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Abstract

Protease-activated receptors (PARS) are a family of G protein-coupled receptors (GPCRs) that are
uniquely activated by proteolysis. There are four members of the PAR family including: PARZ,
PAR2, PAR3 and PAR4. PARs are expressed primarily in cells of the vasculature and elicit
cellular responses to coagulant and anti-coagulant proteases. PAR1 exemplifies the unusual
proteolytic mechanism of receptor activation. Thrombin binds to and cleaves the N-terminal
exodomain of PAR1 generating a new N-terminus that functions as a tethered ligand. The N-
terminal tethered ligand domain of PAR1 binds intramolecularly to the receptor to trigger
transmembrane signaling and cannot diffuse away. Similar to other GPCRSs, activation of PARs
promotes coupling to heterotrimeric G proteins at the plasma membrane. After activation, PARS
are rapidly internalized to endosomes and then sorted to lysosomes and degraded. Internalization
functions to uncouple PARs from heterotrimeric G proteins at the cell surface. However, recent
studies indicate that activated internalized PARs signal from endosomes through the recruitment
of p-arrestins and potentially other pathways. Here we provide an overview of methods and
strategies used to examine endosomal signaling by PARSs.
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1. Introduction

The idea that GPCRs can signal from endosomes was substantiated by studies showing that
j-arrestins function as scaffolds to facilitate activation of MAPK signaling cascades on
endosomes (Lefkowitz & Shenoy, 2005). Defea et al. was the first to show that activation of
PAR2 results in B-arrestin-mediated recruitment of a Raf-1 and ERK1/2 signaling complex
on endosomes (DeFea et al., 2000; Dery, Thoma, Wong, Grady, & Bunnett, 1999). In
subsequent work, we demonstrated that phosphorylation of the PAR2 C-tail is critical for
stabilizing B-arrestin association and kinetics of ERK1/2 activation, but is not essential for
receptor desensitization nor internalization (Ricks & Trejo, 2009; Stalheim et al., 2005). In
examining PARL1 signaling, it has become clear that B-arrestins transiently associate with the
receptor (Chen, Paing, & Trejo, 2004) and are unlikely to mediate signaling from
endosomes, raising the possibility that other mechanisms exist. We have shown that
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activated PARL1 is internalized and sorted to early endosomes at a time that coincides with
p38 activation (Fig. 1) (Dores et al., 2012; M. M. Paing, Johnston, Siderovski, & Trejo,
2006), suggesting that p38 signaling may be initiated or sustained on endosomes. The
majority of published studies have focused on PAR1 and PAR2 signaling and there is
limited knowledge with regards to endosomal signaling by PAR3 or PARA4.

While previous publications have provided detailed methodologies for examining growth
factor receptor endosomal signaling, here we will provide an overview of methods used to
examine endosomal signaling by PARs including imaging of p38, ERK1/2 and B-arrestins
on endosomes as well as biochemical approaches to examine signaling complexes associated
with PARs.

2. Imaging of p38, ERK1/2 and PAR1 on Endosomes

To investigate the potential activation of p38 and ERK1/2 on endosomes following
stimulation of PAR1, we have used immunofluorescence microscopy. In these assays,
endogenous p38 and ERK1/2 are detected with antibodies. The co-localization with early
endosomal antigen-1 (EEAL), a marker of early endosomes, and/or PAR1 is used to assess
recruitment to endosomes. While we outline approaches for PAR1, similar strategies can be
used to examine p38 and ERK1/2 activation following stimulation of other PARs. We
describe procedures for HelLa cells, which are commonly used to examine endocytic
trafficking and endosomal signaling, and human umbilical vein-derived EA.hy926
endothelial cells, which express endogenous PAR1 and PAR2.

2.1. Detection of p38 MAPK by fluorescence microscopy

1. Glass coverslips (12 mm circular No.1, Chemglass Life Sciences #1760-012) are
submerged in 100% ethanol, air dried, autoclaved and then placed in each well of a
24-well plate. Coverslips are coated with 0.4 ml of 0.33 pg/ml fibronectin (Sigma
Cat. #F1141) diluted in phosphate buffered saline (PBS), pH 7.4 for 30 min at room
temperature (RT) before cells are plated.

2. Hela cells expressing PAR1 are seeded at 3 x 104 cells/well of a 24-well plate in
DMEM supplemented with 10% fetal bovine serum (FBS) on fibronectin-coated
coverslips. Human EA.hy926 endothelial cells are seeded at 1.5 x 10 cells/well in
24-well plates with DMEM containing 10% FBS as described (Edgell, McDonald,
& Graham, 1983). Cells are grown for 48 h to reach ~80% confluence.

3. Cells are then serum-starved by replacing growth medium with DMEM containing
10 mM HEPES, 1 mg/ml BSA and 1 mM CaCl, (added just prior to use) (HeLa
cells) or DMEM supplemented with 0.2% FBS (EA.hy926 cells).

4. After 24 h of serum starvation, cells are washed and incubated for an additional 3 h
at 37°C with starvation media and then stimulated with 10 nM a-thrombin
(Enzyme Research Laboratories Cat. #HT 1002a) for various times at 37°C.

5. After stimulation, cells are placed on ice, gently washed twice with cold PBS and
fixed in 4% paraformaldehyde (PFA) for 5 min on ice, followed by 12 min at RT
and then washed three times with PBS.
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Coverslips are removed and placed with cells facing upwards onto a clean surface
and then incubated with 100 pl of blocking buffer (5% goat serum + 0.3% Triton™
X-100 diluted in PBS) for 60 min at RT and then washed twice with PBS at RT.

Coverslips are then incubated with a 100 pl of either anti-phospho-p38 rabbit
antibody (Cell Signaling Technology Cat. #4511) at 1:800 dilution, anti-p38 rabbit
antibody (Cell Signaling Technology Cat. #9212) at 1:100 dilution or with anti-
EEAL monoclonal antibody (BD Biosciences Cat. #610457) at 1:1000 dilution in
antibody dilution buffer (1% (w/v) BSA, 0.3% Triton™ X-100 and 0.5 mg/ml 4,6-
diamidino-2-phenylindole (DAPI) reconstituted in PBS) and incubated overnight at
4°C in a sealed humidified container.

Cells are washed three times with PBS at RT and then incubated with 100 pl of
Alexa Fluor®594 conjugated goat anti-rabbit antibody (Life Technologies Cat.
#A-11012) or Alexa ®Fluor 488 goat anti-mouse antibody (Life Technologies Cat.
#A-11001) diluted at 1:500 in antibody dilution buffer for 1 h at RT in a humidified
chamber kept in the dark.

Cells are then washed three times with 100 pl of PBS at RT with each wash left on
the cells for 5 min before removing.

After the last wash, 14 pl of FluorSave™ Reagent (EMD Millipore Cat. #345789)
is gently layered on the coverslip. The coverslip is then mounted on a glass
microscope slide (Fisher Cat. #12-550-123) and allowed to dry overnight. Mounted
coverslips can be stored for months at 4°C

Mounted coverslips are warmed to room temperature before imaging on an
Olympus 1X81 Spinning Disc Unit Confocal Imaging system fitted with a PlanApo
60x oil objective (1.4 NA; Olympus) and a digital ORCA-ER Hamamatsu
Photonics camera.

2.2. Detection of ERK1/2 by fluorescence microscopy

1.

To detect the presence of ERK1/2 by fluorescence microscopy follow Steps 1 to 4
in Section 2.1. After fixation with 4% PFA for 5 min on ice (Step 5 in 2.1), wash
cells three times with ice-cold PBS.

Then add ice-cold 100% methanol (use enough to cover the cells completely) and
incubate at -20°C for 10 min. Cells are then washed twice with cold PBS.

After the second wash, the cells are incubated with 500 plI of blocking buffer
containing 0.3% Triton™ X-100 and 5% goat serum diluted in PBS for 60 min at
RT.

Cells are then washed twice with PBS at RT and incubated with anti-phospho-
ERK1/2 mouse antibody (Cell Signaling Technology Cat. #4372) or anti-ERK1/2
rabbit antibody (Cell Signaling Technology Cat. #9102) diluted 1:200 in antibody
dilution buffer described in Step 7 of Section 2.1.

After primary ERK1/2 antibody incubation, follow Steps 8-11 in Section 2.1.
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2.3 Detection of PAR1 and PAR2 on endosomes by fluorescence microscopy

To assess PAR1 or PAR2 co-localization with p38 and ERK1/2, cells are pre-labeled with
antibodies directed against epitope-tagged PARs expressed in HeLa cells or endogenous
PARs expressed in endothelial cells. This approach can be used to determine if activated
receptors co-localize with p38 and/or ERK1/2 signaling complexes on endosomes.

1. Follow Steps 1 to 3 of Section 2.1.

2. After 24 h of serum starvation, HelLa cells or EA.hy926 cells are washed and
incubated for 3 h at 37°C with DMEM containing 10 mM HEPES, 1 mg/ml BSA
and 1 mM CaCl, and then chilled on ice.

3. Hela cells expressing either PARL or PAR2 containing an N-terminal FLAG or
HA epitope tag are then labeled with M1 anti-FLAG mouse antibody (Sigma Cat
#F3040) or anti-HA mouse antibody (Covance Cat. # MMS-101R) respectively,
diluted to 1:500 in DMEM starvation buffer for 1 h on ice. Endothelial cells
expressing endogenous PAR1 can be labeled with anti-PAR1 WEDE mouse
antibody (Beckman Coulter Cat. #1M2085) diluted at 1:100 in DMEM starvation
buffer. Endogenous PAR2 can be labeled with anti-PAR2 rabbit polyclonal
antibody generously provided by Dr. Wolfram Ruf (The Scripps Research Institute,
La Jolla, CA) diluted at 1:500 in DMEM starvation buffer.

4. Cells are then washed three times and stimulated with either 200 pM
TFLLRNPNDK (PARL1 specific agonist peptide), 100 uM SLIGKYV (PAR2 specific
agonist), 10 nM a-thrombin or 10 nM trypsin (Sigma Cat. #T-1426) for various
times at 37°C. Note that proteases cleave off the N-terminal FLAG and HA epitope
tags so should be avoided if using anti-FLAG or anti-HA antibodies.

5. Cells are then placed on ice, washed with cold PBS and processed for either p38 or
ERK1/2 immunostaining as described in Sections 2.1 and 2.2. Note that the p38
immunostaining procedure will result in loss of PAR1 from the cell surface due to
the Triton™ X-100 detergent. However, internalized PAR1 on endosomal
structures is preserved.

3. B-arrestin recruitment to endosomes

[-arrestins associate with activated GPCRs on endosomes and function as scaffolds to
facilitate assembly of MAPK signaling complexes (Lefkowitz & Shenoy, 2005). The
intracellular localization of B-arrestin-1-GFP or p-arrestin-2-GFP using microscopy is a
simple method to assess GPCR-stimulated endosomal signaling. Using HeLa cells, we
described methods to examine co-localization of B-arrestins with activated PAR2 (Stalheim,
et al., 2005). A similar strategy can be used to assess [-arrestin-GFP recruitment to
thrombin-activated PAR1-PAR?2 heterodimer in HeLa cells (Lin & Trejo, 2013). COS7 cells
express low levels of p-arrestins and can be used as an alternative if a more robust cell
model system is needed. Note that $-arrestin association with activated PARL is transient
(Chen, et al., 2004) and B-arrestins are not required for PAR1 internalization (M.M. Paing,
Stutts, Kohout, Lefkowitz, & Trejo, 2002). Thus, this method cannot be used to detect -
arrestin association with activated PARL.
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3.1. Detection of p-arrestin-GFP by fluorescence microscopy

1.

10.

11.

Glass coverslips (18 mm circular No.1, Fisher #12-545-100) are treated as
described in Step 1 of Section 2.1 and placed in 12-well dishes.

Hel a cells stably expressing a human PAR2 containing an N-terminal FLAG
epitope (Stalheim, et al., 2005) are seeded at 8 x 10* cells/well in 12-well dishes to
achieve ~ 40% confluency (higher confluency will reduce transfection efficiency)
and grown overnight in anti-biotic free DMEM containing 10% FBS.

Media was removed and replaced with 1000 pL of antibiotic free DMEM
containing 10% FBS.

For each well of a 12-well dish the following was prepared. An aliquot 1.8 L of 1
mg/ml PEI (Polysciences, Inc., Cat. #23966) was added to 100 pl of reduced serum
Opti-MEM (Life Technologies Cat. #11058-021), gently mixed and incubated for
10 min at RT. Then, 300 ng of cDNA plasmid encoding B-arrestin-1-GFP or j-
arrestin-2-GFP was added to the PEI-Opti-MEM, gently mixed and incubated at
RT for 20 min. The ratio of PEI to plasmid used was optimized for each batch of 1
mg/ml PEI. Typically ratios of 6:1 to 3:1 of PEl:plasmid results in ~ 60-80%
transfection efficiency of HeLa cells after 48 h.

The final PEI, plasmid and Opti-MEM mixture was then added drop-wise to each
well. After 24 h, wells are washed twice and left overnight in DMEM starvation
buffer containing 10 mM HEPES, 1 mg/ml BSA and 1 mM CaCl,.

The next day, cells at ~80% confluency are washed twice with DMEM starvation
buffer and then incubated for an additional 3 h at 37°C in starvation media. Each
well was washed once with pre-chilled DMEM starvation buffer, placed on ice and
then incubated for 1 h at 4°C on ice with anti-FLAG rabbit antibody (Sigma Cat
#7425) diluted 1:1000 in starvation buffer.

Each well was then washed three times in DMEM starvation media and stimulated
with or without 100 uM SLIGKYV (PAR2-specific agonist peptide) diluted in pre-
warmed starvation DMEM buffer for various times at 37°C.

After stimulation, cells are place on ice, each well was washed twice with cold
PBS, fixed with 1 ml of 4% PFA for 10 min on ice, washed with cold PBS and
permeabilized with 1 ml of ice-cold 100% methanol for 30 sec on ice and then
washed twice with PBS.

Coverslips are then removed and placed on a flat surface with cells facing upwards
and washed three times with 300 pl of quench buffer (PBS containing 1% (w/v)
non-fat dry milk and 0.15 M sodium acetate, pH 7) with each wash incubated for 5
min.

Coverslips are then washed three times with 300 pl of wash buffer (PBS with 1%
(w/v) non-fat dry milk). Each wash was incubated for 5 min at RT.

Coverslips are then incubated with 300 ul Alexa Fluor®594 goat anti-rabbit
antibody diluted in wash buffer at 1:1000 for 1 h at RT in the dark, washed three
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times with PBS and then mounted in 20 pl of FluorSave™ Reagent as described in
Steps 10 -11 Section 2.1.

3.2 Detection of endogenous B-arrestin on endosomes by fluorescence microscopy

We have adapted this method from Marchese et al. (Malik & Marchese, 2010) to examine
the intracellular localization of endogenous B-arrestins with thrombin-activated PAR1-PAR2
heterodimer in HeLa cells and endothelial cells (Lin & Trejo, 2013). This method can be
used to image endogenous f-arrestin recruitment to endosomes following thrombin-
activated PAR1-PAR2 heterodimer or activated PAR2 protomer.

1.

10.

Coverslips (12 mm circular No.1) are prepared and coated with fibronectin as
described in Step 1 of Section 2.1 and placed in 24-well dishes.

HeLa cells expressing PAR1 and PAR2 are seeded at 3 x 10* cells/well of 24-well
dishes. EA.hy926 endothelial cells expressing endogenous PAR1 and low levels of
PAR2 are seeded 1.5 x 10° cells/well of 24-well dishes. To increase expression of
PAR?2 endothelial cells can be pretreated with 10 ng/ml TNF-a (PeproTech Inc.
Cat. #300-01A) for 18 h.

After 48 h, each well was washed twice with DMEM starvation buffer and then
incubated for an additional 3 h at 37°C in starvation media.

Cells are then stimulated with 10 nM a-thrombin, which transactivates PAR1-
PAR?2 heterodimer or 100 uM SLIGKYV (PAR2 agonist peptide) diluted in DMEM
starvation buffer for various times at 37°C.

Cells are placed on ice, each well was then washed twice with cold PBS, fixed with
4% PFA for 10 min at RT, washed twice with PBS and then permeabilized with
500 ul of 0.05% (w/v) saponin diluted in PBS for 10 min at RT.

Coverslips are then incubated with 500 pl of blocking buffer (PBS containing
0.05% (w/v) saponin and 5% goat serum) for 30 min at 37°C.

Coverslips are then placed on a flat surface and incubated with 50 pl of anti-p-
arrestin rabbit antibody generously provided by Dr. Jeffrey Benovic (Thomas
Jefferson University, Philadelphia, PA) diluted at 1:50 in blocking buffer for 1 h at
37°C in a moist chamber.

After incubation, coverslips with adherent cells are placed back into 24-well plates,
washed five times with 500 pl of 0.05% (w/v) saponin diluted in PBS with the last
wash incubated for 15 min at 37°C.

Coverslips are incubated with Alexa Fluor®594 conjugated goat anti-rabbit
antibody diluted at 1:200 in blocking buffer for 30 min at 37°C in a moist chamber.

Coverslips are then washed five times with 0.05% (w/v) saponin diluted in PBS
and mounted in 14 pl of FluorSave™ Reagent as described in Steps 10 -11 of
Section 2.1.
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3. Rab5 Q79L Expansion of Early Endosomes

Rab5 is a small GTP-binding protein that regulates vesicle budding, transport, tethering and
fusion (Zerial & McBride, 2001). Ectopic expression of the Rab5 Q79L constitutively active
mutant perturbs vesicle fusion and results in enlarged endosomes (Stenmark et al., 1994).
The expansion of the early endosomal compartment can be used to enhance visualization of
p38, ERK1/2 and PARL1 localized on endosomes. A similar strategy can be used for other
PARs.

1. Glass coverslips are prepared as described in Step 1 of Section 2.1. HeLa cells
expressing PAR1 or PAR2 are then seeded at 4 x 10° cells/per well of 24-well
plates to achieve ~40% confluency and grown overnight in DMEM supplemented
with 10% FBS. Note that a higher confluency will reduce transfection efficiency.

2. After 24 h, media is removed and replaced with 500 pl of antibiotic free DMEM
containing 10% FBS.

3. For each well of a 24-well dish the following was prepared. An aliquot 0.6 pl of
PEI at 1 mg/ml was added to 50 pul of reduced serum Opti-MEM, gently mixed and
incubated for 10 min at RT. Then, 100 ng of cDNA plasmid encoding Rab5 Q79L
tagged with GFP was added to the PEI-Opti-MEM solution, gently mixed and
incubated at RT for 20 min. Transfection of plasmids encoding Rab5 wildtype
and/or GFP only should be performed in parallel as controls.

4. The final PEI and plasmid mixture diluted in Opti-MEM is then added drop-wise to
each well.

5. Cells in suspension can be used to increase the transfection efficiency. In this
method, 50 pl of the PEI, plasmid and Opti-MEM mixture is added directly to ~8
%104 cells diluted in 500 pl of antibiotic-free DMEM containing 10% FBS and
incubated for 5 min at RT and then plated on fibronectin coated glass coverslips in
24-well plates.

6. After transfections, cells are then treated with various agonists and p38, ERK1/2, -
arrestins and PAR1 can be detected by immunofluorescence microscopy as
described above.

5. Immunoprecipitation of PAR1 Signaling Complexes

Activation of PAR1 results in rapid internalization with the majority of the receptor
localized to early endosomes after 10 min of agonist stimulation (Dores, et al., 2012; M. M.
Paing, et al., 2006). Immunoprecipitation of internalized PAR1 can be used as a method to
determine the potential co-association of signaling effectors using HeLa cells stably
expressing PAR1 or endothelial cells expressing endogenous PAR1. The detection of
signaling effectors associated with activated PAR1 can then be assayed by immunoblotting.
Similar approaches can be used to examine other PAR family members.

1. HeLa cells expressing PAR1 are seeded at 1 x 10° cells per 10 cm? dish coated
with 4 ml of 0.33 pug/ml of fibronectin. Endothelial EA.hy926 cells are plated at 1.4
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x 106 cells per 10 cm? dish without fibronectin coating. Cells are grown for 48 h in
normal growth media.

Cells are then incubated with DMEM BSA starvation (HeLa cells) or DMEM
supplemented with 0.2% FBS (EA.hy926 cells) for 24 h at 37°C.

Cells are washed twice with 8 ml of pre-warmed DMEM starvation buffer,
incubated for additional 3 h at 37°C and then stimulated with 10 nM a-thrombin
for various times at 37°C.

After agonist stimulation, cells are placed on ice, washed with 10 ml of cold PBS
supplemented with 1 mM CaCl, (added just prior to use) and then lysed with 750 pl
of ice-cold lysis buffer (50 mM Tris-HCI, pH 7.4, 1% Triton™ X-100, 150 mM
NaCl, 50 mM NaF, 10 mM NaPP, 25 mM B-glycerol phosphate containing freshly
added protease inhibitors including: aprotinin 2 pg/ml, leupeptin 1 pg/ml, pepstatin
A 1 pg/ml, benzamidine 10 pg/ml and soybean trypsin inhibitor 1 ug/ml.

Cells lysates are transferred to a 1.5 ml microcentrifuge tube, passed 10 times
through a 22.5 gauge needle and syringe, and gently rocked for 20 min at 4°C.

Cell lysates are centrifuged at 16,000 x g for 30 min at 4°C, transferred to a new
1.5 ml centrifuge tube and 50 pl is removed to determine protein concentrations
determined using the Pierce® BCA Protein Assay Kit (Thermo Scientific Cat.
#23225). Note that it is important to save ~50 pg of lysates to use as controls for
expression of proteins in total cell lysates.

Protein A Sepharose CL-4B (GE Health Biosciences Cat. #17-0780-01) are
prepared by washing twice using lysis buffer and centrifuged at 450 x g for 3 min.
Protein A Sepharose beads are then pre-incubated with 1 mg/ml BSA to block non-
specific binding sites 1 h at 4°C and then washed with twice with lysis buffer.

For each sample, 12.5 ul of Protein A Sepharose blocked with BSA was pre-
incubated with 0.4 pg of anti-PAR1 WEDE mouse antibody or 1gG antibody
control for 2 h at 4°C and then washed four times with lysis buffer before addition
of cell lysates.

To preclear, add ~1000 pg of cell lysates from each sample to 1.5 mi
microcentrifuge tubes containing 12.5 pl of Protein A Sepharose beads blocked
with BSA and gently rock for 1 h at 4°C.

Cell lysates are then centrifuged at 450 x g for 5 min at 4°C and supernatant is
transferred to a new tube containing 12.5 ul of antibody immobilized Protein A
Sepharose beads from Step 8 and gently rocked for 2 h at 4°C.

Samples are centrifuged at 450 x g and 4 °C, the supernatant is removed and the
beads are washed three more times.

After the final wash, lysis buffer is completely removed from the beads using 27-
guage needle and syringe and then 30 pl of 2 x Sample buffer (125 mM Tris-HClI,
pH 6.5, 5% SDS, 20% glycerol, 0.003% bromophenol blue diluted in H,0)
containing 200 mM dithiothreitol (DTT) (added just prior to use) was added
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immediately. Samples are heated to 50°C for 10 min (to reduce sample/protein
aggregation) then 95°C for 5 min.

13. Samples are centrifuged at 450 x g for 5 min at RT and ~15 pl is loaded on SDS-
PAGE, transferred to PVDF membranes and immunoblotted with various
antibodies. Membranes can be stripped with Restore Western Blot Stripping Buffer
(Thermo Scientific Cat. # 46430) and then reprobed with an anti-PAR1 rabbit
polyclonal antibody to detect PAR1. Total cell lysates (10 pg) from Step 6 above
can be also be examined by immunoblotting to ensure that equivalent amounts of
proteins were present in cell lysates before immunoprecipitations.

6. Summary

Protease-activated receptors have important functions in vascular biology and cancer
progression (Arora, Ricks, & Trejo, 2007; Coughlin, 2005). The regulation of PAR signaling
is critical for the fidelity of thrombin signaling (Trejo, Hammes, & Coughlin, 1998) and
dysregulation of PAR signaling has been implicated in pathophysiological disease processes
(Arora, et al., 2007; Leger, Covic, & Kuliopulos, 2006). While it is clear that activation of
PARs at the plasma membrane results in coupling to heterotrimeric G proteins the signaling
elicited by internalized receptors from endosomes has yet to be fully elucidated and
represents a significant gap in our knowledge that is critical to understand.
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Figure 1.
Thrombin-induced p38 phosphorylation. HeLa cells were serum starved and either left

untreated (Control) or treated with 10 nM a-thrombin for 7 min at 37°C. Cells were fixed,
processed and immunostained with anti-phospho p38 antibody and imaged by confocal
microscopy. Cells were counter stained with DAPI to image nuclei. Scale bar, 10 um.
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