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Abstract

Background: Lymphocytes circulate between peripheral lymphoid tissues via blood and lymphatic systems, and
chemokine-induced migration is important in trafficking lymphocytes to distant sites. The small GTPase Rap1 is
important in mediating lymphocyte motility, and Rap1-GEFs are involved in chemokine-mediated Rap1 activation.
Here, we describe the roles and mechanisms of Rap1-GEFs in lymphocyte trafficking.

Results: In this study, we show that RA-GEF-1 and 2 (also known as Rapgef2 and 6) are key guanine nucleotide
exchange factors (GEF) for Rap1 in lymphocyte trafficking. Mice harboring T cell-specific knockouts of Rapgef2/6
demonstrate defective homing and egress of T cells. Sphingosine-1-phosphate (S1P) as well as chemokines activates
Rap1 in a RA-GEF-1/2-dependent manner, and their deficiency in T cells impairs Mst1 phosphorylation, cell polarization,
and chemotaxis toward S1P gradient. On the other hand, B cell-specific knockouts of Rapgef2/6 impair chemokine-
dependent retention of B cells in the bone marrow and passively facilitate egress. Phospholipase D2-dependent
production of phosphatidic acid by these chemotactic factors determines spatial distribution of Rap1-GTP subsequent
to membrane localization of RA-GEFs and induces the development of front membrane. On the other hand, basal de-
phosphorylation of RA-GEFs is necessary for chemotactic factor-dependent increase in GEF activity for Rap1.

Conclusions: We demonstrate here that subcellular distribution and activation of RA-GEFs are key factors for a
directional movement of lymphocytes and that phosphatidic acid is critical for membrane translocation of RA-GEFs
with chemokine stimulation.
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Background
Lymphocytes recirculate continually between the periph-
eral lymphoid tissues via the blood and lymphatic systems
[1]. Lymphocytes enter across the high endothelial venule
(HEV) into lymphoid tissues, and egress from efferent
lymphatic vessels, return to the blood. When rolling lym-
phocytes are exposed to chemokines present on HEV,

chemokine signaling coupled with Gαi proteins activates
leukocyte function associated-1 (LFA-1), a major receptor
that mediates homing to peripheral lymph nodes. In a
previous study, we showed that Rap1, which is rapidly
activated by chemokines, is indispensable for LFA-1-
dependent transmigration across the HEV [2, 3]. The
RAPL (regulator of adhesion and cell polarization
enriched in lymphoid tissues)-Mst1/2 (Mst) (mammalian
Ste-20 like protein kinase) complex, downstream effectors
of Rap1, induces cell polarization with LFA-1 clustering
on the front membrane, which is critical for Rap1-GTP-
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mediated migration [4, 5]. Furthermore, we recently
demonstrate that Rap1-GDP retains cell rigidity
through activation of lymphocyte-orientated kinase and
phosphorylation of ezrin-moesin-radixin [6]; thereby, the
conversion to Rap1-GTP also releases these restraints.
Sphingosine-1-phosphate receptor 1 (S1PR1) is also a

Gαi protein-coupled receptor (GPCR) and expressed in
mature single-positive CD4 or CD8 thymocytes, and
conditional deletion of S1PR1 in T cells alone was suffi-
cient to block their egress from the thymus [7]. As S1P
provides a critical chemotactic cue, and levels of S1P are
high in the blood and lymph and low in most tissues, it
was postulated that this “S1P gradient” would play a role
in lymphocyte egress [8]. S1PR1 is transduced via mul-
tiple downstream pathways and results in diverse bio-
logical outcomes [9]. Mice deficient for the Rap1
downstream effectors RAPL or Mst1/2 demonstrated
impaired thymic egress [10, 11], suggesting that S1P
activates Rap1.
Conversion between GTP- and GDP-bound states is

controlled by guanine nucleotide exchange factors
(GEFs) and GTPase-activating proteins (GAPs) [12]. In
particular, GEFs enhance the formation of the GTP-
bound active conformation in response to upstream sig-
nals mediated by various cell surface receptors such as
chemokine receptor. Although previous studies sug-
gested that several signaling pathways such as Abl (Abel-
son)-CRK (chicken tumor virus number 10 regulator of
kinase) or JAKs (Janus kinases)-RhoA pathways are par-
tially involved in chemokine-dependent Rap1 activation
[13–16], which GEFs are critical for homing and egress
of primary T and B cells remains unsolved.
To date, various GEFs for Rap1 have been identified in

mammalian cells [12]. C3G (Crk SH3 domain-binding
guanine nucleotide-releasing factor) binds to the adaptor
protein Crk, which is involved in Abl tyrosine kinase-
dependent activation of Rap1. Epac (exchange factor dir-
ectly activated by cAMP), cAMP-GEF is activated
through direct association with cAMP. CalDAG-GEFI
(calcium and diacylglycerol (DAG)-regulated guanine
nucleotide), which contains calcium- and diacylglycerol-
binding motifs, has a role in Rap1 activation in response
to these second messengers. RA-GEF-1 (also termed
PDZ-GEF1 or Rapgef2) and RA-GEF-2 (also termed
PDZ-GEF2 or Rapgef6) contain putative CNB (cyclic
nucleotide-binding), REM (Ras exchange motif), PDZ
(Postsynaptic density 95, PSD-95; Discs large, Dlg; Zo-
nula occludens-1, ZO-1), and RA (Ras/Rap association)
domains as well as the GEF catalytic domain [17–19].
RA-GEFs were reported to associate with phosphatidic
acid (PA) [20].
Recently, we reported PA is critical for membrane

translocation of RA-GEFs with chemokine stimulation
[21]. PA plays important roles in cell proliferation,

survival, and migration. PLD2 has been proven to be
mainly located and generate PA at the plasma mem-
brane by external stimuli using a newly developed PA
biosensor, phosphatidic biosensor with superior sensitiv-
ity (PASS) [22, 23].
Here, we exhibit that RA-GEFs are major GEFs in

both chemokine and S1P-mediated Rap1 activation.
GPCR-dependent signaling induces PLD2-dependent PA
synthesis and recruitment of RA-GEFs to the plasma
membrane, which determine the generation sites of
Rap1-GTP and produce the front adhesive membrane of
the migrating cell. We also suggest that the suppression
of RA-GEFs by phosphorylation is constitutively canceled
by de-phosphorylation. This basal de-phosphorylation is
indispensable for chemokine-dependent activation of
Rap1. Thus, we are the first to identify Rap1-GEFs critical
for lymphocyte trafficking in vivo and to shed light on the
regulatory mechanisms of RA-GEFs as a directional indi-
cator in cell locomotion.

Result
RA-GEF deficiency impairs chemokine-dependent Rap1
activation and T cell homing in peripheral lymph nodes
Since T cells expressed both RA-GEF-1 and RA-GEF-2
(Additional file 1: Figure S1A), and single knockout did
not affect Rap1 activation induced by chemokine
(Additional file 1: Figure S1B), we deleted both in T cells
(RA-GEF-deficient T cells). RA-GEF-1 conditional
knockout (Rapgef2f/f: Lck-Cre or CD4-Cre), Rapgef6+/−

mice were crossed with Rapgef2f/f, Rapgef6+/− mice to
obtain the Lck-cre or CD4-cre/Rapgef2f/f/Rapgef6-null
mice (RA-GEF DKO). These mice grew normally with-
out gross abnormalities. Littermate mice (Rapgef2f/f,
Rapgef6+/+) (wild-type; WT) were used as control mice.
There was no difference in all data described in this paper
between Lck-cre and CD4-cre/Rapgef2f/f/Rapgef6-null mice.
In a first set of experiments, we assessed the influence of
RA-GEF-1/2 (RA-GEF) deficiency on chemokine-
dependent Rap1 activation. Rap1-GTP levels in RA-GEF-
deficient T cells were reduced to 14% of T cells derived
from control littermate mice at the peak time point after
CCL21 stimulation (Fig. 1a). Mst phosphorylation, which
was induced in a Rap1-GTP-dependent manner after
stimulation with CCL21, also decreased to less than 14% of
control cells (Fig. 1a).
In a previous study, we demonstrated that Rap1 activa-

tion is essential for cell polarization with segregated mem-
branes in which LFA-1 accumulated at the leading edge
and CD44 at the uropod [4]. As shown in Fig. 1b, polar-
ized cells accompanying the appearance of the front mem-
brane with LFA-1 clustering were significantly reduced in
RA-GEF-deficient T cells after CCL21 stimulation. There-
fore, we examined the effect of RA-GEF deficiency on the
CCL21-dependent migration of T cells on the intracellular
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adhesion molecule 1 (ICAM-1)-coated plate. The dis-
placement is the shortest distance the cells migrated from
the initial to the final position and reflects a directional
persistence. The displacement of RA-GEF-deficient T cells
was reduced by approximately 16% when compared to
WT T cells (Fig. 1c). Velocity is the displacement per unit
time in a given direction and reflects speed with a

direction. The average velocity was also reduced by ap-
proximately 48% in RA-GEF-deficient T cells (Fig. 1c).
Thus, in response to CCL21, RA-GEF deficiency impaired
T cell polarization and LFA-1-dependent migration on the
ICAM-1.
We then examined the effects of RA-GEF-1/2 defi-

ciency on T cell homing. WT and RA-GEF-deficient

Fig. 1 Deficiency of RA-GEF in T cells impaired Rap1 activation and homing. a (Top) GTP-bound Rap1 was analyzed by a pull-down assay using
GST-Ral-GDS-RBD. Wild-type (WT) or RA-GEF-deficient (DKO) T cells were stimulated with CCL21 at the indicated times. Bound Rap1 (Rap1-GTP)
and total Rap1 were detected with anti-Rap1. (Bottom) Phosphorylation (p-) of Mst1/2 was examined with anti-phosphorylated Mst1/2. Total Mst1
is shown below. b (Top) WT and DKO T cells were stimulated with CCL21 for 10 min at 37 °C. The cells were stained with anti-LFA-1, alexaFluor
633 anti-Rat Ig, and FITC-CD44. DIC, differential interference contrast. Scale bar, 5 μm. Cells with segregated LFA-1 and CD44 accompanied with
elongated cell shapes were considered to be polarized cells. (Bottom) The graph shows the percentages of the polarized cells (n = 50). *P < 0.001
versus WT cells. c (Left) Displacement and velocity of WT and DKO T cells were measured on ICAM-1 with or without CCL21 (n = 50). *1P < 0.001,
*2P < 0.002 versus WT T cells. (Right) Representative tracks of WT or DKO T cells on the ICAM-1 in the presence of CCL21 are shown. Each line
represents a single-cell track. d WT and DKO T cells were labeled with CFSE and CMTMR, respectively, and injected into normal mice. After 1 h,
lymphocytes from injected mice were analyzed. (Left) Ratios of the number of DKO cells in the blood or lymph nodes relative to WT cells
(adjusted to 1) (n = 3). *P < 0.001 versus corresponding cells. (Right) Representative flow cytometry profiles are shown. The numbers indicate the
ratio of DKO to WT cells. e The numbers of T cells and B cells from the lymph nodes, spleen, and blood from WT or DKO mice are shown (n =
10). Cells were stained with anti-CD3, anti-B220, and anti-CD45 and analyzed using the flow cytometry. *P < 0.001 versus WT mice. Each bar graph
represents the means ± SEM
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naïve T cells (CD62LhiCD44loCD69−) were labeled with
different fluorescent dyes and adaptively transferred into
WT mice. The RA-GEF-deficient T cells showed a de-
fective homing capacity into peripheral lymph nodes
(Fig. 1d). Consistent with that, the T cell number in the
peripheral lymph nodes of RA-GEF DKO mice signifi-
cantly diminished (Fig. 1e). T cell numbers in the spleen
and blood of RA-GEF DKO mice were also reduced,
relative to WT mice (Fig. 1e), suggesting an impairment
in the supply of mature T cells from the thymus.

RA-GEF deficiency leads to the accumulation of mature
SP cells in the thymus
T cell development was assessed by measuring the sur-
face expression of CD4 and CD8. CD4 or CD8 single-
positive cells (SP) in RA-GEF DKO mice increased by
approximately 1.6-fold (Fig. 2a). The newly generated SP
underwent a multistage maturation in the thymic me-
dulla. The emigration process followed this maturation
[24]. The Qa-2 antigen was used to identify a subset of
the mature SP. A subset of SP with a low expression of
CD24 was more mature than one with a high expression
of CD24 [24]. Specifically, the frequency of CD4 SP and
CD8 SP with a mature phenotype (Qa-2+CD24lo) in-
creased from 7.7 to 24.3% and from 37.0 to 50.2%, re-
spectively. Their total cell number increased by twofold
in RA-GEF DKO mice, compared to WT mice (Fig. 2b).
This result suggests that the egress process of mature SP
might be impaired in RA-GEFDKO mice.
S1PR1 signaling is essential for T cell egress from the

thymus. CD69 physically interacts with S1PR1, resulting
in the inhibition of the surface S1PR1 expression. There-
fore, we examined whether RA-GEF deficiency affects
the expression of CD69. TCRβhighCD69low mature SP in-
creased twofold in the RA-GEF DKO mice, suggesting
that the accumulation of mature SP in the thymus of
RA-GEF DKO mice was not due to defective regulation
of S1PR1 (Fig. 2c).
T cell-specific Rap1a/b-double knockout mice (Rap1a/

b DKO) also demonstrated an abnormal accumulation
of SP in the thymus and an increased ratio of
TCRβhighCD69low mature SP (Fig. 2d). These results sug-
gest that RA-GEF-dependent Rap1 activation in mature
SP is required for emigration from the thymus.

RA-GEF are involved in S1P-dependent Rap1 activation
and locomotion along the S1P gradient
To investigate the effects of RA-GEF-1/2 deficiency on
the emigration of SP from the thymus, we examined
chemokine-dependent thymocyte migration in Transwell
assays using thymic lobes. In response to the CCL19,
which is a CCR7 ligand, CD4 and CD8 SP from RA-GEF
DKO mice displayed severe defects during migration
from the thymus (Fig. 3a). Consistent with this result,

immunohistology using confocal analysis of frozen thy-
mus sections demonstrated a defect in the medullary
accumulation of SP thymocytes (Fig. 3a). Thus, the RA-
GEF-1/2 deficiency is likely to reduce the mature SP
cells’ approach to the thymus egress sites.
Higher amounts of S1P in the blood can stimulate

S1PR1 on mature thymocytes to induce egress from the
thymus. Next, we examined the ability of SP thymocytes
to migrate in response to the high level of S1P. WT-
mature SP thymocytes (CD4+ or CD8+, CD62Lhigh) pro-
gressively migrated toward S1P. However, migration to-
ward S1P was eliminated in the RA-GEF-deficient
mature SP thymocytes (Fig. 3b). These data suggest that
S1P-stimulated migration is also dependent on the acti-
vation of RA-GEF.
This finding led us to examine whether S1P activates

Rap1 through RA-GEF. As shown in Fig. 3c, Rap1-GTP
in RA-GEF-deficient T cells was reduced to 18% of the
WT cells after S1P stimulation. The phosphorylation of
Mst1 was also reduced to less than 17% of WT cell
levels (Fig. 3c).
Because the S1P gradient plays a vital role in egress,

we analyzed the effects of RA-GEF-1/2 deficiency on T
cell locomotion along the S1P gradient. To this end, we
developed the novel device, which formed stable gradi-
ents in S1P using the chemotaxis chamber (Add-
itional file 2: Figure S2). The value of the gradient profile
in this chemotaxis chamber was determined through vis-
ual observation using a fluorescein dye (Additional file 2:
Figure S2). As shown in Fig. 3d, control T cells demon-
strated directional migration toward the S1P gradient,
whereas RA-GEF-deficient T cells could not move to the
constant direction. These results show that RA-GEF in
T cells is required for sensing the S1P gradient.

The RA-GEF’s deficiency in B cells reduces the retention
of immature B cells in the bone marrow, resulting in the
acceleration of B cell egress from the bone marrow
In contrast to T cells, immature B cell egress from the
bone marrow (BM) is a passive process, independent of
pertussis toxin (PTX)-sensitive GPCR signaling such as
S1P. On the other hand, the retention of these cells in the
BM strictly depends on amoeboid motility mediated by
CXCR4 and VLA-4 [25]. We also obtained the Mb-1-cre/
Rapgef2f/f/Rapgef6-null mice (RA-GEF B DKO). As shown
in Fig. 4a, the number of IgMhigh and B220low immature B
cells in the BM of RA-GEF B DKO mice was reduced to
12% of the number in WT mice. In contrast, the number of
immature B cells in the blood and spleen of RA-GEF B
DKO mice increased approximately twofold compared to
those of WT mice (Fig. 4b, d). The number of mature B
cells (IgMlow, B220high) in the BM of RA-GEF B DKO mice
was also reduced to 11% of WT mice (Fig. 4a). Pre-B cells
(IgM− and CD43low), which differentiation was dependent
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Fig. 2 (See legend on next page.)
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on the interaction with stroma cells [26], were lower in the
BM of RA-GEF B DKO mice, compared to WT mice
(Fig. 4c). The expression of CXCR4 and VLA-4 in the BM
B220+ cells of the RA-GEF B DKO mice was similar to
those of the WT mice (Fig. 4a). These data suggest that the
retention of immature B cells and the retention/recircula-
tion of mature B cells in the BM depend on RA-GEFs.
Furthermore, marginal zone B cells (CD21high,

CD23lo), which were reported to differentiate in an
integrin-dependent manner, were significantly dimin-
ished in the spleen of RA-GEF B DKO mice (Fig. 4d).
Consistent with those data, the Rap1-GTP levels in RA-
GEF-deficient B cells were reduced to 16% of the B cell
level derived from the control littermate mice at the
peak point in time after CXCL12 stimulation. And,
CXCL12-dependent migration on the VCAM-1-coated
plate was significantly reduced in the RA-GEF-deficient
B cells (Fig. 4e). Thus, RA-GEF plays crucial roles in
chemokine and integrin-mediated motility that are crit-
ical for B cell maturation in the BM and the spleen.

PLD2 is critical for T cell migration in response to CCL21
Since RA-GEF plays essential roles in chemokine and
S1P-mediated Rap1 activation and trafficking, we investi-
gated the regulatory mechanisms of RA-GEF. Previous
studies demonstrated that RA-GEF-1 interacts with PA
[16]. Recently, we reported that a PLD inhibitor impaired
CXCL12-dependent migration using a pro-B cell line re-
ferred to as Ba/F3 cells (BAF) [21]. In this study, we exam-
ined whether the PLD-dependent PA generation is
involved in the promotion of primary T cell migration in
response to CCL21. The inhibition of PA production in
murine T cells by a PLD2-specific inhibitor (CAY10594),
but not a PLD1-specific inhibitor (CAY10593), reduced
CCL21-induced migration on the ICAM-1 (Fig. 5a).
Treatment of T cells with R59022, a diacylglycerol kinase
(DGK) inhibitor, did not affect CCL21-induced migration
on the ICAM-1 (Fig. 5a). These data suggest that PA pro-
duction from the hydrolysis of phosphatidylcholine by
PLD2, but not the phosphorylation of DG via the DGK,
plays a significant role in T cell migration downstream of
the chemotactic factors. Next, using lentiviral transduction

of short hairpin RNAs specific to PLD2, we knocked it
down in BAF cells (PLD2 KD cells), in which the PLD2
expression was reduced to 29% of the control cells. Con-
sistent with the results of T cells using CAY10594, PLD2
KD cells demonstrated defective migration upon stimula-
tion with CXCL12 (Fig. 5b). However, CAY10594 did not
inhibit Rap1 activation after stimulation with CXCL12
(Fig. 5b). These data indicated that PLD2-dependent PA
generation was critical for chemokine-dependent cell mi-
gration, but not involved in the increase of GEF activity in
RA-GEF for Rap1.
Our previous study also showed that the RA-GEF-1 mu-

tant, which does not bind with PA but has intact GEF ac-
tivity for Rap1, did not translocate to the plasma
membrane, nor did it migrate on the ICAM-1 after che-
mokine stimulation [21]. This result suggested that PA
was critical for membrane localization of RA-GEF-1 in
integrin-mediated migration. Therefore, we examined the
spatiotemporal process of PA generation using PASS as a
PA reporter and also examined the recruitment of RA-
GEF-1 to the PA-accumulated region of the plasma mem-
brane in response to CXCL12. As shown in Fig. 5c, PASS
was distributed diffusely in the cytoplasm of unstimulated
cells and was quickly translocated to the plasma mem-
brane and accumulated at the restricted region after
CXCL12 stimulation, indicating that the chemokine in-
duced the PA-rich membrane compartment within several
minutes. The RA-GEF-1 was co-localized with the PASS
on the plasma membrane of CXCL12-stimulated cells,
which in turn was prevented by the CAY10594 (Fig. 5d).
These data demonstrated that PLD2-dependent PA gener-
ation at the plasma membrane defined the membrane dis-
tribution of the RA-GEF-1 and played an indispensable
role in T cell migration.

The PA-dependent localization of RA-GEF determines the
direction of T cell migration through the spatial
distribution of Rap1-GTP
To explore whether the PA-dependent distribution of
RA-GEF influences the temporal and spatial localization
of Rap1 activity, we examined the effects of a PLD2
inhibitor on the distribution of Rap1-GTP using

(See figure on previous page.)
Fig. 2 Defective thymic egress in RA-GEF DKO mice. a (Top) Representative CD4 and CD8 profiles of the thymus from WT or DKO mice. (Bottom)
Percentages of CD4+CD8+ double-positive (DP), CD4+ or CD8+ single-positive cells from the thymi of WT or DKO mice (n = 10). *1P < 0.002, *2P <
0.001 versus corresponding WT cells. b (Top) Representative CD24 and Qa-2 profiles on CD4+ or CD8+ single-positive cells from the thymus of WT
or DKO mice. (Bottom) The numbers of CD24low and Qa-2high, CD4+ or CD8+ single-positive (SP) cells from the thymi of WT or DKO mice (n = 5).
*P < 0.001 versus corresponding WT cells. c (Top) Representative CD69 and TCRβ profiles of the thymus from WT or DKO mice. (Bottom)
Percentages of TCRβ high CD69low and TCRβ high CD69high cells in thymocytes of WT or DKO mice (n = 5). *P < 0.001 versus corresponding WT
cells. d (Left upper) Representative CD4 and CD8 profiles of the thymus from WT or Rap1a and b double knockout (DKO) mice. (Left lower)
Percentages of CD4+CD8+ DP, CD4+ or CD8+ SP cells from the thymi from WT or Rap1a/b DKO mice (n = 10). *1P < 0.005, *2P < 0.002 versus
corresponding WT cells. (Right upper) Representative CD69 and TCRβ profiles of the thymus from WT or Rap1a/b DKO mice are shown. (Right
lower) Percentages of TCRβ high CD69low and TCRβ high CD69high cells from the thymi of WT or Rap1a/b DKO mice (n = 10). *P < 0.001 versus
corresponding WT cells. Each bar graph represents the means ± SEM
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Förster resonance energy transfer (FRET) with the
improved Rap1 activity sensor. Rap1 was present in
the membrane fractions such as vesicles, plasma
membranes, and endosomal compartments of the
perinuclear region of unstimulated cells, and the dis-
tribution of Rap1 was unchanged after chemokine
stimulation [2, 4, 27]. As previously reported [6],
within 1 min, Rap1 activation occurred at the plasma

membrane and the perinuclear region of the control
cells. However, inhibition of the PA formation by the
CAY10594 impaired activation of the Rap1 at the po-
larized region of the plasma membrane (Fig. 6a). This
was similar to the defective distribution of RA-GEF
[21] (Fig. 5d). The results suggest that PA-dependent
translocation of RA-GEF to the plasma membrane is
critical for the localization of Rap1-GTP.

Fig. 3 S1P activates Rap1 in RA-GEF-1/2-dependent manner, which is critical for chemotaxis toward S1P gradient. a (Top) Emigration of
thymocytes toward CCL19 from the thymus lobes in Transwell chemotactic chambers. CD4 and CD8 profiles of CD3-gating cells that emigrated
from WT and RA-GEF DKO thymus after 3 h of incubation with CCL19 are shown. (Middle) The numbers of emigrated cells from three
independent experiments using WT or DKO mice. *P < 0.001 versus corresponding WT cells. (Bottom) Thymus sections from WT and DKO mice
stained for CD4 (green) and CD8 (red). Scale bar, 200 μm. b The migration of thymocytes toward S1P in Transwell chemotactic chambers. The cell
numbers of CD4+ or CD8+, and CD62Lhigh cells that migrated toward S1P after 3 h of incubation with S1P (n = 3). *P < 0.001 versus corresponding
WT cells. c (Top) WT or DKO T cells were stimulated with 1 μM of S1P for the indicated times, lysed, and subjected to a pull-down assay. Bound
Rap1 (Rap1-GTP) and total Rap1 were detected with anti-Rap1. (Bottom) Phosphorylation (p-) of Mst1/2 in WT or DKO T cells stimulated with
1 μM of S1P for the indicated times was examined with anti-phosphorylated Mst1/2. Total Mst1 is shown below. d (Top left) The experimental
set-up of scheme. Time-lapse sequences of WT and DKO T cells migrating toward the S1P source were recorded. (Top right) Displacement of WT
and DKO T cells (n = 30). *P < 0.001 versus WT T cells. (Bottom) Representative tracks of WT or DKO T cell on ICAM-1 in response to S1P gradient
are shown. Each line represents a single-cell track. Each bar graph represents the means ± SEM
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Fig. 4 (See legend on next page.)
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Using a Ral guanine nucleotide dissociation inhibitor
(GDS)-RBD (Ras-binding domain)-mCherry (Ral-GDS-
RBD) as a Rap1-GTP reporter, the PASS was co-
localized with Rap1-GTP in the plasma membrane of
CXCL12-stimulated cells, and this region developed to
the protrusion (Fig. 6b and Additional file 3: Figure
S3A). CAY10594 prevented the accumulation and co-
localization of PASS with Rap1-GTP at the plasma
membrane and impaired the formation of the protrusion
(Fig. 6b). This result suggests that PA promotes the for-
mation of the front adherent membrane in Rap1-GTP-
dependent manner.
Previous studies demonstrated that GTPase-activating

protein (GAP) for Rap1 spatially regulates Rap1 activation,
which is critical for chemotaxis [28]. We also observed the
cellular localization of Spa1, a Rap1GAP. Spa1 was dif-
fusely distributed in the cytoplasm of unstimulated cells
and translocated to the plasma membrane after chemo-
kine stimulation. The Spa1 accumulated in the proximal
or overlapped region to Rap1-GTP-concentrated protru-
sion (Fig. 6b and Additional file 3: Figure S3A). This result
showed that Spa1 was not excluded, but rather integrated
into the PA-rich region of the plasma membrane by bind-
ing to the Rap1-GTP.
Because C3G is involved in lymphocyte trafficking, we

examined the effect of dasatinib, an inhibitor for abl
tyrosine kinase reported to be critical for C3G activation
[13, 29, 30]. The dasatinib did not influence the accumu-
lation and co-localization of the PASS and Rap1-GTP at
the plasma membrane (Additional file 3: Figure S3B).
At the same time, the knockdown of C3G did not affect
cell migration or the localization of Rap1-GTP at the
PA-concentrated region of the plasma membrane (Add-
itional file 3: Figure S3C). However, the CXCL12-
induced Rap1-GTP in the C3G KD cells was reduced
by approximately 20% (Additional file 3: Figure S3D).
These data showed that C3G was dispensable for mi-
gration and PA-dependent membrane localization of
the Rap1-GTP.

We previously reported that the Rap1-GTP-
concentrated protrusion is the adherent point on the in-
tegrin ligand [6]. We examined whether the PA-
dependent Rap1-GTP membrane localization influenced
cell movement on the ICAM-1. During cell migration
on the plates coated with ICAM-1 and CXCL12, the
Rap1-GTP-concentrated region on the plasma mem-
brane extruded the protrusion, and typically developed
to the front membrane, opposite the CD44-concentrated
uropod. The cell moved along a front-rear axis (Fig. 6c).
Similar to the results using the improved Rap1 activity
sensor (Fig. 6a), the Rap1-GTP distributed diffusely over
the CAY10594-treated cells (Fig. 6c). Defective develop-
ment of the front membrane impaired cell locomotion
(Fig. 6c). As expected, the PA and Rap1-GTP-concentrated
membrane were developed to the front membrane during
cell migration on the plates coated with ICAM-1 and
CXCL12 (Fig. 6d). These data suggest that the PA deter-
mines subcellular localization of Rap1 activation and the
direction of T cell movement.

De-phosphorylation of RA-GEF is necessary for
chemokine-dependent Rap1 activation
Because the association of RA-GEF with PA was not in-
volved in the increased GEF activity for Rap1, we investi-
gated the mechanisms for activating RA-GEF. As
previously reported [31, 32], inhibition of protein kinases
by staurosporine reduced chemokine-dependent Rap1
activation in primary T cells (Fig. 7a). Unexpectedly,
okadaic acid (OA), an inhibitor of protein phosphatase 2
(PP2A), also suppressed the CCL21-induced Rap1 acti-
vation to 21% of the control T cell level (Fig. 7a). In
addition, OA inhibited CCL21-dependent migration of
primary T cells (Additional file 4: Figure S4A). There-
fore, we explored the phosphorylation states of RA-GEF
in primary T cells using a Phos-tag SDS-PAGE method.
This method detected increases in phosphoprotein mo-
bility and was capable of separating phosphoprotein
from non-phosphoprotein. Because there is no useful

(See figure on previous page.)
Fig. 4 Impaired retention of RA-GEF-deficient B cells within the bone marrow. a (Top) Representative B220 and IgM profiles of B220+-gated bone
marrow cells from WT or RA-GEF B DKO (DKO) mice. (Middle) Cell numbers of IgMlow or IgMhigh, B220low immature B cells, IgMlow, B220high

mature B cells in the bone marrow (n = 5). *1P < 0.001, *2P < 0.001, *3P < 0.001 versus corresponding WT cells. (Bottom) Representative CXCR4 and
VLA-4 profiles of B220+ bone marrow cells. b (Top) Representative B220 and IgM profiles of B220+-gated blood cells from WT or DKO mice.
(Middle) Representative IgM and IgD profiles of B220+-gated blood cells. (Bottom) Cell numbers of IgMhigh, IgDlow immature and IgMlow, IgD high

mature B cells from B220+-gated blood cells (n = 5). *1P < 0.001, *2P < 0.001 versus corresponding WT cells. c (Top) Representative IgM and CD43
profiles of B220low, IgM−-gated cells (progenitor B cells) from the bone marrow of WT or DKO mice. (Bottom) Cell numbers of IgM−, CD43low pre-
B and IgM−, CD43 high pro-B cells from B220low, IgM−-gated bone marrow cells (n = 5). *P < 0.001 versus corresponding WT cells. d (Top)
Representative CD21 and CD23 profiles of B220+-gated spleen cells from WT or DKO mice. (Bottom) Cell numbers of CD21−, CD23− immature,
CD21high, CD23 low marginal zone (MZB) and CD21high, CD23 high follicular (FOB) B cells from B220+-gated spleen cells (n = 3). *1P < 0.001, *2P <
0.001 versus corresponding WT cells. e (Left) Lysates from WT or DKO B cells stimulated with CXCL12 at the indicated times were subjected to
the pull-down assay. Bound Rap1 (Rap1-GTP) and total Rap1 were detected with anti-Rap1. (Right upper) Displacement of WT or DKO B cells was
measured on VCAM-1 with or without CXCL12 (n = 30). (Lower) Representative tracks of WT or DKO B cells with CXCL12 are shown. Each line
represents a single-cell track. Each bar graph represents the means ± SEM
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antibody to detect endogenous RA-GEF-1 in a Phos-tag
SDS-PAGE, we examined the phosphorylation states of
RA-GEF-2 in primary T cells. Using Phos-tag SDS-
PAGE followed by immunoblotting with an anti-RA-
GEF-2 antibody, more than 80% of RA-GEF-2 was de-
tected as a single band (①) in unstimulated primary T
cells (Fig. 7b). In the presence of the OA, phosphorylated
bands (②, ③) increased to 40–50% of the whole with or
without CCL21 (Fig. 7b), indicating that RA-GEF-2 was
basally phosphorylated but de-phosphorylated at the same
time. CCL21 stimulation significantly increased the phos-
phorylated band (②), which was inhibited by staurospor-
ine (Fig. 7b). In the Phos-tag free-condition, RA-GEF-2
was detected as a single band in the presence of the OA
(Fig. 7b).
We also examined the phosphorylation states of RA-

GEF-2 in BAF cells. RA-GEF-2 of unstimulated BAF
cells was detected as a single band (①) in the Phos-tag
SDS-PAGE (Fig. 7b). In the presence of the OA, phos-
phorylated bands (②, ③) increased to 60–80% of the
whole with or without CXCL12 (Fig. 7b). These results
indicated that RA-GEF-2 was constitutively phosphory-
lated but constantly de-phosphorylated in BAF cells as
well as T cells. CXCL12 stimulation significantly in-
creased the phosphorylated band (②, ③), which was
inhibited by staurosporine (Fig. 7b). In the Phos-tag
free-condition, RA-GEF-2 was detected as a single band
in the presence of the OA (Fig. 7b).
We also investigated the phosphorylation states of

flag-tagged RA-GEF-1, which was introduced into the
BAF cell. Approximately 40% of RA-GEF-1 was basally
phosphorylated in the unstimulated cells (③) (Fig. 7c).
In the cells treated with staurosporine, RA-GEF-1 was
detected primarily as a lower unphosphorylated band
(①) (Fig. 7c). In the presence of OA, the most of RA-
GEF-1 was observed as the phosphorylated bands (②,
③) in the presence or absence of CXCL12 (Fig. 7c).
These results indicated that RA-GEF-1 were basally sub-
ject to phosphorylation and de-phosphorylation as well
as RA-GEF-2. However, the phosphorylation of RA-
GEF-1 dominated the de-phosphorylation in BAF cells,

indicating that RA-GEF-1 was highly phosphorylated
more than RA-GEF-2. CXCL12 stimulation induced the
phosphorylation of RA-GEF-1 (②, ③) (Fig. 7c). In the
Phos-tag free-condition, the RA-GEF-1 was detected as
a single band (Fig. 7c).
Taken together, these results suggest that basal phos-

phorylation of both RA-GEF-2 and RA-GEF-1 sup-
presses chemokine-induced Rap1 activation.
Previous study [33] reported that knockdown of lysine

deficient protein kinase 1 (WNK1) in Jurkat T cells aug-
mented CXCL12-dependent Rap1 activation, indicating
that WNK1 suppressed Rap1 activation in T cells. As
shown in Additional file 4: Figure S4B, the overexpres-
sion of WNK1 in BAF cells reduced Rap1 activation in
response to CXCL12, so we examined the involvement
of WNK1 in basal phosphorylation of endogenous RA-
GEF-2 in BAF cells. The overexpression of WNK1 sig-
nificantly promoted the phosphorylation of RA-GEF-2 in
the presence of OA (Fig. 8a and Additional file 4: S4C).
However, without OA, the overexpression of WNK1
slightly increased the phosphorylation of the RA-GEF-2.
This suggests that PP2A actively de-phosphorylates the
residue(s) of RA-GEF-2 phosphorylated by the WNK1.
Because the flag-RA-GEF-1 did not basally undergo in-

tense phosphorylation in 293T cells, we also examined
the effect of WNK1 on the phosphorylation of flag-RA-
GEF-1 using the 293T cells. The overexpression of
WNK1 virtually promoted the phosphorylation of flag-
RA-GEF-1 in the presence or absence of OA (Fig. 8b).
Thus, both the RA-GEF-1 and RA-GEF-2 were possible
substrates of WNK1.
Finally, in the absence or presence of OA, we exam-

ined the effects of the knockdown of WNK1 on basal
phosphorylation of RA-GEF-2 and flag-RA-GEF-1 in
BAF cells (Fig. 8c). The knockdown of WNK1 increased
the CXCL12-dependent Rap1 activation (Additional file 4:
Figure S4D). As shown in Fig. 8c, in the presence of OA,
the knockdown of WNK1 significantly decreased the
upper phosphorylated band (③) and instead increased
the unphosphorylated band (①) of RA-GEF-2. On the
other hand, in the absence or presence of OA, the

(See figure on previous page.)
Fig. 5 PLD2 is critical for chemokine-dependent PA generation at the plasma membrane. a (Top) Displacement (left) and velocity (right) of T cells
were measured on ICAM-1 with or without CCL21 in the presence or absence of 1 or 2 μM of CAY10593, CAY10594, and 5 or 10 μM of R59022
(n = 30). *1P < 0.002, *2P < 0.001 versus WT T cells. (Bottom) Representative tracks of T cells treated with the indicated inhibitors with CCL21 are
shown. Each line represents a single-cell track. b (Left upper) Displacement and velocity of scramble (control) or PLD2-knockdown cells were
measured on the ICAM-1 with or without CXCL12 (n = 30). *P < 0.001 versus control cells. (Left lower) Representative tracks of control or PLD2 KD
cells with CXCL12 are shown. Each line represents a single-cell track. (Right) BAF cells treated with or without CAY10594 were stimulated with
CXCL12 at the indicated times, lysed, and subjected to the pull-down assay. Bound Rap1 (Rap1-GTP) and total Rap1 were detected with anti-
Rap1. c PASS-GFP-expressing control cells were stimulated with CXCL12 for the indicated times. Time 0 represents the first time-lapse image;
subsequent images were obtained in the same focal plane. Scale bar, 5 μm. d Distribution of PASS-GFP and RA-GEF-1 in BAF cells that were
untreated (none) or treated with CXCL12 for 10 min in the presence (middle) or absence (top) of CAY10594 is shown. Scale bar, 5 μm. (Bottom)
The graph shows the percentages of cells with the polarized membrane localization of PASS at the plasma membrane (n = 30). *P < 0.001 versus
CXCL12-stimulated cells in the absence of CAY10594. Each bar graph represents the means ± SEM
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Fig. 6 PA-dependent Rap1-GTP localization at the plasma membrane induces the development of the front membrane. a (Left) The FRET-based
Rap1 activity sensor-expressing BAF cells were stimulated with CXCL12 in the presence or absence of CAY10594. An image of mTurquoise/Venus
ratio represents FRET efficiency. (Center) The FRET efficiency at 6 μm edge region of plasma membrane is shown after CXCL12 stimulation
(n = 20). Values are normalized to the level at zero point. The blue arrow marks the addition of CXCL12. (Right) The percentages of cells showing
more than 1.3-fold increase in the FRET efficiency at the plasma membrane at 120 s after CXCL12 stimulation are shown (n = 20). *P < 0.001
versus CXCL12-stimulated cells without CAY10594. b (Left upper) Co-localization of PASS-GFP (PA) and Ral-GDS-RBD-mCherry (Rap1-GTP) in BAF
cells at 10 min after CXCL12 stimulation with or without CAY10594 is shown. (Lower) We measured the ratios of Ral-GDS localized in the
cytoplasm, plasma membrane, and PASS-concentrated region of plasma membrane of the cells. The graph shows percentages of cells showing
that more than 50% of Ral-GDS was localized in each region (n = 30). (Right upper) Localization of Spa1-GFP and Ral-GDS-RBD-mCherry in BAF
cells treated with CXCL12 is shown. (Lower) We measured the ratios of Spa1 localized in the cytoplasm, plasma membrane, and Ral-GDS-
concentrated region of plasma membrane of the cells. The graph shows percentages of cells showing that more than 50% of Spa1 was localized
in each region (n = 30). c Distribution of the Ral-GDS-RBD-mCherry and FITC-conjugated anti-CD44 in BAF cells on CXCL12 and ICAM-1-coated
surface with (lower) or without (upper) CAY10594 is shown. Time 0 represents the first time-lapse image; subsequent images were obtained in
the same focal plane. The asterisk symbol (*) shows the certain position. d Localization of PASS-GFP and Ral-GDS-RBD-mCherry in BAF cells on
CXCL12 and ICAM-1-coated surface is shown. Each bar graph represents the means ± SEM. Scale bar, 5 μm

Ishihara et al. BMC Biology           (2020) 18:75 Page 12 of 21



Fig. 7 (See legend on next page.)

Ishihara et al. BMC Biology           (2020) 18:75 Page 13 of 21



knockdown of WNK1 increased the unphosphorylated
band (①) or phosphorylated band (②) of the flag-RA-
GEF-1 (Fig. 8c). These data indicated that basal phos-
phorylation of RA-GEF-2 and RA-GEF-1 was partially
dependent on WNK1. In addition, we confirmed that
the knockdown of WNK1 did not affect the transloca-
tion of RA-GEF-1 to the plasma membrane (Add-
itional file 4: Figure S4E).
Taken together, these results suggest that Rap1 activation

by chemotactic factors requires basal de-phosphorylation of
RA-GEF by PP2A, because their GEF activity might be sup-
pressed by the phosphorylation by protein kinases such as
WNK1 (Fig. 9).

Discussion
To understand the regulation of lymphocyte trafficking, it
is important to identify the Rap1-GEFs involved in
chemokine and S1P-mediated signaling. This study shows
that RA-GEF-1/2 are major GEFs involved in chemokine-
dependent Rap1 activation of both T and B cells. In T
cells, Rap1 is activated by S1P through RA-GEF-1/2
(RA-GEF) and is essential for thymic egress. Since
thymic egress is reduced in T cell-specific Rap1a/b-double
knockout mice, we conclude that RA-GEF-dependent
Rap1 activation plays indispensable roles in both T cell
homing and egress. On the other hand, RA-GEF plays a
critical role in the retention of B cells in the BM; thereby,
their deficiency promotes egress from the BM. In contrast
to T cells, B cell numbers in peripheral LNs of mice
having B cell-specific knockouts of Rapgef2/6 were not
significantly reduced. This indicated that RA-GEF was
dispensable for the homing of B cells into LNs. Because
Rap1a/b deficiency inhibits the homing of both T and B
cells into LNs, the remaining Rap1 activity of RA-GEF B
DKO mice was enough for B cells to adhere and
transmigrate across the high endothelial cells (HEV).
Approximately 20% of Rap1 activation remained in the
RA-GEF-deficient T and B cells via GPCR-mediated sig-
naling. CalDAG-GEFI is not expressed in mouse naïve

lymphocytes [34]. As C3G is another major Rap1-GEF
expressed in lymphocytes, in RA-GEF-deficient lympho-
cytes, C3G may compensate for chemokine-dependent
Rap1 activation [13–15].
Because lymphocytes are non-adherent cells, integrin

on the cell surface of lymphocyte must be activated to
migrate on the integrin ligand. We previously reported
that the conversion of Rap1-GDP to Rap1-GTP at the
plasma membrane induced the integrin clustering which
formed adhesion point at the leading edge, and facili-
tated the lymphocyte migration [4, 35, 36]. However, it
is unclear how the cellular distribution of Rap1-GTP
and the direction of cell movement are determined. We
revealed the model for the mechanisms underlying the
spatial and temporal regulation of Rap1 activation via
RA-GEF downstream of chemotactic factors (Fig. 9).
GPCR-dependent PA generation on the plasma
membrane recruited RA-GEF, where they activated the
Rap1. Consequently, the PA and Rap1-GTP-
concentrated membrane extended a protrusion, devel-
oped the adhesive front membrane, and established cell
polarization necessary for directional migration. On the
other hand, the temporal activation of RA-GEF by
chemotactic factors was regulated by phosphorylation
and de-phosphorylation (Fig. 9). Both RA-GEF-1/2 are
basally phosphorylated by WNK1 and other unknown
kinases, but consistently de-phosphorylated by PP2A. Pre-
vious studies demonstrated the importance of RA-GEF
phosphorylation for Rap1 activation [31, 32]. This study
demonstrated that in response to chemokine, basal de-
phosphorylation of RA-GEF was also necessary for Rap1
activation. Thus, these data suggest that localization and
activation of RA-GEF are tightly regulated via PA and
phosphorylation/de-phosphorylation, respectively.
The direct phosphorylation of human RapGEF2 at

Ser960 by PKC-θ was involved in T cell receptor-
mediated Rap1 activation [31]. Cdk5-dependent phos-
phorylation of Ser1124 was important for the activation
of human RA-GEF-1 [32]. This study suggests that

(See figure on previous page.)
Fig. 7 The de-phosphorylation of RA-GEF is necessary for Rap1 activation. a Mouse T cells untreated or treated with okadaic acid (OA) or
staurosporine were stimulated with CCL21 and subjected to a pull-down assay. Bound Rap1 (Rap1-GTP) and total Rap1 were detected with anti-
Rap1. b (Upper left) The de-phosphorylation of RA-GEF-2 in T cells stimulated with or without CCL21 for 60 s in the presence or absence of OA or
staurosporine was analyzed by Phos-tag (upper) or conventional (lower) SDS-PAGE followed by immunoblotting with anti-RA-GEF-2. (Right)
Quantification of ①, ②, and ③ bands, which is presented as percentage of each band. *1P < 0.006 versus unstimulated cells without OA, *2P <
0.01 versus unstimulated cells without OA, *3P < 0.05 versus unstimulated cells with OA, *4P < 0.001 versus CCL21-stimulated cells without OA.
(Lower left) The de-phosphorylation of RA-GEF-2 in BAF cells stimulated with or without CXCL12 in the presence or absence of OA or
staurosporine was analyzed by Phos-tag (upper) or conventional (lower) SDS-PAGE followed by immunoblotting with anti-RA-GEF-2. (Right)
Quantification of ①, ②, and ③ bands, which is presented as percentage of each band. *1P < 0.005 versus unstimulated cells without OA, *2P <
0.04 versus unstimulated cells without okadaic acid, *3P < 0.008 versus unstimulated cells with OA, *4P < 0.004 versus CXCL12-stimulated cells
without OA. C (Left)The de-phosphorylation of flag-RA-GEF-1 in BAF cells stimulated with or without CXCL12 in the presence or absence of OA or
staurosporine was analyzed by Phos-tag (upper) or conventional (lower) SDS-PAGE followed by immunoblotting with anti-flag. (Right)
Quantification of ①, ②, and ③ bands, which is presented as percentage of each band. *1P < 0.02 versus unstimulated cells without OA, *2P < 0.03
versus unstimulated cells without OA, *3P < 0.04 versus CCL21-stimulated cells without OA. The Rf value of 1.0 is defined as the position of the
BPB dye. A representative of three independent experiments is shown. Each bar graph represents the means ± SEM
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Fig. 8 RA-GEF was basally phosphorylated by WNK1. a (Left) Total halo-WNK1 was detected with anti-halo. Actin was a loading control. (Middle)
Control or WNK1-expressing BAF cells with or without OA were analyzed by Phos-tag (upper) or conventional (lower) SDS-PAGE followed by
immunoblotting with anti-RA-GEF-2. (Right) Quantification of ①, ②, and ③ bands, which is presented as percentage of each band. *1P < 0.01
versus control cells with OA. b (Left) Total halo-WNK1 was detected with anti-halo. Actin was a loading control. (Middle) Flag-RA-GEF-1, and
control or WNK1-expressing 293T cells with or without OA were analyzed by Phos-tag (upper) or conventional (lower) SDS-PAGE followed by
immunoblotting with anti-flag. (Right) Quantification of ①, ②, and ③ bands, which is presented as percentage of each band. *1P < 0.002, *2P <
0.002 versus control cells in the presence or absence of OA. c (Left) Total WNK1 was detected with anti-WNK1. Actin was a loading control.
(Middle top) Control or WNK1-knockdown (KD) BAF cells with or without OA were analyzed by Phos-tag (upper) or conventional (lower) SDS-
PAGE followed by immunoblotting with anti-RA-GEF-2. (Bottom) Quantification of the abundance of ①, ②, and ③ bands, which is presented as
percentage of each band. *P < 0.05 versus control cells in the presence of OA. (Right top) Control or WNK1KD, flag-RA-GEF-1-expressing BAF cells
with or without OA were analyzed by Phos-tag (upper) or conventional (lower) SDS-PAGE followed by immunoblotting with anti-flag. The Phos-
tag blot of flag-RA-GEF-1 was cropped from a same blot. (Bottom) Quantification of ①, ②, and ③ bands, which is presented as percentage of
each band. *1P < 0.009, *2P < 0.008 versus control cells in the absence or presence of OA. The Rf value of 1.0 is defined as the position of the BPB
dye. A representative of three independent experiments is shown. Each bar graph represents the means ± SEM
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phosphorylation of RA-GEF is necessary for
chemokine-dependent Rap1 activation. On the other
hand, WNK1-deficient T cells demonstrated an
augmented chemokine-dependent Rap1 activation [37],
suggesting that phosphorylation by WNK1 inhibits
Rap1 activation. In this study, we demonstrated that
WNK1 phosphorylated RA-GEF, and basal de-
phosphorylation of RA-GEF was critical for chemokine-
dependent Rap1 activation in lymphocytes. These data
suggest the existence of distinct phosphorylation sites
in RA-GEF, which suppress or promote the GEF activ-
ity for Rap1.
In this study, Spa1 immediately moved to the Rap1-

GTP-generating sites on the plasma membrane, suggest-
ing that Rap1 on-off was rapidly regulated on the adhesion
points by Spa1. Rap1-GTP-dependent development of a
new adherent membrane may cause high-speed move-
ment and active changes in the direction toward the
chemotactic gradient as a driving device. Adherent lym-
phocytes partially move in ways similar to other adherent
cells, but often change the direction of movement. In con-
trast to neutrophils that trace pathogens, lymphocytes
interact and communicate with other cells such as lym-
phocytes or dendritic cells. So, random migration on
chemokine-presented cells is suitable for lymphocytes to
increase the opportunity of encountering other cells.
The accumulation of Qa-2+CD24low SP in the thymus

of RA-GEF-deficient mice was consistent with the defect
observed by the inhibition of thymic egress with FTY720
[11]. CD4 SP and CD8 SP are located in the perivascular
spaces surrounding large blood vessels at the

corticomedullary junction and the medulla, and migrate
from the thymus through blood vessels [8]. The regula-
tion of S1P gradients between the thymus and circula-
tory fluids directs the chemotactic egress of mature
thymocytes from the thymus into the circulatory system
[7]. We originally developed the chamber forming the
stable S1P gradient in vitro and demonstrated that RA-
GEF-1/2 are important for the directional bias of T cells
toward the S1P gradient. Thus, RA-GEF-dependent
Rap1 activation was found to be crucial for S1P-
mediated reverse transmigration across the endothelium
through blood vessels at the corticomedullary junction.
Previously, our studies demonstrated that Mst1 was

downstream effector molecule of Rap1-GTP and medi-
ated cell polarization and migration [5]. Previous studies
demonstrated that thymic egress is reduced in Mst1-
deficient mice [5, 11]. In this study, chemokine or S1P-
mediated Mst1 activation was impaired by an RA-GEF
deficiency. Reduced Mst activation in RA-GEF-deficient
T cells may cause impaired thymic egress.
Rap1 deficiency in T cells causes severe colitis with

tubular adenoma [6]. The knockout of RAPL or Mst1
also leads to the development of autoimmune diseases
[38, 39]. These findings demonstrate that lymphope-
nia preceding homeostatic T cell proliferation in the
lymph nodes impairs self-tolerance. In this study, we
found that RA-GEF-1/2 are key GEFs for Rap1 that
determine the direction of motile lymphocytes. There-
fore, it is important for the control of immune
responses and tolerance to clarify the regulatory
mechanisms of RA-GEF in T cells.

Fig. 9 Model for RA-GEF regulation in T cells. In unstimulated cells, RA-GEF is distributed at the cytoplasm, and their phosphorylation/de-
phosphorylation at similar residue(s) is co-occurring by WNK1 and other kinases, and PP2A. Gαi protein-coupled receptor (GPCR)-mediated
signaling produces PA at the plasma membrane via PLD2, and RA-GEF translocates to the PA-generated region of plasma membrane. GPCR-
mediated signaling phosphorylates RA-GEF at different residue(s), which activates RA-GEF. Activated RA-GEF converts Rap1-GDP to Rap1-GTP at
PA-concentrated region of the plasma membrane and induces the protrusion, which develops the front membrane
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Conclusions
RA-GEF-1 and 2 are major Rap1-GEFs in lymphocyte
trafficking. Membrane distribution and activation of RA-
GEF are key factors for a directional movement of lym-
phocytes. Phosphatidic acid determines spatial distribu-
tion of Rap1-GTP through the regulation of membrane
localization of RA-GEF. The activation of RA-GEF with
chemokine requires basal de-phosphorylation.

Methods
Mice
All animal experiments were carried out in accordance
with the Regulations for the Care and Use of Laboratory
Animals in Kitasato University, and the protocols used
in this study were ethically approved by the Institutional
Animal Care and Use Committee for Kitasato University.
Rapgef6−/− mice were generated as described previously
[19]. Rapgef2 flox/flox mice were crossed with Lck-Cre or
Cd4-Cre mice, yielding mice with T cell-specific deletion
of Rapgef2. Rapgef2 conditional knockout (Rapgef2flox/flox:
Lck-Cre or Cd4-Cre) and Rapgef6+/− male mice were
crossed with Rapgef2 flox/flox, Rapgef6+/− female mice,
yielding Rapgef2lox/flox, Rapgef6−/− mice. In all experi-
ments, 7–10-week-old littermates (both male and fe-
male) were used. All experiments were performed in
accordance with the protocols approved by the Animal
Care and Use Committee of Kitasato University (Kana-
gawa, Japan).

Cell lines
BAF-LFA1 cells (Ba/F3 cells expressing human LFA-1)
have been described [40]. BAF-LFA1 cells have not been
authenticated since fingerprint for Ba/F3 cells is not
publicly available. All cell lines were tested for myco-
plasma contamination by 4′,6-diamidino-2-phenylindole
(DAPI) staining with negative results.

Antibodies and reagents
Fluorescence-conjugated anti-mouse CD3, B220, CD4,
CD8, CD62L, CD44, CD24, Qa-2, CD69, TCRβ, CD25,
IgM, IgD, CD21, CD23, CD43, VLA-4, CXCR4, and
CCR7 (e-bioscience); anti-mouse LFA-1; anti-C3G
(Santa Cruz Biotechnology); anti-RFP (MBL); anti-Rap1
(BD Biosciences); pMst1/2; Mst1; PLD2 (Cell Signaling);
anti-FLAG (Wako); anti-Halo (Promega); anti-WNK1
(R&D systems); β-actin; and peroxidase-conjugated goat
anti-rat, rabbit, or mouse IgG (Cell Signaling) were used
for flow cytometry (1:100) and immunoblotting (1:1000).
Mouse CCL21, CCL19, and CXCL12 (R&D Systems)
were used at the concentration of 100 nM for the assays.
0.5 μM staurosporine (protein kinase inhibitor) (Wako
Pure Chemicals), 0.5 μM okadaic acid (PP2A inhibitor)
(Wako), 5–10 μM R59022 (Tocris Bioscience) (DGK in-
hibitor), 1 μM dasatinib (abl family PTK inhibitor)

(Carbosynth), and 1–2 μM CAY10594 (PLD2 inhibitor)
or CAY10593 (PLD1 inhibitor) (Cayman Chemical) were
used for examination of their roles in chemokine-
dependent Rap1 regulation.

RT-PCR
Total RNA was extracted from T and B cells with TRI-
zol reagent, and total RNA was purified according to the
manufacturer’s protocol (Invitrogen). The RNA was
transcribed into cDNA with Takara Prime script reverse
transcriptase according to the manufacturer’s protocol
(Takara). The sequence of the primers used was as fol-
lows: RA-GEF-1, forward 5′-aaggcgacacaggcactatc-3′
and reverse 5′-ccttctgggaaatcggcaat-3; RA-GEF-2, for-
ward 5′-cggacacatgtgaaccaaac-3′ and reverse 5′-atc-
caatcttcgagggaacc-3′. The PCR products were loaded on
2% agarose gels.

DNA constructs and transfection
The cDNA encoding mouse RA-GEF-1 was amplified by
PCR using the following primers (restriction sites are
underlined): forward 5′-ggaattcgaaatggctttccttgtgcg-3′ and
reverse 5′-tagcggccgccaaacagcagacacttgttc-3′. The ampli-
fied cDNA was subcloned into a pcDNA-FLAG vector.
To produce a mammalian expression vector of

mCherry-tagged Ral-GDS-RBD, we subcloned cDNAs
encoding mCherry and the RBD of human Ral-GDS
(amino acids 772–868) of pcDNA3.1 or a lentivirus vec-
tor (CSII-EF-MCS; a gift from H. Miyoshi, RIKEN,
Wako, Japan). An improved FRET-based Rap1 activity
sensor, consisting of an improved version of a yellow
fluorescent protein (Venus)-tagged Rap1 linked with a
monomeric Turquoise (mTurquoise)-tagged RAPL-RBD,
was constructed into a pcDNA3.1 or a lentivirus vector
(CSII-EF-MCS).
An enhanced green fluorescent protein-PA biosensor

with superior sensitivity (EGFP-PASS) was generated as
previously described [22]. A nuclear export sequence
(NES) derived from protein kinase A inhibitor α (PKI-α)
was added between EGFP and Spo20-PABD (PA-binding
domain) cloned into pEGFP-C1. PASS tagged with mono-
meric GFP (mGFP) was generated by replacing EGFP in
the EGFP-PASS with mGFP and mRFP. The lentiviral vec-
tors carrying GFP-PASS were subcloned into pCDH-
CMV-MCS (System Biosciences, Mountain View, CA).
WNK1 cDNA and RA-GEF-2 transferred to a pFN21A
vector were purchased from Kazusa. RA-GEF-2 cDNA
was as subcloned into a pcDNA-flag vector. The fidelity of
all constructs was verified by sequencing.

RNA-mediated interference and gene introduction via
lentiviral transduction
RNA-mediated interference was used to suppress mouse
PLD2, C3G, and WNK1 expression. A 19-nucleotide-
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specific sense RNA sequence (GACACAAAGTCTTG
ATGAG) (5′–3′) or a scrambled control RNA sequence
of PLD2, and GGGCTTTGGTGTTGAGTGT (5′–3′) or
a scrambled control RNA sequence of C3G, and three
kinds of specific sense RNA sequence GCTGCGTATT
GAAGATATTAA (5′–3′), AGACGTTGCTTCTG
GTATGA (5′–3′), and AAGATCTTGATGCT
CAGTTGA (5′–3′) of WNK1 were introduced into
BAF/LFA-1 using lentivirus with a lentivirus vector with
or without GFP or puromycin resistance gene (a gift
from Dr. Miyoshi H., RIKEN, Wako, Japan) containing
the RNAi construct under control of the H1 promoter
cassette, respectively. The production and concentration
of lentivirus particles were assessed as previously de-
scribed [35]. The transduction efficiencies were greater
than 90%. A GFP high population was collected by cell
sorting and subjected to adhesion assays and immuno-
blot analysis.

Immunoprecipitation and immunoblot analysis
BAF cells or mouse T lymphocytes were lysed in a buffer
(1% Nonidet P-40, 150 mM NaCl, 25 mM Tris-HCl [pH
7.4], 10% glycerol, 2 mM MgCl2, 1 mM phenylmethylsul-
fonyl fluoride, 1 mM leupeptin, and 0.1 mM aprotinin).
Cell lysates were subjected to immunoblotting [2].
Phos-tag SDS-PAGE was performed according to the

manufacturer’s protocol. Acrylamide gel 3.3% was mixed
with 20 μM Phos-tag acrylamide (AAL-107, Wako Pure
Chemicals) and 40 μM MnCl2. After sample separation,
the gel was washed with blotting buffer containing 5
mM EDTA for 30 min to chelate Mn2+. Proteins were
transferred onto PVDF membrane and used for
immunoblotting.

Pull-down assays
Rap1-GTP was pulled down with a glutathione S-trans-
ferase (GST)-RBD of RalGDS (1–149 of human Raf1) fu-
sion protein, respectively [41]. Briefly, 107 cells were
lysed in ice-cold lysis buffer (1% Triton X-100, 50 mM
Tris-HCl [pH 7.5], 100mM NaCl, 10 mM MgCl2, 1 mM
phenylmethylsulfonyl fluoride, 1 mM leupeptin, and 0.5
mM aprotinin) and incubated for 1 h at 4 °C with GST-
fusion proteins coupled to glutathione sepharose beads.
The beads were washed three times with lysis buffer and
subjected to immunoblot analysis using an anti-Rap1
antibody. Immunoblotting of total cell lysates (5 × 104

cells) was also performed.

Lymphocyte migration on ICAM-1 and VCAM-1
Migration on ICAM-1 or VCAM-1 was performed as
previously described using a ΔT dish (Bioptechs Inc.)
with immobilized recombinant human or mouse ICAM-
1Fc (0.5 μg/ml) or mouse VCAM-1Fc (0.5 μg/ml) [5, 36].
A total of 2 × 105 cells were loaded onto the ICAM-1-

coated dish. Phase-contrast images were obtained using
an Olympus Plan Fluor DL × 10/0.3NA objective every
15 s for 10–15 min at 37 °C using a heated stage for ΔT
dishes (Bioptechs Inc.). The frame-by-frame displace-
ments and lymphocyte velocities were calculated by
automatically tracking individual cells using the Meta-
Morph software (Molecular Devices). In each field, 30
randomly selected cells were manually tracked to meas-
ure the median velocity and displacement from the start-
ing point.

Thymic emigration
Thymic egress was measured using thymic lobes as
described previously [10]. Thymic lobes isolated from
WT and DKO mice without disrupting the capsule
were incubated in the upper chamber of a Transwell
(5-μm pore size) with CCL19 (100 nM) in the lower
chamber. After 3 h, cells in the lower chamber were
recovered and counted, and then immunostained with
CD3, CD4, CD8, and CD62L. The cell numbers were
calculated as the frequencies of the respective
population.

Transwell migration assay
Five hundred microliters of RPMI medium containing
S1P (Sigma-Aldrich) was added to the lower chamber.
One million thymocytes in 150 μl of medium were
then added to the upper chamber of 3-μm pore 24-
well tissue culture inserts and incubated for 3 h at
37 °C in a 5% CO2 incubator. The thymocytes from
the input and lower chambers were counted and
stained with CD3, CD4, CD8, and CD62L for flow cy-
tometry. Percentages of migration were calculated for
each flow cytometry-defined subset by dividing the
number of that subset in the input with the number
of migrated cells.

Chamber fabrication and assay for chemotaxis toward
S1P gradient using chambers
A micro-chamber for the chemotaxis assay was fabri-
cated following a photolithography process described
earlier [42, 43]. In brief, polydimethylsiloxane (PDMS;
Sylgard 184 Silicone Elastomer Kit, Dow Corning) so-
lution with a mixing ratio of 10:1 (base: curing agent)
was poured on a 50-μm-thick SU8-mold (SU-83050;
MicroChem) and was cured for 1 h at 75 °C. The
PDMS sheet was then peeled off from the mold. In-
lets for chemoattractant and cell-loading were opened
with a 1.5-mm- or 2-mm-diameter biopsy punch (BP-
15F, BP-20F; Kai industries), respectively. The fabri-
cated PDMS was cut using a stainless steel corer
(BSV01; TKG) to form a round 10-mm-diameter disc.
A glass-bottom dish (P35G-0-14-C; MatTek) was
treated with O2 plasma for 10 min to clean the glass
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surface using a plasma etcher (FA-1; Samco). The
dish and the PDMS disc were treated with an O2

plasma for an additional 5 s, attached together by
hands, and immediately heated on a hot plate for 3
min at 80 °C for permanent bonding.
Custom-made migration chambers were coated with

mouse ICAM-1 Fc (0.5 μg/ml) and overlaid with 30 μl of
2 mM S1P with 10 μl of 0.4 μg/ml Alexa Fluor 594 dye
(Thermo Fisher Scientific). The dimensions of the cham-
ber are 500 μm wide, 50 μm high, and 1mm long. Ten
microliters of cell suspension (5 × 105 cells) was casted
into the chamber and observed at 37 °C for 180 min via
time-lapse video microscopy. Cells were tracked using
the MetaMorph software.

Immunofluorescence staining
Cryostat sections of frozen tissues (10-μm thickness)
were fixed with acetone, air-dried, and stained with the
indicated antibodies. Chemokine-stimulated T lympho-
cytes were stained with the indicated antibodies as previ-
ously described [5]. Stained samples were observed with
a confocal laser microscope (TCS SP8, Leica). Cells with
segregated LFA-1 and CD44 accompanied with elon-
gated cell shapes were considered polarized cells.

Confocal microscopy and time-lapse imaging
Non-adherent cells incubated with or without chemokine
were fixed in suspension and immobilized on poly-L-ly-
sine-coated slides before staining. Confocal images (TCS,
SP8, Leica) were obtained using a × 63 objective lens [35].
Time-lapse confocal images were also obtained in multi-
track mode. Line profiles of the confocal images were ob-
tained with ImagePro software (MediaCybernetics).

Homing assay
Purified T cells were labeled with 1 μM 5,6-carboxyfluo-
rescein diacetate (CFSE, Invitrogen) and 10 μM (5-(and-
6)) ((4-chloromethyl) benzoyl) amino) tetramethylrhoda-
mine) (CMTMR, Invitrogen). An equal number of la-
beled control and RA-GEF-deficient T cells (1–5 × 106)
were injected intravenously into a normal C57BL/6
mouse. After 1 h, inguinal and axillary LN cells and per-
ipheral blood mononuclear cells were analyzed by flow
cytometry [10]. Reversal of fluorescent dyes yielded the
same results.

Statistical analysis
Statistical analysis was performed using two-tailed Stu-
dent’s t test. P values less than 0.05 were considered
significant.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12915-020-00809-0.

Additional file 1: Figure S1. Rapgef2 and 6 in T cells. (A) Expression
analysis of Rapgef2 and 6 in T and B cells by RT-PCR. RNA isolated from
purified T cells and B cells was reverse transcribed and used as template
for PCR amplification. PCR reactions were performed using each specific
primer under optimal conditions. (B) Effect of Rapgef2 or 6 deficiency on
CCL21-Rap1 activation in T cells. GTP-bound Rap1 was analyzed by a pull-
down assay using GST-RalGDS-RBD. RA-GEF-1 (right) or RA-GEF-2 (left)-de-
ficient mouse T cells stimulated with 100 nM of CCL21 at the indicated
times, lysed and subjected to a pull-down assay. Bound Rap1 and total
Rap1 were detected by immunoblotting with an anti-Rap1 antibody.

Additional file 2: Figure S2. Gradient formation in the chemotaxis
chamber. (A) A chamber overview. The chamber consists of a block of
molded PDMS bonded to a glass-bottom dish that together form a 2
mm long linear channel. The height and the width of the channel are
50 μm and 250 μm, respectively. One side of the channel is connected to
a cell-loading well, and the other side is connected to a chemoattractant
circular reservoir of a diameter 2 mm. The reservoir is connected to an in-
let for chemoattractant loading though a 200 μm-wide channel. The con-
centration gradient is formed by passive diffusion (green) by closing the
inlet with a plug. Scale bar, 1 μm. (B) Snapshots of the concentration gra-
dient in the chemotaxis chamber where a green food coloring was
loaded for demonstration. Scale bar, 2 mm. (C) Evaluation of the gradient
profile; PBS containing 10 μM fluorescein was loaded for visualization. The
time-course of the fluorescent intensity profiles during the initial transient
(left panel; immediately after loading) and after the initial transient (right
panel; 30 min after loading). The mean fluorescence intensities of a
250 μm wide area as a function of the distance from the border between
the channel and the cell-loading well; data was plotted every 5 min (left
panel) and 10 min (right panel), respectively. (D) The time-course of the
fluorescent intensity. The fluorescent intensity at 0 μm (dark blue),
500 μm (blue), 1000 μm (cyan), 1500 μm (yellow), and 1800 μm (red) from
the cell-loading well during the initial transient (left panel; immediately
after loading) and chemotaxis assay (right panel; 30 min after loading).

Additional file 3: Figure S3. Localization of PA-dependent Rap1-GTP in
the front membrane during cell migration. (A) (Top left) We measured
the ratios of Ral-GDS (red) in the cytoplasm, plasma membrane and PASS
(green)-concentrated region of plasma membrane (white rectangular) in
unstimulated and CXCL12-stimulated cells. (right) The graph shows ratios
of Ral-GDS localized in each region (cytoplasm, plasma membrane or
PASS-concentrated membrane). (Bottom left) We measured the ratios of
Spa1 (green) in the cytoplasm, plasma membrane and Ral-GDS (red)-con-
centrated region of plasma membrane (white rectangular) in unstimu-
lated and CXCL12-stimulated cells. (right) The graph shows ratios of Spa1
localized in each region. (B) (Left) Co-localization of PASS-GFP and Ral-
GDS-RBD-mCherry in BAF cells after CXCL12 stimulation in the presence
of dasatinib is shown. (Right) The ratios of Ral-GDS localized in the cyto-
plasm, plasma membrane and PASS-concentrated region of plasma
membrane were measured in the presence of dasatinib. The graph shows
percentages of cells showing that more than 50% of Ral-GDS was local-
ized in each region (n = 30). (C) (Left upper) Displacement of scramble or
C3G knockdown cells were measured on ICAM-1 with or without CXCL12
(n = 30). (lower) Representative tracks of scramble or C3G KD cells are
shown. Each line represents a single-cell track. (Right upper) Co-
localization of PASS-GFP and Ral-GDS-RBD-mCherry in C3G KD cells after
CXCL12 stimulation is shown. (lower) The ratios of Ral-GDS localized in
the cytoplasm, plasma membrane and PASS-concentrated region of
plasma membrane were measured. The graph shows percentages of cells
showing that more than 50% of Ral-GDS was localized in each region
(n = 30). (D) (Left) Immunoblots with anti-C3G of cell lysates from scram-
ble or C3G KD BAF cells. Actin is a loading control. (Right) Scramble and
C3G KD cells were stimulated with CXCL12 at the indicated times, and
subjected to the pull-down assay. Bound Rap1 (Rap1-GTP) and total Rap1
were detected with anti-Rap1. Each bar graph represents the means ±
SEM. Scale bar, 5 μm.

Additional file 4: Figure S4. Effects of phosphorylation/de-
phosphorylation of RA-GEF. (A) Prevention of T-cell migration by the in-
hibition of de-phosphorylation. (Top) The displacement and velocity of
WT T cells on ICAM-1 were measured in the presence or absence of
CCL21, with or without OA (n = 30). *1P < 0.001, *2 P < 0.005 versus
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CCL21-stimulated cells without OA. (Bottom) The representative tracks of
WT T cells with CCL21 are shown. Each line represents a single-cell track.
(B) Reduced CXCL12-induced Rap1 activation by overexpression of
WNK1. Control or WNK1-expressing BAF cells were stimulated with
CXCL12, and subjected to a pull-down assay. Bound Rap1 (Rap1-GTP) and
total Rap1 were detected with anti-Rap1. (C) Control or WNK1-expressing
BAF cells stimulated with or without CXCL12 for 60 s in the presence or
absence of OA, was analyzed by Phos-tag (upper) or conventional (lower)
SDS-PAGE followed by immunoblotting with anti-RA-GEF-2. (D) Increased
CXCL12-induced Rap1 activation by the knockdown of WNK1. (Top and
middle) Control or WNK1 KD BAF cells were stimulated with CXCL12 and
subjected to a pull-down assay. Bound Rap1 (Rap1-GTP) and total Rap1
were detected with anti-Rap1. Representative two blots from three inde-
pendent experiments are shown (Exp. I and II). (Bottom) Quantification of
Rap1-GTP is presented as fold increase of Rap1-GTP in control or WNK1
KD cells at times after CXCL12 stimulation relative to unstimulated control
cells (adjusted to 1). Each point represents the means ±SEM from three
independent experiments. *P < 0.001 versus control cells. (E) Distribution
of flag-RA-GEF-1 (red) and CD44 (green) in control and WNK1 KD cells
that were untreated or treated with CXCL12 for 10 min is shown. Scale
bar, 5 μm. (Bottom) The graph shows the percentages of cells with the
polarized membrane localization of flag-RA-GEF-1 in opposite site of
CD44. (n = 30). Each bar graph represents the means ±SEM.

Additional file 5: Table S1. Individual data in graphs of Fig. 1D, Fig. 2B,
C, Fig. 3A, B, Fig. 4A, B, C, D, Fig. 7, Fig. 8 and Fig. S4. The graphs in Fig.
1D, Fig. 2B, C, Fig. 3A, B, Fig. 4A, B, C, D show the averages +SEM of three
or five independent experiments. The graphs in Figs. 7 and 8 show the
averages +SEM of the percentages of each ①, ② and ③ band of RA-
GEF-1 or RA-GEF-2 from three independent experiments. The graphs in
Fig. S4 show the averages +SEM of the fold increase of the abundance of
Rap-1-GTP with CXCL12 stimulation from three independent experiments.
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1: also termed PDZ-GEF1, Rapgef2); RA-GEF-2: also termed PDZ-GEF2,
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