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a  b  s  t  r  a  c  t

P-selectin  glycoprotein  ligand-1  and �1 integrin  play  essential  roles  in  T cell trafficking  dur-
ing inflammation.  E-selectin  and  vascular  cell  adhesion  molecule-1  are  their  ligands  expressed  on
inflammation-activated  endothelium.  During  the  tethering  and  rolling  of  lymphocytes  on  endothelium,  P-
selectin glycoprotein  ligand-1  binds  E-selectin  and  induces  signals.  Subsequently,  �1  integrin  is activated
and  mediates  stable  adhesion.  However,  the intracellular  signal  pathways  from  PSGL-1  to �1  integrin have
not  yet been  fully  understood.  Here,  we find  that p85, a  regulatory  subunit  of  phosphoinositide  3-kinase,
forms  a novel  complex  with  Rho-GDP  dissociation  inhibitor-2,  a  lymphocyte-specific  RhoGTPases  dis-
sociation  inhibitor.  Phosporylations  of  the p85-bound  Rho-GDP  dissociation  inhibitor-2  on  130  and  153
tyrosine  residues  by c-Abl  and  Src  were  required  for the complex  to be recruited  to P-selectin  glycoprotein
ligand-1  and  thereby  regulate  �1 integrin-mediated  T cell adhesion  to vascular  cell  adhesion  molecule-1.
Both  shRNAs  to Rho-GDP  dissociation  inhibitor-2  and  p85  and  over-expression  of  Rho-GDP  dissociation
inhibitor-2  Y130F  and  Y153F  significantly  reduced  the  above-mentioned  adhesion.  Although  Rho-GDP
dissociation  inhibitor-2  in  the  p85-Rho-GDP  dissociation  inhibitor-2  complex  was  also  phosphorylated
on  24  tyrosine  residue  by  Syk,  the  phosphorylation  is  not  required  for the adhesion.  Taken  together,  we
find that  specific  phosphorylations  on  130  and  153  tyrosine  residues  of p85-bound  Rho-GDP  dissociation
inhibitor-2  are  pivotal  for P-selectin  glycoprotein  ligand-1-induced  �1 integrin-mediated  lymphocyte
adhesion  to vascular  cell  adhesion  molecule-1.  This  will  shed  new  light  on  the  mechanisms  that  connect
leukocyte  initial  rolling  with  subsequent  adhesion.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

It has been well established that inflammation is initiated
by leukocytes rolling on and subsequently attaching to the
activated endothelium, and followed by inflammatory cells’ trans-
endothelium migration toward the infected or damaged sites
(Zarbock et al., 2009). P-selectin glycoprotein ligand-1 (PSGL-1),

Abbreviations: E-Fc, recombinant human E-Selectin/CD62E Fc chimera;
RhoGDI2, Rho-GDP dissociation inhibitor-2; STI, STI571; Pic, Piceatannol; PI3K,
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cular cell adhesion molecule-1; WCL, whole cell lysate.
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the well-known ligand for P-, E-, and L-selectins (Norman et al.,
2000; Sperandio et al., 2003; Carlow et al., 2009), is constitu-
tively expressed on the tips of leukocyte microvilli (von Andrian
and M’Rini, 1998). During inflammation, P- and E-selectins are
expressed on the activated endothelium (Sundd et al., 2012;
Buffone et al., 2013). PSGL-1 binding to P- or E-selectin mediates
leukocyte rolling on endothelium, which is the initial step of leuko-
cyte migration (Zarbock et al., 2009). Subsequently, integrins are
activated and mediate the arrest and stable adhesion of leukocytes
to endothelium (Lefort and Ley, 2012).

The importance of PSGL-1 has emerged beyond a mechanical
anchor as a selectin ligand. A growing list of kinases such as
MAPK (Hidari et al., 1997), Syk (Abbal et al., 2006; Spertini et al.,
2012), c-Abl (Ba et al., 2005a,b) and Src (Xu et al., 2007) has been
found activated by PSGL-1 engagement. It has been reported that
PSGL-1/selectin binding triggers signal transduction to activate
�L�2 integrin in a gradual manner (Abbal et al., 2006; Alon
and Ley, 2008; Simon et al., 2000). Beside leukocyte-specific �2
integrin, ubiquitously expressed �1 integrins constitute another
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major membrane protein on lymphocytes. CD2 or CD47 triggering
induced the adhesion of Jurkat lymphocytes to VCAM-1 expressed
on the activated endothelium via �1 integrin (Rosenthal-Allieri
et al., 2005). Whether lymphocyte PSGL-1-induced signals result
in �1 integrin-mediated adhesion is worthy of investigation to
understand the corporation of adhesion molecules during the
initial rolling and subsequent stable adhesion in lymphocyte
migration, which accounts for the pathogenesis of T cell-involved
inflammatory diseases.

Class IA phosphoinositide 3-kinase (PI3K) is a critical lipid kinase
in T cell receptor- and B cell receptor-triggered signals (Vogel and
Fujita, 1993; Shan et al., 2000; Dai et al., 2006). p85, the regulatory
subunit of PI3K, has been paid particular attention in PI3K signaling
pathways (Cantrell, 2001). Besides, p85 also functions as an adaptor
protein by binding to other signal molecules, including IRS-1 (Sun
et al., 1991), Grb2, Gab1/2 (Sattler et al., 2002), Shc (Harrison-Findik
et al., 1995; Gu et al., 2000), Crk-L (Sattler et al., 1996), �-catenin
(Woodfield et al., 2001), Rac (Reynolds et al., 2002), Lck and Fyn
(Prasad et al., 1993; Pleiman et al., 1994). Twenty years of inves-
tigation has yielded a detailed view of the regulatory role of p85
for PI3K activity (Cantrell, 2001); however, less progress has been
made in p85 as an adaptor protein since 2002 (Mellor et al., 2012).

In PSGL-1 signaling pathways, PI3K is activated by recruiting
the p85 subunit to PSGL-1 cytoplasmic domain, and thereby
activates �2 integrin (Wang et al., 2007). Our previous work
also identified PI3K’s pivotal role in PSGL-1-mediated neutrophil
rolling on E-selectin (Luo et al., 2010), suggesting the involvement
of p85 in PSGL-1 signal transduction. Interestingly, we  found a
novel p85-Rho-GDP dissociation inhibitor-2 (RhoGDI2) complex
that functions independently of PI3K in the present study. We
further investigated its crucial role in PSGL-1-induced �1 integrin-
mediated lymphocyte adhesion to VCAM-1. To our knowledge, this
is the first report of the p85-RhoGDI2 complex in PSGL-1 signaling
to �1 integrin.

2. Materials and methods

2.1. Reagents and antibodies

KPL1 (anti-PSGL-1 monoclonal antibody, mouse IgG1, SC-
13535), and antibodies to Src (H12, SC-5266), Syk (SC-1240),
c-Abl (K12, SC-131) and p85 (SC-1637) were purchased from
Santa Cruz Biotechnology. Rabbit antiserum against p85 (06-
195) was from Upstate. Anti-RhoGDI2 rabbit antiserum (D9937),
PY20 (anti-phosphotyrosine monoclonal antibody), Piceatannol
(Syk/ZAP-70 specific inhibitor) and LY294002 (PI3K inhibitor) were
from Sigma–Aldrich. STI571 (specific inhibitor to c-Abl) was  a gift of
Novartis Pharma Schweiz AG (Basel, Switzerland). PP2 (Src family
kinase-specific inhibitor) was from Calbiochem-Novabiochem (San
Diego, CA, USA). Glutathione (GSH)-sepharose 4BTM (17-0756-01)
was from Amersham Biosciences (Piscataway, NJ, USA). Mouse IgG

Table 1
Primers for indicated plasmids.

Plasmids Sequence

GST-p85 p1BCRp2 5′CCGGATCCTCGCCTCCCACACCAAAGC3′

5′CCCTCGAGCTAAGGTTTTGGTGGTTTAGGA3′

His-RhoGDI2 5′CCGGATCCATGACTGAAAAAGCCCCAGAGCC3′

5′CCCTCGAGTCATTCTGTCCACTCCTTC3′

GFP-RhoGDI2 5′CGACGCGTCCTTCTGTCCACTCCTTCTT3′

5′CGGGATCCATGACTGAAAAAGCCCCA3′

(12-371), CBL481 (a mouse blocking antibody to �1 integrin), and
anti-PI3 Kinase p110� (09-481) were from Millipore. VCAM-1 and
E-Fc (recombinant human E-Selectin/CD62E Fc chimera) were from
R&D. Phosphorylation-specific antibodies to c-Abl-412-TyrP, Syk-
525/526-TyrP and Src-416-TyrP were from cell signaling.

2.2. Cell culture

Jurkat T cells (Clone E 6.1) and 293T from ATCC were main-
tained in medium supplemented with 10% FBS, 100 U penicillin,
and 100 �g/mL streptomycin.

2.3. Preparation of human T lymphocytes

Batches of blood (25 mL)  from donors at the Blood Center of
Changchun were layered on top of 20 mL  Ficoll 1.007 density gra-
dient and centrifuged at 400 × g for 20 min  at room temperature.
Then the peripheral blood mononuclear cell layer was collected,
washed twice in DMEM and resuspended at 10–12 × 106 cells/mL
in DMEM supplemented with 10% FBS and then isolated by CD3
MicroBeads (130-050-101, Miltenyi Biotec) according to the man-
ufactures’ protocol.

2.4. Plasmids cloning

pGEX plasmids encoding full-length p85, the C-terminal SH2
domain (C-SH2), and the N-terminal SH2 domain (N-SH2) as GST
fusion proteins were gifts from Lucia E. Rameh (Boston Biomedical
Research Institute, USA) and Fabrice Gouilleux (Université Franç ois
Rabelais de Tours, Parc de Grandmont, France). p85-p1-BCR-p2
was amplified from full-length p85 and inserted into pGEX-6p-
1 using primers shown in Table 1. RhoGDI2 was subcloned into
the pET-28a(+) after amplification from Jurkat cells using indi-
cated PCR primers (Table 1). Mutations of putative phosphorylation
sites in RhoGDI2 (Y24F, Y130F and Y153F) were introduced by
Easy Mutagenesis System (FM101, TransGen Biotech). Sequences
encoding RhoGDI2 WT,  130F and 153F were inserted into the
lentiviral pWPXLd (Invitrogen) vector by BamHI and MluI to get
GFP-RhoGDI2 WT,  130F and 153F (Table 1).

For shRNA preparation, annealed double-stranded shRNA
oligonucleotides shown in Table 2 were cloned into the BamHI and

Table 2
Oligonucleotides used for generating shRNA.

Targeted regions Sequence

Control 5′GATCCCCTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTTTC3′

5′TCGAGAAAAATTCTCCGAACGTGTCACGTTCTCTTGAAACGTGACACGTTCGGAGAAGGG3′

RhoGDI2Sh1 (306-324) 5′GATCCCCGGAAGGTTCTGAATATAGATTCAAGAGATCTATATTCAGAACCTTCCTTTTTC3′

5′TCGAGAAAAAGGAAGGTTCTGAATATAGATCTCTTGAATCTATATTCAGAACCTTCCGGG3′

RhoGDI2Sh2 (373-391) 5′GATCCCCTACGTTCAGCACACCTACATTCAAGAGATGTAGGTGTGCTGAACGTATTTTTC3′

5′TCGAGAAAAATACGTTCAGCACACCTACATCTCTTGAATGTAGGTGTGCTGAACGTAGGG3′

p85Sh1 (209-227) 5′GATCCCCCGAAGAATATATTCAGCTATTCAAGAGATAGCTGAATATATTCTTCGTTTTTC3′

5′TCGAGAAAAACGAAGAATATATTCAGCTATCTCTTGAATAGCTGAATATATTCTTCGGGG3′

p85Sh2 (648-666) 5′GATCCCCCGGGAACTTACGTAGAATATTCAAGAGATATTCTACGTAAGTTCCCGTTTTTC3′

5′TCGAGAAAAACGGGAACTTACGTAGAATATCTCTTGAATATTCTACGTAAGTTCCCGGGG3′
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XhoI cloning sites of lentiviral pEN hH1 vector and recombined
with pDSL hpUGIP by LR ClonaseTM II enzyme mix  (invitrogen)
following the manufacture’s procedures.

2.5. Generation of lentiviruses and transfection

RhoGDI2 WT,  130F and 153F in pWPXLd and shRNAs were
transfected together with psPAX2 and pMD2 (at a ratio of 4:3:1)
into 293T cells with lipofectamine 2000 (Invitrogen) to generate
lentiviruses. Viral stocks were made to infect Jurkat cells.

2.6. Flow chamber and laminar flow adhesion assay

Petridishes were coated with 100 �L of 2.5 �g/mL E-Fc (for T
lymphocytes) or KPL1 (for Jurkat cells) together with or without
VCAM-1 overnight at 4 ◦C and blocked at room temperature with 2%
HSA in TBS for 30 min  before use. T lymphocyte rolling on E-selectin
was measured at constant shear stress (1.2 dyn/cm2), as previously
described (Xu et al., 2008). For some experiments, cells were prein-
cubated with CBL481 on ice for 20 min  to block �1 integrins (mIgG
as a control) before perfusion; STI571 (10 �M),  PP2 (10 �M)  or Pic
(10 �M)  was used to inhibit c-Abl, Src or Syk kinase activity, with
DMSO as a solvent control. Total number of adhered cells in 10
randomly chosen fields (0.127 mm2) within 2 min  perfusion period
was counted by digital imagine processing. Experiments were per-
formed at least three times and data were used to count the number
of adherent cells and mean values ± SD were calculated per square
millimeter.

2.7. Immunoprecipitation and Western blot assay

Cells were ligated by rotating on immobilized KPL1/E-Fc a speed
of 65 RPM at 37 ◦C for indicated time as previously described
(Urzainqui et al., 2002). After ligation, cells were lysed in ice-cold
lysis buffer (50 mM  Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Nonidet P-40, 2.5 mM sodium pyrophosphate, 1 mM each
NaF, Na3VO4, and l-glycerolphosphate, and 10 �g/mL aprotinin
and leupeptin). After 30 min  on ice, lysates were centrifuged at
13,000 × g for 30 min. Indicated antibodies were added and incu-
bated at 4 ◦C overnight. Then 20 �L protein A/G sepharose beads
(50% slurry) were added and incubated for 3 h. After washing three
times, beads were subjected to SDS-PAGE and Western blot assay.
For inhibitory experiments, cells were preincubated with STI571,
PP2, Piceatannol, or equal volume of DMSO at 37 ◦C for 30 min
before PSGL-1 ligation.

2.8. ESI-MS/MS analysis

Immunoprecipitates with p85 antibody were subjected to
4–10% SDS-PAGE gel and Coomassie blue staining. Targeted band
was cut, reduced with DTT, alkylated with iodoacetamide, and
digested at 37 ◦C for 20 h with 0.02 �g/�L  trypsin (Promega, Madi-
son, WI,  USA) in 100 mM ammonium bicarbonate. The resulting
peptides were vacuum dried to near dryness for mass spectrom-
etry analysis by ESI-MS/MS. A linear ion trap mass spectrometer
(LTQ, Thermo Finnigan, San Jose, CA) was employed for ESI-
MS/MS  measurements operated in positive ion mode at a flow
rate of 200 nL/min. Peptide sequences were initially accepted if
they matched the forward data base and passed the following
Sequest browser software (Thermo Scientific, San Jose, CA) scoring
thresholds: 1+ ions, Xcorr ≥ 1.9, DelCN ≥ 0.1; 2+ ions, Xcorr ≥ 2.2,
DelCN ≥ 0.1; 3+ ions, Xcorr ≥ 3.75, DelCN ≥ 0.1. After passing the
scoring thresholds, all MS/MS  were then manually inspected rigor-
ously to be sure that all b- (fragment ions resulting from amide bond
breaks from the peptides’ N terminus) and y-ions (fragment ions

resulting from amide bond breaks from the peptides’ C terminus)
aligned with the assigned protein data base sequence.

2.9. In vitro protein binding assay

E. coli BL21 transformed with pET-28a(+)-RhoGDI2 was grown
and induced with isopropyl �-d-thiogalactoside. His-RhoGDI2 was
extracted with Ni2+ Sepharose (Qiagen). GST or GST fusion pro-
tein was  eluted from glutathione-Sepharose 4B beads. His-RhoGDI2
immobilized to Ni2+ Sepharose was  incubated with GST or GST
fusion protein according to the manufacturer’s instructions.

2.10. Statistical analyses

Data were analyzed by one-way ANOVA. The acceptable level of
significance was p < 0.05.

3. Results

3.1. PSGL-1 ligation induces ˇ1 integrin-mediated T cell adhesion
to VCAM-1

T cell migration to inflammation sites is initiated by the
interaction of P-/E-selectin on endothelial cells and PSGL-1 on
lymphocytes. Although both E- and P-selectins are expressed on
activated endothelium during inflammation, E-selectin’s affinity

Fig. 1. PSGL-1 ligation induces �1 integrin-mediated T lymphocyte adhesion to
VCAM-1. (A and B) Flow chambers were coated with E-Fc/KPL1 and/or VCAM-1. Iso-
lated T lymphocytes or Jurkat were directly perfused in to chambers, or peincubated
with CBL481 (with mIgG as a control) before perfusion into chambers. Each experi-
ment was  repeated at least three times. **p < 0.01 vs negative control; ##p < 0.01 vs
positive control.
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Fig. 2. p85-bound RhoGDI2 was phosphorylated upon PSGL-1 ligation. (A) Primary T lymphocytes or Jurkat cells were ligated with E-Fc, mIgG or KPL1 at 37 ◦C, cell
lysate  was  immunoprecipitated with p85 antibody. PY20 was  used to detect the tyrosine-phosphorylation of p85-bound proteins. (B) Jurkat cells were preincubated with
LY294002/DMSO before PSGL-1 ligation (10 min) and immunoprecipitation. (C) Primary T lymphocytes were treated as in (A) for 10 min. 20 �L of each sample was used for
SDS-PAGE and Coomassie blue staining. The 23KD tyrosine-phosphorylated band was cut from the stained gel, and the digested peptide mixture was  analyzed with mass
spectrometry. The peptide spectra corresponding to K.APNVVVTR.L and K.TLLGDGPVVTDK.A were shown.

to monovalent sialyl Lewis X (sLeX) on PSGL-1 is 10-fold greater
than P-selectin (Somers et al., 2000). In exploring the effect of
PSGL-1/E-selectin binding on �1 integrin-mediated T cell adhesion
to VCAM-1 (the ligand for �1 integrins), primary T lymphocytes
were perfused into flow chambers coated with recombinant E-
selectin Fc fragment chimera (E-Fc) plus VCAM-1 at a shear stress of
1.2 dyn/cm2 to mimic  the process of T lymphocyte flowing through
the inflammation-activated vessels which express E-selectin and
VCAM-1. Results showed that T lymphocytes adhered to immobi-
lized VCAM-1 in the presence of immobilized E-Fc. In the control
experiments, T lymphocytes showed poor adhesion to flow cham-
bers coated with either E-Fc or VCAM-1 alone. Preincubation of
lymphocytes with CBL481 which blocks �1 integrin dramatically
inhibited the adhesion (Fig. 1A). Furthermore, we  utilized Jurkat
cell, a broadly used cell line model in the study of T cell signaling
(Abraham et al., 2004), to specify PSGL-1’s signaling role. Due to
the lack of appropriate glycosylation enzymes (Sperandio et al.,
2006), PSGL-1 on Jurkat cells cannot bind E-selectin. Therefore
we coated the chambers with KPL1 (PSGL-1 antibody) in the flow
chamber assay (Fig. 1B). While Jurkat cells poorly adhered to the
chamber coated with KPL1 or VCAM-1 alone, a significant increase
in the number of adhered Jurkat cells to chambers coated with

KPL1 plus VCAM-1 was observed (Fig. 1B). Preincubation with
CBL481 showed the similar blocking effects on the adhesion event
as observed in experiment using T lymphocytes. The combined
results suggested the existence of the signal pathway from PSGL-1
to �1 integrin-mediated T lymphocyte adhesion on activated vas-
cular endothelium.

3.2. RhoGDI2 is a novel binding partner of p85, and C-SH2 of p85
is necessary for their constitutive association

In our previous report, we demonstrated that PI3K is involved
in neutrophil rolling on E-selectin, suggesting the involvement of
p85 in PSGL-1 signaling pathways. Therefore, we investigated the
role of p85 in PSGL-1-trigered �1 integrin-mediated T lympho-
cyte adhesion. Since tyrosine-phosphorylation is a critical event
during PSGL-1 signal transduction (Hidari et al., 1997; Simon
et al., 2000; Ba et al., 2005a,b), the tyrosine phosphorylation
status of p85-immunoprecipited proteins was  examined after
PSGL-1 ligation by rotating lymphocytes on E-Fc, mIgG or KPL1.
Interestingly, we  found that PSGL-1 ligation with E-Fc induced
tyrosine-phosphorylation of p85-bound proteins; while the group
ligated with mIgG had no obvious change in phosphorylation of
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Fig. 3. p85 constitutively combines with RhoGDI2 via its C-SH2 domain. Primary T lymphocytes (A) and/or Jurkat cells (A and B) were ligated with E-Fc or KPL1. Cell lysate
was  immunoprecipitated with antibody to p85 or RhoGDI2, followed by Western blot analysis with indicated antibodies. (C) Schemata of p85 and GST-p85 or specific mutants
were  shown. (D) The amount of specific p85 subunits used in in vitro protein binding assay was shown. (E) The amount of specific GST-p85 subunits bound by His-RhoGDI2
was  detected with antibody to GST. (F) The membrane used in (E) was stripped and His-RhoGDI2 was detected with His-tag antibody. Data are representative of three
independent experiments.

the immunoprecipitation complex (Fig. 2A). This suggests that the
tyrosine-phosphorylation is the result of PSGL-1 ligation by E-
selectin rather than a side effect of IgG binding. Ligation of Jurkat
cells with KPL1 induced similar phosphorylation of the ∼23KD pro-
tein (Fig. 2A, arrow), despite differences in other phosphorylated
proteins. To address the regulation of PI3K on the tyrosine-
phosphorylation of the 23KD p85-bound protein, PI3K inhibitor
LY294002 was used before PSGL-1 ligation and immunoprecipi-
tation. Surprisingly, LY294002 did not affect the above-mentioned
tyrosine-phosphorylation, which suggests that p85 is likely behav-
ing as an adaptor protein, rather than associated with PI3K activity
(Fig. 2B). To identify the 23 KD protein, the band was  excised from
the Coomassie blue stained gel and analyzed by ESI-MS/MS. Follow-
ing tryptic in-gel digestion, the protein was identified as RhoGDI2
because the spectra of the peptide mixture contained exclusively
two peptides: K.APNVVVTR.L and K.TLLGDGPVVTDK.A, specifically
corresponding to RhoGDI2 (Fig. 2C).

To confirm whether the binding of p85 and RhoGDI2 is regu-
lated by PSGL-1 ligation, the association of p85 with RhoGDI2 was
analyzed by co-immunoprecipitation. Out of expectation, RhoGDI2

binds to p85 constitutively (Fig. 3A). Isotype IgG did not precip-
itate RhoGDI2 or p85, demonstrating the result shown here was
not due to non-specific binding in either immunoprecipitation or
Western blot assay (Figure S1). Moreover, PI3K p110 catalyze sub-
unit, which has been reported to bind p85 constitutively (Cantrell,
2001) was absent in the RhoGDI2 immunoprecipitation complex
(Fig. 3B). Combined with data in Fig. 2B, this result demonstrates
that p85-RhoGDI2’s existence is independent on PSGL-1 ligation or
PI3K activity, illustrating that RhoGDI2 is a novel partner of p85
adaptor protein.

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.biocel.
2013.09.005.

To further interpret the structural basis by which p85 and
RhoGDI2 interact with each other, different domains of p85 as indi-
cated (Fig. 3C) were expressed as GST-fusion proteins (Fig. 3D). The
amount of the GST-fusion proteins equals to that of the Coomassie
blue staining in Fig. 3C was  used for in vitro His-RhoGDI2 bind-
ing assay. The result revealed that only the p85-C-SH2 bound to
His-RhoGDI2 in vitro (Fig. 3E) when the His-RhoGDI2 was nearly
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Fig. 4. c-Abl and Src are required for PSGL-1-induced p85-bound RhoGDI2 phosphorylation. (A) Amino acid sequence of RhoGDI2 and targeted tyrosine (Y) of indicated
kinases  predicated by KinasePhos. (B) Jurkat cells were ligated with KPL1 and whole cell lysate were detected with specific tyrosine-phosphorylation antibodies. (C) Primary
T  lymphocytes or Jurkat cells were incubated with DMSO or indicated inhibitors, ligated with E-Fc or KPL1, and then immunoprecipitated with p85 antibody. PY20 was used
to  detect the tyrosine phosphorylation of RhoGDI2 (RhoGDI2-TyrP, arrow) in the p85 immunoprecipitation complex. Data shown are representative of three independent
experiments.

equal (Fig. 3E). These data demonstrate that the C-SH2 domain is
responsible for the constitutive binding of p85 to RhoGDI2.

3.3. RhoGDI2 in p85-RhoGDI2 complex is phosphorylated on
tyrosines by c-Abl and Src in response to PSGL-1 ligation

The interaction of p85 with RhoGDI2 exists constitutively, but
tyrosine-phosphorylation of the p85-bound RhoGDI2 increases
upon PSGL-1 ligation (Fig. 2A). This urged us to investigate
the ins and outs of the tyrosine-phosphorylation of the p85-
bound RhoGDI2. We  searched the possible upstream kinases by
KinasePhos (http://kinasephos.mbc.nctu.edu.tw). Results showed
that c-Abl, Src and Syk might be candidates that phosphorylate
the corresponding tyrosine residues in RhoGDI2 (Fig. 4A). Next,
we tested whether PSGL-1 stimulation could trigger the activation
of these kinases. Phosphorylations on c-Abl-412-TyrP (Pluk et al.,
2002), Src-416-TyrP (Nagata et al., 2004), and Syk-525/526-TyrP
(Zhang et al., 2000) which are required for the kinases’ activation
directly demonstrated that these kinases are activated, meeting the
preliminary requirement to phosphorylate RhoGDI2 (Fig. 4B). Addi-
tionally, validated specific inhibitors to these kinases were used
to test their role in the phosphorylation of p85-bound RhoGDI2.

Results showed that phosphorylations of the p85-bound RhoGDI2
were dramatically inhibited by c-Abl and Src inhibitors, but not
Syk inhibitor (Fig. 4C). This result demonstrates that c-Abl and Src
phosphorylate the p85-bound RhoGDI2 on 130Y and 153Y.

3.4. Phosphorylations on RhoGDI2 153Y by Src and 130Y by c-Abl
are critical for the recruitment of p85-RhoGDI2 to PSGL-1

During PSGL-1 signal transduction, signal complexes are
recruited to its cytoplasmic domain (Miner et al., 2008). This
prompted us to investigate whether the p85-RhoGDI2 complex
bound to PSGL-1 after ligation. Results revealed that PSGL-1 was
profoundly present in both p85 and RhoGDI2 immunoprecipitation
complexes after PSGL-1 ligation (Fig. 5A and B); while PSGL-1 was
absent in the immunoprecipitate with isotype IgG, precluding the
possibility of non-specific association between p85/RhoGDI2 and
PSGL-1 in the experiment (Figure S1). Since our data demonstrated
that p85-bound RhoGDI2 was  phosphorylated on specific tyrosine
by c-Abl and Src, we  asked whether the phosphorylations on 130
and 153 tyrosine residues affect the complex’s recruitment to
PSGL-1. Results showed that c-Abl and Src inhibitors significantly
reduced the amount of PSGL-1 bound to p85 and RhoGDI2 (Fig. 5C
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Fig. 5. Phosphorylations of p85-bound RhoGDI2 on 130Y and 153Y are responsible for the recruitment of p85-RhoGDI2 complex to PSGL-1. (A and B) Jurkat cells were
stimulated or not with KPL1, followed by p85/RhoGDI2 immunoprecipitation. p85/RhoGDI2 and PSGL-1 were detected. (C and D) DMSO or indicated inhibitors were
incubated with Jurkat cells before PSGL-1 ligation and indicated immunoprecipitation, and the coexistence of p85 (C) or RhoGDI2 (D) with PSGL-1 was analyzed. (E) pWPXLd-
RhoGDI2 wild type and mutants were transfected into Jurkat cells with lentiviruses. Cells were ligated with KPL1 and immunoprecipitated with GFP antibody. PSGL-1 and
p85  were detected, with GFP as a loading control. (F) Primary T lymphocytes were incubated with DMSO or indicated inhibitors before PSGL-1 ligation with E-Fc. PSGL-1
immunoprecipitation was carried out, and the presence of p85, RhoGDI2 and phosphorylated RhoGDI2 was analyzed.

and D). Additionally, different GFP-tagged-mutants to RhoGDI2
(130Y and 153Y) were delivered into cells by virus, and immuno-
precipites were obtained with GFP antibody. Probing with PSGL-1
from GFP-RhoGDI2-associated complex indicated that 153Y and
130Y are the most pivotal tyrosine residues involved in RhoGDI2
recruitment to PSGL-1 (Fig. 5E). Nevertheless, none of the mutants
showed detectable effects on the binding capability of RhoGDI2 to
p85 comparing with the wild type GFP-RhoGDI2 (Fig. 5E), confirm-
ing the constitutive binding of p85 and RhoGDI2 as shown in Fig. 3A.
Although overexpression did not compensate the endogenous
RhoGDI2 (Figure S2), we speculate that overexpressed proteins
will compete with endogenous protein to bind p85. As shown in
Fig. 5E, the mutants to RhoGDI2 have successfully competed out
the endogenous RhoGDI2 and bound to p85 with equal chance
to that of wild type RhoGDI2. Reverse immunoprecipitation with
PSGL-1 antibody carried out in primary T lymphocytes showed that
PSGL-1 bound to p85 and RhoGDI2-TyrP after PSGL-1 ligation, and
that inhibitors to c-Abl and Src reduced the recruitment of p85 and
RhoGDI2 to PSGL-1 (Fig. 5F). These data illustrate that phosphoryla-
tions of RhoGDI2 on 153Y by Src and 130Y by c-Abl are particularly
important for the recruitment of p85-RhoGDI2 to PSGL-1.

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.biocel.
2013.09.005.

3.5. Phosphorylations on RhoGDI2 130Y and 153Y by c-Abl and
Src are essential for PSGL-1-induced ˇ1 integrin-mediated
lymphocyte adhesion to VCAM-1

We  have shown above that PSGL-1 ligation induces �1
integrin-mediated T cell adhesion to VCAM-1, and that p85-
bound RhoGDI2 is phosphorylated on tyrosines by c-Abl and
Src which is critical for the recruitment of p85-RhoGDI2 to
PSGL-1. To find out the physiological contribution of phos-
phorylations on the newly found p85-RhoGDI2 complex to
�1 integrin-mediated adhesion, primary T lymphocytes were
preincubated with inhibitors to c-Abl, Src or Syk in the flow
chamber assay. STI571 and PP2 significantly reduced the num-
ber of adhered T lymphocytes on VCAM-1 (Fig. 6A). After p85
and RhoGDI2 were silenced separately with specific shRNAs, we
found that Jurkat cells transfected with RhoGDI2 Sh2 and/or
p85 Sh2 showed significantly less adhesion to VCAM-1, com-
paring with the cells transfected with control shRNA (Fig. 6B).
Correspondingly, PSGL-1-induced adhesion to VCAM-1 was  also
reduced in Jurkat cells over-expressing RhoGDI2 130F and 153F,
comparing with RhoGDI2 WT  group (Fig. 6C). All these data
clearly demonstrate that p85 and RhoGDI2 are required for
PSGL-1-induced �1 integrin-mediated T cell adhesion to immobi-
lized VCAM-1.
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Fig. 6. c-Abl and Src are responsible for the PSGL-1-induced �1 integrin-mediated adhesion to VCAM-1. (A) Flow chambers were coated with E-Fc plus VCAM-1. Isolated T
lymphocytes were pre-incubated with indicated inhibitors or DMSO before perfusion. (B and C) shRNA to p85 and RhoGDI2, RhoGDI2 WT,  130F and 153F were transfected
into  Jurkat cells and flow chamber assay was  conducted. Each experiment was  repeated three times. ##p < 0.01 vs positive control.

4. Discussion

Taken together, we here discovered a novel complex, p85-
RhoGDI2. Its central role in the signaling pathway from PSGL-1 to
�1 integrin involves tightly regulated phosphorylation. In response
to PSGL-1 ligation with KPL1 or E-Fc, RhoGDI2 in the complex
is phosphorylated on 130Y and 153Y by c-Abl and Src, leading
to the complex’s recruitment to PSGL-1. Afterwards, �1 integrin
affinity to immobilized VCAM-1 is increased and lymphocyte adhe-
sion to VCAM-1 is increased (Fig. 7, solid arrow). We  showed a
possibility that c-Abl and Src play roles in �1-integrin-mediated
binding to VCAM-1 by phosphorylations on 130 and 153 tyrosine
residues of p85-bound RhoGDI2. However we do not deny the pos-
sibility that c-Abl and Src also function independently to activate
�1 integrin (Fig. 7, dash arrow). Similarly, although we  cannot
exclude the possibility that p85 and RhoGDI2 also function indi-
vidually to regulate �1-integrin-mediated binding to VCAM (Fig. 7,
dash arrow), we do find that phosphorylations on the p85-bound
RhoGDI2 by c-Abl and Src are essential for PSGL-1-induced �1-
integrin-mediated lymphocyte adhesion to VCAM, considering the
reduction in lymphocyte adhesion to VCAM-1 in the flow cham-
ber assays with RhoGDI2 130F or 153F over-expressing Jurkat cells
(Fig. 6C).

Results in Fig. 3A showed no change in the binding
between p85 and RhoGDI2 upon PSGL1 ligation, suggesting
the p85-RhoGDI2 complex exists constitutively, independent of
PSGL-1 ligation. PSGL1 ligation induces RhoGDI2 phosphorylation

Fig. 7. A diagram of the signal transduction pathway induced by PSGL-1 involves
p85-RhoGDI2 complex and upstream kinases, which lead to �1 integrin-mediated
T  lymphocyte adhesion to VCAM-1.
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(Figs. 2A, B, 4C and 5F) and that tyrosine-phosphorylation of
RhoGDI2 controls binding to PSGL-1 (Fig. 5D–F); however, tyr(P)
of RhoGDI2 did not affect its binding to p85 (Fig. 4C and 5E), con-
firming the constitutive existence of p85-RhoGDI2 complex. Fig. 5F
demonstrated that tyrosine-phosphorylation of the p85 bound
RhoGDI2 affects the binding of both p85 and tyr(P)-RhoGDI2 itself
to PSGL-1, which revealed that although p85-RhoGDI2 complex
exists constitutively, its involvement in PSGL-1 signal transduc-
tion depends on specific tyr-phosphorylation on RhoGDI2. We
also found that RhoGDI2 was phosphorylated by Syk as previously
reported (Wu et al., 2009) (Figs. S3 and 7, solid arrow). However,
the tyr-phosphorylation of p85-bound RhoGDI2 was  not affected by
Syk inhibitor (Fig. 4C), indicating that p85-bound RhoGDI2 is dif-
ferent from free RhoGDI2 or RhoGDI2 in other protein complexes,
probably because p85 binding hides the structure of RhoGDI2
which is recognized by Syk. This leads to the failure of Piceatannol
to inhibit p85-RhoGDI2’s recruitment to PSGL-1 (Fig. 5F) and PSGL-
1-induced integrin-mediated lymphocyte adhesion to VCAM-1
(Fig. 6A). Although, we cannot exclude the possibility as demon-
strated by Wu et al. that Src may  also phosphorylate RhoGDI2 on
24Y, based on our result (Fig. 6A and C), phosphorylation on 24Y
alone was obviously not sufficient to function in the signal pathway
from PSGL-1 to �1 integrin.

Supplementary material related to this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.biocel.
2013.09.005.

Although p85 and RhoGDI2 have been reported to regulate
the activity of PI3K (Cantrell, 2001) and Rho GTPases individ-
ually (Garcia-Mata et al., 2011), it is not surprising that we
detected RhoGDI2 in the p85 immunoprecipitation complex.
Previous reports have demonstrated that p85 can generate PI3K-
independent intracellular signals in the regulation of T-cell function
(Kang et al., 2002). It has also been widely accepted that p85 can
function as an adapter protein by forming complex with other
proteins, such as Rac, Lck and Fyn (Reynolds et al., 2002; Prasad
et al., 1993; Pleiman et al., 1994). Similarly, we demonstrated here
that p85 C-SH2 binds to RhoGDI2 (Fig. 3C). The consensus bind-
ing sequence of C-SH2 domain of p85 is YXXM. However, other
non-consensus sequences, such as YVHV and YVNV of the HGF/SF
receptor (Ponzetto et al., 1993), YLVL of the EPO receptor (He et al.,
1993), and YVNT of Tie2 (Kontos et al., 1998) have been identified.
RhoGDI2 contains one YEFL sequence (Fig. 4A). So it may  well be
recognized and bound by p85 C-SH2 to this sequence. Since we
have found that p85-RhoGDI2 is required for PSGL-1-induced �1
integrin-mediated lymphocyte adhesion to VCAM-1, novel anti-
inflammation drugs targeting RhoGDI2 YEFL or p85 C-SH2 may  be
designed.

To bind ligands, integrins must be activated appropriately and
the integrin activation involves both changes in conformation that
increase ligand binding affinity and clustering that is dependent on
rearrangement of the actin cytoskeleton (Kucik et al., 1996; Bazzoni
and Hemler, 1998; Medeiros et al., 2005). The typical function of
RhoGDI2 is to negatively regulate the activities of Rho GTPases by
maintaining Rho GTPases in an inactive GDP-bound form (Garcia-
Mata et al., 2011). Rho GTPases, such as Rac1, RhoA and Cdc42, are
the key regulators of cytoskeleton (Spiering and Hodgson, 2011).
Therefore, we speculate that PSGL-1-induced signals may  prevent
RhoGDI2 binding to Rho GTPase directly or indirectly. Our specula-
tion is supported by the reports that phosphorylation of RhoGDI2
by Src decreases its association with Rac1 (Wu  et al., 2009), and
phosphorylation by PKC-alpha signals to Rho activation (Mehta
et al., 2001). Phosphorylations on 130Y and 153Y are crucial for the
recruitment of p85-RhoGDI2 to PSGL-1 (Fig. 5), and these phospho-
rylations might be the driving force for RhoGDI2 to dissociate from
Rho GTPases and regulate PSGL-1-induced �1 integrin activation in
T lymphocytes.

Integrins on the surface of lymphocytes undergo dynamic
changes in adhesive activity after stimulation through the T cell
receptor (Kliche et al., 2006; Woods et al., 2001), L-selectin (Giblin
et al., 1997), or chemokine receptors (Alon and Ley, 2008; Zarbock
et al., 2007). Inside-out signaling molecules that activate integrins
should fulfil three criteria. First, signal molecules should up-
regulate the integrin-mediated adhesion. Second, these molecules
should directly associate with integrins or be involved indirectly
in a signaling cascade that associate with integrin activation. Third,
these molecules should require physiological stimuli to trigger their
activation of integrins (Kinashi, 2005). Here we  use E-selectin as
the physiological ligand for PSGL-1. We  show that PSGL-1-induced
phosphorylations mediated by c-Abl and Src lead to p85-RhoGDI2
binding to PSGL-1 and regulate �1 integrin-mediated lymphocyte
adhesion to VCAM-1 (Figs. 2–6). Therefore our data may suggest
that PSGL-1 is a new transmembrane receptor that induces inside-
out signaling to regulate lymphocyte �1 integrin activation, or at
least, �1 integrin affinity to VCAM-1.
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