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ABSTRACT
Phosphorylation on tyrosine residues is recognized as an
important mechanism for connecting extracellular stimuli to
cellular events and defines a variety of physiologic responses
downstream of G protein–coupled receptor (GPCR) activa-
tion. To date, few protein tyrosine phosphatases (PTPs) have
been shown to associate with GPCRs, and little is known
about their role in GPCR signaling. To discover potential
cysteinyl-leukotriene receptor (CysLT1R)-interacting proteins,
we identified protein tyrosine phosphatase « (PTP«) in a yeast
two-hybrid assay. Since both proteins are closely linked to
asthma, we further investigated their association. Using a
human embryonic kidney cell line 293 (HEK-293) cell line
stably transfected with the receptor (HEK-LT1), as well as
human primary monocytes, we found that PTP« colocalized
with CysLT1R in both resting and leukotriene D4 (LTD4)-
stimulated cells. Cotransfection of HEK-LT1 with PTP« had

no effect on CysLT1R expression or LTD4-induced internali-
zation, but it inhibited LTD4-induced CXC chemokine 8 (CXCL8)
promoter transactivation, protein expression, and secretion.
Moreover, reduced phosphorylation of extracellular signal
regulated kinase 1/2 (ERK1/2), but not of p38 or c-Jun-N-
terminal kinase 1 or 2 mitogen-activated protein kinases
(MAPKs), was observed upon LTD4 stimulation of HEK-LT1
coexpressing cytosolic (cyt-) PTP«, but not receptor (R) PTP«.
The increased interaction of cyt-PTP« and ERK1/2 after LTD4
stimulation was shown by coimmunoprecipitation. In addition,
enhanced ERK1/2 phosphorylation and CXCL8 secretion
were found in LTD4-stimulated human monocytes transfected
with PTP«-specific siRNAs, adding support to a regulator-
y/inhibitory role of PTP« in CysLT1R signaling. Given that the
prevalence of severe asthma is increasing, the identification of
PTP« as a new potential therapeutic target may be of interest.

Introduction
Numerous extracellular signals are transduced via

phosphorylation-dephosphorylation cascades. Many kinases
have been associatedwithG-protein–coupled receptor (GPCR)
signaling, but relatively few protein tyrosine phosphatases
(PTPs) have been associated with GPCRs, and little is known
about their role in GPCR signaling; however, reports have
established the involvement of both membrane-bound and
cytosolic PTPs, with a few GPCRs having consequences in
neurotransmitter signaling (Lopez et al., 1997; Florio et al.,
1999; Tsai et al., 1999; Ferjoux et al., 2003;McCole et al., 2007;

Lee et al., 2013), mitogenic events (Rivard et al., 1995;
Yu et al., 1997; Marrero et al., 1998; Duchene et al., 2002;
Vatinel et al., 2006), cell migration, and tissue remodelling
(Wang et al., 2009; Bakken et al., 2010). In addition, SHP-1,
PTPRC, and PTPRJ play a role in inflammatory events
through their effects on the chemokine receptor CXCR4 in
lymphoid and myeloid cells (Kim et al., 1999; Vila-Coro et al.,
1999; Ngai et al., 2009; Patrussi et al., 2014) and neutrophil
fMLP receptor signaling (Zhu et al., 2011). Nevertheless,
known PTPs acting downstream of GPCR signaling are rela-
tively few, considering the high number of GPCR family
members and the more than 100 distinct PTP genes (Alonso
et al., 2004).
The cysteinyl-leukotrienes (cys-LTs), which comprise

LTC4, LTD4, and LTE4, have well characterized pathophys-
iological roles in the development of inflammatory diseases.
For instance, their involvement in the pathology of asthma
has been well established (Hay et al., 1995), along with the
regulation of numerous inflammatory genes associated

This research was supported by the Canadian Institutes of Health Research
[Grant MOP-142481] to J.S., and M.R.-P. F.L. is the recipient of a studentships
from the Fonds de Recherche du Québec–Santé. The work was performed at
the Centre de Recherche Clinique du Centre Hospitalier Universitaire de
Sherbrooke, funded by the Fonds de la Recherche du Québec en Santé, of which
M.R.-P. and J.S. are members.

https://doi.org/10.1124/jpet.118.255422.
s This article has supplemental material available at jpet.aspetjournals.org.

ABBREVIATIONS: ANOVA, analysis of variance; AP-1, activator protein 1; BRET2, bioluminescence resonance energy transfer; CXCL8, CXC motif
chemokine ligand 8; Cys-LT, cysteinyl-leukotriene; CysLT1R, cysteinyl-leukotriene receptor 1; ERK1/2, extracellular signal–regulated kinase 1/2;
FBS, fetal bovine serum; GPCR, G-protein–coupled receptor; HEK-293, human embryonic kidney cells 293; HEK-LT1, human embryonic kidney
cells stably expressing CysLT1R; LTC4, D4, E4, cysteinyl-leukotriene C4, D4, E4; LTD4, leukotriene D4; MAPK, mitogen-activated protein kinase; NF-
kB, nuclear factor-light-chain k enhancer of activated B cells; pbFRET, photobleaching fluorescence resonance energy transfer; PCR, polymerase
chain reaction; PTP, protein tyrosine phosphatase; PTP«, protein tyrosine phosphatase «; RPTP, receptor-type phosphatase; TNFa, tumor necrosis
factor a; TRITC, tetramethylrhododamine.

270

http://jpet.aspetjournals.org/content/suppl/2019/03/13/jpet.118.255422.DC1
Supplemental material to this article can be found at: 

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

https://doi.org/10.1124/jpet.118.255422
https://doi.org/10.1124/jpet.118.255422
http://jpet.aspetjournals.org
http://jpet.aspetjournals.org/content/suppl/2019/03/13/jpet.118.255422.DC1
http://jpet.aspetjournals.org/


with its development and progression (Rola-Pleszczynski
and Stankova, 2007). For example, we have shown that
LTD4, via its high-affinity receptor, CysLT1R (Lynch et al.,
1999), transcriptionally induces the production of the
chemokine CXCL8 in the human monocytic cell line
THP-1 and human dendritic cells (Thompson et al., 2006).
CXCL8, as a potent chemoattractant and activator of
neutrophils, is involved in severe forms of asthma and is
considered a marker of severity for the disease (Silvestri
et al., 2006; Turkeli et al., 2015).
In our studies to further define the signaling mechanisms of

CysLT1R, we identified PTP«, a classic receptor-type phos-
phatase (Alonso et al., 2004), as a novel CysLT1R-interacting
protein in a yeast two-hybrid assay. PTP« is represented
by five different isoforms: the receptor-type (RPTP«) and four
nontransmembrane, cytoplasmic (cyt)-PTP« isoforms (cyt-
PTP«, p67 (Gil-Henn et al., 2000), p65 (Gil-Henn et al.,
2001), and cyt-PTP«D1 (Wabakken et al., 2002b)). RPTP«
and cyt-PTP« are the most abundantly expressed isoforms,
and both are the products of a single gene via the use of
alternative promoters (Tanuma et al., 1999).
The cell- or stimulus-specific role of PTP« in inflamma-

tory responses is still unclear; however, macrophages from
PTP«2/2 mice show a reduction in the generation of reactive
oxygen species and tumor necrosis factor a (TNFa) secretion
after stimulation with LPS (Sully et al., 2001), whereas
mast cells exhibit an increase in degranulation and TNFa
secretion after Fc«R1 receptor activation (Akimoto et al.,
2009). Both PTP« isoforms were also studied for their in-
hibition of extracellular signal regulated kinase 1 or 2 (ERK1/
2) and Shc kinases and their association with Grb2 (Toledano-
Katchalski and Elson, 1999; Wabakken et al., 2002a;
Toledano-Katchalski et al., 2003; Kraut-Cohen et al., 2008;
Levy-Apter et al., 2014).
An estimated 300 million people suffer from asthma

worldwide, and this affliction is expected to increase in
the next decades (Masoli et al., 2004). Roughly, 20% of these
patients have severe asthma, of which 20% are inade-
quately controlled despite treatment guidelines (Rabe
et al., 2004). Thus, the identification of new therapeutic
targets is necessary. Our findings suggest that PTP«may be
an important regulator of inflammatory processes initiated
by cys-LTs, and a better understanding of the interaction
between CysLT1R and PTP« may further define their
involvement in asthma. Moreover, a polymorphism in the
PTPRE gene has been associated with allergic asthma
(Tremblay et al., 2008), potentially making its interaction
with CysLT1R even more significant.
The objective of this work was to determine, by using

multiple techniques, whether PTP« colocalizes with CysLT1R.
In addition, we studied the mechanism of PTP«-dependent
regulation of CXCL8 expression after LTD4 stimulation.

Materials and Methods
Antibodies and Reagents. Antibodies against PTP« were pur-

chased from GenWay Biotech, Inc. (20-614-460700; San Diego, CA)
and Abcam PLC (ab123345; Toronto, ON). Cayman Chemical Com-
pany (120500; Ann Arbor, MI) provided the anti-CysLT1R antibodies;
anti-Myc 9E10 antibodies were from the American Type Culture
Collection (ATCC) (Manassas, VA).Mouse anti-humanCD14 (347490)
were from BD Biosciences (Mississauga, ON). Fluorescent secondary
antibodies, goat anti-rabbit–AlexaFluor 488 (111-547-003), and goat

anti-mouse–tetramethylrhodamine (TRITC) (115-096-146) were pur-
chased from Jackson ImmunoResearch Laboratories, Inc. (West
Grove, PA). Goat anti-mouse AlexaFluor 488 (A-11017) was from
Thermo Scientific (Lafayette, CO). DAPI was purchased from Molec-
ular Probes (Burlington, ON). Specific antibodies against FLAG
(F3165) and vinculin (V4505) were purchased from Sigma-Aldrich
(Oakville, ON); anti-p-ERK1/2 (sc-7383) and anti-ERK1 (sc-93) anti-
bodies were from Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA).
Secondary antibodies conjugated to horseradish peroxidase (HRP)
used in Western blot detection were from Cell Signaling Technology
(7074, 7076) (Danvers, MA).

LTD4 and PD98059 were purchased from Cayman Chemical
Compagny. Coelenterazine 400a was acquired from Biotium, Inc.
(Hayward, CA). Leupeptin, aprotinin, phenylmethanesulfonyl flu-
orid , pepstatin A and the Phosphatase Inhibitor Cocktail II (PICII)
were from Sigma-Aldrich. Complete Mini EDTA-free protease
inhibitor tablets were from Roche Diagnostics (Laval, QC, Can-
ada). Finally, the transfection reagent used to transiently transfect
HEK-293 and HEK-LT1 cells was TransIT-LT1 (Mirus Bio LLC,
Madison, WI), whereas human monocytes were nucleofected with
the Human Monocyte Nucleofector Kit (Cedarlane, Burlington,
ON). Immunoprecipitations were performed with the Dynabeads
Protein A Immunoprecipitation kit (Thermo Scientific).

Plasmids. Plasmids used in this work were constructed in our
laboratory; cyt-PTP« and RPTP«, stabilized by a 59 b-globin intron and
under the control of a cytomegalovirus promoter, were subcloned into
pcDNA3 vector. A FLAG epitope was also added to this construction
with substrate trapping mutations (RPTP«; D303A, cyt-PTP«; D245A).
Cyt-PTP« and RPTP« were also C-terminus–tagged with Venus-C
(C-terminal half of Venus fluorescent protein; residues 156–239).
Both PTP« isoforms were also individually subcloned into pGFP2-
N3(h) vector to yield C-terminus–tagged Cyt-PTP«_GFP2 and
C-terminus–tagged RPTP«_GFP2.

Myc_CysLT1R and Venus-N_CysLT1R (N-terminal half of Venus
fluorescent protein; residues 1–155) were subcloned into the pcDNA3
vector. CysLT1R was also subcloned in the pRluc-N3(h) vector. The
resulting N-terminus–tagged myc_CysLT1R and Venus-N_CysLT1R,
as well as CysLT1R_Rluc constructs, targeted the plasma membrane
correctly. The human CXCL8 promoter-luciferase construct was pro-
vided by Dr. Allan R. Brasier, University of Texas Medical Branch
(Vlahopoulos et al., 1999).

Finally, siRNAsused in this studywere fromAmbion (Burlington,ON).
Cells. HEK-293 cells (ATCC) were cultured in Dulbecco’s modified

Eagle’s medium (Gibco, Burlington, ON) supplemented with 5% fetal
bovine serum (FBS) (PAA, Piscataway, NJ). HEK-LT1:HEK-293 cells
stably expressing CysLT1R have been described in Thompson et al.
(2006). Experiments were performed 48 hours post-transfection in
HEK-293 and HEK-LT1 cells.

Human primary monocytes were isolated from peripheral blood
mononuclear leukocytes obtained from healthy donors after in-
formed written consent, in accordance with an internal review
board–approved protocol (no. 2016-1167-CysLT), according to the
technique described by Böyum (1968) and as previously described
(Thivierge et al., 2001). peripheral blood mononuclear leukocytes
were first enriched by sedimentation using Dextran T500 (Phar-
macosmos, Holbaek, Denmark), followed by density-gradient cen-
trifugation on Ficoll-Paque Plus (GE Healthcare Life Sciences,
Mississauga, ON). Mononuclear cells were collected at the in-
terface of the Ficoll, and monocytes were isolated by adherence
using Petri dishes previously coated with defibrinized autologous
serum.Monocytes were resuspended in RPMI 1640medium (Gibco)
supplemented with 5% FBS. Experiments were performed after
overnight incubation of human monocytes after their isolation or
48 hours postnucleofection. Cells were grown under normal
conditions in a humidified atmosphere with 5% CO2 at 37°C.

Laser Scanning Confocal Microscopy. Cell preparation for
laser scanning confocal microscopy was done with minor modification
of a previously published protocol (Hamel-Cote et al., 2017). Briefly,
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HEK-293 cells, transiently cotransfected with myc_CysLT1R and
PTP«_GFP2, were grown on pretreated coverslips (0.1 mg/ml poly-L-
lysine). Forty-eight hours posttransfection, adherent cells were fixed
with 2% paraformaldehyde and permeabilized with 0.1% saponin.
A 2% BSA solution was used to block nonspecific sites. Cells were
then incubated with primary antibody for 30 minutes (anti-Myc
9E10), followed by incubation with the appropriate secondary
antibody (anti-mouse-TRITC (115-096-146), 1:1000) for an addi-
tional 30 minutes. Human monocytes were incubated with anti-
bodies against PTP« (20-614-460700, 1:60) and CysLT1R (120500,
1:25) and revealed with the appropriate secondary antibodies (anti-
rabbit–AlexaFluor 488 (111-547-003), 1:750, anti-mouse–TRITC
(115-096-146), 1:750). DAPI staining was used to visualize the
nucleus. Finally, cells were visualized and analyzed using an
Olympus FluoView FV1000 confocal microscope (Center Valley,
PA). Captured images were further analyzed using Image-Pro Plus
6.0 from MediaCybernetics (Bethesda, MD).

Bimolecular Fluorescence Complementation Assay. HEK-
293 cells transiently coexpressingVenus-N_CysLT1RandPTP«_Venus-C
were grown on pretreated coverslips (0.1 mg/ml poly-L-lysine).
Forty-eight hours post-transfection, adherent cells were treated as
previously described and analyzed using confocal microscopy.

Bioluminescence Resonance Energy Transfer Curves. Bio-
luminescence resonance energy transfer (BRET2) saturation assays
were done as previously described (Poisson et al., 2009). HEK-293
cells were grown in six-well plates and cotransfected with a constant
amount of CysLT1R_Rluc and increasing amounts of PTP«_GFP2.
For competition curves, HEK-293 cells were cotransfected with a
constant amount of CysLT1R_Rluc and PTP«_GFP2 and increasing
amounts of nontagged PTP«. BRET2 signal was measured 48 hours
post-transfection; cells were harvested, resuspended in BRET2

buffer (phosphate-buffered saline, 1 g/l glucose), transferred into
96-wells plates (OptiPlate; PerkinElmer, Waltham, MA), and in-
cubated in the presence or absence of ligands. For dose-response
curves, the plates were scanned 15 minutes after agonist addition.
The substrate Coelenterazine 400a was added at a final concentra-
tion of 5 mM, and readings at 410/80 nm (bioluminescence given off
by Rluc) and 515/30 nm (resonance energy transfer from Rluc to
GFP2) were measured simultaneously. Bioluminescence readings
were corrected for those obtained from cells transfected with empty
vectors. The BRET2 ratios were calculated as the ratio of light
emitted by GFP2 (515/30 nm) over the light emitted by the Rluc (410/
80 nm). Ratios reported were then corrected by subtracting the ratios
obtained when Rluc was expressed alone. Analysis was performed on
a PerkinElmer Fusion spectrometer.

Photobleaching Fluorescence Resonance Energy Transfer.
Human monocytes were treated and stained as previously described.
Specifically, the fluorescent dyes AlexaFluor 488 (excitation: 495 nm,
emission: 519 nm) (anti-rabbit–AlexaFluor 488 (111-547-003), 1:750)
and TRITC (excitation: 544 nm, emission: 572 nm) (anti-mouse–
TRITC (115-096-146), 1:750) were used as the donor and acceptor
fluorescent proteins to tag CysLT1R and PTP« (or CD14), respec-
tively. For the photobleaching fluorescence resonance energy trans-
fer (pbFRET) experiment, cells were first visualized using confocal
microscopy and then photobleached at 544 nm. Bleached cells were
then visualized at the donor excitation wavelength (495 nm).

RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction. Total RNA was purified using Trizol Reagent
(Thermo Scientific) according to themanufacturer’s instructions using
the classic phenol/chloroform technique or with the RNeasy Micro Kit
(Qiagen Inc., Toronto, ON) when using nucleofected monocytes. To
exclude genomic DNA contamination, RNA was digested with gDNA
Wipeout, provided in the QuantiTect Reverse Transcription Kit
(Qiagen Inc.). First-strand cDNA synthesis was performed on 1 mg of
RNA using random primers supplied in the aforementioned kit.

Real-Time Quantitative Polymerase Chain Reaction. Real-
time quantitative polymerase chain reaction (PCR) was performed
using the Rotor Gene RG-3000 from Corbett Research (San Francisco,

CA). We mixed 25 ng of cDNAwith 0.5-mMprimers (IDT, Coralville, IA),
1.25 U of TAQ DNA polymerase (Feldan, Quebec, QC), 0.2 mM
dNTPs (Feldan), 1 mM MgCL2 (Thermo Scientific), and 1:32,500
SYBR Green (Molecular Probes), final dilution in supplied TAQ
DNA polymerase buffer, for a final volume of 52 ml. PCR was
started with a 5-minutes hold step at 95°C, followed by 35 times
repeat of the cycling step: 30 seconds at 95°C, 30 seconds at 58°C,
and 30 seconds at 72°C (acquiring on Fam/syb), and ended by a melt
step rising from 72°C to 95°C. Data analysis was performed
according to the 2DDCT method as previously described (Dussault
and Pouliot, 2006). The primer sequences were the following:

RPL13A forward 39-GTGCGTCTGAAGCCTACAAG-59,
RPL13A reverse 39-TCTTCTCCACGTTCTTCTCG-59,
GAPDH forward 39-TCAACGGATTTGGTCGTATTGG-59,
GAPDH reverse 39-GATGGGATTTCCATTGATGACA-59,
cyt-PTP« forward 39-CTTTTCCCGGCTCACCTGGTTC-59,
cyt-PTP« reverse 39-GGATGGGAAAATACTTCTTGG-59,
RPTP« forward 39-GCCTACTTCTTCAGGTTCAGG-59,
RPTP« reverse 39-GGATGGGAAAATACTTCTTGG-59,
CXCL8 forward 39-TTCTGCAGCTCTGTGTGAAG-59,
CXCL8 reverse 39-AAACTTCTCCACAACCCTCTG-59.
Western Blots. Western blots were done with minor modification

of a previously published protocol (Boudaud et al., 2018). Briefly,
human monocytes and HEK-LT1 cells were lysed using lysis
buffer containing 1% NP-40 [20 mM Tris-HCl (pH 8.0), 137 mM
NaCl, 1% NP-40, 10% glycerol] and containing the inhibitors 1 mM
phenylmethanesulfonyl fluoride, 2 mg/ml aprotinin, 10 mg/ml
leupeptin, 1 mg/ml pepstatin A, PICII 1X, and a Complete Mini
EDTA free protease inhibitor tablet, for 30 minutes on ice. Total
protein concentrations were quantified using Pierce Coomassie
Plus assay kit (Thermo Scientific), and 30 mg was separated on a
10% SDS-PAGE and transferred onto a 0.45 mM nitrocellulose
membrane (GE Healthcare Life Sciences). The membrane was
incubated with the primary antibodies overnight at 4°C [PTP«
(ab123345), 1:1000] [p-ERK1/2 (sc-7383), 1:1000] [vinculin
(V4505), 1:2500] in a TBS 1 0.05% Tween-20 1 5% BSA for
phosphorylated proteins or a TBS 1 0.05% Tween-20 1 5% free-
fat milk solution for nonphosphorylated proteins. Proteins were
detected subsequent to a 30-minute incubation with secondary
antibodies labeled with HRP (anti-mouse (7076), anti-rabbit
(7074), 1:2500) using an ECL detection system (GE Healthcare
Life Sciences) on a ChemiDoc MP Imaging System (Bio-Rad,
Mississauga, ON, Canada). Signal intensity was quantified by
densitometry using Image Laboratory. After phosphorylated pro-
tein detection, membranes were stained for total proteins sub-
sequent to a 20-minute stripping protocol [200 mM glycine, 3.5 mM
SDS, 1% Tween-20 (pH 2.2)] [ERK1/2 (sc-93), 1:1000].

Coimmunoprecipitation. HEK-LT1 cells were transiently
transfected with substrate-trapping mutants of FLAG-tagged PTP«
and then stimulated as indicated. Cells total lysates (200 mg) were
incubated for 1 hour 30 minutes at 4°C, with constant rotation, with
Dynabeads Protein A previously coated with anti-FLAG antibody
(8 mg), according to the manufacturer’s instructions. Coimmunopreci-
pitates were eluted in 20 ml 50 mM glycine [pH 2.8] and 15 ml were
separated on a 10% SDS-PAGE. Subsequent analysis of the coimmu-
noprecipitates was performed as described in the preceding section.

Luciferase Assays. CXCL8promoter transactivation assayswere
performed as described by Thompson et al. (2006). HEK-293 or
HEK-LT1 cells were grown in 12- or 24-wells plates and transiently
cotransfected with CysLT1R, pcDNA3, or PTP« in addition to the
pCXCL8_Rluc constructs. The day after the transfection, cells were
serum-starved overnight before a 6-hour stimulation with EtOH or
LTD4, at indicated concentrations and then lysed with 25 mM Gly-
Gly, 7.6 mM MgSO4, 4 mM EGTA, 1% Triton X-100, and 2 mM
dithiothreitol. Cell lysates were assayed for luciferase activity with
1.375 mM ATP (Sigma-Aldrich) and 0.187 mM D-Luciferin Na-Salt
(Molecular Probes) using a Sirus Luminometer (Titertek-Berthold,
Pforzheim, Germany).
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siRNA Nucleofection. Human monocytes were nucleofected
according to the manufacturer’s specifications (Cedarlane). Briefly,
6� 106 cells were washed with phosphate-buffered saline1 0.5%BSA
and gently suspended in 100 ml-supplemented nucleofection solu-
tion,and 50 pmol of siRNAs. Monocytes were nucleofected using a
Nucleofector II device (program Y-001) and immediately resus-
pended in 6 ml of RPMI 1 10% FBS. Experiments were performed
48 hours after siRNA nucleofection.

Enzyme-Linked Immunosorbent Assay. HEK-LT1 cells were
grown in 12-well plates and transiently transfected with pcDNA3
or PTP«. The day after transfection, cells were serum-starved
overnight before a 20-hour stimulation with EtOH or LTD4 at
indicated concentrations. CXCL8 was measured in cell-free super-
natants with the human CXCL8 enzyme-linked immunosorbent
assayMAXDeluxe Set (BioLegend, San Diego, CA) according to the
manufacturer’s recommendations.

Statistical Analyses. Student’s t test and two-way analysis of
variance (ANOVA) analyses were performedwhen appropriate using
Prism 7.0 software (GraphPad Software, San Diego, CA). P , 0.05
was considered statistically significant.

Results
Human Monocytes Express Multiple Isoforms of

PTP«. In most murine cell types examined, the expression
of cyt-PTP« and RPTP« is mutually exclusive. Given the
multitude of potential isoforms and that PTP« expression
has not been studied in detail in human cells, we examined
the expression of PTP« isoforms in freshly isolated human
monocytes. As shown in Fig. 1A, the molecular weights of
the expressed proteins suggest the expression of RPTP«,
cyt-PTP«, and p67PTP« in these cells. Also, an isoform, which
could potentially be cyt-PTP«PD1, the result of alternative
splicing (Wabakken et al., 2002b), is expressed in 2 of the
samples from healthy donors.
Unlike human monocytes, HEK-LT1 cells do not express

PTP«; thus, these cells were transiently transfected with
expression vectors for cyt-PTP« or RPTP« cDNA. The
resulting transient expression of the phosphatase in this
model allowed us to compare the multiple isoforms with
those expressed in human monocytes. As shown in Fig. 1B,
the transfection of HEK-LT1 cells with the expression
vector of cyt-PTP« resulted in the expression of cyt-PTP«
and p67PTP«. Transfection of HEK-LT1 cells with the
expression vector for RPTP« resulted in the expression of
multiple PTP« isoforms with molecular weights ranging
from 63 to 91 kDa. Higher-weight isoforms could represent
the multiple glycosylated forms of RPTP« (Supplemental
Fig. 1). HEK-LT1 cells transiently expressing RPTP« were
also expressing p67PTP« and p65PTP«. p67PTP« is produced by

an alternate initiation codon corresponding to Met28 of cyt-
PTP« and Met86 of RPTP« (Gil-Henn et al., 2000); it can
thus be expressed after the transient transfection of vectors
for both cyt-PTP« and RPTP«. Lastly, the p65PTP« isoform
can result from calpain proteolytic processing of larger
PTP« molecules (Gil-Henn et al., 2001). Of note, lysis of
HEK-LT1 cells was performed in the presence of multiple
protease inhibitors, including calpain inhibitors, indicating
that p65PTP« was present before cell lysis. Although multi-
ple PTP« isoforms were expressed after transient trans-
fection of HEK-LT1 cells with cyt-PTP« or RPTP«, the latter
were most abundant. It should also be highlighted that cyt-
PTP«PD1 was only detected in human monocytes, whereas
p65PTP« only in HEK-LT1 transiently transfected with the
RPTP« expression vector.
PTP« expression was similar both in HEK-293 and in HEK-

LT1 cells used for the following experiments (Supplemental
Fig. 2). Likewise, antibodies used inWestern blotting revealed
the same PTP« pattern of expression as the GFP2 tag used in
confocal imaging (Supplemental Fig. 2).
PTP« and CysLT1R Share a Similar Localization.

After the yeast two-hybrid assay results, PTP« and
CysLT1R interaction in the cell was supported by colocali-
zation studies using confocal microscopy imaging. HEK-293
cells, transiently coexpressing CysLT1R and PTP«, were
stained with appropriate antibodies (Fig. 2A). Analysis of
the confocal microscopy images showed that cyt-PTP«
distribution was throughout the cell, whereas RPTP«
was found mainly at the cell membrane, in agreement
with previously published data of PTP« cellular distribu-
tion (Elson and Leder, 1995; Andersen et al., 2001; Sines
et al., 2007). CysLT1R and PTP« colocalized at the plasma
membrane.
Colocalization of the two proteins was also found in human

primary monocytes (Fig. 2B). Although in these cells we could
not distinguish between cyt-PTP« and RPTP«, strong colocal-
ization was observed around the nucleus.
To further illustrate this interaction, bimolecular fluores-

cence complementation was used with HEK-293 cells tran-
siently coexpressing Venus-N_CysLT1R and PTP«_Venus-C.
Using this assay, fluorescence can be seen only if Venus-N and
Venus-C are close enough to each other to reconstruct the
fluorescent protein. As presented in Fig. 2C, Venus fluores-
cence was evident at the level of both the membrane and the
cytoplasm of cells cotransfected with cyt-PTP« and RPTP«.
Hence, using this irreversible protein reconstruction tech-
nique, we could illustrate the proximity of CysLT1R and PTP«
in HEK-293 cells.

Fig. 1. Expression of multiple PTP« iso-
forms in human monocytes and tran-
siently transfected HEK-LT1 cells. (A)
Freshly isolated human monocytes and
(B) HEK-LT1 cells, transiently transfected
with cyt-PTP« or RPTP« for 48 hours, were
lysed, and lysates were used for West-
ern blots with anti-PTP« antibodies to
detect PTP« isoforms according to their
molecular weights. Representative West-
ern blots are shown.
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To address more completely the colocalization of PTP« and
CysLT1R in human monocytes, we used photobleaching
fluorescence resonance energy transfer (pbFRET). Cells were
treated as previously described for laser scanning confocal
microscopy imaging, and the colocalization partners were
identified with their appropriate antibodies and stained
according to the overlapping fluorescence spectrum of
the dyes (Ishikawa-Ankerhold et al., 2012). Thereby, stain-
ing the monocytes with AlexaFluor 488 (PTP«: donor) and
TRITC (CysLT1R: acceptor) allowed us to visualize the
fluorescence energy transfer from PTP« to CysLT1R
(Fig. 3, A and A’). Hence, when TRITC (CysLT1R), the
acceptor, was photobleached, a reduction in its fluorescence

was seen, and donor (AlexaFluor 488’s PTP«) fluorescence
was increased (“dequenched”), as shown in Fig. 3, A and A’
in the FRET efficiency column. No FRET could be seen when
staining the cluster of differentiation 14 (CD14), a cell
surface receptor and differentiation marker of monocytes,
instead of PTP« (Fig. 3B).
Cyt-PTP« Has a Strong Affinity for CysLT1R. Biolu-

minescence resonance energy transfer (BRET2) experiments
allowed us to study, simultaneously, the proximity and the
affinity between PTP« and CysLT1R in real time. UsingHEK-
293 cells transiently cotransfected with CysLT1R_Rluc and
PTP«_GFP2, we used saturation and competition assays
to ensure specificity of the interactions. Figure 4A shows the

Fig. 2. Colocalization of CysLT1R with cyt-PTP« and
RPTP« in HEK-293 cells and human monocytes. (A)
HEK-LT1 cells were transiently cotransfected with cyt-
PTP«_GFP2 or RPTP«_GFP2. Forty-eight hours post-trans-
fection, cells were fixed, permeabilized, and stained with
antibodies against c-Myc (CysLT1R – red); PTP« (cyt-PTP«
and RPTP«) was detected with its GFP2 tag (green). (B)
Human monocytes were fixed, permeabilized, and stain-
ed with antibodies against CysLT1R (red) and PTP«
(green). (C) HEK-293 cells were transiently cotrans-
fected with Venus-N_CysLT1R and cyt-PTP«_Venus-C or
RPTP«_Venus-C. Forty-eight hours post-transfection,
cells were fixed and permeabilized. Fluorescence re-
constitution could be seen only if the two Venus
constructs (N-terminal and C-terminal) were adjacent
within the cells. Fluorescence was observed by laser
scanning confocal microscopy, and DAPI staining was
used to visualize the nucleus. The masks (A and B)
illustrate the pixels that colocalize. Scale bar, 15 mM.
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saturation of both cyt-PTP«- and RPTP«-CysLT1R curves,
indicating the specificity of the interactions. Furthermore,
one-site specific binding BRET2 curves illustrate the differ-
ence between cyt-PTP« and RPTP« binding with CysLT1R.
Dimerization of CysLT1R with cyt-PTP« gives a BRET2

50 of
1.345 6 0.6255, and dimerization of CysLT1R with RPTP«, a
BRET2

50 of 7.666 6 3.478. Hence, even if HEK-293 cells tend
to express more RPTP« than cyt-PTP« (as shown by the form
of the curve on the abscissa), cyt-PTP« presents a stronger
colocalization with CysLT1R. BRET2 competition curves
gave similar results. To that end, HEK-293 cells were
transiently cotransfected with a constant amount of
CysLT1R_Rluc, as done previously, in addition to a constant
amount of PTP«_GFP2 and increasing amounts of nontagged
PTP«. Stronger colocalization of cyt-PTP« with CysLT1R
was demonstrated when compared with RPTP«, as the one-
site fit logIC50 curves resulted in IC50 of 4.931 6 0.5253
and 3.559 6 0.5130 for cyt-PTP« and RPTP«, respectively
(Fig. 4B). CysLT1R and PTP« interaction showed no
significant change upon LTD4 stimulation (Fig. 4C). Of
note, neither cyt-PTP« nor RPTP« colocalized with the
cluster of differentiation 8 (CD8), another membrane
receptor-type protein (Supplemental Fig. 3).
Taken together, these results demonstrate that PTP«

associates with CysLT1R, both in transfected cells and in
humanmonocytes. Moreover, BRET2 curves using transiently
transfected HEK-293 cells indicated a higher affinity of cyt-
PTP« for CysLT1R.
PTP« Inhibits LTD4-Induced CXCL8 Expression.

Since GPCR and PTP interactions have not been widely
studied, the identification of a phosphatase as an interacting
partner of CysLT1R could shed light on new actors in the
regulation of GPCR function, as well as their surface expres-
sion. In fact, GPCR surface expression is known to be tightly
regulated, partly by phosphorylation (Tobin, 2008). CysLT1R
surface expression was quantified after transient expression
of PTP« in HEK-LT1 cells. AlthoughHEK-LT1 cells expressed
both PTP« mRNA isoforms in a concentration-dependent
manner (Supplemental Fig. 4, A andB), they tended to express
more RPTP« than cyt-PTP«, as demonstrated byWestern blot
densitometry quantification (Supplemental Fig. 4, C and D).
This differential expression was supported by the BRET2

saturation curves (Fig. 4A). Nevertheless, flow cytometry
experiments revealed that CysLT1R surface expression was
not affected by the expression of either isoform (Supplemental
Fig. 4, E and F). Additionally, transient PTP« expression had
no effect onCysLT1R internalization after LTD4 stimulation of
HEK-LT1 cells (Supplemental Fig. 4, G and H). Thus, these
results indicate that, on a basal level, PTP« could be in
proximity to CysLT1R without interfering with its surface
expression.
Next, we addressed the potential role of the phosphatase in

LTD4-induced chemokine expression. We have previously
shown that activation of CysLT1R by LTD4 induces CXCL8
production (Thompson et al., 2006). Thus, we investigated
whether PTP« could be involved in LTD4-induced CysLT1R
signaling pathway for CXCL8 production. As shown in Fig. 5A,
LTD4-induced CXCL8 promoter transactivation diminished
with increasing PTP« concentrations. Responses to all con-
centrations of LTD4 were also significantly decreased com-
pared with control (Fig. 5B). Correspondingly, CXCL8 mRNA
expression and protein secretion were inhibited in HEK-LT1
cells transiently transfected with PTP« (Fig. 5, C and D). The
isoforms displayed different inhibition levels; however, they
were not expressed at the same levels in the cellmodel used for
these experiments, which may account for this difference. No
synergy or additive inhibition resulted from a combination of
both isoforms (Supplemental Fig. 5).
Subsequent to CXCL8 experiments in HEK-LT1 cells, we

investigated the potential role of PTP« in human primary
monocytes. Since we had previously shown LTD4-induced
secretion of CXCL8 in the monocytic cell line THP-1 and in
human dendritic cells (Thompson et al., 2006), we were
interested in CXCL8 secretion in human monocytes. These
cells, obtained from healthy donors and stimulated with
graded-concentrations of LTD4, responded with the char-
acteristic bell-shaped curve typical of GPCR stimulation
(data not shown).
Nucleofection of monocytes with siRNAs designed against

both PTP« isoforms led to a reduction of 22% and 21% in cyt-
PTP« and RPTP« mRNA expression, respectively (Supple-
mental Fig. 6B). Similarly, Western blot experiments showed
a decreased cyt-PTP« protein expression by 23% and RPTP«
by 22% in siRNA-nucleofected monocytes (Supplemental

Fig. 3. FRET with acceptor photobleaching indicates that
PTP« and CysLT1R are near human monocytes. Human
primary monocytes were fixed, permeabilized, and stained
with antibodies against CysLT1R and (A and A’) PTP« or (B)
CD14, as a negative control. The secondary antibodies,
AlexaFluor 488 (PTP«, CD14) and TRITC (CysLT1R), were
chosen according to their fluorescence spectrum to be the
photon donor and acceptor, respectively. A close interaction
between the proteins is suggested as AlexaFluor 488 (PTP«)
shows an increased level of fluorescence after a section of
cell (marked by rectangles) is irradiated to photobleach the
acceptor TRITC (CysLT1R, middle panels). The subsequent
increase in donor fluorescence is defined by a mask in white
(right panels). No FRET is observed between CD14 and
CysLT1R. Fluorescence was observed by laser scanning
confocal microscopy. Scale bar, 5 mM.
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Fig. 6C). These slight decreases of expression were the best
results we obtained, no matter how we optimized the ex-
periments (different siRNAs, concentrations, timing, etc). We
hypothesized that PTP« may have a long half-life in human
monocytes, making it difficult to downregulate this protein
within these cells; however, monocytes treated with

actinomycin D (Supplemental Fig. 6D) and cycloheximide
(Supplemental Fig. 6E) indicated a mRNA half-life less than
4.5 hours and a protein half-life less than 2.5 hours, without
significant differences between isoforms, although cyt-PTP«
tended to have a slightly shorter half-life than RPTP«.
Therefore, the phosphatase may have a high production rate,

Fig. 5. Concentration-dependent decrease of LTD4-in-
duced CXCL8 expression by PTP«. (A) HEK-293 cells were
transiently cotransfected with CysLT1R, pCXCL8_Rluc and
increasing amounts of pcDNA3, cyt-PTP« (gray line) or
RPTP« (black line). Cells were stimulated with EtOH
(vehicle) or LTD4 (10 nM) for 6 hours, and luciferase activity
assays were performed (n = 5). (B and C) HEK-LT1 cells,
transiently transfected with 100 ng of pcDNA3 (dotted
line), cyt-PTP« (gray line), or RPTP« (black line), were
stimulated with EtOH or LTD4, as indicated, for 6 hours
and (B) luciferase assays or (C) RT-qPCRs were perfomed
(n = 4). CXCL8 mRNA expression was quantified as 2DDCT

over RPL13A mRNA expression (n = 7). (D) For measure-
ment of CXCL8 protein secretion, HEK-LT1 cells tran-
siently transfected with 100 ng PTP« were stimulated for
20 hours with EtOH or LTD4, as indicated, and enzyme-
linked immunosorbent assay was used to quantify CXCL8
protein production in cell-free supernatants (n = 5). (E)
48 hours after nucleofection with the corresponding siRNAs
—siCTRL (dotted line) or siPTP« (black line)—human
primary monocytes were stimulated with EtOH or LTD4,
as indicated, for 6 hours. CXCL8 mRNA expression was
quantified as previously described (n = 7–9). Data
are expressed as mean 6 S.E.M. *P , 0.05; **P , 0.005;
***P, 0.001; ****P, 0.0001, by (A) two-way ANOVA with
Sidak’s multiple comparisons post-test and (B–D) two-way
ANOVA with Dunnett’s multiple comparisons post-test to
compare cyt-PTP« or RPTP« with control (pcDNA3).

Fig. 4. Cyt-PTP« has a stronger affinity for CysLT1R than RPTP« in transiently cotransfected HEK-293 cells. HEK-293 cells were cotransfected with a
constant amount of CysLT1R_Rluc and (A) increasing amounts of cyt-PTP«_GFP2 (gray line) or RPTP«_GFP2 (black line) for saturation curves and (B)
constant amount of PTP«_GFP2 and increasing amount of nontagged PTP« for competition curves. Data shown are the mean of multiple experiments as
a function of GFP2/Rluc expression. Data were plotted using GraphPad Prism and the Bmax and Kd determinations were taken as the BRET2

max and the
BRET2

50, respectively (n = 6). IC50 is shown in BRET2 competition assay (n = 6). (C) The BRET2 signals of LTD4-stimulated conditions [Log, (LTD4), M])
(15 minutes) were plotted over the nonstimulated condition (100%) (n = 4). Data are expressed as mean (A) or mean 6 S.E.M. (B and C).
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explaining our difficulties in reducing its expression. Still,
the decreased expressions with our siRNAs were consistent,
so they were used in subsequent experiments. Monocytes
nucleofected with control and PTP«-specific siRNAs were
stimulated with LTD4. Using real-time quantitative PCR
analysis, we observed a trend to increased LTD4-induced
CXCL8 mRNA expression in PTP«-specific siRNA compared
with control siRNA-nucleofected cells (Fig. 5E). No signifi-
cant impact on the basal expression of the chemokine or
CysLT1R expression was observed in these paired siRNA-
nucleofected monocytes, as expressed by mean fluorescence
intensity through flow cytometry analysis (Supplemental
Fig. 6, F and G).
PTP« Inhibits ERK1/2 MAPK Activation. To study the

mechanism of PTP«-mediated inhibition of CXCL8 expres-
sion, we examined LTD4-induced signaling pathways, which
may lead to CXCL8 transcription. Regarding this objective,
MAPKs are a hallmark of CysLT1R signaling, and it has been
shown that PTP« can inhibit ERKactivation (Wabakken et al.,
2002a; Toledano-Katchalski et al., 2003). The role of ERK1/2
was first studied in human monocytes using the MEK1
inhibitor PD98058 in LTD4-induced CXCL8 mRNA expres-
sion. As shown in Fig. 6A, the inhibition of ERK1/2 pathway
resulted in the inhibition of LTD4-induced CXCL8 mRNA
expression, confirming the role of this MAPK in CXCL8
expression. Next, to determine the function of PTP« in
LTD4-induced CXCL8 mRNA expression, human monocytes
nucleofected with PTP«-specific siRNAs were stimulated with
LTD4, and ERK1/2 phosphorylation was quantified. As illus-
trated by Western blot densitometry analysis, phosphoryla-
tion of both ERK1 and ERK2 is increased in humanmonocytes
nucleofected with PTP«-specific siRNAs compared with con-
trol siRNAs after LTD4 stimulation (Fig. 6, B and C). In
HEK-LT1 cells transiently expressing cyt-PTP«, a significant
decrease in both ERK1 and ERK2 phosphorylation (Fig. 6, D
and E) was observed, whereas p38 and c-Jun-N-terminal
kinase were not affected (Supplemental Fig. 7).
To identify ERK as a substrate of PTP«, substrate-trapping

constructs of the phosphatase—including an aspartic acid
mutation to an alanine residue—were used. Since the
tyrosine dephosphorylation process is quite rapid, these
constructions allow the coimmunoprecipitation of phospha-
tase substrates, as the substrate will detach much more
slowly from the catalytic pocket of the phosphatase. In HEK-
LT1 cells, transiently transfected with substrate-trapping
mutants (cyt-PTP«_D245A-FLAG or RPTP«_D303A-FLAG),
ERK1/2 coimmunoprecipitated with the cyt-PTP« isoform
only upon LTD4 stimulation (Fig. 6F), thus indicating that
the two proteins could be found in a LTD4 stimulation-
dependent signaling complex. No consistent association was
found with RPTP«. It may then be assumed that dephos-
phorylation of ERK by cyt-PTP« would lead to lower CXCL8
production after LTD4 stimulation.

Discussion
Reversible phosphorylation of proteins is one of the main

mechanisms that regulate cellular processes. Although this
process relies on a balance, where PTPs and protein tyrosine
kinases are the main characters, the latter have traditionally
received much more attention; however, several studies have
led to the recognition that PTPs could play essential roles

in the phosphorylation equilibrium in cells, as well as in
physiologic processes (Fischer et al., 1991), and, therefore, be
involved in numerous diseases (Hendriks et al., 2013).
The present work provides evidence that PTP« and

CysLT1R colocalize in human primary monocytes and in an
ectopic expression model using HEK-293 cells. Furthermore,
expression of PTP« in HEK-LT1 cells has a concentration-
dependent inhibitory effect on CysLT1R signaling in terms of
LTD4-induced CXCL8 promoter transactivation, expression,
and secretion. Conversely, transfection of human primary
monocytes with PTP«-specific siRNAs resulted in reduced
PTP« expression and concomitantly enhanced CXCL8 expres-
sion. Hence, our data suggest that PTP« is a signaling partner
of CysLT1R, providing negative regulation of its signal
transduction.
Admittedly, PTPs are implicated in GPCR signal trans-

duction; however, direct association with GPCRs has not often
been reported. SHP-1 was shown, by coimmunoprecipitation,
to associate with the chemokine receptor CXCR4 upon
CXCL12 stimulation in MOLT4 cells (Vila-Coro et al., 1999)
and with the somatostatin receptor SST2 in Chinese hamster
ovary cells (Lopez et al., 1997). SHP-2, on the other hand,
colocalizes with the gastrin receptor CCK2 (Vatinel et al.,
2006), the orexin neuropeptide OX1 receptor (Voisin et al.,
2008; El Firar et al., 2009), the b2-adrenergic receptor
(Duchene et al., 2002), and the SST2 receptor (Ferjoux et al.,
2003) in various cell types. ITIM (S/I/V/LxYxxI/V/L) and ITSM
(TxYxxV/I) motifs within the amino acid sequences of the
CCK2 and OX1 receptors were associated with the direct
recruitment of both SHP-1 and SHP-2. As PTP« was first
identified as a partner of CysLT1R using the third intracellu-
lar loop of CysLT1R as a bait in a two-hybrid assay, this
strongly suggested that this interaction is also direct; how-
ever, the region of interaction is not known at this time, as
neither ITIM nor ITSM motifs are found in the receptor.
Given that we identified an interaction between CysLT1R

and PTP« in a two-hybrid assay, we used in cellulo techniques
to confirm the association. At first, colocalization studies using
confocal microscopy imaging allowed us to detect a spatial
overlap between CysLT1R and PTP« inHEK-LT1 cells, as well
as in human primary monocytes; however, we could not
discriminate between themultiple isoforms in the primary cells.
Colocalization was further confirmed in HEK-293 cells using
bimolecular fluorescence complementation, a protein recon-
struction technique, in which fluorescence could be seen only if
CysLT1R and PTP« (each tagged with half of Venus) were close
enough to reconstitute the fluorescent protein. pbFRET, which
further allowed confirmation of their proximity using primary
cells. Lastly, BRET2 was used to characterize and quantify
CysLT1R and PTP« interaction in live cells. As shown
with saturation curves, both RPTP« and cyt-PTP« colocalized
with CysLT1R, although cyt-PTP« had a stronger associa-
tion with the receptor. By its cytoplasmic localization, however,
cyt-PTP« may simply have a greater ease of movement to
associate with CysLT1R compared with RPTP«, which is found
mainly at the plasmamembrane. These results support previous
data on PTP« cellular distribution since only RPTP« possesses a
membrane localization sequence (Gil-Henn et al., 2000).
As a second part of this study, we investigated the role

of PTP« in LTD4-induced CysLT1R signaling. Since we had
previously shown that CysLT1R signaling induced CXCL8
promoter transactivation through activator protein-1 (AP-1)
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and NF-kB transcription factors (Thompson et al., 2006), we
used this model to study the implication of both cyt-PTP« and
RPTP« in the chemokine’s expression.
CXCL8 is associated with multiple inflammatory disea-

ses, including arthritis (Troughton et al., 1996) and psoriasis
(Zalewska et al., 2006), as well as the pathophysiology of

numerous lung diseases (Mukaida, 2003). CXCL8 is also a
cardinal feature of severe asthma (Silvestri et al., 2006;
Turkeli et al., 2015). Accordingly, higher CXCL8 promoter
activity was quantified in asthmatic patients in whom symp-
toms were poorly controlled (John et al., 2009). Because the
AP-1 transcription factor is involved in LTD4-induced CXCL8

Fig. 6. PTP« reduces MAPK ERK1/2 activation. (A) Human primary monocytes were either untreated or pretreated for 15 minutes with PD98059
(10 mM) and stimulated with either EtOH (vehicle) or 1 pM LTD4, where indicated, for 6 hours and CXCL8 mRNA expression was quantified by
RT-qPCR as 2DDCT over RPL13AmRNA expression (n = 10). (B: ERK1, C: ERK2) 48 hours after nucleofection with the corresponding siRNAs (dotted line:
siCTRL, black line: siPTP«), human primary monocytes were stimulated with EtOH or LTD4 (10 nM) for the indicated periods, and densitometry
analysis was used to quantify p-ERK expression corrected with total ERK expression. A representative Western blot is shown (n = 6). (D: ERK1, E:
ERK2) HEK-LT1 cells were transiently transfected with pcDNA3 (dotted line), cyt-PTP« (gray line), or RPTP« (black line) and then were stimulated with
EtOH or LTD4 (10 nM) for the indicated times. Western blots were performed, and densitometry analysis was used to quantify p-ERK expression
corrected with total ERK expression. A representative Western blot is shown (n = 6). (F) HEK-LT1 cells were transiently transfected with FLAG-tagged
PTP« substrate-trapping mutants constructs—cyt-PTP«_D245A-FLAG (gray line) or RPTP«_D303A-FLAG (black line)—for 48 hours and were
stimulated with EtOH or LTD4 (10 nM) for the indicated time. Whole-cell lysates were immunoprecipitated with FLAG antibody, and
immunoprecipitates were used for Western blots to quantify PTP« and ERK total protein expression. A representative Western blot is shown (n = 4).
Data are expressed as mean6 S.E.M. *P, 0.05; **P, 0.005, by (A) paired t test, (B, C, and F) two-way ANOVAwith Sidak’s multiple comparisons post-
test to compare cyt-PTP« or RPTP« with control (pcDNA3) or the siPTP« with siCTRL and (D and E) two-way ANOVA with Dunnett’s multiple
comparisons post-test to compare cyt-PTP« or RPTP« with control (pcDNA3).
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promoter activation (Thompson et al., 2006), we examined the
role of the upstream kinases, MAPK ERK1/2 (Karin, 1995),
since they were known to be direct substrates of cyt-PTP«
(Toledano-Katchalski et al., 2003). Moreover, higher ERK1/2
phosphorylation levels were detected in severe asthmatic
subjects (Liu et al., 2008; Chang et al., 2012). Our results
showed downregulation of LTD4-induced CXCL8 promoter
transactivation, expression and protein secretion in HEK-LT1
cells expressing PTP«, and, inversely, greater expression of
the chemokine in human primary monocytes transfected with
PTP«-specific siRNAs. Basal expression of CXCL8 was not
affected in transfected monocytes, indicating the necessity for
phosphatase activation. Accordingly, a time-dependent asso-
ciation between ERK1/2 and cyt-PTP« upon LTD4 stimulation
was found in HEK-LT1 cells transiently expressing the
substrate-trapping mutant of the phosphatase. The kinase
could not be consistently coimmunoprecipitated with the
RPTP« substrate-trapping mutant, thus corroborating our
results, which show a decrease of LTD4-induced ERK1/2
phosphorylation only in the presence of cyt-PTP«. In addition,
decreased expression PTP« led to greater LTD4-induced
ERK1/2 phosphorylation and CXCL8 expression in human
primary monocytes, although we were not able to differen-
tially downregulate the two isoforms.
Although the siRNAs used in human monocytes were not

isoform-specific, our experiments with cells transiently
expressing cyt-PTP« or RPTP« are indicative of differential
PTP« isoform functions. Whereas both RPTP« and cyt-PTP«
inhibit LTD4-induced CXCL8 expression, apparently, they
do not exert their activity via the same substrates. Several
signaling pathways have been shown to be differentially
regulated by PTP« isoforms: The insulin receptor and
leptin receptor downstream events are decreased by RPTP«
through AKT (Moller et al., 1995; Lacasa et al., 2005;
Nakagawa et al., 2005) and JAK2 dephosphorylation
(Rousso-Noori et al., 2011), respectively. RPTP« is involved
in the maintenance of the mammary tumor phenotype
induced by Neu or Ras through Src activation (Elson,
1999; Gil-Henn and Elson, 2003; Berman-Golan and Elson,
2007). Moreover, in addition to Src, RPTP« activates Fyn
and Yes (Granot-Attas and Elson, 2004). Also, RPTP« is
involved in myelination of the optic nerve. Cyt-PTP«, on the
other hand, has a role in axon myelination of the sciatic
nerve and in the voltage-gated K1 channels’ Kv1.5 and
Kv2.1 activity (Peretz et al., 2000; Tiran et al., 2003, 2006).
Cyt-PTP« is involved in inhibiting JAK/STAT signaling by
dephosphorylation of STAT1 and STAT3 in murine M1 cells
(Tanuma et al., 2000, 2001, 2003). Also, osteoclast function
is influenced by the presence of cyt-PTP« as the phospha-
tase allows a functional rearrangement of podosomes
through Src activation (Chiusaroli et al., 2004; Granot-
Attas et al., 2009; Finkelshtein et al., 2014).
In contrast to published data indicating that PTP« iso-

forms are expressed in a nonoverlapping expression pattern
in most murine cell types (Elson and Leder, 1995; Gil-Henn
et al., 2000), our results indicate that both cyt-PTP« and
RPTP« are expressed in human primary monocytes. Expres-
sion of both isoforms has also been identified in human mast
cells (Akimoto et al., 2009), indicating a possible divergence
in PTP« regulation of expression between species. Moreover,
PTP« is highly expressed in immune cells, particularly in
peripheral blood lymphocytes, and in lungs (Tanuma et al.,

1999; Wabakken et al., 2002a), where a considerable pop-
ulation of immune cells is found in asthmatic patients. In
addition, PTP«-deficient macrophages show a deficit in
oxidative burst and cytokine production (IL-10 and TNFa)
(Sully et al., 2001). PTP« negatively regulates mast cell
activation (Akimoto et al., 2009) and negatively regulates
cytokine production by targeting STAT1 and STAT3 in IL-6
and IL-10 signaling (Tanuma et al., 2001). Thus, PTP« is
actively involved in immune signaling pathways, and our
results add support to the interpretation of a regulatory/
inhibitory role of PTP« in immune signaling. Interestingly,
a polymorphism in the PTPRE gene (PTPRE_rs7081735)
has been associated with allergic asthma (Tremblay et al.,
2008), potentially making its interaction with CysLT1R
even more significant. Likewise, LTD4 has also been found
to induce the production of numerous cytokines, chemo-
kines, and growth factors in human monocytes (Rola-
Pleszczynski and Stankova, 2007). Hence, PTP« may also
be implicated in regulating the production of these in-
flammatory molecules as well.
Our results suggest that PTP« may be important in in-

flammatory processes modulated by cys-LTs, and an under-
standing of the interaction of CysLT1R and PTP«, both being
associated with asthma, may further define their involvement
in this disease and potentially provide a novel therapeutic
target.
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