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Src plays a critical role in regulating cellular responses induced by protease-
activated receptor 1 (PAR1). Here, we found that PAR1 activation induces
lysosomal degradation of Src. Src is associated and trafficked together with
activated PARI1 to early endosomes and then sorted to lysosomes for degra-
dation. Blocking agonist-induced endocytosis of PAR1 by inhibition of dyna-
min activity suppresses PARI1-induced degradation of Src. However, Src
activity is neither required for agonist-induced PARI1 internalization nor
required for Src degradation upon PARI activation. We show that PAR1
activation triggers endocytosis-dependent lysosomal degradation of Src in
both human embryonic kidney 293 and human umbilical vein endothelial cells.
Our finding provides a new paradigm for how an irreversibly activated
receptor regulates its downstream signalling.
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Thrombin, a multifunctional serine protease generated
at sites of vascular injury, plays a critical role in
hemostasis and thrombosis. This protease also induces
inflammatory and proliferative responses in a variety
of cells [1-3]. The cellular responses induced by throm-
bin are mainly mediated by protease-activated receptor
1 (PARI1), a G protein-coupled receptor (GPCR).
Thrombin cleaves the N-terminal exodomain of PARI
to unmask a new N-terminus beginning with the
sequence, SFLLRN [4]. The newly exposed N-terminus
then serves as a tethered ligand, binding intramolecularly
to the receptor to trigger transmembrane signalling [5].

Abbreviations

Synthetic peptides that mimic this tethered ligand act
as the agonists of PARI and activate the receptor
independently of thrombin and proteolysis [4,6,7].
Activated-PAR1 couples to the members of the Guai/o,
Gagq/11 and Gal2/13 protein families, which in turn
regulate a variety of intracellular effectors [8]. The
desensitization of PARI is regulated by G protein-
coupled receptor kinase (GRK)-mediated phosphoryla-
tion and binding of B-arrestins [9-12]. B-arrestin 1 but
not P-arrestin 2 is predominantly responsible for
PARI1 desensitization [11]. Upon exposure to throm-
bin, the cleaved, activated PARI is rapidly internalized

ABTS2, 2'-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid; BSA, bovine serum albumin; Csk, C-terminal Src tyrosine kinase; ECL, enhanced
chemiluminescence; EDTA, ethylenediaminetetraacetic acid; EGFR, epidermal growth factor receptor; ELISA, enzyme-linked immunosorbent
assay; ERK1/2, extracellular signal-regulated kinase 1/2; ESCRT, endosomal-sorting complexes required for transport; FBS, fetal bovine
serum; GFP, green fluorescent protein; GPCR, G protein-coupled receptor; GRK, G protein-coupled receptor kinase; HA, haemagglutinin;
HEK293, human embryonic kidney 293; HUVEC, human umbilical vein endothelial cell; hVps4, human vacuolar protein sorting 4; LAMPT,
lysosome-associated membrane protein 1; MEM, minimum essential medium; PAR1, protease-activated receptor 1; PFA, paraformaldehyde;
PMSF, phenylmethylsulfonyl fluoride; PVDF, polyvinylidene difluoride; RIPA, radioimmunoprecipitation assay; SD, standard deviation; SH2,
Src-homology 2; B2-AR, B2-adrenergic receptor.
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and sorted mainly to lysosomes [13,14]. Due to the
irreversible activation of PARI, lysosomal sorting
of PARI is critical for the termination of receptor
signalling [15]. That is the reason why the trafficking
behaviour of PARI is distinct from those of most other
well-studied GPCRs, which are recycled to the plasma
membrane after agonist-dependent internalization.

Similar to other GPCRs, agonist-induced internal-
ization of PARI is clathrin- and dynamin-dependent
[16]. However, B-arrestins that function as endocytic
adaptor proteins for GPCR are not required for
agonist-induced internalization of PARI1 and its
subsequent degradation [11,17]. After PARI1 activa-
tion, B-arrestin 1 and P-arrestin 2 are recruited to the
activated receptor to form the complexes containing
Src and extracellular signal-regulated kinase 1/2
(ERK1/2) [17]. B-arrestin 1 increases Src activity to
promote PARI-induced phosphorylation of ERK1/2,
whereas B-arrestin 2 blocks Src activation to reduce
PARI1-induced phosphorylation of ERKI1/2 [17]. In
addition to mediate ERK activation, B-arrestin 1 pro-
motes a rapid Src-dependent activation of Akt induced
by PARI [18]. In contrast, B-arrestin 2 appears to pro-
mote PARI-induced degradation of Src [17]. Even
though both B-arrestins serve as adaptor proteins to
regulate PARI1 signalling, B-arrestin 1 initiates and
B-arrestin 2 terminates Src-dependent signalling
induced by PARI.

Src, a nonreceptor tyrosine kinase downstream of
GPCR, mediates a number of cell responses, including
proliferation, survival, adhesion and migration [19,20].
The activation and deactivation of Src are regulated
by its two tyrosine phosphorylation sites. The phos-
phorylation of tyrosine 419 (Tyr419) residue in the
catalytic domain of Src stabilizes the active confor-
mation to enhance its kinase activity, whereas
phosphorylation of tyrosine 530 (Tyr530) residue at
the C-terminal regulatory segment of Src induces the
intramolecular interaction between the phosphorylated
Tyr530 residue and its Src-homology 2 (SH2) domain
of Src to inhibit its kinase activity [21]. The activation
of Src by GPCRs can be mediated by G proteins and
B-arrestins. Heterotrimic Gas and Goi proteins
directly bind to the catalytic domain of Src and
change its conformation, leading to increased accessi-
bility of Src to its substrates [22]. B-arrestin 1 interacts
with the SH3 domain and the N-terminal region of
the catalytic domain of Src to disrupt the intramolecu-
lar interactions of Src, resulting in the activation of
Src [23,24]. For termination of Src-mediated sig-
nalling, active Src can be deactivated by phosphoryla-
tion at its Tyr530 residue by C-terminal Src tyrosine
kinase (Csk) or degraded via a ubiquitin-proteasome
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system-dependent mechanism [25,26]. It has been
reported that PARI-induced Src activation is attenu-
ated by Csk, which is recruited by phoshocaveolin-1
to downregulate the Src kinase activity after PARI
activation [27]. Alternatively, the activation of PARI
induces degradation of Src to terminate its signalling
[17]. However, it is unclear how Src is degraded after
PARTI activation.

Src is a critical signal transducer of PARI-
mediated cellular responses such as proliferation,
angiogenesis and inflammation [28-31]. Upon PARI
activation, Src is recruited from the cytosol to the
receptor at the cell membrane by p-arrestins [17].
Given the fact that PARI is sorted to lysosomes and
degraded, we hypothesize that Src is trafficked with
activated PAR1 and sorted to lysosomes for degrada-
tion. In this study, we first investigated whether
PARI-induced degradation of Src is lysosome-depen-
dent. We then examined whether endocytosis of
PARI is involved in PARI-mediated degradation of
Src. Finally, we explored whether Src activity is
required for PARI1 endocytosis-dependent degrada-
tion of Src.

Materials and methods

Reagents

Synthetic peptide SFLLRN-NH, was synthesized by Syn-
Pep Crop. (Dublin, CA, USA). Chloroquine, poly-L-lysine
(molecular weight: 70 000-150 000), gelatin, and bovine
serum albumin (BSA) were purchased from Sigma (St.
Louis, MO, USA). PP1 and dynasore were purchased from
Biomol (Plymouth Meeting, PA, USA) and Abmole BioS-
cience (Houston, TX, USA), respectively.

Cell culture

Human embryonic kidney 293 (HEK293) cells stably
expressing FLAG-tagged PARI [17] were cultured in
Eagle’s minimum essential medium (MEM)/Earle’s salts
(Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS) (Hyclone Laboratories, Logan,
UT, USA). Human umbilical vein endothelial cells
(HUVECs) were purchased from Bioresource Collection
and Research Center (BCRC, Hsinchu, Taiwan) and cul-
tured in Medium 199 (M199) (Invitrogen) supplemented
with  10% heat-inactivated FBS, 2 mwm L-glutamine,
25 unitsmL~" heparin and 30 pgmL~' endothelial cell
growth supplement on T75 flasks pre-coated with 1% gela-
tin. Both cells were maintained in the presence of
100 units-mL~" penicillin and 100 pg-mL ™" streptomycin at
37 °C under 5% CO, and saturated humidity. HUVECs
were used at passages 2-6.
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DNA transfection

HEK?293 cells stably expressing FLAG-PAR1 were seeded
on a 10 cm dish (Nunc, Roskilde, Denmark) and grown to
95% confluence. Cells were transfected with 20 pg of DNA
and 40 pL of lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. The pcDNA3.1 mam-
malian expression vector containing cDNA encoding
N-terminal haemagglutinin (HA)-tagged human dynamin-1
or dynamin-1 mutant K44A [32] or the pEGFP-C mam-
malian expression vectors expressing N-terminal green fluo-
rescent protein (GFP)-tagged human vacuolar protein
sorting 4 (hVps4) or hVps4-E228Q mutant [33] were used
for transfection.

Immunofluorescence staining

HEK?293 cells stably expressing FLAG-tagged PAR1 were
grown on poly-L-Lysine-coated coverslips for 24 h and
serum-starved for 1 h. When the cellular trafficking of
PARI1 was examined, the cells were preincubated with anti-
PAR1 1809 rabbit antiserum at a dilution of 1: 500 at
4 °C for 1 h and then exposed to 100 um SFLLRN at
37 °C for various periods of time. The cells were put on ice
to stop internalization of PARI, fixed with 4%
paraformaldehyde (PFA) in D-PBS, pH 7.2, for 15 min,
and then permeabilized and quenched with D-PBS, pH 7.2,
containing 0.5% Triton X-100, 150 mMm sodium acetate and
1% BSA at 4 °C for 20 min. The cells were washed once
with ice-cold D-PBS, pH 7.2, and incubated with either
anti-Src monoclonal antibody or anti-LAMPI1 antibody at
a dilution of 1 : 200 in D-PBS, pH 7.2, containing 1% BSA
at 4 °C for 2 h or incubated with anti-Rab5 antibody at a
concentration of 2.5 pg-mL~" at room temperature for 1 h.
The cells were then washed three times with D-PBS, pH
7.2, containing 1% BSA, for 5 min each time. After incuba-
tion with the species-appropriate fluorescence-conjugated
secondary antibodies at a concentration of 2.5 pgmL™" in
D-PBS, pH 7.2, containing 1% BSA at 4 °C for 2 h in
dark, the cells were washed five times with D-PBS, pH 7.2,
and mounted with prolong antifade mounting kit (Molecu-
lar Probe, Eugene, OR, USA). When PARI-induced
co-localization of Src and LAMP1 was examined, the experi-
mental procedure is the same except that the cells were not
preincubated with the antibody against PAR1 and were
incubated with both anti-Src polyclonal antibody and anti-
LAMPI1 antibody at a dilution of 1 : 200 in D-PBS, pH 7.2,
containing 1% BSA at 4 °C for 2 h after permeabilization.
For analysis of co-localization of PAR1 and clathrin on the
plasma membrane patches, the experimental procedure is
essentially the same as previous described [16] except that
PARI1 was detected by anti-PAR1 1809 antiserum and cla-
thrin was detected by the mouse monoclonal anti-clathrin
heavy chain antibody. The details of the antibodies were
listed in Table 1. Images were collected using a Zeiss
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Axioskop2 LSMS Pascal confocal microscopy fitted with a
Plan-Neofluar 100x/N.A. 1.30 objective.

Immunoblotting

Cells were lysed in the modified radioimmunoprecipitation
assay lysis (RIPA) buffer containing 10 mm Tris-HCI, pH
7.4, 150 mm NaCl, 0.05% SDS, 1% Nonidet P-40, 0.5 mm
ethylenediaminetetraacetic acid (EDTA), 0.2 mm phenyl-
methylsulfonyl fluoride (PMSF), 1 pg-mL ™! aprotinin, 4 pm
leupeptin, 1 um pepstatin A, 1 mm Nas;VO,4 and 1 mm NaF.
The cell suspension was sonicated 30 times with 50% ampli-
tude and 0.5 cycle on ice using an UP50H ultrasonic proces-
sor (Dr. Hielscher, Berlin, Germany). Protein concentrations
were determined by the Bradford method (Bio-Rad protein
Assay, Bio-Rad Laboratory, Hercules, CA, USA). Cell
lysates were then mixed with 4X SDS sample buffer and
heated at 65 °C for 10 min to detect FLAG-tagged PARI or
at 95 °C for 10 min to detect other proteins. The protein
samples were separated on a 9% SDS-—polyacrylamide
gel and then transferred to polyvinylidene difluoride
(PVDF) membrane (Pall Corporation, Cortland, NY, USA).
Immunoblotting was performed essentially the same as previ-
ously described [34] except that the primary antibodies listed
in Table 1 for immunoblotting were used. The signal of the
protein of interest was visualized by an enhanced chemilumi-
nescence (ECL) substrate (PerkinElmer, Norwalk, CT, USA)
expected that the signal of endogenous PAR1 was visualized
by Immobilon Western Chemiluminescent HRP substrate
(Millipore, Bedford, MA, USA). The bands were imaged by
LAS-3000 imaging system (Fujifilm, Tokyo, Japan) and
quantified using densitometry by MULTIGAUGE software
version 3.0 (Fujifilm).

Internalization assay

Internalization assay was performed using a cell-based
enzyme-linked immunosorbent assay (ELISA) similarly as
previously described [27] with some modifications. HEK293
cells stably expressing FLAG-tagged PAR1 were seeded on
a 24-well plate (Falcon, Franklin Lakes, NJ, USA), which
was precoated with poly-L-lysine, and grown to 95% con-
fluence. HUVECs were seeded on a 24-well plate precoated
with 1% gelatin. The cells were serum-starved for 1 h
unless specified and then left unstimulated or stimulated
with 100 pv SFLLRN at 37 °C for the indicated times.
The cells were fixed with 4% PFA in D-PBS at 4 °C for
10 min and washed with the ice-cold HEPES-buffered med-
ium for three times. The HEPES-buffered medium used for
HEK?293 cells is composed of MEM Earle’s Salts supple-
mented with 20 mm HEPES, pH 7.4, 1 mg-mL ™' BSA, and
1 mm CaCl, and the HEPES-buffered medium used for
HUVECs is composed of M199 supplemented with 20 mm
HEPES, pH 7.4, 2% heat-inactivated FBS, and 1 mg-mL’1
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Table 1. Antibodies used in this study.

PAR1-induced lysosomal degradation of Src

Concentration or

Name of the antibody Clonality Host Clone Catalog number  dilution factor Source
Anti-PAR1T 1809 rabbit Antiserum Rabbit  N/A N/A 1:500° Dr. Shaun R. Coughlin, University of
antiserum California, USA [50]
Clathrin heavy chain Monoclonal Mouse N/A 610499 2.5 pg-mL~'? BD Biosciences, San Diego, CA, USA
ERK1/2 Antiserum Rabbit ~ N/A M5670 1 :3000° Sigma, St Louis, MO, USA
FLAG tag Monoclonal  Mouse M1 F-3040 2 pug-mL="ee Sigma, St Louis, MO, USA
Fluorescein-conjugated Polyclonal Goat N/A 115-095-003 1:400° Jackson ImmunoResearch, West
goat anti-mouse IgG Grove, PA, USA
(H+L)
Fluorescein-conjugated Polyclonal Goat N/A 111-095-144 1:400° Jackson ImmunoResearch, West
goat anti-rabbit 1gG Grove, PA, USA
(H+L)
GFP Monoclonal  Mouse 3D8A1B8 Gm0001-02 1 :1000° Abking Biotechnologies, Taipei, Taiwan
HA tag Monoclonal  Mouse 12CA5 1666606 1 pg-mL~™° Roche Molecular Biochemicals, Basel,
Swiss
IgG from mouse serum Purified IgG  Mouse N/A 15381 2 ug-mL='° Sigma, St Louis, MO, USA
LAMP1 Monoclonal Mouse H5G11 sc-18821 1:200° Santa Cruz Biotechnology, Santa Cruz,
CA, USA
PAR1 Monoclonal Mouse ATAP2 sc-13503 1:1000°, Santa Cruz Biotechnology, Santa Cruz,
2 pg-mlL=c CA, USA
Peroxidase-conjugated Polyclonal Goat N/A 115-035-003 1 : 5000>° Jackson ImmunoResearch, West
goat anti-mouse IgG Grove, PA, USA
(H+L)
Peroxidase-conjugated Polyclonal Goat N/A 111-035-003 1 : 5000° Jackson ImmunoResearch, West
goat anti-rabbit 1gG Grove, PA, USA
(H+L)
Phospho-ERK1/2 Monoclonal  Mouse E-4 sc-7383 1 : 3000° Santa Cruz Biotechnology, Santa Cruz,
CA, USA
Phospho-Src family Polyclonal Rabbit  N/A 2101 1 :1000° Cell Signaling, Beverly, MA, USA
(Tyr416)
Rabb Monoclonal Mouse N/A 610725 25 pg-mL’1a BD Biosciences, San Diego, CA, USA
Rhodamine-conjugated Polyclonal Goat N/A 115-025-146 1:400° Jackson ImmunoResearch, West
goat anti-mouse IgG Grove, PA, USA
(H+L)
Rhodamine-conjugated Polyclonal Goat N/A 111-025-144 1:400° Jackson ImmunoResearch, West
goat anti-rabbit 1gG Grove, PA, USA
(H+L)
Src Monoclonal  Mouse GD11 05-184 1 500° Millipore, Bedford, MA, USA
Src Polyclonal Rabbit  N/A 2108 1:200° Cell Signaling, Beverly, MA, USA
Tubulin-o Monoclonal  Mouse DM1A MS-581-P 1 : 5000° NeoMarker, Fremont, CA, USA

N/A, not available. ®lmmunofluorescence staining. bImmunoblotting. CInternalization assay.

BSA. HEK?293 cells were incubated with anti-FLAG M1
antibody (Sigma) and HUVECs were incubated with anti-
PARI1 antibody (Santa Cruz, Santa Cruz, CA, USA) and
its corresponding mouse IgG antibody (Sigma) at a concen-
tration of 2 pg-mL ™' in the HEPES-buffered medium at
room temperature for 60 min. The cells were washed with
the HEPES-buffered medium for three times and then incu-
bated with horseradish peroxidase-conjugated goat anti-
mouse secondary antibody (Jackson ImmunoResearch,
West Grove, PA, USA) at a dilution of 1 : 5000 in the
HEPES-buffered medium at room temperature for 1 h.
After being washed with D-PBS for three times, the cells
were incubated with 250 pL of 1-Step ABTS (2, 2’-azino-
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bis-3-ethylbenzthiazoline-6-sulfonic acid, Pierce, Rockford,
IL, USA) for 30 min to detect the amount of bound horse-
radish peroxidase-conjugated goat anti-mouse secondary
antibody on the cell surface. Aliquots of 200 pL were then
transferred into the wells of a 96-well plate and the optical
density was measured at 405 nm using a microplate spec-
trophotometer (Bio-Rad Model 550).

Statistics analysis

Statistical significance compared with control was deter-
mined by a paired two-tailed Student’s z-test using Excel
2010 (Microsoft, Roselle, 1L, USA). All data are presented
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as mean + standard deviation (SD). Statistical significance
was defined as P < 0.05.

Results

PAR1-induced lysosome-dependent degradation
of Src

Upon PARI activation, Src is recruited to the receptor
by B-arrestins to form a signalling complex [17]. To
investigate how Src signalling transduced from this
PARI1 complex is terminated, we first monitored ago-
nist-induced intracellular trafficking of PAR1 and Src
in HEK?293 cells stably expressing FLAG-tagged
PAR1 by confocal microscopy. In unstimulated cells,
PARI was located at the cell surface and Src was dis-
tributed both at the plasma membrane and in the cyto-
sol (Fig. 1A). After 15 min of stimulation with a
PAR1-specific peptide agonist, SFLLRN, PARI1 was
internalized into the cells as the green puncta (Fig. 1A).
Of interest, Src, shown as the red puncta, was co-loca-
lized with PARI1 (Fig. 1A). Meanwhile, internalized
PARI1 was co-localized with Rab5, an early endosome
marker (Fig. 1A). This result indicates that Src is
associated and trafficked together with PARI1 to early
endosomes after SFLLRN stimulation. We next exam-
ined whether both Src and PARI are then sorted to
lysosomes. After 30 min of SFLLRN stimulation,
PARI1 and Src, which are shown as green puncta, were
both co-localized with lysosome-associated membrane
protein 1 (LAMPI1), shown as red puncta (Fig. 1B).
These results indicate that Src is trafficked with acti-
vated PAR1 and both of them are sorted to lysosomes.

Since activation of PARI1 induces the degradation of
Src [17], whether Src is trafficked with activated PARI
to lysosomes for degradation was examined by moni-
toring PARI-induced degradation of Src in HEK293
cells stably expressing FLAG-tagged PARI in the
presence and absence of chloroquine, a lysosomal inhi-
bitor. Treatment of the cells with SFLLRN resulted in
a time-dependent degradation of Src and FLAG-
tagged PAR1 (Fig. 2A). After 2 h of SFLLRN stimu-
lation, the amount of Src was decreased by almost
39% (Fig. 2A). In cells pretreated with chloroquine,
the decrease in the amount of Src and FLAG-tagged
PARI induced by SFLLRN was inhibited (Fig. 2A). It
has been reported that Vps4 mediates multivesicular
body (MVB) sorting of PARI [35]. To further support
that Src is trafficked to MVB/lysosome for degrada-
tion after PARI1 activation, we examined whether
overexpression of dominant-negative Vps4-E228Q
mutant inhibits PAR1-induced degradation of Src. In
cells transfected with wild-type Vps4 and the control
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vector, the amount of Src and FLAG-tagged PARI
gradually decreased at 1 and 2 h after SFLLRN stimu-
lation (Fig. 2B). In cells transfected with dominant-
negative Vps4-E228Q mutant, the decrease in the
amount of Src and FLAG-tagged PARI induced by
SFLLRN was inhibited (Fig. 2B). These results indi-
cate that PARI-induced degradation of Src is lyso-
some-dependent in HEK?293 cells.

We speculated that PAR1-induced lysosomal degra-
dation of Src is required for the termination of Src-
dependent signalling induced by PARI1. To test this
hypothesis, we examined whether inhibition of PARI1-
induced degradation of Src by chloroquine increases
PARI-induced activation of Src. The activation of
PARI1 by SFLLRN for 5-120 min induced a biphasic
phosphorylation of Tyr419 of Src with the first peak
at 5 min and second peak at 60 min (Fig. 2C). Treat-
ment of chloroquine did increase the phosphorylation
level of Src induced by PARI (Fig. 2C). We next
examined whether chloroquine treatment increases the
activation of ERK1/2 induced by PARI. The rationale
to choose ERK1/2 is that Src is the main upstream
molecule of ERK1/2 in HEK293 cells upon PARI
activation [17]. The activation of PAR1 by SFLLRN
also induced a biphasic phosphorylation of ERK1/2
with the first peak at 5 min and second peak at
60 min (Fig. 2C). After SFLLRN stimulation for
120 min, the expression of ERKI1/2 is decreased
(Fig. 2C). However, chloroquine treatment signifi-
cantly increased the phosphorylation level of ERK1/2
in response to SFLLRN stimulation at 15 and 30 min
and inhibited the decrease in ERKI/2 expression
induced by SFLLRN stimulation (Fig. 2C). We also
found that treatment of the cells with PP1 significantly
inhibited the phosphorylation of ERKI1/2 after
SFLLRN stimulation for 5-30 min (Fig. S1). These
results indicate that inhibition of lysosomal degrada-
tion of Src by chloroquine prolongs the first peak of
ERK1/2 activation induce by PARI. Thus, PARI-
induced lysosomal degradation of Src may be specific
for termination of PARIl-mediated endosomal Src
signalling.

PAR1 endocytosis-dependent degradation of Src

Upon receptor activation, PAR1 was co-localized with
clathrin at the plasma membrane in HEK293 cells
(Fig. S2), which is consistent with the previous findings
that agonist-induced endocytosis of PARI is mediated
by clathrin [15,27]. It has also been reported that acti-
vated PARI1 is internalized in a dynamin-dependent
manner in HelLa cells [16]. To investigate whether
PARI1-induced degradation of Src depends on the
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A Unstimulated

Fig. 1. Activated PAR1 co-localizes with
Src in early endosomes and lysosomes.
HEK293 cells stably expressing FLAG-
tagged PART were serum-starved for 1 h.
(A) Serum-starved cells were preincubated
with anti-PAR1 1809 antiserum at 4 °C for
1 h and then left unstimulated or B SFLLRN
stimulated with 100 um SFLLRN for

15 min. The cells were fixed,
permeabilized and immunostained with
antibodies against Src at 4 °C for 2 h or
Rabb, an early endosomal marker, at room
temperature for 1 h. Co-localization of
FLAG-tagged PAR1 with Src or Rab5 is
represented as yellow in the merge
images. Scale bar 5 um. (B) Serum-
starved cells were stimulated with 100 pm
SFLLRN for 30 min and then incubated
with anti-PAR1 1809 antiserum at 4 °C for
1 h. Cells were fixed, permeabilized and
immunostained with antibody against Src
or LAMP1, a lysosomal marker, at 4 °C for
2 h. Co-localization of LAMP1 with PAR1
or Src is represented as yellow in the
merge images. Scale bar 5 um. Similar
results were obtained in three-
independent experiments.
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Fig. 2. Activation of PAR1 induces lysosomal degradation of Src. (A) HEK293 cells stably expressing FLAG-tagged PAR1 were serum-
starved overnight. Serum-starved cells were left un-pretreated (control) or pretreated with 100 pum chloroquine for 1 h and then left
unstimulated or stimulated with 100 uv SFLLRN for the indicated times. The cells were lysed and cell lysates were subjected to
immunoblotting to detect FLAG-tagged PAR1, Src, and tubulin-o. The results are expressed as fold increase compared to the level in
unstimulated control cells and represented as the mean + SD of five-independent experiments. (B) HEK293 cells stably expressing FLAG-
tagged PAR1 were transfected with GFP-tagged Vps4, GFP-tagged dominant-negative Vps4 (Vps4-E228Q), or the pEGFP-C3 control vector.
The cells were serum-starved overnight and then left unstimulated or stimulated with 100 um SFLLRN for the indicated times. Cells were
lysed and cell lysates were subjected to immunoblotting to detect FLAG-tagged PAR1, Src, GFP-tagged Vps4 and tubulin-o.. The results are
expressed as fold increase compared to the level in unstimulated control cells and represented as the mean + SD of three-independent
experiments. (C) HEK293 cells stably expressing FLAG-tagged PAR1 were treated as described in A. The cell lysates were subjected to
immunoblotting to detect pY419-Src, Src, pERK1/2, ERK1/2 and tubulin-o.. The results are expressed as the percentage of the maximal
phosphorylation of Tyr419 of Src obtained at 60 min of stimulation and phosphorylation of ERK1/2 obtained at 5 min of stimulation in cells
pretreated with chloroquine for phosphorylated Src and phosphorylated ERK1/2, respectively, and are expressed as fold increase compared
to the level in unstimulated control cells for Src and ERK1/2. Data were represented as the mean + SD of three-independent experiments.

(A-C) *P < 0.05 vs. unstimulated cells in each group; *P < 0.05 vs. the control cells stimulated with SFLLRN at the same time point.

endocytosis of activated PARI1, we first determined
whether agonist-induced endocytosis of PARI is
dependent on dynamin in HEK?293 cells. In this exper-
iment, HEK293 cells stably expressing FLAG-PARI
were transiently transfected with the dominant-nega-
tive dynamin K44A mutant, which is defective in its
GTPase activity [36], to examine its effect on agonist-
induced PARI internalization. After SFLLRN stimu-
lation for 15 min, the amount of PAR1 remaining on
the cell surface was reduced to 26% and 41% in cells
transfected with wild-type dynamin and the control
vector respectively (Fig. 3A). However, in cells trans-
fected with the dominant-negative dynamin K44A
mutant, the stimulation of SFLLRN did not signifi-
cantly alter the amount of PARI on the cell surface
(Fig. 3A). Thus, the overexpression of the dominant-
negative dynamin K44A mutant inhibits agonist-
induced internalization of PARI1 in HEK293 cells.
This result indicates that agonist-induced endocytosis
of PARI is dynamin-dependent in HEK293 cells.

We next overexpressed the dominant-negative dyna-
min K44A mutant in HEK293 cells stably expressing
FLAG-PARI to examine the effect of inhibition of
agonist-induced PARI1 internalization on PARI-
induced degradation of Src. In cells transfected with
wild-type dynamin and the control vector, the amount
of Src gradually decreased at 60 and 120 min after
SFLLRN stimulation (Fig. 3B). At 120 min stimula-
tion of SFLLRN, the amount of Src was slightly but
significantly reduced in cells overexpressing wild-type
dynamin than that in cells transfected with the control
vector (Fig. 3B). Although overexpression of the domi-
nant-negative dynamin K44A mutant reduced the
basal expression of Src in HEK293 cells, the amount
of Src did not decrease after SFLLRN stimulation
(Fig. 3B). This result indicates that overexpression of
the dominant-negative dynamin K44A mutant inhibits

PARI-induced degradation of Src. Thus, PARI-
induced degradation of Src depends on the endocytosis
of activated PARI1. Many endocytic adaptor proteins
play a role not only in membrane sorting during endo-
cytosis but also in regulating gene expression [37]. The
reduced basal expression of Src in cells overexpressed
with dominant-negative dynamin K44A mutant could
be due to the inhibition of gene expression of Src
caused by the blocking of cellular endocytosis.

No requirement for Src activity in agonist-
induced internalization of PAR1 and PAR1
endocytosis-independent degradation of Src

Src-mediated tyrosine phosphorylation of dynamin is
required for agonist-induced internalization of 2-adre-
nergic receptors (P2-AR) [38] and epidermal growth
factor receptor (EGFR) [39]. It is possible that Src-
mediated tyrosine phosphorylation of dynamin is
involved in endocytosis-mediated degradation of Src
induced by PARI. To determine whether Src activity
is required for PARI-induced degradation of Src, we
treated HEK293 cells stably expressing FLAG-PARI1
with PP1, a Src kinase inhibitor, to examine its effect
on the amount of Src present in this cell upon PARI
activation. The treatment of the cells with PP1 inhib-
ited SFLLRN-stimulated phosphorylation of Src
(Fig. 4A). No significant differences in the amounts of
Src were detected in cells with and without the treat-
ment of PPl after stimulation with SFLLRN
(Fig. 4A), suggesting that Src activity is not involved
in PARI-induced degradation of Src. We thus exam-
ined whether Src activity is required for agonist-
induced internalization of PARI. The simulation of
the cells with SFLLRN caused a time-dependent inter-
nalization of PARI1, whereas the treatment of PP1 did
not affect SFLLRN-stimulated internalization of
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Fig. 3. PAR1-induced Src degradation is mediated by dynamin-
dependent receptor endocytosis. HEK293 cells stably expressing
FLAG-tagged PAR1 were transfected with HA-tagged dynamin
(Dyn), HA-tagged dominant-negative dynamin (Dyn-K44A), and the
control vector. The cells were serum-starved overnight. (A) Serum-
starved cells were left unstimulated or stimulated with 100 pm
SFLLRN for 15 min and then subjected to the internalization assay.
The results are expressed as the percentage of PART remaining on
the cell surface compared to the level in unstimulated control cells.
Data are represented as the mean 4+ SD of three-independent
experiments. *P < 0.05 vs. unstimulated cells in each group. (B)
Serum-starved cells were left unstimulated or stimulated with
100 um SFLLRN for the indicated times. The cells were lysed and
cell lysates were subjected to immunoblotting to detect HA-tagged
dynamin, Src and tubulin-o. The results are expressed as fold
increase compared to the level in unstimulated control cells and
represented as the mean + SD of three-independent experiments.
*P < 0.05 vs. the control cells stimulated with SFLLRN at the
same time point.
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PARI1 (Fig. 4B). Thus, Src activity is not required for
PAR1 endocytosis-dependent degradation of Src.
These findings suggest that Src-mediated tyrosine
phosphorylation of dynamin is not required for ago-
nist-induced PARI internalization.

PAR1-induced lysosomal degradation of Src in
HUVECs

To determine whether lysosomal degradation of Src is
induced by endogenous PAR1, we examined the effect
of chloroquine on the expression of PARI1 and Src in
HUVECs after PARI activation. The stimulation of
HUVECs with SFLLRN resulted in a time-dependent
degradation of PAR1 and Src (Fig. 5A). Stimulation
with SFLLRN for 120 min led to a marked decrease
in the amount of PARI1, whereas the amount of Src
was decreased by almost 34% after 180 min of
SFLLRN stimulation (Fig. 5A). In cells pretreated
with chloroquine, the decrease in the amount of Src
and PARI1 induced by SFLLRN was inhibited
(Fig. 5A). Thus, PARI induces degradation of Src in
HUVECs and this degradation is lysosome-dependent.
We next examined whether inhibition of PAR1 endo-
cytosis blocks PARI-induced degradation of Src in
HUVEGCGs. After SFLLRN stimulation for 60 min, the
amount of PARI remaining on the cell surface was
increased from 31% to 83% in cells treated with dyna-
sore, an inhibitor of dynamin, as compared to that in
the DMSO-treated control cells (Fig. 5B), indicating
that agonist-induced endocytosis of PAR1 is dynamin-
dependent in HUVECs. Further, SFLLRN-induced
degradation of Src and PARI in cells pretreated with
dynasore was markedly inhibited as compared to that
in the control cells (Fig. 5C). These results indicate
that blocking of PARI endocytosis inhibits PARI-
induced degradation of Src and PAR1 in HUVECs.
Thus, receptor endocytosis-dependent lysosomal degra-
dation of Src induced by endogenous PARI in
HUVECs is consistent with those observed in HEK293
cells.

Discussion

In the present study, we show that PARI1 induces lyso-
somal degradation of Src. The finding that inhibition
of agonist-induced PAR1 internalization by dominant-
negative dynamin blocks PARI1-induced degradation
of Src further supports the notion that Src is trafficked
together with activated PAR1 to the endocytic vesicles
and then sorted together with PARI1 to lysosomes for
degradation. However, the activity of Src is not required
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for agonist-induced PARI internalization and PARI-
induced degradation of Src. Our findings identify a role
of receptor endocytosis in regulation of PAR1 signalling
through mediating lysosomal degradation of Src.
Although it has been suggested that active Src under-
goes lysosomal degradation [40], the study presented
here provides the first evidence that Src is sorted to
lysosomes for degradation after PAR1 activation. Upon
PARI activation, B-arrestins recruit Src and ERK1/2 to
form the signalling complexes with PART1 [17]. To ter-
minate PARI1 signalling, activated PARI is sorted to

PAR1-induced lysosomal degradation of Src

Fig. 4. PAR1-induced Src degradation and receptor internalization
are independent of Src activity. HEK293 cells stably expressing
FLAG-tagged PAR1 were serum-starved overnight. Serum-starved
cells were left un-pretreated (control) or pretreated with 20 pm PP1
for 90 min and then left unstimulated or stimulated with 100 pm
SFLLRN for the indicated times. (A) The cells were lysed and cell
lysates were subjected to immunoblotting to detect pY419-Src, Src
and tubulin-a. The results are expressed as the percentage of the
maximal phosphorylation of Tyr419 of Src obtained at 60 min of
stimulation in the control cells for phosphorylated Src and are
expressed as fold increase compared to the level in unstimulated
control cells for Src. Data are represented as the mean + SD of
three-independent experiments. (B) The cells were subjected to
the internalization assay. The results are expressed as the
percentage of PAR1 remaining on the cell surface compared to
the level in unstimulated control cells. Data were represented as the
mean + SD of three-independent experiments. (A, B) *P < 0.05
vs. unstimulated cells in each group; *P < 0.05 vs. the control
cells stimulated with SFLLRN at the same time point; n.s., non-
significant.

multivesicular bodies and then to lysosomes for degra-
dation, which is independent of its ubiquitination
[35,41]. The lysosomal sorting of PARI requires
endosomal-sorting complexes required for transport
(ESCRT)-III [35]. ESCRT also regulates the endoso-
mal trafficking of Src [42]. It has been suggested that
active Src is sorted to the late endosomal-lysosomal
compartment in an ESCRT-dependent pathway [43].
In this study, we show that Src is trafficked together
with activated PAR1 to endosomes and then to
lysosomes for degradation. Also, endocytosis of
PARI is required for PARI1-induced degradation of
Src. These findings, together with the previous find-
ings just mentioned, support the idea that Src is
recruited to the activated PAR1 and then sorted
together with PARI to lysosomes for degradation in
an ESCRT-dependent pathway.

Active Src is degraded by a ubiquitin-dependent
mechanism [25,26,40]. So far, Cbl-c is the only known
escort E3 ubiquitin ligase to mediate lysosomal degra-
dation of active Src [40]. We have previously shown
that PAR1-induced degradation of Src is inhibited in
cells depleted of B-arrestin-2 [17]. Since B-arrestins
function as adapters for multiple E3 ubiquitin ligases
to regulate the wubiquitination and trafficking of
GPCRs [44], it is possible that B-arrestin-2 serves as an
adaptor for an E3 ubiquitin ligase to induce ubiquiti-
nation of Src for directing its lysosomal sorting
induced by PAR1. However, this possibility awaits fur-
ther investigation.

It has been reported that Src-mediated phosphorylation
of dynamin plays a role in promoting clathrin-mediated

FEBS Letters 593 (2019) 504-517 © 2019 Federation of European Biochemical Societies 513



PAR1-induced lysosomal degradation of Src

A Control
SFLLRN 60 120 180 0

Chloroquine
60 120 180 (min)

C.-C. Tsai et al.

0
140 —|
100 —| 1.50 1
75— ' . 1.25 4
co—{ 1 PARL = 100 4
[ - —
ss— . . E )
-
35 —| v 0.50 A *
fig 2 conteal . - _
l--_ —----|Src @ Chloroqurine Fig. 5. Acpvauon of PAR1 induces
0.00 v v y endocytosis-dependent lysosomal
wmbulin-a 0 ‘El?ime (mi]:)u 180 degradation of Src in HUVEC <_:e||s.
HUVECs were serum-starved in M199
supplemented with 2% heat-inactivated
B g1 * Eggﬂinr]ulmd FBS for 16 h. The serum-starved cells
= g 100 were pretreated with 100 pm chloroquine
E % - (A), 50 pm dynasore (B, C), or DMSO (B,
- C) at 37 °C for 1 h and then left
%"E 60 unstimulated or stimulated with 100 pm
§ 2 40 SFLLRN at 37 °C for the indicated times
3 Ig 20 (A, C)or 1 h(B). (A, C) The cells were
E lysed and cell lysates were subjected to
b Control Dynasore immunoblotting to detect PAR1, Src and
tubulin-o.. The results are expressed as
C Control Dynasore fold increase compared to the level in
SFLLRN 0 60 120 180 0 60 120 180 {min) unstimulated control cells and represented
140 1.50 1 as the mean + SD of three-independent
100 1.25 experiments. (_B) The cells were subjected
75 _ . to the internalization assay. The results are
0 PARL % 1.00 exprgs§ed as the percentage of PAR1
% £ 475 remalnlng on th(_e cell surface compared to
E the level in unstimulated control cells.
0.50 1 * Data were represented as the mean + SD
0.25 { ©O-Control of three-independent experiments. (A-C)
@ Dynasore *P < 0.05 vs. unstimulated cells in each
P —— 0.00 6'0 1'20 1;30 gr_oup; P < Q.05 vs. the control cells .
| Tubulin-c Time (min) s‘ur‘nulated with SFLLRN at the same time
point.

endocytosis of EGFR, B2-AR and transferrin receptor
[38,39.,45]. Src also mediates phosphorylation of other
endocytic machinery such as clathrin, f2-adaptin and
cortactin [45-48]. Agonist-dependent phosphorylation
of B2-adaptin mediated by Src is involved in activa-
tion of clathrin-dependent endocytosis of several
GPCRs [48]. In contrast, dynamin- and -clathrin-
dependent endocytosis of PAR1 does not require Src
activity. This finding indicates that agonist-induced
endocytosis of PAR1 does not require Src-mediated
phosphorylation of the endocytic machinery. Recently,
Src has been implicated in the regulation of postendo-
somal trafficking through the phosphorylation of Rab7
[49]. Our finding that PARI endocytosis-dependent
degradation of Src does not require Src activity
suggests that Src activity is not involved in the
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postendocytic sorting of Src to lysosomes induced by
PARI. Since the molecular mechanism of agonist-
dependent endocytosis and lysosomal sorting of PARI1
is quite unique as compared to those of other GPCRs,
PARI1 endocytosis-dependent lysosomal sorting of Src
might be regulated by a different mode from the endo-
cytosis and lysosomal sorting of other GPCRs.

In summary, our findings unveil a new mechanism
of how PARI induces degradation of Src. We show
that PARI activation triggers receptor endocytosis-
dependent lysosomal degradation of Src. Src is
recruited to the activated PARI1 and then sorted
together with PAR1 to lysosomes for degradation.
This PAR1-induced lysosomal degradation of Src may
be specific for the termination of PARI-mediated
endosomal Src signalling.
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Fig. S1. Src acts as a main upstream molecule of
ERK1/2 in HEK?293 cells after PAR1 activation.

Fig. S2. Activated PARI1 co-localizes with clathrin in
the membrane patch of HEK293 cells.
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