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Platelet endothelial cell adhesion molecule 1 (PECAM-1) is a
cell adhesion protein involved in the regulation of cell adhesion
and migration. Interestingly, several PECAM-1–deficient hemato-
poietic cells exhibit impaired chemotactic responses to stromal
cell-derived factor 1 (SDF-1), a chemokine essential for B lym-
phopoiesis and bone marrow myelopoiesis. However, whether
PECAM-1 is involved in SDF-1–regulated chemotaxis is unknown.
We report here that SDF-1 induces tyrosine phosphorylation of
PECAM-1 at its immunoreceptor tyrosine-based inhibition motifs
in several hematopoietic cell lines via the Src family kinase Lyn,
Bruton’s tyrosine kinase, and JAK2 and that inhibition of these
kinases reduced chemotaxis. Overexpression and knockdown of
PECAM-1 enhanced and down-regulated, respectively, SDF-1–
induced G�i-dependent activation of the PI3K/Akt/mTORC1
pathway and small GTPase Rap1 in hematopoietic 32Dcl3 cells,
and these changes in activation correlated with chemotaxis. Fur-
thermore, pharmacological or genetic inhibition of the PI3K/Akt/
mTORC1 pathway or Rap1, respectively, revealed that these path-
ways are independently activated and required for SDF-1–induced
chemotaxis. When coexpressed in 293T cells, PECAM-1 physically
associated with the SDF-1 receptor CXCR4. Moreover, PECAM-1
overexpression and knockdown reduced and enhanced SDF-1–
induced endocytosis of CXCR4, respectively. Furthermore, when
expressed in 32Dcl3 cells, an endocytosis-defective CXCR4
mutant, CXCR4-S324A/S325A, could activate the PI3K/Akt/
mTORC1 pathway as well as Rap1 and induce chemotaxis in a
manner similar to PECAM-1 overexpression. These findings sug-
gest that PECAM-1 enhances SDF-1–induced chemotaxis by aug-
menting and prolonging activation of the PI3K/Akt/mTORC1
pathway and Rap1 and that PECAM-1, at least partly, exerts its
activity by inhibiting SDF-1–induced internalization of CXCR4.

Stromal cell-derived factor 1 (SDF-1),2 also known as
CXCL12, is a chemokine constitutively expressed in the bone

marrow stromal cells and has been demonstrated to be indis-
pensable for B lymphopoiesis and bone marrow myelopoiesis
by knock-out studies of this chemokine or its seven-transmem-
brane G-protein-coupled receptor CXCR4 in mice (1–3). In
addition to its well established roles in chemotaxis and homing
of hematopoietic cells to the bone marrow, SDF-1 may promote
hematopoiesis synergistically with other cytokines by mainly
enhancing survival of hematopoietic progenitors. CXCR4
mainly couples with the G�i subunit of the heterotrimeric G
protein complex, which dissociates from the receptor to inhibit
adenylyl cyclase activity and triggers activation of the PI3K/Akt
and MEK/ERK signaling pathways upon stimulation with
SDF-1 (2). SDF-1 also activates the Rho family small GTPases,
such as Rho, Rac, and Cdc42, and the Ras family small GTPases,
such as Ras and Rap1 (4–8). It has also been reported that several
tyrosine kinases, such as BTK, the Src family tyrosine kinase
Lyn, and the JAK family tyrosine kinase JAK2, are coupled with
CXCR4 and activated upon SDF-1 stimulation to mediate acti-
vation of intracellular signaling (2, 9 –13). However, how these
G�i-dependent as well as presumably G�i-independent signal-
ing events are interconnected and collaboratively lead to SDF-
1–induced migration of cells has remained to be clarified and
may depend on cellular contexts. Upon ligand binding, CXCR4
is rapidly internalized by endocytosis, which is regulated by
phosphorylation of serine residues in the C-terminal cytoplas-
mic tail and attenuates activation of intracellular signaling.
Germinal mutations that truncate or alter the C-terminal
region containing these serine residues cause a prolonged acti-
vation of CXCR4, leading to retention of myeloid cells to the
bone marrow in warts, hypogammaglobulinemia, infection,
and myelokathexis (WHIM) syndrome (2, 3). Recently, similar
somatic mutations have been found in about 30% of patients with
Waldenström’s macroglobulinemia (14) and implicated in pro-
gression and therapy resistance of this low-grade lymphoma.

Platelet endothelial cell adhesion molecule 1 (PECAM-1) or
CD31 is a 130-kDa glycoprotein member of the immunoglob-
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ulin superfamily of type I transmembrane cell adhesion mole-
cules and is expressed on endothelial cells and various hemato-
poietic cells (15, 16). The cytoplasmic domain of PECAM-1
contains two immunoreceptor tyrosine-based inhibition motifs
(ITIMs) that encompass Tyr663 and Tyr686, which become
tyrosine-phosphorylated mainly by the Src family tyrosine
kinases in response to various stimuli to recruit several SH2-
domain containing signaling molecules, such as the protein-
tyrosine phosphatase SHP2 and the Src family tyrosine kinases.
Through binding with these and various other signaling mole-
cules, PECAM-1 plays important roles in modulation of intra-
cellular signaling mechanisms, including activation of the
PI3K/Akt pathway and Rap1 (17–19), to regulate a variety of
cellular events, such as cell adhesion, through integrin activa-
tion, chemotaxis, and apoptosis (15, 16). We have previously
found that PECAM-1 is tyrosine-phosphorylated by the leuke-
mogenic BCR/ABL fusion tyrosine kinase in hematopoietic
cells, including primary Ph-positive acute lymphoblastic leuke-
mia cells and transformed chronic myeloid leukemia cells, and
implicated its roles in regulation of cell adhesion and apoptosis
in response to the tyrosine kinase inhibitor imatinib (20). How-
ever, although PECAM-1 has been reported to be expressed
also on various other types of leukemias, such as acute myeloid
leukemia (AML) (21) and chronic lymphoid leukemia (22), its
clinical relevance has remained controversial. The hematopoi-
etic cytokine IL-3 has been shown to induce tyrosine phosphor-
ylation of PECAM-1 in hematopoietic cells (23). Nevertheless,
its significance in the signal transduction mechanisms by
which IL-3 regulates proliferation and apoptosis of cells
has remained unknown. Intriguingly, PECAM-1– deficient
murine hematopoietic cells, including progenitor cells,
megakaryocytes, and T-cells, showed an impairment in che-
motactic response to SDF-1 (24, 25). However, whether and
how PECAM-1 is involved in SDF-1/CXCR4 –mediated sig-
naling mechanisms regulating chemotaxis have yet to be
elucidated.

In the present study, we show that PECAM-1 becomes
tyrosine-phosphorylated on its ITIMs upon SDF-1 stimulation
in various hematopoietic and leukemic cell lines. Furthermore,
overexpression or knockdown of PECAM-1 in hematopoietic
32Dcl3 cells enhanced or down-regulated, respectively, SDF-1–
induced activation of the PI3K/Akt/mTORC1 pathway and
Rap1, which was required for and correlated with chemotaxis.
Moreover, PECAM-1 was shown to associate physically with
CXCR4 when coexpressed in 293T cells and was found to be
colocalized with CXCR4 in 32Dcl3 cells. Furthermore, expres-
sion levels of PECAM-1 in 32Dcl3 cells negatively correlated
with the SDF-1–induced down-regulation of the cell surface
expression levels of CXCR4. Finally, an endocytosis-defective
CXCR4 mutant, CXCR4-S324A/S325A (CXCR4-SA), mim-
icked PECAM-1 overexpression with its enhanced activities to
activate the PI3K/Akt/mTORC1 pathway as well as Rap1 and to
induce chemotaxis. These data suggest that PECAM-1 may
enhance CXCR4-mediated chemotactic signaling pathways
involving PI3K/Akt/mTORC1 and Rap1, at least partly, by
inhibiting internalization of CXCR4.

Results

PECAM-1 becomes tyrosine-phosphorylated on ITIMs by SDF-1
stimulation in hematopoietic cells

It has been reported that the hematopoietic cytokine IL-3
induces tyrosine phosphorylation of PECAM-1 in hematopoi-
etic cells (23). However, whether chemokine SDF-1 also
induces tyrosine phosphorylation of PECAM-1 is unknown.
Thus, to address the possible involvement of PECAM-1 in SDF-
1/CXCR4 signaling, we first examined whether SDF-1 induces
tyrosine phosphorylation of PECAM-1. SDF-1 induced a tran-
sient tyrosine phosphorylation of PECAM-1 in murine hema-
topoietic 32Dcl3 cells, which was observed more rapidly than
that induced by IL-3 and correlated with the time courses of
activation of intracellular signaling induced by SDF-1 and IL-3
(Fig. 1, A–D). SDF-1–induced tyrosine phosphorylation of
PECAM-1 was confirmed also in murine BaF3 cells and human
leukemic cell lines UT7 and U937 (Fig. 1, E–G). These data
suggest that PECAM-1 may be directly involved in SDF-1/
CXCR4 signaling in hematopoietic cells.

To determine the sites of tyrosine phosphorylation of
PECAM-1 induced by SDF-1, we overexpressed human wild-
type PECAM-1 (PECAM-1-WT) or the mutant PECAM-1
(PECAM-1-Mut) with Y663F and Y686F mutations introduced
into both ITIMs (26, 27) in 32Dcl3 cells. When immunoprecipi-
tated with an antibody reactive with both murine and human
PECAM-1, PECAM-1 was found to be constitutively tyrosine-
phosphorylated in cells overexpressing PECAM-1-Mut with
increases in phosphorylation observed after stimulation with
SDF-1 or IL-3 (Fig. 1H). However, when human PECAM-1-WT
or PECAM-1-Mut was selectively immunoprecipitated with an
antibody specific for human PECAM-1, it was revealed that
PECAM-1-Mut was not tyrosine-phosphorylated with or with-
out stimulation (Fig. 1I). In contrast, human PECAM-1-WT
overexpressed in 32Dcl3 cells was rather heavily tyrosine-phos-
phorylated before stimulation with a modest increase in phos-
phorylation after stimulation with SDF-1 or IL-3. We next
examined SDF-1–induced tyrosine phosphorylation of endog-
enous PECAM-1 in cells overexpressing human PECAM-
1-WT or PECAM-1-Mut by immunoprecipitating murine
PECAM-1 selectively using a species-specific antibody. Intrigu-
ingly, SDF-1–induced tyrosine phosphorylation was enhanced
or diminished in cells overexpressing PECAM-1-Mut or
PECAM-1-WT, respectively, in repeated experiments (Fig. 1J
and data not shown). These data indicate that SDF-1 as well as
IL-3 induces tyrosine phosphorylation of PECAM-1 exclusively
in the ITIMs and that overexpression of PECAM-1-Mut
enhances SDF-1–induced tyrosine phosphorylation on these
motifs in endogenous PECAM-1.

Lyn, BTK, and JAK2 may be involved in tyrosine
phosphorylation of the ITIMs in PECAM-1 and in migration of
hematopoietic cells induced by SDF-1

We next examined the tyrosine kinases involved in phosphor-
ylation of PECAM-1 on the ITIMs upon stimulation by SDF-1
in hematopoietic cells. In this regard, previous studies have
shown that the Src family tyrosine kinases, including Lyn, as
well as BTK and JAK2 are involved in signaling from the SDF-1
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receptor CXCR4 (2, 9 –13). As shown in Fig. 2A, we confirmed
that SDF-1 induced activation-specific tyrosine phosphoryla-
tion of Lyn and BTK in 32Dcl3 cells. Previous studies have
repeatedly demonstrated that SDF-1 induces activation of
JAK2 in hematopoietic cells (2, 9, 10, 13), although we failed to
demonstrate its activation by SDF-1 stimulation using an acti-
vation-specific antibody, possibly because of its low sensitivity
of detection. Thus, we examined the possible involvement of
these kinases using their specific inhibitors. As shown in Fig.
2B, the Src family kinase inhibitor dasatinib or the BTK inhib-
itor ibrutinib abolished SDF-1–induced as well as basal tyrosine
phosphorylation of PECAM-1 in 32Dcl3 cells. In contrast, the
JAK family kinase inhibitor ruxolitinib partly inhibited SDF-1–
induced tyrosine phosphorylation of PECAM-1 in these cells.

Previous studies have shown that Lyn and BTK phosphory-
late PECAM-1 on the ITIMs (15, 28). We have also previously
shown that Lyn phosphorylates PECAM-1-WT but not
PECAM-1-Mut when coexpressed transiently in 293T cells
(20). Thus, to confirm that BTK phosphorylates PECAM-1 in

the ITIMs and to examine whether JAK2 similarly phosphory-
lates PECAM-1, we overexpressed BTK or JAK2 along with
PECAM-1 in 293T cells. As expected, BTK induced tyrosine
phosphorylation of PECAM-1-WT but not PECAM-1-Mut
(Fig. 2C). JAK2 similarly induced tyrosine phosphorylation of
PECAM-1-WT but not its mutant (Fig. 2C and data not shown).
Interestingly, the constitutively activated JAK2-V617F mutant,
implicated in pathogenesis of myeloproliferative neoplasms
(29), physically associated with PECAM-1 much more strongly
than wild-type JAK2 and induced a robust tyrosine phosphor-
ylation of PECAM-1-WT but not PECAM-1-Mut. In accord-
ancewiththis,PECAM-1wasconstitutively tyrosine-phosphor-
ylated along with a well established substrate of JAK2, STAT5,
in 32D/EpoR cells expressing JAK2-V617F or in human leuke-
mic PVTL-2 cells expressing this mutant, and this was inhibited
by ruxolitinib (Fig. 2, D and E). Together, these results suggest
that JAK2 as well as Lyn and BTK may be involved in tyrosine
phosphorylation of PECAM-1 in the ITIMs in hematopoietic
cells stimulated with SDF-1.

Figure 1. SDF-1 induces tyrosine phosphorylation of PECAM-1 on ITIMs in various hematopoietic cell lines. A and B, 32Dcl3 cells were starved of IL-3 for
4 h and left unstimulated or stimulated with 50 ng/ml SDF-1 or 10 ng/ml IL-3 for the indicated times. Cells were lysed and subjected to immunoprecipitation
(IP) using antibody for PECAM-1 followed by immunoblot analysis with anti-phosphotyrosine (P-Tyr) and anti-PECAM-1 as indicated. Positions of PECAM-1 are
indicated by asterisks. C and D, 32Dcl3 cells, starved of IL-3 for 12 h, were stimulated with 50 ng/ml SDF-1 or 10 ng/ml IL-3 for the indicated times. Cells were
lysed and subjected to immunoblot analysis with antibodies against the indicated proteins. HSP90 was used as a loading control. Akt-PT, phospho-Thr308-Akt;
Erk-P, phospho-Thr202/Tyr204-ERK. E, Baf3 cells, starved of IL-3 for 12 h, were left unstimulated or stimulated with 50 ng/ml SDF-1 for 1 min as indicated. Cell
lysates were subjected to immunoprecipitation using antibody specific for murine PECAM-1 (mPECAM-1) and analyzed as in A. F, UT7 cells, starved of Epo for
4 h, were left unstimulated or stimulated with 50 ng/ml SDF-1 for 1min as indicated and analyzed. G, U937 cells were stimulated with 50 ng/ml SDF-1 for the
indicated times and subjected to immunoprecipitation using antibody specific for human PECAM-1 (hPECAM-1) for immunoblot analysis. Relative levels of
tyrosine-phosphorylated PECAM-1 were determined by densitometric analysis and are shown below the panel. H and I, 32Dcl3 cells overexpressing human
PECAM-1-WT (WT) or human PECAM-1-ITIM(�) mutant (Mut) were starved of IL-3 for 4 h. Cells were stimulated with 50 ng/ml SDF-1 for 1 min, 10 ng/ml IL-3 for
5 min, or left unstimulated as indicated. Lysates were immunoprecipitated using antibody that reacts with both human and murine PECAM-1 (PECAM-1;
SC-1506) or specific for human PECAM-1 (hPECAM-1; CS-3528) as indicated and analyzed using the antibodies indicated. J, 32Dcl3 cells overexpressing human
PECAM-1-WT (WT) or human PECAM-1-ITIM(�) mutant (Mut) as well as vector control cells (Con.) were starved of IL-3 for 4 h. Cells were stimulated with 50 ng/ml
SDF-1 for 1 min or left unstimulated as indicated. Lysates were immunoprecipitated using antibody that reacts specifically with murine PECAM-1 (mPECAM-1;
SC-18916) or human PECAM-1 (hPECAM-1; CS-3528) as indicated and analyzed using the antibodies indicated. All the data shown are representative of
experiments repeated at least three times with the exception of those shown in F, G, I, and J, which are representative of two repeated experiments.
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To explore the roles of these kinases as well as the possible
involvement of PECAM-1 phosphorylation in SDF-1–induced
chemotactic signaling, we next examined the effects of rux-
olitinib, dasatinib, and ibrutinib on migration of 32Dcl3 cells
induced by SDF-1. Under the conditions where numbers of
migrated cells were negligible in the absence of SDF-1 (data not
shown), pretreatment of 32Dcl3 cells with these inhibitors sig-
nificantly reduced numbers of migrated cells induced by SDF-1
(Fig. 2F). These results suggest that JAK2, Lyn, and BTK may be
involved in SDF-1/CXCR4 signaling leading to chemotaxis and
raise the possibility that PECAM-1 and its phosphorylation by
these kinases may also be involved in the signaling mechanisms.

Finally, we examined whether these kinases were activated
downstream of G�i to induce tyrosine phosphorylation of
PECAM-1. As shown in Fig. 2G, SDF-1–induced tyrosine phos-
phorylation of PECAM-1 was not inhibited by the G�i-specific
inhibitor pertussis toxin (PTX), thus indicating that it was not
mediated through G�i. To explore the possible involvement of
atypical chemokine receptor 3 (ACKR3; previously named
CXCR7), which binds to SDF-1 and is known to mediate signal
in a G protein-independent manner or to modulate CXCR4
signaling (2) in the G�i-independent induction of PECAM-1
phosphorylation, we examined the expression of ACKR3 in the
cells used in the present study. In accordance with a previous
report (30), ACKR3 was detected by flow cytometry at high
levels in most of the T-cell acute lymphoblastic leukemia Jurkat
cells (Fig. 2H). In contrast, ACKR3 could not be detected in
BaF3 cells, in agreement with a previous report (31), whereas
ACKR3 was detected at low levels in a portion of 32Dcl3 cells.
Nevertheless, SDF-1 induced tyrosine phosphorylation of
PECAM-1 in a G�i-independent manner in BaF3 cells, and this
was inhibited by the same tyrosine kinase inhibitors as in
32Dcl3 cells (Fig. 2, I and J). Furthermore, activation of BTK and
Lyn induced by SDF-1 in BaF3 cells was not inhibited by PTX
(Fig. 2, K and L). Together, these results suggest that SDF-1

induces tyrosine phosphorylation of PECAM-1 through
CXCR4 but not ACKR3 by activating BTK, Lyn, and probably
JAK2 in a G�i-independent manner.

PECAM-1 may play a role in SDF-1–induced chemotaxis by
enhancing activation of the PI3K/Akt/mTORC1 pathway

To explore further the possibility that PECAM-1 may play a
role in SDF-1/CXCR4 signaling leading to chemotaxis, we next
examined the effects of modulation of PECAM-1 expression on
SDF-1–induced migration. As shown in Fig. 3, A–C, the expres-
sion level of PECAM-1 was remarkably decreased by retrovirus
vector-mediated introduction of PECAM-1 shRNA into 32Dcl3
cells, which also reduced SDF-1–induced migration of these
cells. In contrast, SDF-1–induced migration of 32Dcl3 cells was
significantly enhanced by overexpression of human PECAM-
1-WT and, to a lesser extent, by that of PECAM-1-Mut (Fig. 3,
D–F). These results strongly support the idea that PECAM-1
may be involved in modulation of SDF-1/CXCR4 signaling
leading to chemotaxis.

To explore which signaling pathways activated downstream
of CXCR4 are involved in enhancement of chemotaxis by
PECAM-1, we first examined the effects of PECAM-1 knock-
down on activation of the PI3K/Akt/mTOR and MEK/ERK sig-
naling pathways, which have been implicated in chemotactic
signaling from CXCR4 (2, 3). As shown in Fig. 3G, SDF-1–
induced activation-specific phosphorylation of Akt on Thr308

as well as Ser473 was slightly decreased and less sustained in
32Dcl3 cells when PECAM-1 was knocked down. In accord-
ance with this, knockdown of PECAM-1 significantly inhibited
SDF-1–induced activation of mTORC1 as judged by specific
phosphorylation of its substrates (p70S6K and 4EBP-1) as well
as its downstream signaling molecule (S6RP). In contrast, acti-
vation of the MEK/ERK pathway, as judged by activation-spe-
cific phosphorylation of ERK and its downstream signaling ele-
ment p90Rsk, was not apparently affected by knockdown of

Figure 2. SDF-1 induces tyrosine phosphorylation of PECAM-1 through Lyn, BTK, and JAK2 in a G�i-independent manner. A, 32Dcl3 cells, starved of IL-3
for 4 h, were stimulated with 50 ng/ml SDF-1 for 1min or left unstimulated as indicated and lysed in radioimmune precipitation assay buffer. Lysates were
subjected to immunoblot analysis using antibodies against the indicated proteins. Lyn-PY, phospho-Tyr396-Lyn; BTK-PY, phospho-Tyr223-BTK. B, 32Dcl3 cells,
starved of IL-3 for 4 h, were left untreated or treated with 2 �M ruxolitinib (R), 20 nM dasatinib (D), or 5 �M ibrutinib (I) as indicated for 30 min. Cells were then
stimulated for 1 min with 50 ng/ml SDF-1 or left unstimulated as indicated and analyzed. Positions of PECAM-1 are indicated by asterisks. C, 293T cells were
transfected with plasmids coding for JAK2 wild type (W), JAK2-V617F (V), and BTK as well as PECAM-1-WT (W) or PECAM-1-Mut (M) as indicated. Anti-PECAM-1
immunoprecipitates and total cell lysates were subjected to immunoblot analysis using the indicated antibodies. HSP90 was used as a loading control. Arrows
indicate positions of JAK2. Positions of molecular weight markers are also indicated. D, 32DE/JAK2-V617F cells were cultured for 6 h with or without 3 �M

ruxolitinib. Cells were lysed and subjected to immunoprecipitation (IP) using antibody for PECAM-1 followed by immunoblotting with the indicated antibodies
(upper panel). Total cell lysates were also subjected to immunoblot analysis with antibodies against the indicated proteins (lower panel). STAT5-PY, anti-
phospho-Tyr694-STAT5. E, PVTL-2 cells were cultured with or without 2 �M ruxolitinib for 6 h (upper panel) or 1.5 �M ruxolitinib for 16 h (lower panel) and
analyzed. F, 32Dcl3 cells were starved of IL-3 and cultured for 4 h in migration medium. Cells were then treated for 1 h with 1 �M ruxolitinib (R), 50 nM dasatinib
(D), or 2 �M ibrutinib (I) or left untreated (�) as a control and subjected to chemotaxis assay with 100 ng/ml SDF-1. Relative chemotaxis was calculated by
dividing the percentage of migrated cells pretreated with inhibitors by that of control cells. The data represent the mean of triplicates, and the asterisks indicate
statistically significant (p � 0.05) differences compared with control by Student’s t test. Error bars represent S.D. G, 32Dcl3 cells, starved of IL-3 for 4 h, were
treated with 100 ng/ml PTX for 90 min or left untreated as indicated. Cells were then stimulated with 50 ng/ml SDF-1 for 1 min or left unstimulated as indicated
and analyzed by immunoprecipitation with antibody for PECAM-1 (PECAM-1) and immunoblotting using the indicated antibodies. H, Jurkat, 32Dcl3, or BaF3
cells as indicated were starved in serum-free medium, and surface expression levels of ACKR3 were analyzed by flow cytometry. I, BaF3 cells, starved of IL-3 for
14 h, were treated with 100 ng/ml PTX for 60 min or left untreated as indicated. Cells were then stimulated with 50 ng/ml SDF-1 for 1 min or left unstimulated
as indicated and analyzed. Anti-PECAM-1 immunoprecipitates and total cell lysates, shown above or below a horizontal line, respectively, were subjected to
immunoblot analysis using the indicated antibodies. Akt-PT, phospho-Thr308-Akt. J, BaF3 cells, starved of IL-3 for 14 h, were left untreated or treated with 2 �M

ruxolitinib (R), 20 nM dasatinib (D), or 5 �M ibrutinib (I) as indicated for 60 min. Cells were then stimulated for 1 min with 50 ng/ml SDF-1 or left unstimulated as
indicated and analyzed. K, BaF3 cells, starved of IL-3 for 14 h, were treated with 100 ng/ml PTX for 60 min or left untreated as indicated. Cells were then
stimulated with 50 ng/ml SDF-1 for 1 min or left unstimulated as indicated and analyzed. Relative levels of phosphorylation of BTK on Tyr223 were determined
by densitometric analysis and are shown below the panel. Rsk-PS, phospho-Ser380-p90Rsk. L, BaF3 cells, starved of IL-3 for 3 h, were treated with 100 ng/ml PTX
for 90 min or left untreated as indicated. Cells were then stimulated with 50 ng/ml SDF-1 for 1 min or left unstimulated as indicated and lysed in 1� Laemmli
sample buffer to be analyzed. Relative levels of phosphorylation of Lyn on Tyr396 were determined by densitometric analysis and are shown below the panel.
All the data shown are representative of experiments repeated at least three times with the exception of those shown in B, D, G, J, and K, which are
representative of two repeated experiments. Cont., control; p-Tyr, phosphotyrosine; PY, phosphotyrosine; TKI, tyrosine kinase inhibitor; TCL, total cell lysate.
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PECAM-1. Consistent with these results, overexpression of
PECAM-1-WT as well as PECAM-1-Mut enhanced SDF-1–
induced activation of Akt and p70S6K (Fig. 3H). These data
indicate that PECAM-1 may play a role in enhancement of the
PI3K/Akt/mTORC1 pathway in these cells.

To examine whether the PI3K/Akt/mTORC1 pathway is
involved in SDF-1–induced chemotaxis in 32Dcl3 cells, we next
examined the effects of inhibitors for this pathway on che-
motaxis. As shown in Fig. 3I, SDF-1–induced chemotaxis was
inhibited by treatment with GDC-0941 (PI3K class IA inhibi-

tor), rapamycin (mTORC1 inhibitor), and PP242 (mTORC1
and mTORC2 inhibitor) as well as PTX (G�i inhibitor) in
32Dcl3 cells. We also confirmed that, under these conditions,
rapamycin abolished SDF-1–induced activation of p70S6K
without affecting activation of Akt and only slightly reducing
the phosphorylation of 4EBP-1 in 32Dcl3 cells and that PP242
abolished phosphorylation of p70S6K and 4EBP-1 by mTORC1
as well as that of Akt on Ser473 by mTORC2 (Fig. 3J). Thus,
rapamycin inhibited SDF-1–induced activation of mTORC1
and chemotaxis without affecting mTORC2 activation. Con-
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versely, none of the inhibitors for tyrosine kinases involved in
PECAM-1 phosphorylation significantly inhibited SDF-1–
induced activation of the PI3K/Akt/mTORC1 pathway (Fig.
3K). Taken together, these results suggest that PECAM-1 may
play a role in SDF-1–induced chemotaxis by enhancing activa-
tion of the PI3K/Akt/mTORC1 pathway independently of acti-
vation of the tyrosine kinases.

Rap1 but not Rac1 may mediate enhancement of SDF-1–
induced chemotaxis by PECAM-1 independently of the PI3K/
Akt pathway

We have previously demonstrated that SDF-1 activates the
Ras and Rho family GTPases Rap1 and Rac, respectively, which
play important roles in regulation of chemotaxis, in 32Dcl3 cells
(6, 7). Thus, to gain further insight into the mechanisms by
which PECAM-1 enhances SDF-1–induced chemotaxis, we
analyzed possible effects of PECAM-1 on SDF-1–induced acti-
vation of Rap1 and Rac. The affinity purification assays using
specific probes revealed that knockdown of PECAM-1 reduced
SDF-1–induced Rap1 activation in 32Dcl3 cells but enhanced
the Rac activation (Fig. 4, A and B). Consistent with this, over-
expression of PECAM-1-WT as well as PECAM-1-Mut
enhanced or reduced SDF-1–induced activation of Rap1 or Rac,
respectively (Fig. 4, C and D). Thus, the level of Rap1 activation
induced by SDF-1 correlated with the expression level of
PECAM-1 as well as SDF-1–induced chemotaxis, which sug-
gests that Rap1 may be involved in enhancement of chemotac-
tic response to SDF-1 by PECAM-1. In contrast, the level of
SDF-1–induced Rac activation inversely correlated with that of
PECAM-1 expression as well as chemotactic response.

To confirm the role of Rap1 activation in SDF-1–induced
chemotactic response and to examine the possible interaction
between the activation mechanisms of Rap1 and the PI3K/Akt/
mTORC1 pathway, we overexpressed SPA-1, a specific
GTPase-activating protein for Rap1, to inhibit Rap1 activation
in 32Dcl3 cells. As shown in Fig. 4, E and F, SPA-1 overexpres-
sion abolished SDF-1–induced Rap1 activation as expected.
SPA-1 overexpression also reduced SDF-1–induced cell migra-
tion in 32Dcl3 cells (Fig. 4G). However, SPA-1 overexpression
inhibited SDF-1–induced activation of neither Akt nor p70S6K
significantly (Fig. 4H). However, none of the various PI3K

inhibitors, including CZC-24832 (PI3K� inhibitor), idelalisib
(PI3K� inhibitor), and GDC-0941 (PI3K class IA inhibitor) but
only the Rap1 inhibitor GGTI-298 showed an inhibitory effect
on SDF-1–induced Rap1 activation (Fig. 4I), whereas these
PI3K inhibitors reduced SDF-1–induced activation of Akt and
p70S6K to various extents (Fig. 4J). As expected, GGTI-298 as
well as these PI3K inhibitors down-regulated SDF-1–induced
chemotaxis of 32Dcl3 cells (Fig. 4K). It was also demonstrated
that SDF-1–induced activation of Akt and Rap1 in 32Dcl3 cells
(Fig. 4, L and M) as well as that of Akt and p90Rsk in Baf3 cells
(Fig. 2, I, K, and L) was inhibited by the G�i-specific inhibitor
PTX, which is in contrast to SDF-1–induced tyrosine phosphor-
ylation of PECAM-1 and activation of BTK or Lyn (Fig. 2, G, I,
K, and L). However, none of the inhibitors for tyrosine kinases
involved in PECAM-1 phosphorylation inhibited SDF-1–
induced Rap1 activation (Fig. 4, N and O). Together, these data
suggest that PECAM-1 enhancement of SDF-1–induced che-
motaxis is mediated independently through activation of Rap1
and the PI3K/Akt pathway, which are activated through G�i
and independently of the tyrosine kinases activated by CXCR4.

PECAM-1 interacts with CXCR4 and prevents its internalization
after SDF-1 stimulation

To explore further the mechanisms underlying PECAM-1–
mediated enhancement of CXCR4 signaling, we next coex-
pressed PECAM-1 and HA-tagged CXCR4 in 293T cells to
examine whether they physically interact with each other.
Coimmunoprecipitation assays revealed that PECAM-1-WT as
well as PECAM-1-Mut physically associated with CXCR4 in
these cells independently of SDF-1 stimulation (Fig. 5A and
data not shown). Although we could not detect the physical
association of PECAM-1 with CXCR4 in 32Dcl3 cells using a
similar coimmunoprecipitation assay, most likely due to its low
sensitivity (negative data not shown), endogenous PECAM-1 as
well as human PECAM-1 overexpressed in these cells was
found to be colocalized with CXCR4 in these cells before treat-
ment with SDF-1 by using immunofluorescence confocal
microscopy (Fig. 5, B and C). These results raise the possibility
that PECAM-1 may physically interact with CXCR4 in hema-
topoietic cells to enhance its downstream signaling leading to
chemotaxis. Thus, we next examined whether PECAM-1 may

Figure 3. PECAM-1 enhances SDF-1–induced chemotaxis mediated through activation of the PI3K/Akt/mTORC1 pathway. A, B, and C, 32Dcl3 cells
infected with the retrovirus vector expressing PECAM-1 shRNA (KD) or luciferase shRNA as a control (C) were lysed and subjected to immunoblot analysis using
antibodies against the indicated proteins in A, flow cytometric analysis for surface PECAM-1 expression in B, or chemotaxis assay with 100 ng/ml SDF-1 in C.
�-Actin was used as a loading control. MFRs of PECAM-1 signals for vector control (green) and PECAM-1-knocked down cells (orange) are indicated, and red and
blue lines represent negative controls for control and knockdown cells, respectively, in B. Relative chemotaxis was calculated by dividing the percentage of
migrated cells by that of vector control cells. The data represent the mean of triplicates �S.D., and the asterisks indicate statistically significant (p � 0.05)
differences compared with control. D, E, and F, 32Dcl3 cells overexpressing human PECAM-1-WT (W) or human PECAM-1-Mut (M) as well as vector control cells
(C) were lysed and analyzed by immunoblot analysis with antibodies against the indicated proteins in D and E or subjected to chemotaxis assay with 100 ng/ml
SDF-1 in F. Error bars represent S.D. hPECAM-1, human PECAM-1; mPECAM-1, murine PECAM-1. G, 32Dcl3 cells expressing PECAM-1 shRNA (KD) or luciferase
shRNA as control (Cont.) were starved of IL-3 for 12 h and stimulated with 5 ng/ml SDF-1 for the indicated times. Cell lysates were subjected to immunoblot
analysis using antibodies against the indicated antibodies. Relative levels of phosphorylation were determined by densitometric analysis and are shown below
panels. Positions of molecular weight markers are also indicated. Akt-PT, phospho-Thr308-Akt; Akt-PS, phospho-Ser473-Akt; S6K-PT, phospho-Thr389-p70S6K;
S6RP-PS, phospho-Ser240/244-S6RP; 4EBP1-P, phospho-Thr37/46-4EBP1; Erk-P, phospho-Thr202/Tyr204-ERK; Rsk-PS, phospho-Ser380-p90Rsk. H, 32Dcl3 cells over-
expressing human PECAM-1-WT (WT) or PECAM-1-Mut (Mut) as well as vector control cells (Cont.), starved of IL-3 for 4 h, were stimulated with 5 ng/ml SDF-1
for the indicated times and analyzed. I, 32Dcl3 cells were starved of IL-3 and cultured for 4 h in migration medium. Cells were then treated for 30 min with 100
ng/ml PTX, 1 �M GDC-0941 (GDC), 20 nM rapamycin (Rapa), or 1 �M PP242 or left untreated (�) as a control and subjected to chemotaxis assay with 100 ng/ml
SDF-1. Relative chemotaxis was calculated by dividing the percentage of migrated cells for cells pretreated with inhibitors by that of control cells. Error bars
represent S.D. J, 32Dcl3 cells were starved of IL-3 for 4 h and treated with 20 nM rapamycin (Rapa) or 1 �M PP242 for 30 min or left untreated as a control (�). Cells
were then stimulated with 5 ng/ml SDF-1 for the indicated times and analyzed. K, 32Dcl3 cells were starved of IL-3 for 4 h and treated with 1 �M ruxolitinib
(Ruxoli), 2 �M ibrutinib (Ibru), or 50 nM dasatinib (Dasa) for 1 h or left untreated as a control (�). Cells were then stimulated with 1 ng/ml SDF-1 for the indicated
times and analyzed. All the data shown are representative of experiments repeated at least three times.
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modulate the cell surface expression level of CXCR4 in 32Dcl3
cells. As shown in Fig. 5, D and E, neither knockdown nor over-
expression of PECAM-1 showed any effect on the expression
level of CXCR4 in 32Dcl3 cells. However, knockdown of
PECAM-1 enhanced the time-dependent down-regulation of
CXCR4 cell surface expression after SDF-1 stimulation and
retarded the recovery of its surface expression (Fig. 5F). In line
with this, overexpression of PECAM-1-WT or, to a lesser
extent, that of PECAM-1-Mut reduced the down-regulation of
CXCR4 expression and accelerated its recovery (Fig. 5G).
Together, these results suggest that PECAM-1 may physically
interact with CXCR4 to retard SDF-1–induced endocytosis of
CXCR4 or to enhance its recycling to the cell surface to increase
its chemotactic signaling in hematopoietic cells.

Impairment of CXCR4 endocytosis enhances SDF-1–induced
chemotaxis and activation of Rap1 and the PI3K/Akt/mTORC1
signaling pathway

To explore the possible role impairment of CXCR4 endocy-
tosis by PECAM-1 may play in enhancement of chemotactic
signaling, we examined effects of the CXCR4-S324A/S325A
mutation, which has been reported to impair its SDF-1–
induced endocytosis (32), on CXCR4-mediated signaling in
32Dcl3 cells. We first confirmed that, when expressed in
32Dcl3 cells, the SDF-1–induced time-dependent down-regu-
lation of human CXCR4-SA surface expression was retarded as
compared with that of human CXCR4-WT (Fig. 6, A and B).
When expressed at comparable levels in 32Dcl3 cells, human
CXCR4-SA but not CXCR4-WT significantly enhanced SDF-
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1–induced chemotaxis (Fig. 6C). In accordance with the idea
that PECAM-1 interacts with CXCR4, overexpression of
human CXCR4-WT as well as CXCR4-SA enhanced SDF-1–
induced tyrosine phosphorylation of PECAM-1 (Fig. 6D).
Moreover, overexpression of CXCR4-WT or CXCR4-SA
enhanced SDF-1–induced activation of the PI3K/Akt/
mTORC1 pathway and Rap1; this effect was more prolonged in
cells expressing CXCR4-SA than in cells expressing
CXCR4-WT (Fig. 6, E–G). Together, these results support the
idea that retention of CXCR4 on the cell surface by the SA
mutation or PECAM-1 overexpression in cells stimulated with
SDF-1 may enhance and prolong CXCR4-mediated activation
of the PI3K/Akt/mTORC1 pathway and that of Rap1 to
enhance chemotaxis.

Discussion

In this study, we have reported for the first time that SDF-1
induced tyrosine phosphorylation of PECAM-1 in the murine
model hematopoietic cell lines 32Dcl3 and BaF3 as well as in
other hematopoietic cell lines, including leukemic cells, such as
UT7 and U937 (Fig. 1). The phosphorylation induced by SDF-1
was much more rapid and transient as compared with that
induced by IL-3, which correlated with the difference in time
course of signal activation by this chemokine and cytokine. We
have further found that SDF-1 or IL-3 induces tyrosine phos-
phorylation of PECAM-1 exclusively in the ITIMs because
human PECAM-1-Mut with Y663F and Y686F mutations
introduced into these motifs did not show any tyrosine phos-
phorylation after stimulation (Fig. 1I). Intriguingly, however,
SDF-1–induced as well as basal tyrosine phosphorylation of
endogenous murine PECAM-1 was remarkably increased by
overexpression of this mutant (Fig. 1, H and J). This might
have been caused by SDF-1–induced as well as spontaneous
dimerization of endogenous PECAM-1 with the overexpressed
mutant because homodimerization of PECAM-1 induces its
activation and phosphorylation in the ITIMs (15, 16). Thus, it is

possible that the enhanced tyrosine phosphorylation of ITIMs
in endogenous PECAM-1 might compensate for the lack of
phosphorylation of this mutant to transduce chemotactic sig-
nals induced by SDF-1 in cells overexpressing this mutant. This
possibility should be taken into consideration when we evaluate
the functional significance of tyrosine phosphorylation of
PECAM-1 in the ITIMs using cells overexpressing this mutant
and needs to be addressed in future studies.

The present study further indicates that Lyn, BTK, and JAK2
should be involved in tyrosine phosphorylation of PECAM-1 in
the ITIMs after SDF-1 stimulation. First, we confirmed activa-
tion of Lyn and BTK by SDF-1 stimulation using activation-
specific antibodies in 32Dcl3 and BaF3 cells (Fig. 2, A, K, and L),
which is in accordance with previous reports (11, 12). Although
we could not demonstrate activation of JAK2 using a similar
method, activation of JAK2 as well as JAK3 by SDF-1 stimula-
tion has been reported previously in multiple studies (2, 9, 10,
13). Second, specific inhibitors for these kinases reduced the
PECAM-1 phosphorylation induced by SDF-1 in 32Dcl3 and
BaF3 cells (Fig. 2, B and J). Third, we demonstrated that Lyn,
BTK, or JAK2 induces tyrosine phosphorylation of PECAM-1
in the ITIMs when coexpressed transiently in 293T cells in the
present and previous studies (Fig. 2C) (20). In 32Dcl3 cells,
dasatinib abolished tyrosine phosphorylation of PECAM-1,
whereas ibrutinib and to a lesser degree ruxolitinib reduced the
SDF-1–induced phosphorylation. Previously, Tourdot et al.
(28) revealed that the Src family kinases, such as Lyn, phosphor-
ylate Tyr686 in the C-terminal ITIM to enable phosphorylation
of Tyr663 in the N-terminal ITIM by other kinases, including
BTK, resulting in recruitment of the tandem SH2 domain-con-
taining tyrosine phosphatase SHP2 in platelets. Thus, it is plau-
sible that Lyn and BTK as well as JAK2 coordinately and
sequentially phosphorylate the PECAM-1 ITIMs in SDF-1-
stimulated hematopoietic cells. Interestingly, JAK2-V617F
mutant, implicated in pathogenesis of myeloproliferative neo-

Figure 4. PECAM-1 enhances SDF-1–induced chemotaxis also through activation of Rap1 independently of the PI3K/Akt pathway. A and B, 32Dcl3 cells
expressing PECAM-1 shRNA (KD) or luciferase shRNA as a control (Cont.) were starved of IL-3 for 4 h and stimulated for 1 min with 10 ng/ml SDF-1 or left
unstimulated as indicated. Cells were lysed, and Rap1-GTP or Rac-GTP was affinity-purified from cell lysates with a GST-RalGDS-RBD or GST-PAK2-RBD fusion
protein. Eluates from precipitates (upper panels) or total cell lysates (lower panels) were subsequently subjected to immunoblot analysis to estimate the
expression levels of activated or total amount of these small GTPases, respectively, using antibodies against Rap1 and Rac. Relative levels of Rap1-GTP and
Rac-GTP were determined by densitometric analysis and are shown below the panels. C and D, 32Dcl3 cells overexpressing human PECAM-1-WT (WT) or human
PECAM-1-Mut (Mut) as well as vector control cells (Cont.) were starved of IL-3 for 4 h, stimulated with 10 ng/ml SDF-1 for the indicated times, and analyzed as
described for A and B. E, 32Dcl3 cells overexpressing SPA-1 and vector control cells (Cont.) were lysed and subjected to immunoblot analysis with antibodies
against the indicated proteins. F, 32Dcl3 cells overexpressing SPA-1 and vector-control cells (Cont.) were starved of IL-3 for 4 h. Cells were then simulated with
10 ng/ml SDF-1 for 1 min or left unstimulated as indicated and subjected to Rap1 activation assay. G, 32Dcl3 cells overexpressing SPA-1 and vector control cells
(Cont.) were subjected to chemotaxis assay with 50 ng/ml SDF-1. The data represent the mean of triplicates, and the asterisks indicate statistically significant
(p � 0.05) differences compared with control. Error bars represent S.D. H, 32Dcl3 cells overexpressing SPA-1 and vector control cells (Cont.), starved of IL-3 for
6 h, were stimulated with 1 ng/ml SDF-1 for the indicated times and subjected to immunoblot analysis using antibodies against the indicated proteins.
Positions of molecular weight markers are also indicated. Akt-PT, phospho-Thr308-Akt; Akt-PS, phospho-Ser473-Akt; S6K-PT, phospho-Thr389-p70S6K. I, 32Dcl3
cells, starved of IL-3 for 4 h, were treated for 90 min with 3 �M CZC24832 (CZC), 3 �M idelalisib (Ide), 3 �M GDC-0941 (GDC), or 10 �M GGTI-298 (GGTI) as indicated
or left untreated as a control. Cells were stimulated with 10 ng/ml SDF-1 for 1 min or left unstimulated as indicated and analyzed for Rap1 activation. J, 32Dcl3
cells were starved of IL-3 for 12 h and treated with 3 �M CZC24832 (CZC), 3 �M idelalisib (Ide), or 3 �M GDC-0941 (GDC) as indicated for 1 h or left untreated. Cells
were then stimulated with 5 ng/ml SDF-1 for the indicated times and subjected to immunoblot analysis with antibodies against the indicated proteins. Akt-PT,
phospho-Thr308-Akt; Akt-PS, phospho-Ser473-Akt; S6K-PT, phospho-Thr389-p70S6K; Erk-P, phospho-Thr202/Tyr204-ERK. K, 32Dcl3 cells were starved of IL-3 and
cultured for 4 h in migration medium. Cells were then treated for 1 h with 3 �M CZC24832 (CZC), 3 �M idelalisib (Ide), 3 �M GDC-0941 (GDC), or 10 �M GGTI-298
(GGTI) or left untreated (Cont.) as a control and subjected to chemotaxis assay with 100 ng/ml SDF-1. Relative chemotaxis was calculated by dividing the
percentage of migrated cells for cells pretreated with inhibitors by that of control cells. Error bars represent S.D. L and M, 32Dcl3 cells, starved of IL-3 for 4 h, were
treated with 100 ng/ml PTX for 90 min or left untreated as indicated. Cells were then stimulated with 50 ng/ml SDF-1 for 1 min or left unstimulated as indicated
and analyzed for activation of Rap1 in L and Akt in M. N and O, 32Dcl3 cells, starved of IL-3 for 4 h, were treated for 90 min with 50 nM dasatinib (Dasa), 2 �M

ibrutinib (Ibru), or 1 �M ruxolitinib (Ruxoli) as indicated or left untreated. Cells were then stimulated with 10 ng/ml SDF-1 for 1 min or left unstimulated as
indicated and analyzed for Rap1 activation. A representative result from three independent experiments is shown in N. The relative Rap1-GTP level was
calculated by dividing the Rap1-GTP level of cells pretreated with the inhibitor with that of control cells, and the means from three independent experiments
are plotted in O. Error bars represent S.D. All the data shown are representative of experiments repeated at least three times.
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plasms, induced tyrosine phosphorylation of PECAM-1 in
293T and hematopoietic cells, including leukemic PVTL-2 cells
(Fig. 2, C–E). Furthermore, JAK2-V617F physically associated
with PECAM-1 much more strongly than wild-type JAK2 in
293T cells (Fig. 2C). We previously reported the tyrosine phos-
phorylation of PECAM-1 by BCR/ABL and its possible involve-
ment in modulation of leukemogenic signaling from this aber-
rant tyrosine kinase (20). Future studies are warranted to
elucidate a possible involvement of PECAM-1 in modulation of
Jak2-V617F–mediated leukemogenic signaling.

In the present study, the expression levels of PECAM-1
correlated with SDF-1–induced migration, suggesting that
PECAM-1 may play an enhancing role in regulation of SDF-1–
induced chemotaxis. In agreement with this, PECAM-1–
deficient murine hematopoietic cells, including progenitor
cells, megakaryocytes, and T-cells, showed an impairment in
chemotactic response to SDF-1 (24, 25). Furthermore, an anti-
PECAM-1 monoclonal antibody reduced SDF-1–induced tran-
sendothelial migration of the human AML cell line HL-60 and
primary AML cells (21). Nevertheless, it remains unknown how

Figure 5. PECAM-1 interacts with CXCR4 on the cell surface to reduce its internalization after SDF-1 stimulation. A, 293T cells were transfected with
plasmids encoding PECAM-1-WT (W), PECAM-1-Mut (M), and 3xHA-tagged CXCR4 as indicated. Cells were stimulated with 50 ng/ml SDF-1 for 1 min or left
untreated as indicated before lysis. Anti-PECAM-1 or anti-HA immunoprecipitates (IP) as indicated were subjected to immunoblot analysis using the indicated
antibodies. Positions of PECAM-1 are indicated by asterisks. Arrows indicate positions of HA-CXCR4. Positions of molecular weight markers are also indicated.
B, 32Dcl3 cells, starved of IL-3 for 4 h, were treated with or without 50 ng/m SDF-1 for 5 min as indicated. Cells were then stained with anti-mouse CXCR4
antibody conjugated with PE (red) and anti-mouse PECAM-1 (mPECAM-1) antibody conjugated with APC (green) as well as with DAPI (blue) for nuclear staining.
Representative confocal images of cells are shown. Scale bars correspond to 10 �m. C, 32Dcl3 cells overexpressing human PECAM-1-WT, starved of IL-3 for 4 h,
were stained with anti-mouse CXCR4 (m-CXCR4) antibody conjugated with PE (red) and anti-human PECAM-1 (hPECAM-1) antibody conjugated with Alexa
Fluor 647 (green) as well as with DAPI (blue) for nuclear staining. D, 32Dcl3 cells overexpressing human PECAM-1-WT (WT) or vector control cells (Cont.) were
starved, and surface expression levels of CXCR4 were analyzed by flow cytometry. Iso., isotype control. E, 32Dcl3 cells expressing PECAM-1 shRNA (KD) or
luciferase shRNA as a control (Cont.) were analyzed as described for D. F, 32Dcl3 cells expressing PECAM-1 shRNA (KD) or luciferase shRNA as a control (Cont.)
were stimulated with 100 ng/ml SDF-1 for the indicated times, and surface expression levels of CXCR4 were analyzed by flow cytometry. Changes in CXCR4
expression levels as estimated by mean fluorescence intensity after SDF-1 stimulation are plotted. G, 32Dcl3 cells overexpressing human PECAM-1-WT (WT) or
human PECAM-1-Mut (Mut) as well as vector control cells (Cont.) were stimulated as described for F. All the data shown are representative of experiments
repeated at least three times.
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PECAM-1 modulates the CXCR4-mediated signaling mecha-
nisms regulating chemotaxis. Although we have found that
overexpression of PECMA-1-Mut also enhanced SDF-1–
induced migration (Fig. 3F), overexpression of PECAM-1-Mut
remarkably enhanced SDF-1–induced tyrosine phosphoryla-
tion of endogenous PECAM-1 (Fig. 1, H and J). Furthermore,
inhibition of Lyn, BTK, or JAK2, responsible for tyrosine phos-
phorylation of the ITIMs, reduced SDF-1–induced chemotaxis
(Fig. 2F). Thus, the significance of ITIM phosphorylation,
which recruits SHP2 and other signaling molecules, in
enhancement of chemotaxis remains to be clarified in future
studies.

The levels of PECAM-1 expression and chemotaxis corre-
lated with the SDF-1–induced activation of Akt and, more
remarkably, mTORC1 but not that of ERK and p90Rsk (Fig. 3, G

and H). Furthermore, chemotaxis was significantly inhibited by
the mTORC1-specific inhibitor rapamycin among other inhib-
itors for the PI3K/mTOR pathway (Fig. 3I), which suggests that
mTORC1 activated downstream of the PI3K/Akt pathway
should play a critical role in enhancement of SDF-1–induced
chemotaxis by PECAM-1. Previously, the effect of mTOR on
cell migration has been attributed mainly to mTORC2 due to its
ability to activate the Rho family small GTPases, such as Rac,
and to control actin cytoskeleton organization (33–35). How-
ever, SDF-1–induced activation of Rac correlated inversely
with the levels of PECAM-1 expression and chemotaxis as well
as activation of the PI3K/Akt/mTORC1 pathway in the present
study. In agreement with our results, previous studies have
demonstrated that rapamycin or knockdown of the mTORC1
component Raptor inhibited SDF-1–induced chemotaxis of

Figure 6. The S324A/S325A mutation in CXCR4 impairs endocytosis and prolongs SDF-1–induced activation of the PI3K/Akt/mTORC1 pathway and
Rap1 to enhance chemotaxis. A, 32Dcl3 cells overexpressing human CXCR4-WT or human CXCR4-SA (SA) were cultured for 2 h with or without 500 ng/ml
SDF-1 as indicated, and cell surface expression of human CXCR4 (h-CXCR4) was evaluated by flow cytometry. Red lines represent isotype controls. B, 32Dcl3 cells
overexpressing human CXCR4 wild type (WT) or human CXCR4-SA (SA) were stimulated with 500 ng/ml SDF-1 for the indicated times, and surface expression
levels of human CXCR4 were analyzed by flow cytometry. Changes in CXCR4 expression levels after SDF-1 stimulation are plotted. C, 32Dcl3 cells overexpress-
ing CXCR4-WT (WT) or CXCR4-SA (SA) as well as vector control cells (Cont.) were subjected to chemotaxis assay with 50 ng/ml SDF-1. Relative chemotaxis was
calculated by dividing the percentage of migrated cells by that of vector control cells. The data represent the mean of triplicates, and the asterisks indicate
statistically significant (p � 0.05) differences compared with control. Error bars represent S.D. D, 32Dcl3 cells overexpressing CXCR4-WT (WT) or CXCR4-SA (SA)
as well as vector control cells (Cont.) were starved of IL-3 for 4 h and then stimulated with 50 ng/ml SDF-1 for the indicated times. Cells were lysed and subjected
to immunoprecipitation (IP) using antibody for PECAM-1 followed by immunoblot analysis with anti-phosphotyrosine (P-Tyr) and anti-PECAM-1. Relative levels
of tyrosine-phosphorylated PECAM-1 were determined by densitometric analysis and are shown below the panel. E, 32Dcl3 cells overexpressing CXCR4-WT
(WT) or CXCR4-SA (SA) as well as vector control cells (Cont.) were starved of IL-3 for 4 h and then stimulated with 5 ng/ml SDF-1 for the indicated times. Lysates
were subjected to immunoblot analysis using antibodies against the indicated proteins. Relative levels of phosphorylated Akt or S6K are indicated. Positions
of molecular weight markers are indicated. Akt-PT, phospho-Thr308-Akt; S6K-PT, phospho-Thr389-p70S6K. F, 32Dcl3 cells overexpressing CXCR4-WT (WT) or
CXCR4-SA (SA) were starved of IL-3 for 12 h and then stimulated with 10 ng/ml SDF-1 for 30 min or left unstimulated. Cells were fixed, permeabilized, and
analyzed by flow cytometry using anti-phospho-Ser240/244-S6RP antibody. Cells treated with or without SDF-1 are shown as a green or blue line, respectively,
whereas a red line represents isotype control for the antibody used. MFR for each sample is indicated. S6RP-P, phospho-Ser240/244-S6RP. G, 32Dcl3 cells
overexpressing CXCR4-WT (WT) and CXCR4-SA (SA) as well as vector control cells (Cont.) were starved of IL-3 for 4 h and then stimulated with 1 ng/ml SDF-1 for
the indicated times. Cells were lysed and analyzed for Rap1 activation. Relative levels of Rap1-GTP were determined by densitometric analysis and are shown
below the panel. All the data shown are representative of experiments repeated at least three times with the exception of those shown in D and F, which are
representative of two repeated experiments.
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dendritic cells and the human cancer cell line HeLa (36, 37).
Nevertheless, the exact mechanisms of mTORC1 enhancement
of chemotaxis remain to be elucidated in future studies.

The levels of PECAM-1 expression and chemotaxis also cor-
related with SDF-1–induced activation of Rap1 but not Rac in
32Dcl3 cells (Fig. 4, A–D), thus suggesting that Rap1 may play a
role in enhancement of chemotaxis by PECAM-1. It has previ-
ously been reported that SDF-1 induced activation of Rap1 in
lymphocytes and that its inhibition by RapGAPII or SPA-1
inhibited chemotaxis, thus suggesting that Rap1 may transduce
chemotactic signaling downstream of CXCR4 (4, 5). We also
previously reported that SDF-1 induced activation of Rap1 as
well as Rac in 32Dcl3 and BaF3 cells, although chemotaxis was
significantly inhibited by transient expression of a dominant-
negative mutant of Rac but not that of Rap1 (6, 7). In accord-
ance with the previous report by Shimonaka et al. (5), however,
SDF-1–induced chemotaxis was significantly reduced by abo-
lition of Rap1 activation by SPA-1 (Fig. 4G). Furthermore, the
Rap1 inhibitor GGTI-298 inhibited chemotaxis as well as Rap1
activation induced by SDF-1 (Fig. 4, I and K). Together, these
results support the idea that Rap1 may play a role in enhance-
ment of chemotaxis by PECAM-1.

As for the mechanisms for activation of Rap1 by CXCR4, we
previously found that overexpression of the adaptor protein
CrkL, which interacts with various signaling molecules, includ-
ing guanine nucleotide exchange factors for the Ras and Rho
family GTPases, enhanced SDF-1–induced activation of Rap1,
Rac, and Ras as well as chemotaxis (7). However, we did not find
any significant difference in CrkL expression levels in 32Dcl3
cells with decreased or increased PECAM-1 expression levels
(negative data not shown). In this regard, it is interesting to note
that Rap1 and Rac1 were reported to be antagonistically acti-
vated through competitive binding of the Crk family adaptor
CrkII with C3G and DOCK180, two exchange factors for Rap1
and Rac, respectively (38). A similar mechanism may possibly
explain the opposite effects of PECAM-1 on SDF-1–induced
activation of Rap1 and Rac observed in the present study.
Recently, Schmid et al. (39) reported that various chemoattrac-
tants, including SDF-1, activate �1 integrin through Rap1 acti-
vation mediated through PI3K�, a class IB isoform of PI3K, to
induce chemotaxis of granulocytes and monocytes. However,
although both Akt and Rap1 activation induced by SDF-1 was
inhibited by the G�i-specific inhibitor PTX (Fig. 4, L and M),
neither PI3K inhibitors, including that for PI3K�, nor SPA-1
showed any significant effect on SDF-1–induced Rap1 or the
PI3K/mTORC1 pathway activation, respectively (Fig. 4, H and
I). Moreover, inhibition of tyrosine kinases responsible for
induction of PECAM-1 phosphorylation in cells stimulated
with SDF-1 did not significantly affect Rap1 activation (Fig. 4, N
and O). Thus, PECAM-1 should enhance activation of Rap1
downstream of G�i but independently of the PI3K pathway and
without involving tyrosine phosphorylation of PECAM-1 or
modulation of the expression level of CrkL.

The present study has revealed that PECAM-1 physically
interacts with CXCR4 when coexpressed in 293T cells (Fig. 5A).
Recently, dela Paz et al. (40) have reported that PECAM-1 binds
CXCR4 indirectly through interaction with heparan sulfate
proteoglycans, which bind to heparin-binding sites in the

PECAM-1 extracellular domain, in endothelial cells as well as in
HEK293 cells. However, although heparin, a competitive inhib-
itor of heparan sulfate-protein interactions, inhibited activa-
tion of SDF-1–induced CXCR4 signaling in accordance with a
previous study (41), it did not affect the physical association
between PECAM-1 and CXCR4 in 293T cells in the present
study (negative data not shown). PECAM-1-Mut as well as
PECAM-1-WT associated with CXCR4 in 293T, thus suggest-
ing that the ITIMs should not be directly involved in binding
with CXCR4 (Fig. 5A). Although we could confirm that CXCR4
and PECAM-1 were colocalized in 32Dcl3 cells by confocal
microscopy (Fig. 5, B and C), we could not demonstrate the
physical interaction by the coimmunoprecipitation assay in
these cells, most likely because of the relatively low expression
levels (negative data not shown). Thus, further studies are
required to confirm and elucidate the precise mechanisms of
physical association of PECAM-1 with CXCR4 in hematopoi-
etic cells.

The PECAM-1 expression levels negatively or positively cor-
related with the rate of decrease or recovery, respectively, of the
surface CXCR4 levels after SDF-1 stimulation in 32Dcl3 cells
(Fig. 5, F and G). Thus, it is plausible that PECAM-1 may phys-
ically interact with CXCR4 to reduce down-regulation of its
surface expression level after SDF-1 stimulation to enhance
chemotactic signaling. Consistent with this hypothesis, the
endocytosis-defective CXCR4-SA mutant showed increased
abilities to activate the PI3K/Akt/mTORC1 pathway as well as
Rap1, leading to enhanced chemotaxis in a manner similar to
overexpression of PECAM-1 (Fig. 6). Intriguingly, similar germ
line mutations in the C terminus of CXCR4 that block receptor
internalization after SDF-1 stimulation result in persistent
CXCR4 activation, leading to WHIM syndrome (3). Further-
more, somatic mutations of CXCR4 in the C terminus identical
or similar to those found in WHIM syndrome have been
recently found in about 30% of patients with Waldenström’s
macroglobulinemia (14). One of the most common WHIM-like
CXCR4 mutations in this lymphoma, S338X, has been con-
firmed to show decreased CXCR4 down-regulation, leading to
enhanced and sustained signaling, including Akt activation,
and to contribute to disease progression and in the acquisition
of resistance to various therapeutic agents (42, 43). Thus, it is
tempting to speculate that PECAM-1 expressed in malignant
hematopoietic cells may modulate disease progression or con-
fer therapy resistance on these cells in the SDF-1–rich bone
marrow environment, which warrants investigation in future
studies.

Molecular mechanisms underlying the enhancing effect of
PECAM-1 on CXCR4-mediated chemotactic signaling are
schematically and hypothetically depicted in Fig. 7. SDF-1
induces tyrosine phosphorylation of PECAM-1 in hematopoi-
etic cells coordinately and sequentially by Lyn, BTK, and JAK2
in a G�i-independent manner. Although overexpression of
PECAM-1-Mut defective in phosphorylation enhanced SDF-
1–induced chemotaxis similarly to that of PECAM-1-WT, it
remarkably enhanced SDF-1–induced tyrosine phosphoryla-
tion of endogenous PECAM-1. Thus, the significance of tyro-
sine phosphorylation of ITIMs in PECAM-1 on chemotaxis
remains to be elucidated in future studies. However, activation
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of these tyrosine kinases should play a role in CXCR4-mediated
chemotactic signaling through mechanisms not involving the
PI3K/Akt pathway or Rap1 because inhibition of these kinases
reduced chemotaxis without significantly affecting activation
of these signaling events. PECAM-1 increases chemotaxis by
enhancing and prolonging G�i-mediated activation of the
PI3K/Akt/mTORC1 pathway and Rap1 by inhibiting internal-
ization of CXCR4 and possibly accelerating its recycling back to
the cell surface. However, the possibility that PECAM-1 may
more directly enhance activation of the PI3K/Akt pathway and
Rap1, similarly to when PECAM-1 is activated by cross-linking
(17–19), needs to be addressed in future studies. It should also
be noted that activation of the MEK/ERK pathway and Rac may
also mediate chemotactic signaling from CXCR4 as we
reported previously in the same hematopoietic cell model sys-
tem (6, 7). Nevertheless, it was found not to be involved in
enhancement of CXCR4 signaling by PECAM-1. Finally, future
studies are warranted to address the possibility that PECAM-1
may also enhance CXCR4-mediated signaling, regulating other
cellular effects, such as cell proliferation and survival, in normal
as well as malignant hematopoietic cells similarly to the muta-
tions in CXCR4 found in WHIM syndrome and Waldenström’s
macroglobulinemia.

Experimental procedures

Cells and reagents

Murine IL-3-dependent cell lines, 32Dcl3 and BaF3, and a
clone of 32Dcl3 expressing the Epo receptor, 32D/EpoR, have
been described previously (6, 44) and were maintained in RPMI
1640 medium supplemented with 10% FCS and 5 units/ml
recombinant murine IL-3 or 1 unit/ml human recombinant
Epo. A human leukemic cell line expressing the endogenous
EpoR, UT7 (45), was kindly provided by Dr. N. Komatsu and
maintained in RPMI 1640 medium with 10% FCS and 1 unit/ml
Epo. The human AML cell line U937 was obtained from the
Riken cell bank (Ibaraki, Japan) and maintained in RPMI 1640
medium with 10% FCS. The T-cell acute lymphoblastic leuke-
mia cell line Jurkat was also maintained in RPMI 1640 medium

with 10% FCS. A leukemic cell line expressing the constitutively
activated JAK2-V617F mutant, PVTL-2, was established from a
patient with AML transformed from polycythemia vera and
maintained in RPMI 1640 medium with 10% FCS.3 For starva-
tion from cytokines and SDF-1, cells were cultured for the indi-
cated times in ASF104 medium (Ajinomoto, Tokyo, Japan)
without FCS. PLAT-A, an amphotropic virus-packaging cell
line, and 293T, a human embryonic kidney cell line, were kindly
provided by Dr. T. Kitamura and Dr. S. Yamaoka, respectively,
and maintained in DMEM supplemented with 10% FCS.

Recombinant murine SDF-1 and IL-3 were purchased from
R&D Systems (Abington, UK) and Peprotech (Rocky Hill, NJ),
respectively. Recombinant human Epo was kindly provided by
Chugai Pharmaceutical Co. Ltd. (Tokyo, Japan). Dasatinib was
purchased from Toronto Research Chemicals Inc. (Toronto,
Canada). The BTK inhibitor ibrutinib and the Rap1 inhibitor
GGTI-298 were purchased from Cayman Chemical (Ann
Arbor, MI). The JAK family kinase inhibitors ruxolitinib and
JAKI-1 were purchased from LC Laboratories (Woburn, MA)
and Calbiochem, respectively. GDC-0941 was purchased from
Active Biochemicals Co., Ltd. (Wanchai, Hong Kong). Idelalisib
and CZC24832 were purchased from AdooQ BioScience
(Irvine, CA). PTX was purchased from List Biochemical Labo-
ratories (Campbell, CA). Rapamycin was purchased from Cell
Signaling Technology (Beverly, MA). PP242 was purchased
from Wako (Osaka, Japan).

Antibodies against PECAM-1 (SC-1506 and SC-18916), Lyn
(SC-15), Rap1 (SC-65), STAT5A (SC-1081), and HSP90 (SC-
13119) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). An anti-phosphotyrosine monoclonal antibody
(4G10; 05-321) and an antibody against Rac (05-389) were pur-
chased from Millipore (Billerica, MA). Antibodies against
human PECAM-1 (CS-3528), mouse PECAM-1 (CS-77699),
phospho-Tyr223-BTK (CS-5082), phospho-Thr202/Tyr204-ERK
(CS-9106), phospho-Ser380-p90Rsk (CS-9335), phospho-
Thr37/46-4EBP1 (CS-2855), phospho-Thr389-p70S6K (CS-
9234), phospho-Ser240/244-S6RP (CS-2215), Akt (CS-2920),
phospho-Thr308-Akt (CS-9275), phospho-Ser473-Akt (CS-
9271), phospho-Tyr694-STAT5 (CS-9359), and HA (CS-3724)
were purchased from Cell Signaling Technology. Antibody
against �-actin (A1978) was purchased from Sigma. Antibody
against phospho-Tyr396-Lyn was purchased from Epitomics
Inc. (Burlingame, CA). Antibody against SPA-1 was kindly pro-
vided by Dr. M. Hattori (46).

Expression plasmids

The retrovirus vectors pMXs-IG and pMXs-puro were
kindly provided by Dr. T. Kitamura. Expression plasmids for
human PECAM-1 and its mutant with Y663F and Y686F muta-
tions in the ITIMs, PECAM-1-ITIM(�), in pcDNA3.0 vector
were kindly provided by Dr. D. Newman (26, 27). The coding
regions for wild-type and ITIM(�) mutant of PECAM-1 were
subcloned from these plasmids into retroviral vectors pMXs-IG
(EcoRI) and pMXs-puro (EcoRI) using the restriction enzyme
in parentheses. Retroviral pMLP shRNA-mir expression vector

3 S. Ishida, H. Akiyama, Y. Umezawa, K. Okada, A. Nogami, G. Oshikawa, T.
Nagao, and O. Miura, manuscript in preparation.

Figure 7. A schematic model for the molecular mechanisms underlying
the enhancing effect of PECAM-1 on CXCR4-mediated chemotactic
signaling.
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(transOMIC Technologies, Huntsville, AL) was used to express
shRNAs designed to target PECAM-1 as well as luciferase as a
control. The target sequence for murine PECAM-1 (NM_
001032378) was 5�-AAGCCGAAGTTAGAGTTCTCCT-3�
and for luciferase was 5�-AACCGGCTGAAGAGCCTGAT
CA-3�. Retrovirus expression plasmids for JAK2 and the JAK2-
V617F mutant (pRev-TRE-JAK2, pRev-TRE-JAK2-V617F, and
pRx-JAK2-V617F) were described previously (47, 48). A lenti-
virus expression vector for JAK2-V617F (Pcw107-JAK2-
V617F-V5) was a gift from David Sabatini and Kris Wood (Add-
gene plasmid number 64610) (49). The lentiviral packaging
plasmid psPAX2 and the envelope-expressing plasmid
pMD2.G were gifts from Didier Trono (Addgene plasmid num-
bers12260 and 12259, respectively). An expression plasmid of
BTK (pWZL-Neo-Myr-Flag-BTK) was a gift from William
Hahn and Jean Zhao (Addgene plasmid number 20432) (50).
The coding region for BTK was subcloned between the BamHI
and XhoI sites of pMXs-puro. An expression plasmid for SPA-1
in pSR�-myc vector was kindly provided by Dr. M. Hattori (51).
The coding region for SPA-1 was subcloned into pMXs-puro
(BamHI) using the restriction enzyme in parentheses. An
expression vector for 3xHA-tagged CXCR4 in pcDNA3.1 was
obtained from cDNA Resource Center (Bloomsburg, PA).
Expression plasmids for CXCR4 wild type and its endocytosis-
impaired mutant with serines in the C-terminal region changed
to alanine (S324A/S325A) in pcDNA3.0 vector were kindly pro-
vided by Dr. A. Marchese (32). For construction of pMXs-puro-
CXCR4-wild type and pMXs-puro-CXCR4-SA, the region cod-
ing for CXCR4 wild type or CXCR4-SA was excised from these
plasmids by digestion with both EcoRI and XbaI and subcloned
between the EcoRI and XhoI sites of pMXs-puro by blunting
the XbaI and XhoI sites.

Transfection and infection

For transient expression in 293T cells, cells were transfected
with the indicated plasmids using Lipofectamine reagent (Invit-
rogen) according to the manufacturer’s instructions. Cells were
harvested 48 h after transfection for immunoprecipitation and
immunoblotting.

To obtain 32Dcl3 cells overexpressing human PECAM-1 or
PECAM-1-ITIM(�), cells were infected with the recombinant
retrovirus obtained from PLAT-A transfected with pMXs-IG
or pMXs-puro constructed to express human PECAM-1 or
PECAM-1-ITIM(�) as described previously (52). Cells were
sorted for GFP expression with flow cytometry when using
pMXs-IG vector or selected with medium containing 1 �g/ml
puromycin when using pMXs-puro vector. Overexpression of
PECAM-1 or its mutant was confirmed by immunoblotting.

To knock down PECAM-1 in 32Dcl3 cells, the cells were
infected with the recombinant retrovirus obtained from
PLAT-A transfected with pMLP-shRNA-PECAM-1 or pMLP-
shRNA-luciferase as a control. Infected cells were selected in
medium containing 1 �g/ml puromycin followed by sorting
for GFP-expressing cells by flow cytometry. Knockdown of
PECAM-1 expression was confirmed by immunoblotting and
flow cytometry.

32D/EpoR cells expressing JAK2-V617F were obtained by
infection with pRx-JAK2-V617F followed by selection with

neomycin and withdrawal from Epo. 32Dcl3 cells overexpress-
ing SPA-1, CXCR4-WT, or CXCR4-SA and vector control cells
were obtained by infection with pMXs-puro-SPA-1, pMX-
puro-CXCR4-WT, pMXs-puro-CXCR4-SA, or pMXs-puro,
respectively, followed by selection with 1 �g/ml puromycin.
Expression of SPA-1 was confirmed by immunoblotting, and
expression of CXCR4-WT and its mutant was confirmed by
flow cytometry.

Immunoprecipitation and immunoblotting

For immunoprecipitation experiments, cells were lysed in a
lysis buffer containing 1% Triton X-100, 50 mM Tris-HCl (pH
7.5), 100 mM NaCl, 5 mM EDTA, 50 mM NaF, 40 mM �-glycer-
ophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethyl-
sulfonyl fluoride, and 10 �g/ml each of aprotinin and leupeptin.
For detection of the activated form of Lyn or BTK, cells were
lysed, respectively, in 1� Laemmli sample buffer and sheared
by several passes through a 27-gauge needle or in radioimmune
precipitation assay buffer containing 1% Nonidet P-40, 20 mM

Tris-HCl (pH 7.4), 75 mM NaCl, 0.1% sodium dodecyl sulfate,
and 0.5% deoxycholic acid supplemented with phosphatase and
protease inhibitors as described above and clarified by centrif-
ugation. Cell lysates were subjected to immunoprecipitation
and immunoblotting as described previously (53). For immu-
noblot analysis of total cell lysates, samples were prepared by
mixing an aliquot of cell lysates with an equal volume of 2�
Laemmli sample buffer and heating at 100 °C for 5min. All the
data shown are representative of experiments repeated at least
three times unless indicated otherwise.

Small GTPase activation assay

Small GTPase activation in cells was examined by using acti-
vation-specific probes for Rap1 (GST-RalGDS-RBD) and Rac
(GST-PAK2-RBD) as described previously (54, 55). In brief,
cells were lysed and incubated with the fusion proteins
precoupled to glutathione-agarose beads. GTP-bound small
GTPases were eluted from the beads and analyzed by immuno-
blotting. All the data shown are representative of experiments
repeated at least three times.

Chemotaxis assay

Chemotaxis assays were performed in 24-well plates using
5-�m porosity Transwell inserts (Costar, Kennebunk, ME).
Cells were washed once and incubated in RPMI 1640 medium
containing 0.5% heat-inactivated bovine serum albumin
(migration medium) for 4 h at 37 °C. Cells were then resus-
pended at 2 � 106/ml in migration medium, and 100 �l of cells
was added to the insert (upper chamber), and 600 �l of migra-
tion buffer with or without SDF-1 was added to the lower cham-
ber. After 4-h incubation, the number of viable cells migrated to
the lower chamber was counted by the trypan blue dye exclu-
sion method. For assessment of the effect of various inhibitors
on chemotaxis, cells were preincubated with the indicated con-
centrations of inhibitors for 30 min before addition to the
insert. The data represent the mean of triplicates �S.D. An
unpaired two-tailed Student’s t test was used to calculate differ-
ences between means; differences were considered significant
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when p � 0.05. All the data shown are representative of exper-
iments repeated at least three times.

Flow cytometric analyses of PECAM-1, CXCR4, ACKR3, and
phospho-Ser240/244-S6RP

For flow cytometric analyses of the cell surface expression of
mouse PECAM-1, cells were incubated on ice for 45 min with
APC-rat anti-mouse CD31 (102510, Biolegend, San Diego, CA)
or without antibody as a control. After washing, the samples
were analyzed by flow cytometry. For analyses of the cell surface
expression of murine CXCR4, cells were incubated with PE-rat
anti-mouse CD184 (BD551966, BD Biosciences) or APC-rat
anti-mouse CD184 (BD558644, BD Biosciences) and PE-rat
IgG2b � isotype control (BD555848, BD Biosciences) or APC-
rat IgG2b � isotype control (17-4031, eBioscience, Santa Clara,
CA) on ice for 45 min. For analyses of the cell surface expression
of human CXCR4, cells were incubated with PE-mouse anti-
human CD184 (BD557145, BD Biosciences) or PE-mouse IgG2a �
isotype control (BD556653, BD Biosciences) on ice for 45 min. For
analyses of the cell surface expression of ACKR3, cells were incu-
bated with rabbit-anti-ACKR3 (51024-1-AP, Proteintech), which
reacts with both human and murine ACKR3, or rabbit-IgG (SC-
2027, Santa Cruz Biotechnology) as a control on ice for 45 min and
then with PE-conjugated goat anti-rabbit IgG (heavy � light)
(4052-09, Southern Biotech) for 45 min.

For analyses of phospho-Ser240/244-S6RP, cells were fixed
and permeabilized using a Cytofix/Cytoperm kit (BD554714,
BD Biosciences) according to the manufacturer’s instructions.
Fixed cells were incubated on ice for 60 min with either anti-
phospho-Ser240/244-S6RP (CS-5364, Cell Signaling Technol-
ogy) or anti-rabbit monoclonal antibody (CS-3900, Cell Signal-
ing Technology) as an isotype control and then with
PE-conjugated goat anti-rabbit IgG (heavy � light) for 30 min
in the dark. After washing, the samples were analyzed by flow
cytometry. The data were analyzed using FlowJo software (Tree
Star, Inc., Ashland, OR). Mean fluorescence ratio (MFR) was
calculated by dividing mean fluorescence intensity of each sam-
ple with that of isotype control. All the data shown are repre-
sentative of experiments repeated at least three times unless
indicated otherwise.

Confocal immunofluorescence microscopy

Cells were incubated with PE-anti-mouse CXCR4 and APC-
anti-mouse CD31 or Alexa Fluor 647-anti-human CD31
(BD561654, BD Biosciences) on ice for 45 min. After washing,
the cytospin samples were prepared and mounted with Pro-
long� Gold antifade reagent with DAPI (Thermo Fisher Scien-
tific) and visualized using a laser-scanning confocal microscope
(FluoView FV10i, Olympus, Tokyo, Japan) equipped with a
60� oil immersion objective lens. All the data shown are rep-
resentative of experiments repeated three times.
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