrifuged.
Supernatants were rotated with immunoprecipitating antibody
(rat HA11, 500 ng) for 1 h at 4 °C. Protein A/G PLUS (Santa
Cruz Biotechnology) was added (30 �l), and samples were
rotated for 1 h at 4 °C. Immunoprecipitates were pelleted,

washed with RIPA buffer, boiled in Laemmli buffer, and ana-
lyzed by SDS-PAGE and Western blotting.
siRNA—siRNA reagents were from Dharmacon (Chicago,

IL). ON-TARGETplus SMARTpool L-005203-00 and
L-012202-00 each consisted of four distinct siRNA duplexes
targeted to knockdown of human UBPY mRNA and of human
AMSH mRNA, respectively. siCONTROL nontargeting
siRNApool (D-001206) consisted of four off-target siRNA
duplexes. HEK cells (0.3 � 106 cells/well of a 6-well plate in
antibiotic-free medium) were transfected with 200 �mol of
siRNA and 5 �l of DharmaFECT1 according to the manufac-
turer’s instructions. Cells were incubated in the transfection
medium for 72 h and then used for experiments.
Endosome Isolation—Cells were washed with PBS and sus-

pended in 10 mMHEPES, pH 7.2, 100 mM KCl, 1 mM EDTA, 25
mM sucrose. The cell suspension was passed through a
22-gauge syringe needle 10 times and centrifuged at 3000 � g
for 10 min at 4 °C. Supernatants were rotated with mouse anti-
EEA1 antibody (2.5 �g, 1 h, 4 °C). Immune complexes were
captured with rat anti-mouse IgG1 magnetic microbeads (1 h,
4 °C) and purified usingMACSMS separation columns (Milte-
nyi Biotec, Auburn, CA) (26).
Statistics—Results are expressed as mean � S.E. of n � 3

experiments and were compared by Student’s t test, with p �
0.05 (asterisk) considered to be significant. Immunofluores-
cence images and blots represent n � 3 experiments.

RESULTS

Detection of PAR2 by Western Blotting and Immunoprecipita-
tion—We evaluated the expression of PAR2 in HEK cells by
Western blotting using antibodies to a C-terminal HA11
epitope (rabbit anti-HA11) and to the C terminus of human
PAR2 (C-17). Both antibodies detected several forms of PAR2 in
HEK-PAR2 cells (Fig. 1A). We treated cells with tunicamycin,
which inhibits N-linked glycosylation, to determine whether
the multiple forms of PAR2 represent variably glycosylated
receptors. Treatment of HEK-PAR2 cells with tunicamycin for
24 h reduced the molecular mass of PAR2 to �40–45 kDa,

FIGURE 1. Expression and glycosylation of PAR2 in HEK cells. A, HEK-PAR2
cells were treated with tunicamycin (10 �g/ml) for 24 h to inhibit N-linked
glycosylation. Total cell lysates were analyzed by Western blotting (WB) for
HA11 (rabbit) or PAR2 (C-17). Treatment with tunicamycin decreased the
molecular mass of PAR2 to �40 – 45 kDa. B, HEK cells were transiently trans-
fected with pcDNA5 (control) or PAR2. PAR2 was immunoprecipitated (IP; rat
HA11) and analyzed by Western blotting for HA11 (rabbit) or PAR2 (C-17).
Both antibodies detected multiple PAR2 protein species in PAR2-transfected
cells.
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similar to the predicted molecular mass of PAR2 (44 kDa) (Fig.
1A). Both antibodies detected the same deglycosylated protein.
Thus, PAR2 is variably glycosylated in HEK cells, as we have
previously reported (3, 25). To confirm specific detection of
PAR2 in immunoprecipitates, we analyzed HEK cells trans-
fected with PAR2 (N-terminal FLAG and C-terminal HA11
epitopes) or empty vector (pcDNA5). PAR2 was immunopre-
cipitated using an antibody to the HA11 epitope (rat anti-
HA11), andWestern blots were probed using antibodies to the
HA11 epitope (rabbit anti-HA11) or the C terminus of human
PAR2 (C-17). Antibodies to the HA11 epitope and the C termi-
nus of human PAR2 detected the same proteins in cells express-
ing PAR2, and there were no signals in cells expressing empty
vector, confirming specific detection of PAR2 (Fig. 1B).
PAR2 Activating Peptide and Trypsin but Not Elastase Induce

Ubiquitination andDegradation of PAR2—To confirm agonist-
induced ubiquitination of PAR2, as we have reported previously
(3), HEK-PAR2 cells were treated for 30 min with PAR2 AP or
the physiological agonist trypsin. As a control, HEK-PAR2 cells
were incubated for 30minwith elastase, which cleaves but does
not activate PAR2 (27). PAR2 ubiquitination was examined by
immunoprecipitation and Western blotting under denaturing
conditions. As expected, AP and trypsin both induced ubiquiti-
nation of PAR2 (Fig. 2A). In contrast, there was no detectable
ubiquitination of PAR2 following treatment of cells with the
non-activating protease elastase (Fig. 2A). The HA antibody
detected multiple forms of PAR2 (Fig. 2A). We similarly
detectedmultiple forms of variably glycosylated PAR2 byWest-
ern blotting of total cell lysates and immunoprecipitated PAR2
from HEK cells transfected with PAR2, using both epitope tag
(HA) and PAR2 (C-17) antibodies (Fig. 1, A and B).

To confirm that activation of PAR2 induces trafficking of the
receptor to lysosomes as we have reported previously (3, 23),
HEK-PAR2 cells were stimulated with AP, trypsin, or elastase
for 0 or 120 min prior to fixation and localization of PAR2 and
the lysosome marker LAMP1 by immunofluorescence micros-
copy. In unstimulated cells, PAR2 was detected at the plasma
membrane (Fig. 2B). We also detected a small amount of PAR2
at an intracellular site in unstimulated cells, which we have
previously identified as the Golgi apparatus (23, 28). Treatment
of cells with AP or trypsin for 120 min induced trafficking of
PAR2 to LAMP-1-containing vesicles (Fig. 2B). In contrast,
PAR2 remained at the plasma membrane following incubation
of cells with the non-activating protease elastase for 120 min
(Fig. 2B). Thus, activation of PAR2 induces translocation of the
receptor from the plasma membrane to lysosomes.
To determine whether activated PAR2 that traffics to lyso-

somes is degraded, we biotinylated cell surface proteins of
HEK-PAR2 cells prior to stimulation with AP or trypsin for 0 or
6 h. The levels of biotinylated PAR2 remaining after treatments
were determined by pull-down with avidin beads andWestern
blotting. Both AP and trypsin induced degradation of PAR2
(Fig. 2C). Thus, activation of PAR2 by AP or the physiological
agonist trypsin has the same outcome of PAR2 ubiquitination,
trafficking to lysosomes, and degradation.
PAR2 Is Ubiquitinated at the PlasmaMembrane and in Early

Endosomes and Deubiquitinated during Trafficking from Early

FIGURE 2. AP and trypsin, but not elastase, induce PAR2 ubiquitination,
trafficking to lysosomes, and degradation. A, HEK-PAR2 cells were stimu-
lated for 0 or 30 min with AP (100 �M), trypsin (10 nM), or elastase (0.5 �M).
PAR2 was immunoprecipitated (IP), and membranes were analyzed by West-
ern blotting (WB) for ubiquitin (ubi) and PAR2. Only AP and trypsin induced
ubiquitination of PAR2. B, HEK-PAR2 cells were challenged for 0 or 120 min
with AP (100 �M), trypsin (10 nM), or elastase (0.5 �M). Cells were fixed, and
proteins were localized by indirect immunofluorescence with antibodies to
HA11 (PAR2) and LAMP1. In unstimulated cells, PAR2 was located at the
plasma membrane (arrowheads) and in a perinuclear pool. Stimulation with
AP or trypsin induced PAR2 translocation to LAMP1-containing vesicles
(arrows). In contrast, PAR2 remained at the plasma membrane following treat-
ment with elastase (arrowheads). Scale bar, 10 �m. C, cell surface proteins on
HEK-PAR2 cells were biotinylated prior to stimulation with AP (100 �M) or
trypsin (10 nM) for 0 or 6 h. Biotinylated proteins were precipitated using
avidin beads, and PAR2 and TfR were detected by Western blotting. Stimula-
tion with AP or trypsin both induced degradation of PAR2. Results shown
representative of n � 3 experiments.
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Endosomes to Lysosomes—c-Cbl mediates agonist-induced
ubiquitination, degradation, and down-regulation of PAR2 (3).
Upon activation of PAR2, c-Cbl traffics to the plasma mem-
brane to colocalize with PAR2, and then PAR2 and c-Cbl redis-
tribute to the same early endosomes. Thus, PAR2 is ubiquiti-
nated at an early stage of the endosomal pathway. To identify
the subcellular compartments where PAR2 is ubiquitinated and
deubiquitinated, we blocked trafficking of PAR2 at various
stages of the endosomal pathway by using hypertonic sucrose
(which prevents receptor internalization (29)), Hrs overexpres-
sion (which traps PAR2 in early endosomes (24)), and lysosomal
protease inhibitors (which allows accumulation of PAR2 in
lysosomes (3, 23)). Cell surface PAR2 was labeled with an anti-
body to an extracellular epitope, which allowed examination of
trafficking from the plasmamembrane by immunofluorescence
and confocal microscopy. PAR2 ubiquitination was examined
by immunoprecipitation and Western blotting under denatur-
ing conditions. HEK-PAR2 cells were stimulated with PAR2 AP
(240min), which induces trafficking of PAR2 to lysosomes (23).
In cells treated with hypertonic sucrose, PAR2 failed to inter-
nalize and was present at the plasma membrane (Fig. 3A),
where it was clearly ubiquitinated (Fig. 3B). In cells overex-
pressing Hrs, PAR2 accumulated in enlarged Hrs-containing
early endosomes (Fig. 3A) as described (24) and was highly
ubiquitinated (Fig. 3B). Thus, PAR2 ubiquitination occurs at
the plasma membrane and in early endosomes, which is con-
sistent with colocalization of PAR2 and c-Cbl at these sites (3).
In cells treated with lysosomal protease inhibitors, PAR2 accu-
mulated in LAMP1-positive lysosomes (Fig. 3A), but PAR2 was
not ubiquitinated in lysosomes regardless of the presence of
lysosomal inhibitors (Fig. 3B). Thus, activated PAR2 is ubiquiti-
nated at the plasma membrane and in early endosomes and is
deubiquitinated en route from early endosomes to lysosomes.
Activated PAR2 Colocalizes with AMSH and UBPY in

Endosomes—Since deubiquitination of PAR2 occurs during
trafficking between early endosomes and lysosomes, we inves-
tigated the role of the endosomal DUBs AMSH and UBPY,
which associate with the Hrs-STAM complex that also inter-
acts with PAR2 during its postendocytic trafficking (24). To
examine the effect of PAR2 stimulation on the subcellular dis-
tribution of AMSH and UBPY, we localized PAR2 with GFP-
tagged wild-type AMSH and UBPY or catalytically inactive
mutants AMSH(D348A) and UBPY(C786S) in HEK cells. Cell
surface PAR2 was labeled with an antibody to an extracellular
epitope, cells were stimulated with AP (0–120 min), and pro-
teins were localized by confocal microscopy. In unstimulated
cells (0 min), PAR2 was at the plasma membrane, AMSH was
diffusely distributed in the cytoplasm and nucleus and some-
times concentrated in vesicles (Fig. 4A), andUBPYwas diffusely
distributed in the cytoplasm (Fig. 4C). AP (30 min) stimulated
trafficking of PAR2 to AMSH-containing endosomes (Fig. 4A).
After 120 min, PAR2 trafficked to LAMP1-positive lysosomes
(Fig. 5A) and was no longer present in the same vesicles as
AMSH (Fig. 4A). There was no obvious presence of wild-type
UBPY in endosomes containing PAR2 (Fig. 4C). In unstimu-
lated cells, AMSH(D348A) and UBPY(C786S) exhibited a dif-
ferent subcellular distribution from the wild-type proteins,
being localized in enlarged vesicles and the cytosol. Activated

FIGURE 3. PAR2 is ubiquitinated at the plasma membrane and early endo-
somes and deubiquitinated before transfer to lysosomes. HEK cells were
transiently transfected with PAR2 and pcDNA5 (control) or Hrs-Myc. A, cell
surface PAR2 was labeled with antibody to extracellular FLAG epitope. Cells
were stimulated with AP (100 �M, 240 min), and PAR2, Hrs, and LAMP1 were
localized. In cells treated with hypertonic sucrose, PAR2 remained at the
plasma membrane (arrowheads). Expression of Hrs prevented trafficking of
PAR2 from early endosomes. In cells treated with lysosomal protease inhibi-
tors, PAR2 accumulated in LAMP1-positive lysosomes (arrows). Scale bar, 10
�m. B, cells were treated as in A. PAR2 was immunoprecipitated (IP), and
membranes analyzed by Western blotting (WB) for ubiquitin (ubi) and PAR2. In
unstimulated cells, there was no detectable PAR2 ubiquitination. AP-induced
PAR2 ubiquitination was detected when trafficking of PAR2 was blocked at
the plasma membrane with sucrose or when PAR2 was trapped in early endo-
somes by overexpression of Hrs. PAR2 ubiquitination was not detected when
PAR2 had accumulated in lysosomes in the presence or absence of lysosomal
inhibitors. Results shown are representative of n � 3 experiments.
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PAR2 trafficked to AMSH(D348A)-
or UBPY(C786S)-containing vesi-
cles and remained there even after
120 min (Fig. 4, B and D). Activated
PAR2, AMSH, and UBPY were also
prominently detected in enlarged
endosomes in cells expressing
Rab5aQ79L, a constitutively active
mutant that causes endosomal
fusion (Fig. 4,E andF). Thus, follow-
ing activation of PAR2, AMSH,
UBPY, and PAR2 are transiently
recruited to the same endosomes,
whereasAMSH(D348A)andUBPY-
(C786S) show sustained colo-
calization with PAR2 in enlarged
endosomes.
Expression of Catalytically Inac-

tive AMSH or UBPY Prevents Lyso-
somal Targeting and Degradation of
PAR2—To determine the role of
AMSH and UBPY in lysosomal tar-
geting of PAR2, HEK cells were
transfected with PAR2 and control
vector (pcDNA5), AMSH, UBPY,
AMSH(D348A), or UBPY(C786S).
We localized activated PAR2 with
markers of early endosomes (EEA1)
and lysosomes (LAMP1). In control
cells, PAR2 trafficked to LAMP1-
containing lysosomes after 120 min
of stimulation (Fig. 5A). Trafficking
of PAR2 to lysosomes was unaf-
fected by overexpression of wild-
type AMSH (Fig. 5B) or UBPY (Fig.
5E). In cells expressing AMSH-
(D348A) or UBPY(C786S), PAR2
showedmarkedly diminished co-lo-
calization with LAMP1 after 120
min (Fig. 5,C and F) and instead co-
localized with EEA1 and AMSH-
(D348A) or UBPY(C786S) in early
endosomes (Fig. 5,D andG). Quan-
titative analysis revealed that the
colocalization of PAR2 and LAMP1
was significantly diminished in
cells expressing AMSH(D348A) or
UBPY(C786S) compared with cells
expressing control vector, AMSH,
or UBPY (Fig. 5H). Thus, the cata-
lytic activities of AMSH or UBPY
are required for trafficking of PAR2
from early endosomes to lysosomes.
To determine the role of AMSH

orUBPY in degradation of PAR2, we
biotinylated cell surface proteins,
stimulated cells with AP (0–6 h),
and determined the levels of biotin-

FIGURE 4. PAR2 colocalizes with AMSH and UBPY in endosomes. HEK-PAR2 cells were transiently transfected
with GFP-AMSH (A), GFP-AMSH(D348A) (B), GFP-UBPY (C), GFP-UBPY(C786S) (D), GFP-AMSH and Rab5aQ79L-
CFP (E), or GFP-UBPY and Rab5aQ79L-CFP (F). Cell surface PAR2 was labeled with FLAG antibody. Cells were
challenged with AP (100 �M; 0, 30, 120 min), and PAR2 was localized. In unstimulated cells, PAR2 was at the
plasma membrane (arrowheads), GFP-AMSH was cytosolic and present in endosomes (arrows), GFP-UBPY was
cytosolic, and GFP-AMSH(D348A) and GFP-UBPY(C786S) were in enlarged cytosolic vesicles (arrows). AP (30
min) induced trafficking of PAR2 from the plasma membrane to colocalize with GFP-AMSH, GFP-AMSH(D348A),
and GFP-UBPY(C786S) in vesicles (presumably endosomes; arrows, yellow in merged images). At 120 min, PAR2
was still present in vesicles (presumably lysosomes) and did not colocalize with GFP-AMSH or GFP-UBPY. In
GFP-AMSH(D348A)- and GFP-UBPY(C786S)-expressing cells, GFP-AMSH(D348A) and GFP-UBPY(C786S)
remained colocalized with PAR2. E and F, AP (30 min) induced trafficking of PAR2 to enlarged endosomes
containing Rab5aQ79L-CFP (arrows). GFP-AMSH and GFP-UBPY were also present in these enlarged endo-
somes (arrows). Scale bars, 10 �m.
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ylated PAR2 by Western blotting. In cells expressing control
vector, PAR2 was markedly degraded (39 � 10% of basal, 100%,
at 6 h) (Fig. 6). In cells expressing AMSH, degradation of PAR2
was modestly reduced (65 � 2%, 6 h), whereas expression of
UBPY did not affect degradation (46 � 11%, 6 h). In cells
expressing AMSH(D348A) or UBPY(C786S), PAR2 degrada-
tion was markedly reduced (AMSH(D348A), 87 � 9.8%, 6 h;

UBPY(C786S), 87 � 10%, 6 h) (Fig.
6). Thus, AMSH or UBPY is
required for lysosomal degradation
of PAR2.
Catalytic Activity of AMSH or

UBPY Is Required for Deubiquitina-
tion of PAR2—To examine the role
of AMSH and UBPY in regulating
PAR2 ubiquitination, we examined
the effects of expressing catalytically
inactive AMSH or UBPY on PAR2
ubiquitination. PAR2 ubiquitination
was assessed by immunoprecipitat-
ing PAR2 and blotting for ubiquitin
and PAR2. In unstimulated cells,
there was a low level of PAR2 ubiq-
uitination that was unaffected by
expression of AMSH or UBPY (Fig.
7). Expression of AMSH(D348A) or
UBPY(C786S) caused a marked
increase in the basal levels of PAR2
ubiquitination (Fig. 7). Thus, ex-
pression of catalytically inactive
AMSH or UBPY prevents PAR2
deubiquitination under basal con-
ditions. These results suggest that
AMSH and UBPY are necessary
for maintaining a low level of PAR2
ubiquitination in unstimulated
cells.
AMSH or UBPY Knockdown Pre-

vents Lysosomal Trafficking, Degra-
dation, and Deubiquitination of
PAR2—To confirm the roles of
AMSH and UBPY in the postendo-
cytic trafficking, degradation, and
ubiquitination of PAR2, we depleted
endogenous AMSH or UBPY using
siRNA, since the effects of the cata-
lytically inactive mutants could
reflect an indirect consequence of
their overexpression. HEK cells
were transfected with control or
AMSH- or UBPY-specific siRNA.
siRNA suppressed levels of AMSH
by 80.1 � 4.3% and UBPY by 87.9 �
4.9% after 72 h, compared with con-
trol siRNA (100%) (Fig. 8A). UBPY
knockdown caused formation of
enlarged early endosomes contain-
ing EEA1 (Fig. 8B), an expected con-

sequence (8, 15–17). Nomorphological changes were observed
in cells treated with control siRNA, and PAR2 activation (AP;
120 min) resulted in strong co-localization of PAR2 with
LAMP1 in lysosomes (Fig. 8B). In cells treated with UBPY
siRNA, there was markedly diminished colocalization of PAR2
and LAMP1, and PAR2 was instead retained in enlarged EEA1-
positive early endosomes. Unlike UBPY siRNA, AMSH siRNA

FIGURE 5. Catalytically inactive AMSH and UBPY accumulate with PAR2 in early endosomes and prevent
lysosomal targeting. HEK-PAR2 cells were transiently transfected with pcDNA5 (control) (A), GFP-AMSH (B),
GFP-AMSH(D348A) (C and D), GFP-UBPY (E), or GFP-UBPY(C786S) (F and G). Cell surface PAR2 was labeled with
FLAG antibody. Cells were challenged with AP (100 �M, 120 min). PAR2, LAMP1, and EEA1 were localized. In
control cells, PAR2 colocalized with LAMP1. Similar results were obtained in GFP-AMSH- and GFP-UBPY-ex-
pressing cells (B and E, colocalization of PAR2 and LAMP1; pink in merged image). In cells expressing GFP-
AMSH(D348A) or GFP-UBPY(C786S), PAR2 did not colocalize with LAMP1 (C and F, colocalization of PAR2 and
GFP; yellow in merged image) but was retained in enlarged EEA1-positive endosomes (D and G, colocalization of
PAR2, GFP, and EEA1; white in merged image). Scale bars, 10 �m. H, colocalization of PAR2 and LAMP1 in cells
expressing wild-type and catalytically inactive mutants of AMSH and UBPY after 120 min (0, no overlap; 1,
complete overlap). n � 23 cells each. *, p � 0.05.
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did not cause an apparent morphological change, and we were
therefore unable to identify AMSHknockdown cells and exam-
ine the effects on lysosomal trafficking of PAR2. Thus, UBPY is
necessary for efficient trafficking of PAR2 to lysosomes.

We examined the effects of AMSH or UBPY knockdown on
degradation of biotinylated PAR2. Cells were stimulated with
AP (0 or 5 h), and PAR2 levels were determined by Western
blotting. In cells treatedwith control siRNA, PAR2was substan-
tially degraded (26.9 � 2.2% of basal (100%) at 5 h) (Fig. 8C). In
cells treated with AMSH or UBPY siRNA, PAR2 degradation
was significantly reduced (AMSH siRNA, 40.9 � 2.2%; UBPY
siRNA, 37.6 � 2.3%) (Fig. 8C). Thus, AMSH and UBPY are
necessary for efficient degradation of PAR2 in lysosomes.

We examined the effects of AMSH or UBPY knockdown on
PAR2 deubiquitination. Cells were stimulated with AP (30 or
150 min), and PAR2-ubiquitination was determined by immu-
noprecipitation andWestern blotting. In cells treatedwith con-
trol siRNA, PAR2 was strongly ubiquitinated at 30 min, and
ubiquitination was markedly diminished after 150 min (37.7 �
3.2% of levels at 30 min), indicating that deubiquitination had
occurred (Fig. 8D). In cells treated with AMSH or UBPY-
siRNA, deubiquitination of PAR2 at 150 min was significantly
reduced (AMSH, 22.7 � 6.8%; UBPY, 0.6 � 4.7% of levels at 30
min) (Fig. 8D). Thus, AMSH and UBPY are necessary for the
efficient deubiquitination of PAR2. In summary, depletion of
endogenous AMSH or UBPY resulted in impaired deubiquiti-

nation of PAR2 and prevented lysosomal trafficking and degra-
dation of PAR2.
Expression of Catalytically Inactive AMSH orUBPYDoes Not

Prolong PAR2 Association with �-Arrestin2 in Endosomes or the
Duration of AP-induced ERKActivation—Following activation,
GPCRs are phosphorylated by G protein receptor kinases,
which promotes receptor interaction with �-arrestins. These
cytosolic proteins translocate to the receptor at the plasma
membrane and serve to uncouple the receptor from heterotri-
meric G proteins, which mediates desensitization, and to cou-
ple the receptor to clathrin and AP2, which mediate endocyto-
sis (30–32). �-Arrestins also recruit components of the MAPK
signaling cascade, such as Raf-1, MEKK, and ERK, allowing
receptors to signal by G protein-independent mechanisms (22,
33, 34). PAR2 activates ERK1/2 by �-arrestin-dependentmech-
anisms (22), and �-arrestins redistribute from PAR2-contain-
ing endosomes to the cytosol prior to PAR2 degradation in lyso-
somes (28). Since expression of catalytically inactive AMSH or
UBPY traps PAR2 in early endosomes, thereby preventing PAR2
transit to lysosomes, we hypothesized that this arrest of PAR2
traffickingwould prolong the association of PAR2with�-arres-
tin2 in endosomes. In cells transfected with PAR2, �-arrestin2-
HSV, and control vector (pcDNA5), AP stimulation (30 min)
caused internalization of PAR2 and �-arrestin2 to the same
endosomes (Fig. 9A). After 1 h of recovery in AP-free medium,
�-arrestin2 had returned to the cytosol, andPAR2was still pres-
ent in vesicles (Fig. 9A). Expression of AMSH(D348A) or
UBPY(C786S) did not affect AP-induced trafficking of PAR2
and �-arrestin2 to the same endosomes after 30 min or subse-

FIGURE 6. Catalytically inactive AMSH or UBPY prevent lysosomal degra-
dation of PAR2. HEK cells were transiently transfected with PAR2 and
pcDNA5 (control), GFP-AMSH, GFP-AMSH(D348A), GFP-UBPY, or GFP-
UBPY(C786S). Cell surface proteins were biotinylated, cells were stimulated
with AP (0 – 6 h), and biotinylated proteins were precipitated using avidin
beads. PAR2 and TfR were determined by Western blotting. In cells expressing
control vector, GFP-AMSH, or GFP-UBPY, similar levels of PAR2 degradation
occurred. Expression of GFP-AMSH(D348A) or GFP-UBPY(C786S) blocked
degradation. n � 3. *, p � 0.05.

FIGURE 7. Expression of catalytically inactive AMSH or UBPY mutants
enhances PAR2 ubiquitination under basal conditions. HEK cells were
transiently transfected with PAR2 and pcDNA5 (control), GFP-AMSH, GFP-
AMSH(D348A), GFP-UBPY, or GFP-UBPY(C786S). Cells were unstimulated.
PAR2 was immunoprecipitated (IP), and membranes were analyzed by West-
ern blotting (WB) for ubiquitin (ubi) and PAR2. There was a low base-line level
of PAR2 ubiquitination in cells expressing empty vector (pcDNA5) that was
unaffected by overexpression of AMSH or UBPY. Overexpression of
AMSH(D348A) or UBPY(C786S) markedly increased basal levels of PAR2 ubiq-
uitination. Shown is a representative blot of n � 4 experiments.
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quent redistribution of �-arrestin2 to the cytosol after 1 h of
recovery (Fig. 9, B and C). To further examine whether expres-
sion of catalytically inactive AMSH or UBPY prolongs �-arres-
tin2 association with endosomes, we purified endosomes by
immunoprecipitation with antibodies to EEA1 (26). Isolated

endosomes were analyzed by West-
ern blotting for EEA1 and Rab5a
(endosome markers) and �-actin
(cytosolic marker). This analysis
confirmed that the endosomal frac-
tions were highly enriched due to
the presence of EEA1 and Rab5a
(supplemental Fig. S1). The absence
of �-actin indicated that the endo-
somal fractions were free of cytoso-
lic proteins (supplemental Fig. S1).
Thus, �-arrestin2 present in endo-
somal fractions represents endo-
some-associated �-arrestin2 only.
InHEK cells expressing PAR2, levels
of �-arrestin2 were low in endo-
somes isolated from unstimulated
cells (Fig. 9D). AP (30 min) induced
a substantial increase of �-arrestin2
in endosomes (Fig. 9D). To examine
whether expression of catalytically
inactive AMSH or UBPY prolongs
�-arrestin2 association with endo-
somes, we challenged HEK cells
transfected with PAR2 and pcDNA5
(control),AMSH(D348A),orUBPY-
(C786S) withAP for 30min, followed
by a recovery in AP-free medium for
1 h. Endosomes were isolated and
analyzed for �-arrestin2 and normal-
ized to EEA1 (Fig. 9E). The levels of
�-arrestin2 in endosomes were
similar in cells expressing pcDNA5
(control), AMSH(D348A), or UBPY-
(C786S) (Fig. 9E). Together, these
results indicate that expression of
catalytically inactive AMSH or
UBPY does not prolong the associa-
tion of PAR2 and �-arrestin2 in
endosomes.
GPCRs can activate ERKs by

mechanisms that include transacti-
vation of the EGFR and the forma-
tion of �-arrestin-based MAPK sig-
naling complexes (36, 37). Initially,
to determine the contribution of the
EGFR transactivation to PAR2-
dependent ERK activation in HEK
cells, we examined the effect of the
EGFR tyrosine kinase inhibitor
AG1478 on AP-induced ERK2
phosphorylation. Stimulation of
HEK cells expressing PAR2 with

either AP or EGF (5 min) resulted in ERK2 phosphorylation
(Fig. 10A). AG1478 inhibited EGF-induced ERK2 phosphory-
lation by�90%, indicating that AG1478 inhibits EGFR tyrosine
kinase activity (Fig. 10A). In contrast, AG1478 inhibited AP-
induced ERK2 phosphorylation by �10% (Fig. 10A). Thus,

FIGURE 8. AMSH or UBPY knockdown prevent lysosomal trafficking, degradation, and deubiquitination
of PAR2. HEK-PAR2 cells were treated with control (CON), AMSH, or UBPY siRNA and used for experiments after
72 h. A, Western blots show efficient knockdown of endogenous AMSH or UBPY. The lower panels show
densitometric analyses of AMSH, UBPY, and �-actin. n � 3. *, p � 0.05. B, cell surface PAR2 was labeled with
FLAG antibody. Cells were challenged with AP (100 �M, 120 min), and PAR2, LAMP1, and EEA1 were localized. In
control siRNA-treated cells, PAR2 colocalized with LAMP1. UBPY siRNA treatment diminished PAR2 colo-
calization with LAMP1 and caused retention of PAR2 in enlarged endosomes containing EEA1. Scale bars,
10 �m. C, cell surface proteins were biotinylated, cells were stimulated with AP (0 or 5 h), and biotinylated
proteins were precipitated using avidin beads. PAR2 and TfR were determined by Western blotting. PAR2
degradation was significantly reduced in cells treated with AMSH or UBPY siRNA compared with control
siRNA. n � 3. *, p � 0.05. D, cells were stimulated with AP (100 �M; 30 or 150 min), PAR2 was immunopre-
cipitated (IP) and membranes were analyzed by Western blotting (WB) for ubiquitin (ubi) and PAR2. In cells
treated with control siRNA, PAR2 was ubiquitinated at 30 min and deubiquitinated at 150 min. In cells
treated with AMSH or UBPY-siRNA, PAR2 remained highly ubiquitinated at 150 min. n � 3. *, p � 0.05. IP,
immunoprecipitation; WB, Western blot.
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EGFR transactivation does not have a major role in PAR2-in-
duced ERK activation in HEK cells.
PAR2 predominantly activates the MAPK cascade by

forming a complex with �-arrestins, Raf-1, and activated
ERK in endosomes (22). Since AMSH and UBPY regulate
PAR2 trafficking from endosomes to lysosomes, which is
required for PAR2 degradation and signal termination, we

examined the role of AMSH and
UBPY in regulating PAR2-induced
ERK signaling. In cells transfected
with PAR2 and control vector
(pcDNA5), AP (10 min) stimu-
lated ERK2 phosphorylation,
which declined after recovery in
AP-free medium (0–180 min) (Fig.
10B). Expression of AMSH(D348A)
or UBPY(C786S) did not affect the
magnitude or duration of AP-in-
duced ERK2 activation. Quantita-
tive analysis revealed that at both
early and later time points following
AP stimulation, the levels of phos-
phorylated ERK2 in cells expressing
AMSH(D348A) or UBPY(C786S)
were similar to those in control cells
(Fig. 10C). Thus, PAR2-induced
ERK signaling is not regulated by
AMSH or UBPY.

DISCUSSION

Ubiquitination of certain GPCRs
is a targeting signal for postendo-
cytic sorting to lysosomes (Fig. 11).
Since ubiquitination is highly
dynamic, a clear understanding of
ubiquitin-dependent GPCR traf-
ficking requires knowledge of the
role of DUBs, which act down-
stream in ubiquitination pathways
and have the potential to deter-
mine the ultimate fate of recep-
tors. Here we identified two endo-
somal DUBs, AMSH and UBPY, as
key regulators of PAR2 ubiquitina-
tion and down-regulation.
By disrupting various stages of

the endocytic pathway, we deter-
mined the subcellular sites of
PAR2 ubiquitination and deubiq-
uitination (Fig. 11). PAR2 ubiquiti-
nation was unaffected by disrup-
tion of endocytosis with hypertonic
sucrose or trapping PAR2 in early
endosomes by overexpression of
Hrs (24). Thus, PAR2 is ubiquiti-
nated at the plasma membrane and
in early endosomes, which is con-
sistent with colocalization of PAR2

and c-Cbl (3). PAR2 is subsequently deubiquitinated between
early endosomes and lysosomes, since the receptor was deu-
biquitinated when it reached lysosomes in the presence of
lysosomal inhibitors. Our observations are supported by pre-
vious studies showing that ubiquitin molecules need to be
released from receptors prior to their delivery to lysosomes
for degradation in order to maintain levels of free ubiquitin

FIGURE 9. Expression of catalytically inactive AMSH or UBPY does not prolong the interaction between �-ar-
restin2 and PAR2 in endosomes. HEK-PAR2 cells were transiently transfected with �-arrestin2-HSV and pcDNA5
(control) (A), GFP-AMSH(D348A) (B), or GFP-UBPY(C786S) (C). Cell surface PAR2 was labeled with FLAG antibody. Cells
were challenged with AP (100 �M, 30 min) or with AP (100 �M, 30 min), followed by washing and recovery in AP-free
medium for 1 h. In control cells, AP (30 min) induced trafficking of PAR2 and �-arrestin2 to the same vesicles (pre-
sumably endosomes; arrows). After a 1-h recovery, PAR2 was still present in vesicles, and �-arrestin2 had returned to
the cytosol. Similar results were obtained in cells expressing GFP-AMSH(D348A) or GFP-UBPY(C786S). Scale bars, 10
�m. D, HEK cells transiently transfected with PAR2 were stimulated with AP (100�M) for 0 or 30 min. Endosomes were
isolated and analyzed for �-arrestin2 and EEA1 by Western blotting. AP (30 min) increased the levels of �-arrestin2 in
endosomes. E, HEK cells transiently transfected with PAR2 and pcDNA5 (control), GFP-AMSH(D348A), or GFP-
UBPY(C786S) were challenged with AP (100 �M, 30 min), followed by washing and recovery in AP-free medium for
1 h. Endosomes were isolated and analyzed for �-arrestin2 and EEA1 by Western blotting and quantified using
densitometry. Expression of GFP-AMSH(D348A) or GFP-UBPY(C786S) did not cause retention of �-arrestin2 in endo-
somes. n � 3. IP, immunoprecipitation; WB, Western blot.
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(11). Thus, although PAR2 is ultimately in a deubiquitinated
state when it reaches lysosomes, it does require ubiquitina-
tion at the earlier stages of the pathway for correct lysosomal
sorting (3). Ubiquitination has a quite different regulatory
effect on another member of the PAR family, PAR1, where
ubiquitination retains the receptor at the cell surface and is
not required for agonist-induced lysosomal sorting and deg-
radation (38).

AMSH and UBPY are strong can-
didates for deubiquitinating PAR2.
Activated PAR2 prominently colo-
calized with AMSH in endosomes,
and expression of catalytically inac-
tive AMSH or UBPY enhanced
colocalization of PAR2 and DUBs in
early endosomes. EGF causes simi-
lar trafficking of EGFR to endo-
somes containing AMSH or UBPY
in HeLa cells (5, 8). AMSH and
UBPY have a common binding site
within the Src homology 3 domain
of STAM, which constitutively
interacts with Hrs through coiled-
coil regions (12–14). It remains to
be resolved whether the association
of PAR2 with AMSH and UBPY in
endosomes is a result of a direct
interaction or an indirect interac-
tion via the Hrs-STAM complex,
since PAR2 engages with Hrs in
early endosomes (24). The UBPY-
EGFR interaction is also mediated
by the Hrs-STAM complex (39).
Overexpression of wild-type

AMSH or UBPY did not affect PAR2
ubiquitination, trafficking, or degra-
dation, suggesting that adequate lev-
els of endogenous AMSH and UBPY
are already present in HEK cells. This
is consistent with reports that the
overexpression of AMSH and UBPY
does not affect EGFR ubiquitination
(40), although overexpression of
UBPY has also been shown to reduce
EGFR ubiquitination (39). In con-
trast, overexpression of catalytically
inactive AMSH or UBPY markedly
increased base-line levels of PAR2
ubiquitination and, in agonist-stimu-
lated cells, caused retention of ubiq-
uitinated PAR2 in enlarged early
endosomes, with which AMSH-
(D348A) and UBPY(C786S) are con-
stitutively associated, suggesting that
their catalytic activity is necessary for
dissociation from endosomal mem-
branes. AMSH(D348A) and UBPY-
(C786S) cause endosomal accumula-

tion of ubiquitinated proteins, including cargo, such as EGFR or
PAR2, and components of the endosomal sortingmachinery, such
as STAM (5, 8, 40). However, the accumulation of ubiquitinated
STAM is promoted by AMSH(D348A) but not UBPY(C786S).
AMSH(D348A) or UBPY(C786S) also inhibited lysosomal traf-
ficking and degradation of PAR2, which could be explained by
diminished deubiquitination of PAR2 in endosomes and reduced
receptor incorporation into intralumenal vesicles ofMVBs. Over-

FIGURE 10. PAR2-mediated ERK2 activation is not regulated by AMSH or UBPY catalytic activities.
A, HEK-PAR2 cells were incubated with vehicle (DMSO; 1:10,000) or 1 �M AG1478 for 1 h prior to stimulation with
AP (100 �M) or EGF (100 ng/ml) for 5 min. Cell lysates were analyzed by Western blotting for pERK and ERK2.
Densitometry indicated that AG1478 abolished EGF-dependent ERK2 activation but had little effect on AP-de-
pendent ERK2 activation. n � 3. HEK cells were transiently transfected with PAR2 and pcDNA5 (control), GFP-
AMSH(D348A), or GFP-UBPY(C786S). Serum-starved cells were challenged with AP (100 �M, 0 –10 min),
washed, and incubated in AP-free medium (0 –180 min). pERK and ERK2 levels were analyzed by Western
blotting (B) and quantified using densitometry (C). The levels of ERK2 activation in cells expressing GFP-
AMSH(D348A) or GFP-UBPY(C786S) were similar to control cells. n � 3.
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all, our results suggest that the catalytic activity of AMSH and
UBPY is required for PAR2 deubiquitination and subsequent lyso-
somal trafficking and degradation.
Since catalytically inactive DUBs are constitutively associ-

ated with endosomal membranes, they may displace either
endogenous AMSH or UBPY. To further evaluate the role of
endogenous AMSH or UBPY in PAR2 regulation, we used spe-
cific siRNAs. Knockdown of AMSH or UBPY inhibited PAR2
deubiquitination and degradation, which could be explained in
several ways. First, by suppressing PAR2 deubiquitination,
AMSH or UBPY depletion may interfere with the incorpora-
tion of the receptor into intralumenal vesicles of MVBs,
thereby disrupting lysosomal delivery and degradation, as
reported for the EGFR after UBPY knockdown (8). Impaired
deubiquitination could cause endosomal accumulation of
ubiquitinated PAR2 or EGFR, which may overwhelm the
sorting machinery and disrupt receptor sorting. Second,
DUB knockdown may suppress PAR2 trafficking from endo-
somes to lysosomes due to changes in endosomal morphol-

ogy. UBPY knockdown caused
PAR2 retention in abnormal-
ly enlarged early endosomes. UBPY
knockdown results in aberrantly
enlarged early endosomes by
increasing the number and size of
multivesicular endosomal struc-
tures (8, 15–17). UBPY knockdown
inhibits lysosomal trafficking and
degradation of the EGFR, which is
directly due to loss of UBPY, since
overexpression of siRNA-resistant
UBPY rescues this phenotype (8,
15). The inhibitory effect of AMSH
knockdown on PAR2 degradation is
unlikely to be due to changes in
endosomal morphology, since
endosomes had normal morphol-
ogy. Third, AMSH or UBPY knock-
downmay influence the ubiquitina-
tion of key endosomal sorting
proteins, such as Hrs and STAM.
Thus, the effects on PAR2 could be
due to changes in the stability of
sorting proteins in endosomes.
UBPY knockdown depletes STAM,
suggesting that UBPY is necessary
to reverse STAM ubiquitination,
which targets STAM for proteaso-
mal degradation (8, 17). Although
STAM directly stimulates AMSH
activity in vitro (6), overexpression
of STAM in UBPY knockdown cells
cannot rescue the observed defect in
EGFRdegradation (8). UnlikeUBPY
knockdown, AMSH knockdown
does not affect the stability of com-
ponents of the endosomal sorting
machinery, such as STAM (5, 8).

Thus, the effect of AMSH knockdown on PAR2 degradation is
unlikely to be due to changes in the stability of the endosomal
sorting machinery. However, AMSH is diminished by UBPY
knockdown (5, 8), which could partially explain the effects of
UBPY depletion on PAR2. Finally, AMSH or UBPY knockdown
may reduce levels of free ubiquitin and consequently affect the
efficient ubiquitination and lysosomal sorting of PAR2. Deple-
tion of the yeast protein Doa4, which is homologous to mam-
malian UBPY, reduces free ubiquitin levels and impairs ubiq-
uitin-dependent endocytosis and vacuolar degradation of the
yeast GPCR Ste3 (41). Doa4 activity at the prevacuolar com-
partment is required to recover ubiquitin from ubiquitinated
receptors en route to the vacuole (the yeast lysosome) (42).
However, UBPY knockdown in mammalian cells does not
deplete levels of free ubiquitin (8, 17), suggesting that defects in
the maintenance of free ubiquitin levels are unlikely to account
for reduced lysosomal degradation of PAR2 after UBPY knock-
down. We propose that AMSH or UBPY knockdown directly
suppresses PAR2 deubiquitination and thereby impairs incor-

FIGURE 11. Proposed model for AMSH and UBPY function in the pathway of agonist-induced trafficking
of PAR2. 1, proteases cleave PAR2 to expose a tethered ligand that binds to and irreversibly activates the
receptor. 2, G protein receptor kinases (GRK) phosphorylate PAR2, which induces membrane translocation of
�-arrestins. �-Arrestins interact with phosphorylated PAR2 to uncouple the receptor from heterotrimeric G
proteins, resulting in desensitization. The E3 ubiquitin ligase c-Cbl translocates to the plasma membrane and
endosomes to mediate multi-monoubiquitination of activated PAR2. 3, �-arrestins serve as adaptors for clath-
rin- and AP2-mediated endocytosis of PAR2. 4, �-arrestins co-internalize with the receptor and recruit a MAPK
complex that mediates PAR2 signaling through the ERK1/2 pathway. 5, PAR2 associates with the Hrs-STAM
complex in clathrin-coated microdomains of the early endosome. Hrs/STAM recruit further components of the
ESCRT machinery, leading to receptor sorting into intralumenal vesicles. These vesicles give rise to MVBs and
late endosomes that ultimately fuse with lysosomes and release their internal vesicles within the lysosomal
lumen. AMSH and UBPY deubiquitinate PAR2, allowing the deubiquitinated receptor to invaginate into the
lumen of the MVB vesicles. 6, PAR2 is degraded in lysosomes, resulting in permanent down-regulation of PAR2
signaling. 7, resensitization of protease signaling requires mobilization of PAR2 from prominent stores in the
Golgi apparatus and eventually synthesis of new receptors.
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poration of the receptor into intralumenal vesicles ofMVBs and
delivery to lysosomes for degradation.
Our results support the conclusion that both AMSH and

UBPY deubiquitinate PAR2 and thereby promote lysosomal
targeting and degradation of the receptor (Fig. 11). Since dis-
ruption of either AMSH or UBPY function produced similar
effects, these DUBs appear to have non-redundant roles in
PAR2 trafficking to lysosomes. PAR2 deubiquitination probably
occurs downstream ofHrs and after the lysosomal sorting deci-
sion has been made. A different model has been proposed for
the EGFR, where AMSH and UBPYmay act in opposition (43).
UBPY knockdown suppresses EGFR degradation (8, 15),
whereas AMSH knockdown enhances EGFR degradation (5),
suggesting that UBPY promotes and AMSH impedes EGFR
degradation. AMSHmay thus act at an early stage of the sorting
process to reverse EGFR ubiquitination prior to commitment
to the lysosomal pathway and may thereby divert the receptor
to a recycling route (5, 43). If AMSH deubiquitinated PAR2 at
an earlier stage, it could interfere with lysosomal sorting and
thereby prevent PAR2 degradation, which does not appear to be
the case. However, PAR2 that has been deubiquitinated by
AMSH at an early stage could be ubiquitinated again by c-Cbl
and deubiquitinated by UBPY prior to sequestration into
intralumenal vesicles. Thus, the cycle of ubiquitination and
deubiquitination may determine the rate at which degradation
occurs. AMSHorUBPYmay also deubiquitinate other proteins
that regulate PAR2 trafficking to lysosomes. �-Arrestins medi-
ate desensitization of GPCRs, couple GPCRs to clathrin and
AP2 to mediate endocytosis, and act as scaffolds for recruit-
ment of MAPK cascade components (22, 30–34). �-Arrestin
itself is ubiquitinated in response to GPCR activation, and
expression of a �-arrestin-ubiquitin chimera promotes GPCR
internalization (1, 44). �-Arrestin is deubiquitinated by USP33,
which is thought to enhance the dissociation of�-arrestin from
activated GPCRs and promote the termination of �-arrestin-
dependent ERK activation (45). Thus, other cell machinery that
regulates the trafficking and function of activated PAR2 may
similarly be subject to ubiquitination and deubiquitination.
AMSH and UBPY also have non-redundant roles in the down-
regulation of DOR, a GPCR that is ubiquitinated and degraded
following activation (18). Further studies are necessary to
understand the precise mechanisms by which AMSH and
UBPY regulate PAR2 and DOR down-regulation to reconcile
the seemingly non-redundant roles of these DUBs.
Other DUBs also regulate the ubiquitination state of GPCRs,

with important functional consequences. In the case of the
�2AR, �-arrestins recruit the E3 ligase Nedd4 to the �2AR to
mediate receptor ubiquitination, which is necessary for lysoso-
mal degradation and down-regulation after chronic stimula-
tion (46). USP33 and USP20 reverse this ubiquitination and
thereby suppress down-regulation and promote recycling and
resensitization of �2ARs (19). Thus, whereas AMSH and UBPY
deubiquitinate PAR2 and DOR to promote receptor degrada-
tion, USP33 andUSP20 deubiquitinate�2AR to allow receptors
to escape degradation and recycle.
PAR2 activation causes a redistribution of �-arrestin from

the cytosol to the plasma membrane and internalization of
PAR2 and �-arrestin to the same endosomes (28). PAR2 can

activate MAPKs by both �-arrestin-dependent and �-arrestin-
independent mechanisms (22). PAR2 activation induces the
formation of a signaling complex comprising PAR2, �-arrestin,
Raf-1, and activated ERK (22).Whether internalization of PAR2
is necessary for �-arrestin-dependent activation of ERK is cur-
rently unknown. Since PAR2 and �-arrestin colocalize in endo-
somes following PAR2 activation and �-arrestin forms part of
an ERK signaling complex, we hypothesized that trapping PAR2
in early endosomes by expression of catalytically inactive
AMSH and UBPY would prolong both PAR2 association with
�-arrestin and PAR2-mediated ERK activation. However,
expression of catalytically inactive AMSH or UBPY did not
cause sustained colocalization of PAR2 and �-arrestin2 in
endosomes, sustained association of �-arrestin2 with endo-
somes, or sustainedPAR2-inducedERK signaling. Thus,AMSH
and UBPY do not appear to regulate these processes. Other
proteases can regulate trafficking and signaling of GPCRs and
�-arrestins in endosomes. Endothelin-converting enzyme-1
degrades substance P and calcitonin gene-related peptide in
acidified endosomes to disrupt the ligand-GPCR-�-arrestin
complex, which promotes �-arrestin return to the cytosol and
receptor recycling to the plasma membrane (47, 48). This
mechanism also attenuates substance P-induced ERK activa-
tion (35). Although the ligand for PAR2 is tethered to the recep-
tor, other endosomal proteases may degrade the ligand to dis-
rupt the PAR2-�-arrestin-MAPK complex and thereby
attenuate ERK signaling.
The functional implications of AMSH- and UBPY-induced

PAR2 degradation remain to be determined. Drugs that activate
DUBsmay promote PAR2 degradation and thereby prevent the
uncontrolled inflammation that would be expected to result
from sustained PAR2 activation (20). It also remains to be
resolved whether the requirement of AMSH and UBPY in
receptor down-regulation applies to GPCRs other than PAR2
and DOR (18).
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