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Protease-activated receptor-1 (PAR1) is a G protein-coupled
receptor that undergoes proteolytic irreversible activation by
coagulant and anti-coagulant proteases. Given the irreversible
activation of PAR1, signaling by the receptor is tightly regulated
through desensitization and intracellular trafficking. PAR1 dis-
plays both constitutive and agonist-induced internalization.
Constitutive internalization of PAR1 is important for generat-
ing an internal pool of naïve receptors that replenish the cell
surface and facilitate resensitization, whereas agonist-induced
internalization of PAR1 is critical for terminating G protein sig-
naling. We showed that PAR1 constitutive internalization is
mediated by the adaptor protein complex-2 (AP-2), whereas
AP-2 and epsin control agonist-induced PAR1 internalization.
However, the mechanisms that regulate PAR1 recycling are not
known. In the present study we screened a siRNA library of 140
different membrane trafficking proteins to identify key regula-
tors of PAR1 intracellular trafficking. In addition to known
mediators of PAR1 endocytosis, we identified Rab11B as a
critical regulator of PAR1 trafficking. We found that
siRNA-mediated depletion of Rab11B and not Rab11A blocks
PAR1 recycling, which enhanced receptor lysosomal degra-
dation. Although Rab11A is not required for PAR1 recycling,
depletion of Rab11A resulted in intracellular accumulation of
PAR1 through disruption of basal lysosomal degradation of
the receptor. Moreover, enhanced degradation of PAR1
observed in Rab11B-deficient cells is blocked by depletion of
Rab11A and the autophagy related-5 protein, suggesting that
PAR1 is shuttled to an autophagic degradation pathway in the
absence of Rab11B recycling. Together these findings suggest
that Rab11A and Rab11B differentially regulate intracellular
trafficking of PAR1 through distinct endosomal sorting
mechanisms.

Protease-activated receptor-1 (PAR1)5 is a G protein-cou-
pled receptor (GPCR) that elicits cellular responses to coagu-
lant and anti-coagulant proteases (1, 2). Thrombin, the key
effector protease of the coagulation cascade, mediates hemo-
stasis, thrombosis, and inflammatory responses to vascular
injury predominantly through PAR1 (3). The mechanisms by
which proteases activate PAR1 and subsequent signal regula-
tory mechanisms are best understood for thrombin. Thrombin
binds to and cleaves the N terminus of PAR1, revealing a new
N-terminal domain that acts as a tethered ligand by binding
intramolecularly to the receptor to initiate signaling and irre-
versibly activates the receptor (4, 5). In addition to rapid desen-
sitization, trafficking of PAR1 is critical for regulating thrombin
signaling and appropriate cellular responses. Unlike classic
GPCRs, which are internalized and recycled back to the cell
surface after agonist stimulation, activated PAR1 is internalized
and sorted from endosomes to lysosomes and degraded. Inter-
nalization and lysosomal sorting is critical for terminating acti-
vated PAR1 signaling to heterotrimeric G proteins (6, 7). In
addition to agonist-induced internalization, PAR1 exhibits
constitutive internalization. Unactivated PAR1 cycles continu-
ously between the cell surface and endosomes and generates an
internal pool of naïve receptors that is important for replenish-
ing the cell surface with uncleaved receptor, which facilitates
cellular resensitization (8 –10). Thus, endocytic trafficking of
PAR1 is critical for the fidelity of thrombin signaling and appro-
priate cellular responses.

Previous studies have revealed novel mechanisms that con-
trol PAR1 endocytic trafficking. Although �-arrestins mediate
desensitization and clathrin-dependent internalization of
many GPCRs (11), �-arrestins are only required for PAR1
desensitization and not internalization. After activation, PAR1
signaling is rapidly desensitized by �-arrestins, whereas inter-
nalization of PAR1 occurs through a clathrin- and dynamin-de-
pendent pathway independent of �-arrestins (12). Rather than
�-arrestins, the clathrin adaptor protein complex-2 (AP-2)
mediates constitutive internalization of unactivated PAR1,
where the �2 adaptin subunit binds directly to a tyrosine-based
motif localized within the C-tail region (9). Interestingly, AP-2
and epsin are both required for agonist-promoted internaliza-
tion of PAR1. AP-2 regulates activated PAR1 internalization via
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recognition of distal C-tail phosphorylation sites and not the
tyrosine-based motif, whereas epsin requires its ubiquitin bind-
ing motif and ubiquitination of the receptor to promote inter-
nalization (13). However, whether other membrane trafficking
proteins also regulate constitutive or agonist-induced internal-
ization of PAR1 is not known.

Although constitutive internalization of PAR1 is important
for formation of an internal pool of naïve receptors, recycling of
PAR1 is critical for re-establishing appropriate amounts of
naïve receptors at the cell surface for rapid resensitization (9).
However, the mechanisms that mediate recycling of PAR1 from
endosomes to the cell surface have not been defined. Most
internalized GPCRs recycle back to the cell surface by either
bulk membrane flow or through a regulated process mediated
by a sequence-dependent interaction with adaptor proteins and
actin (14). Recycling of classic GPCRs serves to return de-acti-
vated receptors to the cell surface, a process important for cel-
lular resensitization. However, in contrast to constitutive recy-
cling of unactivated PAR1, most classic GPCRs recycle after
agonist-induced internalization. Previous studies indicate that
the small G protein Rab11 is a key regulator of GPCR vesicle
recycling (15). Rab11 proteins interact with adaptor and dis-
tinct motor proteins to guide vesicles containing GPCRs along
microtubule tracks or actin-filaments to distinct subcellular
compartments (16). Three Rab11 proteins are encoded in the
mammalian genome including Rab11A, Rab11B, and Rab11C
(also known as Rab25) and share high sequence identity.
Rab11A is ubiquitously expressed, whereas Rab11B and Rab25
exhibit tissue-specific expression. Rab11A has been implicated
in constitutive recycling of the thromboxane receptor-� (17,
18) as well as recycling of agonist-induced internalized �2-ad-
renergic receptor (19) and the prostacyclin receptor (20) and
other GPCRs (15). These studies relied on ectopic expression of
wild type and dominant-negative Rab11A to assess function in
GPCR recycling. In contrast to Rab11A, the role of Rab11B in
GPCR recycling remains elusive, and it is unclear if Rab11B has
a distinct function from Rab11A in GPCR recycling in mamma-
lian cells. Interestingly, Rab25 has been implicated in ovarian,
breast, and colon cancer (21) and GPCR overexpression result-
ing from aberrant trafficking contributes to aspects of cancer
pathogenesis (6, 22), but whether Rab25 or Rab11 is linked to
GPCR trafficking in normal or cancer cells has not been
reported.

In this study we sought to identify key mediators that regu-
late PAR1 trafficking by screening a membrane trafficking
siRNA library targeting 140 different proteins. Here, we report
that in addition to known regulators of PAR1 internalization
including AP-2, epsin, clathrin, and dynamin, Rab11B emerged
as a critical regulator of PAR1 expression. We further estab-
lished that Rab11B and not Rab11A is required for constitutive
recycling of PAR1. Moreover, inhibition of PAR1 constitutive
recycling by Rab11B knockdown enhanced basal degradation of
the receptor at the lysosome. In contrast to Rab11B, we found
that Rab11A controls PAR1 lysosomal transport and degrada-
tion under basal conditions. In fact, sequential depletion of
Rab11B followed by Rab11A restored PAR1 expression in cells
deficient in Rab11B expression. These findings suggest that
Rab11B and Rab11A function at distinct sites to regulate PAR1

recycling and endosomal-lysosomal sorting, respectively. We
also discovered that enhanced degradation of PAR1 observed
in Rab11B-deficient cells requires the autophagy-related-5
(ATG5) protein, which mediates formation of autophago-
somes, a double membrane vacuole that fuses with lysosomes
generating autolysosomes that degrades proteins. Together,
this study demonstrates divergent roles for Rab11A and
Rab11B in PAR1 trafficking and is the first to show that PAR1
can transit through an autophagic degradation pathway.

Experimental Procedures

Reagents and Antibodies—The PAR1 agonist peptide
SFLLRN was synthesized as the carboxyl amide and purified by
reverse-phase high pressure liquid chromatography at Tufts
University Core Facility (Boston, MA). �-Thrombin was from
Enzyme Research Laboratories (South Bend, IN). Rabbit poly-
clonal anti-FLAG antibody (#600-401-383) was from Rockland
Immunochemicals (Pottstown, PA). Mouse monoclonal anti-
PAR1 WEDE antibody (#IM2085) was from Beckman Coulter
(Fullerton, CA). Monoclonal M1 anti-FLAG (#F3040) and actin
antibodies (#A5316) were from Sigma. Rabbit monoclonal anti-
EGF receptor (EGFR) (#CS 2232), lysosomal-associated mem-
brane protein-1 (LAMP1)(# CS 9091P), autophagy light chain
isoform B (LC3B) (#CS2775), p38 (#CS 9212), phospho-p38
(#CS 4511), Rab11A (#CS2413), and Rab11B (#CS2414) anti-
bodies were from Cell Signaling Technologies (Beverly, MA).
Polyclonal rabbit ATG5 (#GTX62601) and monoclonal glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (#GTX10118)
antibodies were from GeneTex (Irvine, CA). Mouse monoclo-
nal ErbB2/HER2 (#MS 1072) antibody was from Neomarkers
(Fremont, CA). HRP-conjugated goat-anti rabbit (#170-6516)
and -anti mouse (#170-6515) antibodies were from Bio-Rad.
Goat anti-mouse IgG (#31160), goat anti rabbit AlexaFluor�
488 (#A11008) and 594 (#A11001) secondary antibodies were
from Life Technologies (Thermo Fisher Scientific) (Waltham,
MA). Polyethyleneimine was purchased from Polysciences Inc.
(Warrington, PA).

Cell Lines and cDNAs—HeLa cells were grown in DMEM
containing 10% (v/v) fetal bovine serum with 250 �g/ml
hygromycin. Human umbilical vein endothelial cell-derived
EA.hy926 cells were grown and cultured as previously
described (23). MDA-MB-231 cells were obtained from Amer-
ican Type Culture Collection (Manassas, VA) and maintained
according to their instructions. N-terminal FLAG-tagged
human PAR1 wild type and 0K mutant, in which all cytoplasmic
lysines (Lys) were mutated to arginine (Arg) was cloned into
pBJ vector and stably expressed in HeLa cells as described
(24 –26).

Cell Transfections—Cells were seeded at 2.5 � 104 on
fibronectin coated 24-well plates and grown overnight. Cells
were then transfected with siRNA using Oligofectamine (Life
Technologies) per the manufacturer’s instructions. The human
membrane trafficking siRNA library composed of siRNA
SMARTpools targeting 140 different proteins was purchased
from Dharmacon (GE Healthcare). The individual nonspecific
(ns) siRNA (5�-CUACGUCCAGGAGCGCACC-3�), �2 siRNA
(5�-GUGGAUGCCUUUCGGGUCA-3�). Rab11B siRNA (5�-
AAUCGCCAAGCACCUGACCTA-3�), Rab11A siRNA (5�-
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AAGAGUAAUCUCCUGUCUCGA-3�) were purchased from
Qiagen (Germantown, MD). ON-TARGETplus ATG5 (#7, 5�-
GCAUUAUCCAAUUGGUUUGCU-3�; #8, 5�-AUACUAUU-
UGCUUUUGCCAAG-3�; #9, 5�-UGACAGAUUUGACCAG-
UUUUG-3�; #10, 5�-CAAAGAUGUGCUUCGAGAUGU-3�)
was purchased from Thermo Fisher Scientific.

siRNA Library Screen—HeLa cells stably expressing FLAG-
PAR1 wild type were seeded at �10,000 cells per well of 48-well
plates and grown overnight. Cells were washed and then trans-
fected with each siRNA SMARTpool at 50 nM diluted in Opti-
MEM in duplicate. Cells were transfected with 50 nM ns- and
�2-adaptin siRNA in parallel as controls. After 24 h, transfec-
tion media was replaced with normal growth media, and cells
were grown for an additional 48 h.

Cell Surface ELISA—The expression of FLAG-tagged PAR1
wild type or 0K mutant and endogenous PAR1 was measured by
ELISA essentially as described (27). Cells were fixed with 4%
paraformaldehyde, washed, and incubated with anti-FLAG
antibody or anti-PAR1 antibody and followed by incubation
with species-specific secondary antibody conjugated to HRP.
To determine the amount of antibody bound to PAR1 at the cell
surface, cells were washed and incubated with the HRP sub-
strate one-step 2,2�-azinobis-3-ethylbenzthiazoline-6-sulfonic
acid (Thermo Fisher Scientific) for 10 –20 min at room temper-
ature. An aliquot was removed, and the absorbance at 405 nm
was measured using a Molecular Devices SpectraMax Plus
microplate reader.

Immunofluorescence Confocal Microscopy—PAR1 express-
ing HeLa cells were plated at 4.0 � 104 cells per well of 24-well
plates containing fibronectin-coated glass coverslips and
grown overnight. Cells were transfected, grown for an addi-
tional 48 h, fixed in 4% paraformaldehyde, and permeabilized
with methanol. Cells were processed and immunostained with
the indicated antibodies as described (28). For PAR1 and
Rab11B colocalization, cells were incubated with anti-FLAG
antibody for 1 h at 37 °C to allow labeling and constitutive inter-
nalization of PAR1, fixed with 4% paraformaldehyde, permea-
bilized with 0.1% Triton X-100 diluted in PBS, and then incu-
bated with anti-Rab11B antibody overnight at 4 °C. Cells were
then washed and incubated with species-specific secondary
antibodies conjugated to AlexaFluor. In some experiments cells
were pretreated with 2 mM leupeptin for 24 h at 37 °C to inhibit
lysosomal degradation. After processing, coverslips were
mounted, and cells were imaged by confocal microscopy using
an Olympus IX81 DSU spinning disk confocal microscope fit-
ted with a PlanApo 60� oil objective and a Hamamatsu
ORCA-ER digital camera. Fluorescent images of x-y 0.28-�m
sections were collected sequentially using SlideBook 5.0 soft-
ware. Line-scan analysis was performed to assess colocalization
using SlideBook 5.0 software.

Immunoblotting—HeLa cells expressing PAR1 were seeded
at 2.5 � 104 cells per well of 24-well plates, transfected, and
grown as described above. In some experiments cells were pre-
treated with 2 mM leupeptin for 24 h or 10 �M cycloheximide
for 30 min at 37 °C before lysis. MDA-MB-231 cells were plated
at 8.0 � 104 cells per well of 24-well plates, transfected, and
grown as described above. In some experiments cells were
serum-starved for 1 h. Cells were then lysed in 1� Laemmli

sample buffer containing 100 mM DTT and sonicated at 10%
amplitude, and equivalent amounts of cell lysates were resolved
by SDS-PAGE, transferred to PVDF membranes, and incubated
with specific antibodies as indicated. Membranes were devel-
oped by chemiluminescence and quantified by densitometry
using ImageJ software.

Immunoprecipitation of PAR1—Immunoprecipitation of
endogenous PAR1 was performed as recently described (29).
Human cultured EA.hy926 cells and MDA-MB-231 cells were
grown in 6-cm dishes, serum-starved, and then lysed in Triton
lysis buffer containing 50 mM Tris-HCl, pH 7.4, 100 mM NaCl,
1% Triton X-100, 5 mM EDTA, 50 mM NaF, 50 mM �-glycero-
phosphate, supplemented with 10 �g/ml leupeptin, aprotinin,
trypsin protease inhibitor, and pepstatin, 100 �g/ml benzam-
ide, and 20 mM N-ethylmaleimide. Cell lysates were passed
through a 21-gauge needle and cleared by centrifugation, and
protein concentrations were determined by bicinchoninic acid
assay. Equivalent amounts of lysates were used for immunopre-
cipitations using the anti-PAR1 WEDE antibody, and samples
were eluted with 2� Laemmli sample buffer containing 200 mM

DTT, resolved by SDS-PAGE, and developed by chemilumines-
cence. Aliquots of cell lysates were also immunoblotted with
specific antibodies as indicated.

Constitutive Internalization—PAR1 constitutive internaliza-
tion was performed essentially as described (12, 30). HeLa cells
expressing FLAG-PAR1 were seeded at 0.7 � 105 cells per well
of 24-well plates grown overnight and transfected with siRNA.
After 24 h of transfection, cells were pre-labeled with M1 anti-
FLAG antibody on ice, washed, and warmed to 37 °C to allow
internalization of antibody labeled PAR1 for various times.
Antibody remaining on the cell surface was removed by wash-
ing with PBS (Ca2�- and Mg2�-free) containing 0.04% EDTA.
Cells were then lysed in Triton lysis buffer (described above),
and the amount of internalized antibody-PAR1 was measured
by a sandwich ELISA. Briefly, 96-well plates were coated with
goat anti-mouse antibody, cell lysates were applied and incu-
bated for 2 h at room temperature, and plates were washed and
then incubated with HRP-coupled goat anti-mouse antibody.
The amount of antibody-bound PAR1 was then detected by
incubation with HRP substrate 2,2�-azinobis-3-ethylbenzthia-
zoline-6-sulfonic acid for 10 –20 min at room temperature, and
the absorbance at 405 nm was measured using a Molecular
Devices SpectraMax Plus microplate reader.

Biotinylation Recycling Assay—Biotinylation and recycling of
PAR1 was determined as previously described (31). HeLa cells
expressing FLAG-PAR1 were seeded at 1.4 � 105 cells per well
of 12-well plates grown overnight and transfected with siRNA.
After 24 h of transfection, cells were labeled on ice with 0.3
mg/ml EZ Link Sulfo-NHS-SS-biotin (Thermo Fisher Scien-
tific) diluted in PBS on ice for 30 min. Cells were then either left
on ice or incubated in media at 37 °C for 30 min to allow con-
stitutive internalization of receptors. The remaining biotin on
the cell surface was removed by incubation with ice-cold PBS,
pH 8.7, containing 50 mM glutathione, 75 mM NaCl, 75 mM

NaOH, and 1% BSA for 10 min, washed with ice-cold PBS, and
then re-incubated in media at 37 °C for 15 min to allow receptor
recycling. Biotin was then stripped from recycled receptors as
described above leaving a “protected” intracellular pool of bioti-
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nylated PAR1. Cells were then lysed in Triton lysis buffer (50
mM Tris HCl, pH 7.4, 0.5% Triton X-100, 250 mM NaCl, 5 mM

EDTA, 10 �g/ml leupeptin, aprotinin, trypsin protease inhibi-
tor, pepstatin, and 100 �g/ml benzamide). Equivalent amounts
of cell lysates were incubated with streptavidin-conjugated aga-
rose beads (Thermo Fisher Scientific), and biotinylated pro-
teins were eluted in 2� Laemmli sample buffer containing 0.2 M

DTT, resolved by SDS-PAGE, transferred, and developed by
chemiluminescence.

Data Analysis—Data were analyzed using Prism 4.0 software
(GraphPad Software, La Jolla, CA), and statistical significance
was determined using two-way analysis of variance (ANOVA).

Results

A Membrane Trafficking siRNA Library Screen Identifies
Rab11B as a Regulator of PAR1 Surface Expression—We previ-
ously showed that depletion of the �2 adaptin subunit of AP-2
by siRNA blocks PAR1 constitutive and agonist-induced inter-
nalization through clathrin-coated pits (9, 13). To identify addi-
tional proteins that regulate PAR1 trafficking, a library contain-
ing siRNA SMART pools targeting 140 different membrane
trafficking proteins was screened. The effect of �2 adaptin sub-
unit depletion on PAR1 trafficking was examined in parallel as
a control. HeLa cells stably expressing FLAG-tagged PAR1
were transiently transfected with nonspecific (ns), �2 adaptin,
or SMARTpool siRNAs. Cells were then left untreated or
treated with the PAR1 peptide agonist SFLLRN for 15 min, and
the amount of PAR1 remaining on the cell surface was quanti-
fied by ELISA. As expected, depletion of the AP-2 �, �, and �1
adaptin subunits and clathrin light chain caused a significant
increase in PAR1 surface expression similar to depletion of the
AP-2 �2 adaptin subunit in both untreated control and agonist-
treated cells (Fig. 1, A and B, Table 1). We also observed a
substantial increase in PAR1 surface expression in untreated
control cells depleted of disabled homolog-2 (DAB2), whereas
loss of ALIX (PDCD6IP) caused a modest change in PAR1 sur-
face expression (Fig. 1A and Table 1). Data from the entire
siRNA membrane trafficking screen are shown in supplemental
Table S1. These findings are consistent with a critical role for
AP-2 and clathrin in constitutive and agonist-induced internal-
ization of PAR1 as previously reported (9, 13). Intriguingly,
siRNA-mediated depletion of several notable trafficking pro-
teins in untreated control cells including inositol hexakisphos-
phate kinase-3 (IHPK3), Rab11B, a RAB11B interacting protein
GAF, and calcium and integrin binding protein-2 (CIB2)
caused a significant decrease in PAR1 surface expression (Fig. 1,
A and B, Table 1). Because Rabs are known to function in recep-
tor trafficking and a role for Rab11B in regulation of GPCR
recycling had not been previously described, we focused our
studies on understanding the underlying mechanisms by which
Rab11B regulates PAR1 intracellular trafficking.

Rab11A has been reported to regulate mammalian GPCR
recycling (17, 19); however, a role for Rab11B in GPCR traffick-
ing has not been described. Moreover, neither Rab11A nor
Rab11B has been previously reported to regulate PAR1 traffick-
ing. To confirm that the effect observed with Rab11B siRNA
SMARTpools on PAR1 surface expression was specific, the
individual Rab11B siRNAs were examined. HeLa cells stably

expressing PAR1 were transiently transfected with individual
or SMARTpool Rab11B siRNAs and in parallel with
siRNA-targeting the �2-adaptin subunit. A marked reduction
in PAR1 surface expression was observed in cells transfected
with Rab11B #8 siRNA similar to that observed with SMART-
pool siRNAs, whereas depletion of �2 adaptin subunit resulted
in increased PAR1 surface expression as expected (Fig. 1C). To

FIGURE 1. A siRNA library screen reveals an important role for Rab11B in
regulation of PAR1 surface expression. A and B, HeLa cells stably express-
ing FLAG-tagged PAR1 were transfected with ns, �2 adaptin subunit siRNA, or
SMARTpool siRNAs targeting 140 distinct membrane trafficking proteins.
After transfection, cells were either left untreated (Control) or treated with 100
�M SFLLRN (PAR1 agonist peptide) for 15 min at 37 °C. Cells were fixed, and
the amount of PAR1 remaining on the cell surface was quantified by ELISA.
The data (mean, n � 2) are representative of two independent experiments
performed in duplicate and are expressed as the percent of ns siRNA control.
C, PAR1-expressing HeLa cells were transfected with ns, �2 adaptin, Rab11B
#6, #7, and #8 siRNAs, or the Rab11B SMARTpool (sp) siRNAs, and PAR1 cell
surface expression was determined by ELISA. Data (mean � S.D., n � 3) are
expressed as the percent of ns siRNA control. The inset is a representative
immunoblot (IB) of cell lysates from similar siRNA transfections probed with
anti-Rab11B or anti-actin antibodies.
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delineate the mechanism by which RAB11B controls PAR1
expression, the Rab11B #8 siRNA was used in all subsequent
experiments.

Rab11A and Rab11B Differentially Regulate PAR1 Ex-
pression—Next, we examined the effect of Rab11B versus
Rab11A individual siRNAs on PAR1 expression. PAR1-ex-
pressing HeLa cells were transfected with ns, Rab11A, or
Rab11B siRNAs, and the amount of receptor remaining on the
cell surface was examined by ELISA. Depletion of Rab11B
caused a significant �46% reduction in PAR1 surface expres-
sion, whereas only a modest �14% decrease was observed in
Rab11A-transfected cells (Fig. 2A). We also determined
whether loss of PAR1 surface expression correlated with
changes in expression at the level of receptor protein. Depletion
of Rab11B caused a significant �39% loss of PAR1 protein (Fig.
2B). However, in contrast to Rab11B, depletion of Rab11A
resulted in a significant �44% increase in total PAR1 protein
expression (Fig. 2B) despite having a minimal effect on receptor
surface expression (Fig. 2A). Immunofluorescence confocal
microscopy was next used to determine whether the effect of
Rab11A versus Rab11B on PAR1 expression was due to accu-
mulation of the receptor in an intracellular compartment.
Under basal conditions, constitutive internalization of PAR1
results in the formation of an intracellular pool of receptors (9),
which is evident in control ns siRNA-transfected cells (Fig. 2C,
top panels). However, cells depleted of Rab11B showed a
reduction in PAR1-positive puncta compared with ns
siRNA-transfected cells (Fig. 2C, top panels), whereas cells defi-
cient in Rab11A expression displayed a marked accumulation
of PAR1 intracellular vesicles (Fig. 2C, top panels).

PAR1 is basally ubiquitinated (25), and although PAR1 ubiq-
uitination is enhanced after agonist stimulation (29), the acti-
vated receptor undergoes ubiquitin-independent lysosomal
sorting (28). To determine if differential regulation of PAR1
expression by Rab11A and Rab11B requires ubiquitination, we
used the PAR1 0K mutant, in which all cytoplasmic lysines were
converted to arginines, rendering it ubiquitin-deficient (25).
Similar to wild type PAR1, cells deficient in Rab11B expression

exhibited a marked decrease in PAR1 0K mutant surface
expression (Fig. 2D), whereas surface expression was not signif-
icantly effected in Rab11A-depleted cells. PAR1 0K mutant
protein expression was also significantly decreased in Rab11B-
deficient cells and increased in Rab11A-deficient cells (Fig. 2E),
like that observed with wild type PAR1. Immunofluorescence
microscopy studies were consistent with enhanced degradation
of PAR1 0K mutant in Rab11B-depleted cells and receptor
accumulation in Rab11A-deficient cells (Fig. 2C, lower panels).
These results suggest that differential regulation of PAR1
expression by Rab11A and Rab11B occurs independent of
receptor ubiquitination.

To determine whether Rab11A and Rab11B differentially
regulate endogenous PAR1, human cultured endothelial cells
were examined. HUVEC (human umbilical vein endothelial
cell)-derived EA.hy926 endothelial cells were transiently trans-
fected with ns, Rab11A, or Rab11B siRNAs, and the expression
of PAR1 was determined. Depletion of Rab11B caused a signif-
icant �42% decrease in PAR1 surface expression compared
with ns siRNA-transfected control cells (Fig. 3A), whereas only
a �13% reduction in PAR1 surface expression was detected in
Rab11A-deficient cells (Fig. 3A). The expression of PAR1 pro-
tein was also significantly decreased in Rab11B-depleted cells
compared with control siRNA-transfected cells (Fig. 3B, lane
3). However, in cells deficient in Rab11A, PAR1 protein expres-
sion was markedly increased (Fig. 3B, lane 1). The differential
effects of Rab11A and Rab11B on endogenous PAR1 expression
are consistent with those observed in HeLa cells.

Given the importance of Rabs in regulating PAR1 expression,
we next examined if Rab11A and Rab11B differentially regulate
PAR1 expression in invasive MDA-MB-231 breast carcinoma
cells. Dysregulated trafficking results in increased expression of
PAR1, persistent transactivation of ErbB family members,
breast carcinoma invasion, and tumor growth (6, 32). Overex-
pression of ErbB2 and EGFR is also correlated with increased
metastatic potential (33, 34). We, therefore, examined if
Rab11A or Rab11B regulated PAR1 or ErbB family member
expression by depleting MDA-MB-231 cells of these proteins
using siRNA. The amount of endogenous PAR1 cell surface
expression was substantially reduced by �50% in Rab11B-defi-
cient cells but only an �15% reduction of PAR1 was observed in
Rab11A-depleted cells (Fig. 3C). PAR1 protein expression was
also markedly reduced by �60% in cells lacking Rab11B expres-
sion and modestly increased in Rab11A-deficient cells (Fig. 3D).
Interestingly, ErbB2 exhibited a similar change in protein
expression and was decreased by �30% in Rab11B-deficient
cells and substantially increased in Rab11A-depleted cells,
whereas EGFR expression remained unchanged (Fig. 3, D, E,
and F). These data suggest that Rab11A and Rab11B differently
regulate PAR1 expression through distinct pathways in multi-
ple cell types. We next examined whether PAR1 signaling was
altered in Rab11B-depleted MDA-MB-231 cells. Thrombin
activation of PAR1 induced a significant �7-fold increase in
p38 phosphorylation at 5 min in MDA-MB-231 cells trans-
fected with non- or Rab11A-specific siRNAs (Fig. 3G), whereas
thrombin-stimulated p38 activation was reduced significantly
in cells lacking Rab11B expression (Fig. 3G). These data suggest
that the expression of PAR1 at the cell surface is important for

TABLE 1
PAR1 surface expression
The data represented in this table lists the targeted proteins that caused the largest
increase or decrease in PAR1 surface expression relative to the ns control. AP2A1,
adaptor-related protein complex 2, �1 subunit; AP2B1, adaptor-related protein
complex 2, �1 subunit; AP1M1, adaptor-related protein complex 1, �1 subunit;
AP2M1, adaptor-related protein complex 2, �1 subunit, �2 � control and adaptor-
related protein complex 2, �2 subunit; CIB2, calcium and integrin binding family
member 2; CLTB, clathrin light chain B; CLTC, clathrin, heavy chain; CLTCL1,
clathrin, heavy chain-like 1; DAB2, disabled homolog 2; DNM2, dynamin-2; EPN,
epsin 2; GAF1, Rab11 family-interacting protein 5; IHPK3, inositol hexakisphos-
phate kinase 3; RAB11B, Ras-related protein Rab-11B; PDCD6IP, programmed cell
death 6-interacting protein/ALIX; PICALM, phosphatidylinositol binding clathrin
assembly protein; VCP, transitional endoplasmic reticulum ATPase/valosin-con-
taining protein. See also Fig. 1, A and B, and supplemental Table S1.

Control, PAR1 increase Control, PAR1 decrease SFLLRN, PAR1 increase
Gene ID % of ns Gene ID % of ns Gene ID % of ns

AP2M1 82.76% IHPK3 �51.08% CLTC 61.12%
AP2A1 69.35% VCP �42.95% AP2M1 57.03%
�2 (Ctrl) 66.88% RAB11B �35.90% �2 (Ctrl) 40.55%
CLTC 47.30% CLTCL1 �33.57% AP2A1 28.85%
AP2B1 43.85% GAF1 �32.39% VCP 14.40%
DAB2 29.02% CIB2 �32.16% AP2A1 11.37%
AP1M1 6.49% CLTB �31.63% EPN2 10.30%
PDCD6IP 3.23% PICALM �31.52% DNM2 9.86%
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promoting robust p38 signaling in MDA-MB-231breast carci-
noma cells.

Rab11B and Not Rab11A Regulates PAR1 Recycling—To
understand mechanistically how Rab11B controls PAR1
expression, constitutive internalization and recycling of the
receptor was examined. In these experiments, FLAG-PAR1-
expressing HeLa cells were transfected with ns, Rab11A, or
Rab11B siRNA for 24 h to retain sufficient PAR1 expression at
the cell surface. Under these conditions Rab11B expression was
ablated, whereas PAR1 surface and protein expression were
modestly reduced by 11 and 13%, respectively (Fig. 4, A and B).
Rab11A-deficient cells also exhibited no changes in PAR1 sur-
face expression (Fig. 4A); however, receptor protein expression
was significantly increased (Fig. 4B). To assess constitutive
internalization, the surface cohort of PAR1 was prelabeled with
anti-FLAG antibody at 4 °C, and constitutive internalization
was determined as described (9). The rate of PAR1 constitutive
internalization was comparable in ns and Rab11A- and Rab11B
siRNA-transfected cells (Fig. 4C). These results suggest that the
observed effects of Rab11A and Rab11B on PAR1 expression
are not due to defects in constitutive internalization of the
receptor.

We next examined whether Rab11A or Rab11B regulated
PAR1 recycling using a receptor biotinylation assay as we pre-
viously described (31). Surface PAR1 was labeled with biotin at
4 °C in cells transfected with ns, Rab11A, or Rab11B siRNAs
and then warmed to 37 °C to facilitate constitutive internaliza-
tion. After PAR1 constitutive internalization, surface biotin was
removed, and cells were then either lysed (designated as 0 min)
or returned to 37 °C for 15 min to allow receptor recycling. Cells
were then chilled to 4 °C to block recycling, surface biotin was
removed, and internalized biotinylated PAR1 was captured by
streptavidin pulldown and detected by immunoblotting. A sub-
stantial amount of biotinylated PAR1 was detected in the inter-
nal pool at 0 min in transfected cells under all conditions (Fig.
4D, lanes 1, 3, and 5). These findings are consistent with PAR1
constitutive internalization from the cell surface to an intracel-
lular compartment. However, in control ns siRNA-transfected
cells, the amount of biotinylated PAR1 remaining in the inter-
nal pool after warming for 15 min to 37 °C was markedly
reduced (Fig. 4D, lane 2), suggesting that the majority of inter-
nalized PAR1 recycles back to the cell surface. A similar effect
was observed in Rab11A-transfected cells (Fig. 4D, lane 4). In
contrast, in Rab11B-depleted cells a significant amount of bioti-
nylated PAR1 remained in the intracellular pool after a 15-min
incubation at 37 °C (Fig. 4D, lane 6), suggesting that PAR1 is
unable to efficiently recycle. In addition, constitutively inter-
nalized PAR1 and endogenous Rab11B exhibited substantial

FIGURE 2. PAR1 expression is differentially regulated by Rab11A and
Rab11B. A and B, HeLa cells stably expressing FLAG-PAR1 or FLAG-PAR1 0K
mutant were transfected ns, Rab11A, or Rab11B siRNAs for 72 h. A and D, HeLa
cells were fixed, and PAR1 wild type and 0K mutant surface expression was

quantified by ELISA. Data (mean � S.D., n � 3) are representative of three
independent experiments, expressed as the percent of ns siRNA control, and
were analyzed by ANOVA (*, p 	 0.05; **, p 	 0.01; ***, p 	 0.001). B and E,
HeLa cell lysates were immunoblotted (IB) for PAR1 wild type and 0K mutant
protein expression using anti-FLAG antibodies. Data (mean � S.D., n � 3) are
representative of three separate experiments, expressed as the percent of ns
siRNA control, and were analyzed by ANOVA (*, p 	 0.05; **, p 	 0.01). Cell
lysates were also probed with anti-Rab11A, -Rab11B, and -GAPDH antibodies
as controls. C, HeLa cells were fixed, permeabilized, and immunostained with
anti-FLAG antibody to detect PAR1 wild type and 0K mutant expression. Sim-
ilar results were observed in three different experiments. Scale bar, 10 �m.
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colocalization on internal puncta exhibited by the yellow color
in the merged image and line-scan analysis (Fig. 4, E and F).
These findings suggest that Rab11B rather than Rab11A regu-
lates recycling of PAR1 back to the cell surface. These data also
suggest that the accumulation of PAR1 observed in the
Rab11A-depleted cells is not due to a defect in receptor
recycling.

PAR1 Exhibits Enhanced Lysosomal Degradation in Rab11B-
deficient Cells—A defect in PAR1 recycling observed in
Rab11B-depleted cells is not sufficient to explain the loss of
PAR1 protein expression. To determine whether inhibition of
PAR1 recycling promotes receptor trafficking to the lysosome,
we used leupeptin, a lysosomal protease inhibitor. HeLa cells
were depleted of Rab11B by siRNA for 24 h and incubated with

FIGURE 3. Endogenous PAR1 expression is differentially regulated by Rab11A and Rab11B in endothelial and breast cancer cells. A and C, human
endothelial EA.hy926 cells or MDA-MB-231 breast carcinoma cells were transfected with ns, Rab11A, or Rab11B siRNAs for 72 h. Cells were fixed, and endog-
enous PAR1 cell surface expression was quantified by ELISA. Data (mean � S.D., n � 3) are representative of at least three independent experiments, expressed
as the percent of ns siRNA control, and analyzed by ANOVA (*, p 	 0.05; **, p 	 0.01; ***, p 	 0.001). B, D, E, and F, endothelial cells and MDA-MB-231 cells
transfected as described above were lysed, equivalent amounts of cell lysates were immunoprecipitated (IP), and PAR1 protein was detected by immunoblot-
ting (IB) with anti-PAR1 antibody. Cell lysates were probed for Rab11A, Rab11B, GAPDH, ErbB2, and EGFR expression using specific antibodies. Data (mean �
S.D., n � 3) are representative of three different experiments, expressed as the percent of ns siRNA control and were analyzed by ANOVA (*, p 	 0.05; **, p 	
0.01; ***, p 	 0.001). G, MDA-MB-231 cells transfected with siRNA were stimulated with �-thrombin (�-Th) for the indicated times and lysed, and equivalent
amounts of cell lysates were immunoblotted to detect phosphorylated (phospho) p38, p38, Rab11A, and Rab11B. Data (mean � S.D., n � 3) are representative
of at least three independent experiments, expressed as the percent of ns siRNA control and were analyzed by ANOVA (***, p 	 0.001).
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leupeptin for an additional 24 h, and PAR1 expression was
determined. In ns siRNA-transfected cells leupeptin treatment
resulted in a significant increase in PAR1 surface expression
(Fig. 5A), suggesting that PAR1 recycling to the cell surface is
enhanced when basal turnover is inhibited. As expected, PAR1
surface expression was significantly reduced in Rab11B
siRNA-treated cells (Fig. 5A). However, leupeptin treatment
failed to restore PAR1 surface expression to control levels in
Rab11B siRNA-treated cells (Fig. 5A), indicating an important
role for Rab11B in PAR1 recycling back to the cell surface. In

contrast, PAR1 protein expression was significantly increased
in both ns and Rab11B siRNA-transfected cells after leupeptin
treatment (Fig. 5B). Confocal immunofluorescence microscopy
was next used to confirm lysosomal sorting of PAR1 in Rab11B-
deficient cells. In ns siRNA control cells treated with or without
leupeptin, PAR1 localized to the cell surface and internal
puncta that exhibited partial co-localization with LAMP1, a
marker of lysosomes, indicated by the yellow color in the
merged images (Fig. 5C). Line-scan analysis of PAR1 and
LAMP1 indicate a similar extent of co-localization in leupep-

FIGURE 4. Rab11B regulates PAR1 constitutive recycling but not internalization. HeLa cells expressing FLAG-PAR1 were transfected with ns and Rab11A
or Rab11B siRNAs for 24 h. A, HeLa cells were fixed, and PAR1 surface expression was determined by ELISA. Data (mean � S.D., n � 3) are representative of three
independent experiments, expressed as the percent of ns siRNA control, and were analyzed by ANOVA (*, p 	 0.05). B, PAR1 protein expression was determined
from HeLa cell lysates by immunoblotting (IB) with anti-FLAG antibody. Data (mean � S.D., n � 3) are representative of at least three different experiments,
expressed as the percent of ns siRNA control, and were analyzed by ANOVA (*, p 	 0.05; ***, p 	 0.001). The expression of Rab11A, Rab11B, and GAPDH were
determined in cell lysates using the indicated antibodies as controls. C, HeLa cells were prelabeled with anti-FLAG antibody on ice, washed, and warmed to
37 °C for various times to facilitate PAR1 constitutive internalization. Cells were lysed, and internalized PAR1 was detected using a sandwich ELISA. Data
(mean � S.D., n � 3) are representative of three independent experiments, expressed as the percent of ns siRNA control, and were analyzed by ANOVA. D, HeLa
cells were labeled with biotin at 4 °C, processed to allow constitutive internalization and recycling of biotinylated PAR1 as described under “Experimental
Procedures.” Streptavidin pulldown assays were immunoblotted with anti-PAR1 antibody to detect the internal pool of PAR1. The expression of PAR1, Rab11A,
Rab11B, and GAPDH in cell lysates was detected by immunoblotting using the indicated antibodies. Data (mean � S.D., n � 3) are representative of three
independent experiments, expressed as the percent of ns siRNA control, and were analyzed by ANOVA (***, p 	 0.001). E, HeLa cells were incubated with
anti-FLAG antibody for 1 h at 37 °C to label the internal pool of PAR1 (red). Cells were then fixed and immunolabeled with anti-Rab11B antibody (green).
Colocalization is revealed by the yellow color in the merged image and is demarcated by arrowheads. The images are representative of many cells examined in
three independent experiments. Insets are magnification of boxed areas. Scale bar � 10 �M. F, line scan analysis of the magnified boxed areas are plotted as pixel
intensity in arbitrary units (ADU) versus pixel number (distance) and demonstrates colocalization between PAR1 and Rab11B at puncta in the merged image.
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tin-treated and -untreated cells (Fig. 5C). In contrast, PAR1
expression was virtually abolished in Rab11B-deficient cells not
treated with leupeptin (Fig. 5C). However, the addition of leu-
peptin caused significant accumulation of intracellular PAR1 in
Rab11B siRNA-treated cells that exhibited marked co-localiza-
tion with LAMP1 (Fig. 5C). These results suggest that when
recycling is disrupted in Rab11B-deficient cells, PAR1 is re-di-
rected from early endosomes and sorted to lysosomes for
degradation.

Rab11A Regulates PAR1 Basal Degradation and Restores
PAR1 Expression in Rab11B-deficient Cells—To understand the
mechanism by which Rab11A regulates PAR1 expression, we
examined the basal rate of receptor degradation in Rab11A-
deficient cells in the presence of cycloheximide, which blocks
de novo receptor synthesis. PAR1-expressing HeLa cells trans-
fected with either ns or Rab11A siRNA were incubated with
cycloheximide, and the amount of PAR1 protein remaining
was then quantified at different time points. The rate of
PAR1 degradation was reduced significantly in cells lacking
Rab11A expression (Fig. 6A, lanes 5– 8) compared with ns
siRNA-transfected control cells (Fig. 6A, lanes 1– 4). These
findings suggest that Rab11A regulates basal degradation of
PAR1 in contrast to Rab11B, which promotes receptor recy-
cling and thereby diminishes the rate of basal receptor degra-
dation. To confirm that Rab11A and Rab11B have distinct func-

tions, we examined whether Rab11A depletion could restore
PAR1 expression in Rab11B-depleted cells by performing
sequential depletion of Rab11B followed by Rab11A. In these
studies PAR1 surface expression was significantly decreased in
Rab11B siRNA-transfected cells regardless of the order or
transfection condition (Fig. 6B), consistent with an important
role for Rab11B in regulating PAR1 recycling to the cell surface
even in the absence of Rab11A. However, the sequential deple-
tion of Rab11B followed by Rab11A resulted in a marked
increase in receptor protein expression and restored PAR1 to
levels observed in ns siRNA-treated cells (Fig. 6C, lanes 1 and
6). A similar effect on PAR1 protein expression was observed
when the depletion order of Rab11B versus Rab11A was
reversed (Fig. 6C, lanes 1 and 3). These data suggest that
Rab11A mediates basal degradation of PAR1, which is
enhanced when PAR1 recycling is blocked.

Enhanced PAR1 Degradation after Rab11B Depletion
Requires ATG5—Because Rab11 is known to regulate mem-
brane transport from recycling endosomes to light chain-3
(LC3)-positive autophagosomes (35), we investigated whether
PAR1 degradation observed in Rab11B-depleted cells occurs
through an autophagic pathway by examining the role of
ATG5, a protein essential for mammalian autophagy (36). To
examine the potential role of ATG5 in Rab11B-deficient cells,
Rab11B and ATG5 were depleted from PAR1-expressing HeLa

FIGURE 5. Depletion of Rab11B results in enhanced basal degradation of PAR1 at the lysosome. A, HeLa cells expressing FLAG-PAR1 were transfected with
ns or Rab11B siRNAs for 24 h. Cells were then incubated for an additional 24 h at 37 °C with or without 2 mM leupeptin (Leu), and PAR1 surface expression was
determined by ELISA. Data (mean � S.D., n � 3) are representative of three independent experiments, expressed as the percent of ns siRNA control, and were
analyzed by ANOVA (*, p 	 0.05; **, p 	 0.01; ***, p 	 0.001). B, HeLa cells were treated as described above and lysed, and PAR1 protein expression was
determined by immunoblotting with anti-FLAG antibody. Data (mean � S.D., n � 3) are representative of three independent experiments, expressed as the
percent of �Leu-treated cells, and analyzed by ANOVA (*, p 	 0.01; *, p 	 0.05; ***, p 	 0.001). The expression of Rab11B and GAPDH were determined by
immunoblotting as controls. C, HeLa cells treated as described in panel A were fixed, permeabilized, and incubated with anti-FLAG antibody to detect PAR1 (red)
and anti-LAMP1 antibody (green) and imaged by confocal microscopy. The images are representative of many cells examined in three independent experi-
ments. Scale bar, 10 �m. Colocalization is revealed by the yellow color in the merged imaged and by line-scan analysis across the center of cells. Line scan analysis
demonstrates colocalization between PAR1 and LAMP1 at puncta in the merged image. ADU, arbitrary units.
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cells individually or simultaneously using siRNAs, and receptor
expression was measured. Cells depleted of Rab11B exhibited
decreased PAR1 cell surface and protein expression as expected
(Fig. 7, A and B). The depletion of ATG5 by siRNA alone had no
significant effect on PAR1 cell surface or protein expression
(Fig. 7, A and B). The loss of ATG5 expression in cells co-de-
pleted of Rab11B also failed to effect reduced PAR1 surface
expression (Fig. 7A). However, ATG5 depletion blocked PAR1
degradation observed in Rab11B-deficient cells and restored
receptor expression to levels observed in control ns
siRNA-transfected cells (Fig. 7B). These data suggest that the
loss of Rab11B expression results in enhanced PAR1 degrada-
tion that occurs through an ATG5-dependent autophagic path-
way and targeting to the lysosome.

The microtubule-associated protein LC3 is a known marker
of autophagy in mammalian cells (37) The initiation of
autophagy results in the conversion of LC3-I to LC3-II via the
addition of phosphatidylethanolamine group to the C terminus
of LC3-I, which enhances the mobility of LC3-II and distin-
guishes it from LC3-I. To determine whether Rab11A or
Rab11B depletion induced autophagy in PAR1-expressing
HeLa cells, we examined LC3 mobility. In Rab11A-deficient
cells, PAR1 expression was increased, and LC3-II conversion
was modestly reduced (Fig. 7D). In contrast, Rab11B-deficient
cells showed substantial loss of PAR1 protein and a significant
increase in LC3-II revealed by the detection of a lower molec-
ular weight species of the LC3 doublet (Fig. 7D), suggesting that
autophagy is induced in these cells. Interestingly, co-depletion
of Rab11A together with Rab11B restored PAR1 expression and
reduced the conversion of LC3-I to LC3-II. Together these
findings suggest that PAR1 degradation proceeds via an
autophagic pathway in cells depleted of Rab11B (Fig. 8).

Discussion

Intracellular trafficking of PAR1 is critical for the fidelity of
signaling. PAR1 displays both constitutive and agonist-induced
internalization. Constitutive internalization of PAR1 is impor-
tant for formation of an internal pool of naïve receptors that
recycle back to the cell surface and mediate resensitization (9),
whereas internalization and lysosomal degradation of activated
PAR1 is important for termination of G protein signaling (6, 7).
Although the mechanisms that control PAR1 constitutive and
agonist-induced internalization are well defined, the processes
that regulate recycling of constitutively internalized receptor

FIGURE 6. Rab11A mediates PAR1 basal degradation and restores PAR1
expression in Rab11B-depleted cells. A, HeLa cells expressing FLAG-PAR1
were transfected with ns or Rab11A siRNAs. After 48 h cells were incubated
with 10 �M cycloheximide (CHX) for the indicated times at 37 °C and lysed,

and cell lysates were immunoblotted (IB) with anti-FLAG antibody to detect
PAR1. Data (mean � S.D., n � 3) are representative of three independent
experiments, expressed as the percent of ns siRNA control, and were analyzed
by ANOVA (**, p 	 0.01 and ***, p 	 0.001). The expression of Rab11A and
GAPDH was detected in cell lysates by immunoblotting as controls. B, HeLa
cells expressing FLAG-PAR1 were transfected with ns, Rab11A, or Rab11B
siRNA for 24 h (day 1) followed by a second transfection with ns, Rab11A, or
Rab11B for 48 h (day 2). Cells were then fixed, and PAR1 surface expression
was quantified by ELISA. Data (mean � S.D., n � 3) are representative of three
separate experiments, expressed as the percent of ns siRNA control, and were
analyzed by ANOVA (**, p 	 0.01 and ***, p 	 0.001). C, HeLa cells expressing
FLAG-PAR1 were transfected with siRNA as described above and lysed, and
cell lysates were immunoblotted using anti-FLAG antibody to detect PAR1.
Data (mean � S.D., n � 3) are representative of three different experiments,
expressed as the percent of ns siRNA control, and analyzed by ANOVA (*, p 	
0.05 and ***, p 	 0.001). Cell lysates were immunoblotted for Rab11A,
Rab11B, and GAPDH as controls.
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are not known. In this study we define new roles for Rab11A
and Rab11B in the regulation of PAR1 intracellular trafficking.
We show that Rab11B regulates PAR1 recycling, whereas
Rab11A controls basal lysosomal degradation of the receptor.
We further discovered that in the absence of Rab11B expres-

sion, PAR1 is trafficked to an autophagic pathway mediated by
Rab11A and ATG5, suggesting that the receptor is shuttled
through autophagosomes before degradation in the autolyso-
some (Fig. 8). Together these findings identify new and distinct
roles for Rab11A and Rab11B in the regulation of GPCR recy-
cling and lysosomal degradation.

This study is the first to demonstrate a specific function for
Rab11B in GPCR recycling. After internalization, GPCRs can
recycle through either a Rab4-dependent rapid recycling route
directly from early endosomes to the plasma membrane or via a
Rab11-mediated slow recycling pathway through perinuclear
recycling endosomes. Rab4 has been shown to mediate recy-
cling of the angiotensin II type I receptor and the phosphory-
lated �-opioid GPCR (38, 39). In contrast to Rab4, a role for
Rab11A in recycling of many GPCRs is well documented (15).
These previous studies utilized the Rab11A dominant-negative
S25N mutant and showed that expression of Rab11A S25N
mutant reduced the expression of the �2-adrenergic receptor at
the cell surface by blocking recycling, diminished recycling of
constitutively internalized thromboxane receptor-� receptor,
or blocked agonist-induced internalized M4 muscarinic recep-
tor recycling (17–19, 40). However, an assessment of Rab11A
versus Rab11B function on GPCR recycling has not been previ-
ously investigated.

Here, we report that rather than Rab4 or Rab11A, Rab11B
has emerged as a key regulator of constitutively internalized
PAR1 recycling based on a comprehensive siRNA screen of 140
different membrane trafficking proteins. Depletion of Rab11B
and not Rab11A caused a marked reduction of PAR1 expres-
sion at the cell surface in HeLa cells stably expressing PAR1. A
similar effect of Rab11B depletion on endogenous PAR1 surface
expression was observed in endothelial cells and MDA-MB-231
breast carcinoma cells. Moreover, Rab11B colocalized with
PAR1 on endocytic vesicles and was required for recycling of
constitutively internalized receptor back to the cell surface.
Interestingly, in cells depleted of Rab11B, basal lysosomal deg-
radation of PAR1 was enhanced, suggesting that Rab11B-de-
pendent recycling plays a critical role in maintaining appropri-
ate amounts of PAR1 at the cell surface. Similar to PAR1,
disruption of Rab11B and not Rab11A by siRNA caused a sig-
nificant reduction in epithelial sodium channel and cystic fibro-
sis transmembrane conductance regulator expression at the
cell surface (41, 42). The expression of epithelial sodium chan-
nel and cystic fibrosis transmembrane conductance regulator
protein was also significantly reduced in Rab11B-deficient cells,
like that observed with PAR1. The mechanisms responsible for
enhanced degradation of epithelial sodium channel and cystic
fibrosis transmembrane conductance regulator observed in
Rab11B-depleted cells is not known. Thus, in addition to ion
and anion channels, Rab11B appears to have a selective role in
regulating recycling of certain GPCRs.

Rab11 proteins localize to the trans-Golgi network as well as
to perinuclear endosomes and have been implicated in a variety
of cellular trafficking pathways. Rab11A has been shown to
colocalize with PAR2, a GPCR related to PAR1, and appears to
regulate PAR2 trafficking from the Golgi to the cell surface (43).
In contrast to PAR2, we discovered that Rab11A controls endo-
somal-lysosomal sorting and basal degradation of PAR1.

FIGURE 7. Depletion of Rab11A enhances PAR1 degradation through an
ATG5-dependent pathway. A, HeLa cells expressing FLAG-PAR1 were trans-
fected with either ns, Rab11B, or ATG5 siRNA individually or cotransfected
with Rab11B and ATG5 siRNAs for 72 h. Cells were then fixed, and PAR1 sur-
face expression was measured by ELISA. Data (mean � S.D., n � 3) are repre-
sentative of three independent experiments, expressed as the percent of ns
siRNA control, and were analyzed by ANOVA (*, p 	 0.05; **, p 	 0.01). B, HeLa
cells expressing FLAG-PAR1 were transfected as described above and lysed,
and cell lysates were immunoblotted (IB) with anti-FLAG antibody to detect
PAR1. Data (mean � S.D., n � 3) are representative of three different experi-
ments, expressed as the percent of ns siRNA control, and analyzed by ANOVA
(**, p 	 0.01). Cell lysates were immunoblotted for ATG5, Rab11B and GAPDH
expression as controls. C, HeLa cells expressing FLAG-PAR1 were transfected
with ns, Rab11A, and Rab11B siRNA or cotransfected with Rab11B and
Rab11A siRNA. Cell lysates were immunoblotted with anti-FLAG antibody to
detect PAR1 and with anti-LC3 antibody to detect LC3-I and -II. Data (mean �
S.D., n � 3) are representative of three different experiments, expressed as the
percent of ns siRNA control, and were analyzed by ANOVA (*, p 	 0.05; **, p 	
0.01). Cell lysates were also immunoblotted for Rab11A, Rab11B, and GAPDH
expression as controls.
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Although siRNA-mediated depletion of Rab11A failed to effect
PAR1 recycling, a marked accumulation of intracellular PAR1
protein was observed in multiple cell types. Moreover,
enhanced degradation of PAR1 observed in Rab11B-deficient
cells was blocked by co-depletion of Rab11A. These results pro-
vide evidence to support a role for Rab11A in PAR1 basal lyso-
somal sorting in normal cells and in cells depleted of Rab11B
expression (Fig. 8). These findings further suggest that Rab11A
and Rab11B serve distinct functions in the regulation of PAR1
intracellular trafficking. These distinctions may arise from dif-
ferential localization of Rab11A versus Rab11B at different
vesicular compartments (44) and/or to distinct structural prop-
erties observed between Rab11A and Rab11B (45) that may
impact their activity and/or interaction with various binding
partners. In addition, Rab11A has been shown to interact with
the thromboxane A2 receptor, angiotensin II type I receptor,
and the prostacyclin receptor (17, 20, 38). However, there is no
clearly defined consensus binding motif for Rab11A interaction
with GPCRs, suggesting that the interaction may be mediated
through adaptor protein binding, but this remains to be
determined.

Rab11A and Rab11B have been implicated in autophago-
some formation by controlling the transport of membrane from
recycling endosomes to forming LC3-positive autophagosomes
in mammalian cells (35). We discovered that enhanced basal
degradation of PAR1 observed in Rab11B-depleted cells is
mediated by ATG5, a protein essential for autophagy (36). In
addition, the conversion of LC3-I to LC3-II is significantly
increased in Rab11B-deficient cells, strongly suggesting that
loss of Rab11B induces autophagy in mammalian cells. These

findings suggest that PAR1 is sorted from endosomes to
autophagosomes and degraded in autolysosomes when recy-
cling is blocked by depletion of Rab11B. The �2-adrenergic
receptor also appears to sort to an autophagic pathway under
stress conditions. Stimulation of the �2-adrenergic receptor
stably expressed in HEK293 cells with isoproterenol for 4 h in
the presence of bafilomycin and chloroquine, which inhibit the
vacuolar type H�-ATPase that prevents acidification and
inhibit fusion of late endosomes, multivesicular bodies, and
autophagosomes, was recently shown to induce �2-adrenergic
receptor colocalization and association with LC3-II (46). Colo-
calization and interaction with LC3-II also requires �2-adre-
nergic receptor ubiquitination. However, we found that both
PAR1 wild type and ubiquitination-deficient 0K mutant exhibit
diminished surface expression and enhanced degradation in
the absence of Rab11B, whereas depletion of Rab11A caused
PAR1 0K mutant accumulation similar to wild type PAR1.
These findings suggest that ubiquitin is not required for PAR1
basal turnover by either the Rab11A- or Rab11B-dependent
pathways and is consistent with ubiquitin-independent traf-
ficking of activated PAR1 through an ALIX and ESCRT-III
mediated lysosomal sorting pathway (28).

In summary, this study clearly demonstrates divergent roles
for Rab11A and Rab11B in regulation of PAR1 intracellular
trafficking. We further show that in the absence of Rab11B-
mediated PAR1 recycling, the receptor is trafficked to an
autophagic pathway for degradation. This work also reveals dis-
tinct roles for Rab11A and Rab11B in the regulation of PAR1
and ErbB2 but not EGFR expression in invasive breast carci-
noma cells. Moreover, loss of PAR1 surface expression in

FIGURE 8. Differential regulation of PAR1 constitutive recycling and basal degradation by Rab11A and Rab11B. Unactivated PAR1 is constitutively
internalized and recycled back to the cell surface through a Rab11B-dependent pathway, whereas Rab11A regulates basal lysosomal degradation of PAR1 (left
panel). In the absence of Rab11A expression (right panel), PAR1 constitutively internalizes, and a marked increase in receptor accumulation in early endosomes
is observed, as basal degradation of PAR1 is inhibited. Interestingly, in the absence of Rab11B expression (middle panel), PAR1 exhibits enhanced basal
degradation that is blocked by Rab11A and ATG5 depletion, suggesting that the receptor traffics through an autophagic pathway before degradation in the
autolysosome. These findings suggest that Rab11B and Rab11A serve distinct functions and regulate PAR1 recycling or basal degradation, respectively.
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MDA-MB-231 cells deficient in Rab11B expression resulted in
reduced signaling. Given the importance of PAR1 trafficking
for proper regulation of signaling and appropriate cellular
responses, it will be important to determine how modulation of
PAR1 and ErbB2 expression by Rab11A and Rab11B effects
breast carcinoma invasion and tumor growth in future studies.
In addition, the molecular mechanisms responsible for induc-
tion of autophagy in Rab11B-depleted cells and the processes
that mediate PAR1 sorting to autophagosomes will be impor-
tant to understand.
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