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Neutrophils sense and migrate through an enormous range of che-
moattractant gradients through adaptation. Here, we reveal that
in human neutrophils, calcium-promoted Ras inactivator (CAPRI)
locally controls the GPCR-stimulated Ras adaptation. Human neu-
trophils lacking CAPRI (capri“®) exhibit chemoattractant-induced,
nonadaptive Ras activation; significantly increased phosphoryla-
tion of AKT, GSK-3a/3f, and cofilin; and excessive actin polymeri-
zation. capri*® cells display defective chemotaxis in response to
high-concentration gradients but exhibit improved chemotaxis in
low- or subsensitive-concentration gradients of various chemoat-
tractants, as a result of their enhanced sensitivity. Taken together,
our data reveal that CAPRI controls GPCR activation-mediated Ras
adaptation and lowers the sensitivity of human neutrophils so
that they are able to chemotax through a higher-concentration
range of chemoattractant gradients.
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N eutrophils provide first-line host defense and play pivotal
roles in innate and adaptive immunity (1-3). The inappropri-
ate recruitment and dysregulated activation of neutrophils con-
tribute to tissue damage and cause autoimmune and inflammatory
diseases (1, 4). Neutrophils sense chemoattractants and migrate
to sites of inflammation using G protein—coupled receptors
(GPCRs). To accurately navigate through an enormous
concentration-range gradient of various chemoattractants (1079
to ~10~> M; SI Appendix, Fig. S1), neutrophils employ a mecha-
nism called adaptation, in which they no longer respond to
present stimuli but remain sensitive to stronger stimuli. Homoge-
neous, sustained chemoattractant stimuli trigger transient, adap-
tive responses in many steps of the GPCR-mediated signaling
pathway downstream of heterotrimeric G proteins (5, 6). Adapta-
tion provides a fundamental strategy for eukaryotic cell
chemotaxis through large concentration-range gradients of che-
moattractants. Abstract models and computational simulations
have proposed mechanisms generating the temporal dynamics of
adaptation: An increase in receptor occupancy activates two
antagonistic signaling processes, namely, a rapid “excitation” that
triggers cellular responses and a temporally delayed “inhibition”
that terminates the responses and results in adaptation (5, 7-13).
Many excitatory components have been identified during last two
decades; however, the inhibitor(s) have just begun to be revealed
(11, 14-17). It has been recently shown that an elevated Ras activ-
ity increases the sensitivity and changes migration behavior (18,
19). However, the molecular connection between the GPCR-
mediated adaptation and the cell sensitivity remains missing.

The small GTPase Ras mediates multiple signaling pathways
that control directional cell migration in both neutrophils and Dic-
tyostelium discoideum (17, 20-24). In D. discoideum, Ras is the
first signal event that displays GPCR-mediated adaptation (20).
Ras signaling is mainly regulated through its activator, guanine
nucleotide exchange factor (GEF), and its inactivator, GTPase-
activating proteins (GAP) (16, 17, 25). In D. discoideum, the roles
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of DANF1 and an F-actin—dependent, negative feedback mecha-
nism have been previously reported (14, 17). We have previously
demonstrated the involvement of locally recruited inhibitors that
act on upstream of PI;K in the sensing of chemoattractant gra-
dients (11, 26). Recently, we identified a locally recruited RasGAP
protein, C2GAP1, that is essential for F-actin-independent Ras
adaptation and long-range chemotaxis in Dictyostelium (16).
Active Ras proteins enrich at the leading edge in both D. discoi-
deum cells and neutrophils (17, 27, 28). It has been reported that
a RasGEE RasGRP4, plays a critical role in Ras activation in
murine neutrophil chemotaxis (21, 29). However, the components
involved in the GPCR-mediated deactivation of Ras and their
function in neutrophil chemotaxis are still not known.

In the present study, we show that a calcium-promoted Ras
inactivator (CAPRI) locally controls the GPCR-mediated Ras
adaptation in human neutrophils. In response to high-
concentration stimuli, cells lacking CAPRI (capri*?) exhibit nona-
daptive Ras activation; significantly increased activation of AKT,
GSK-3a/3p, and cofilin; excessive actin polymerization; and subse-
quent defective chemotaxis. Unexpectedly, capri® cells display
enhanced sensitivity toward chemoattractants and an improved
chemotaxis in low- or subsensitive-concentration gradients. Taken
together, our findings show that CAPRI functions as an inhibitory
component of Ras signaling, plays a critical role in controlling the
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concentration range of chemoattractant sensing, and is important
for the proper adaptation during chemotaxis.

Results

CAPRI Regulates GPCR-Mediated Ras Adaptation in Human Neutro-
phils. Chemoattractants induce robust, transient Ras activation in
mammalian neutrophils (21, 30). To identify which RasGAP pro-
teins that deactivate Ras in neutrophils, we examined the expres-
sion of potential RasGAPs in mouse and human neutrophils (S/
Appendix, Fig. S24) (31, 32). We found that human and mouse
neutrophils highly expressed CAPRI, also called RASA4, consis-
tent with previous reports (33-35). The human neutrophil-like
(HL60) cell line provides a useful model to study mammalian neu-
trophils (22, 36). The differentiated HL60 cell also highly expresses
CAPRI (SI Appendix, Fig. S2B), consistent with a previous report
(37), and provides a suitable cell system in which to study CAPRI’s

function in human neutrophils. We found that chemoattractant V-
formyl-L-methionyl-L-leucyl-phenylalanine (fMLP) stimulation
promoted the association between CAPRI and N-Ras/
Rap1(Fig. 14), suggesting a role of CAPRI in the regulation
of chemoattractant-induced Ras and Rapl signaling. To determine
the functlon of CAPRI, we stably knocked down the expression of
capri (capn ) in HL60 cells using capri-specific short hairpin RNA
lentiviral particles (Fig. 1B). We first b100hem1cally determined the
dynamlcs of fMLP-induced Ras activation in both control (CTL)
and capri*® cells using a pull-down assay with a large populatlon of
cells (Fig. 1C and SI Appendix, Fig. S3). In resting capri*® cells,
there was a notably higher level of active Ras, indicating CAPRI’s
function in regulating basal Ras activity in the cells. In response to
10-uM fMLP stimulation, we detected a transient Ras activation
followed by a secondary reactivation in CTL cells, as previously
reported (14 16, 30), but a significantly stronger, prolonged Ras
activation in capnkd cells (Fig. 1D). We further monitored fMLP-
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nonspecific (CTL) or capri-specific (caprlkd)
short hairpin RNA virus particles. CAPRI was
detected by antibodies against human CAPRI.
Actin was detected as a loading control;
fMLP receptor 1 FPR1 was also detected in
both CTL and capri*? cells. (C) fMLP-induced
Ras activation in CTL and capri“? cells deter-
mined by a pull-down assay. Upon stimula-
tion with 10 uM fMLP at time 0, cells were
collected, lysed at the indicated time points,
and then centrifuged at 10,000 g for 10 min
at 4°C. Agarose beads preconjugated with
RBD-GST (active RBD of Raf1 tagged with
GST) were incubated with the supernatants
of the lysates for 2 h at 4°C then washed
with lysis buffer. The protein bound to aga-
rose beads was eluted with 2x SDS loading
buffer (SLB). Aliquots of cells at the indicated
time points were also mixed with the same
volume of SLB for the detection of total Ras
protein. The elutes of RBD-GST beads and
the aliquots of the cells were analyzed by
immunoblotting with anti-pan-Ras antibody
to detect either active Ras or total Ras pro-
tein. (D) Normalized quantitative densitome-
try of the active Ras from three independent
experiments, including the result presented
in C and two independent measurements
shown in SI Appendix, Fig. S3. The intensity
ratio of active Ras and total Ras in WT at
time 0 s was normalized to 1. Mean *= SD
from the three independent experiments is
shown. (E) Ras activation in CTL, capri*®, and
capri*¥°E cells monitored by the membrane
translocation of the mRFP-tagged active
RBD-RFP in response to 1-uM fMLP stimula-
tion. CTL (Top and Movie S1, Left) and cap-
ri*® (Middle and Movie S1, Right) cells
expressed RBD-RFP (red) and a PM maker
(green). The caprlkd’OE cell (Bottom and
Movie S2) is a capri“® cell expressing a PM
marker (cyan), CAPRI tagged with tGFP
(CAPRI-tGFP, green), and RBD-RFP (red).
fMLP was applied to the cells after 0 s. (Scale
bar, 10 um.) (F) The quantitative measure-
ment of Ras activation as the membrane
translocation of RBD-RFP in E is shown.
Mean + SD is shown; n = 3, 4, and 4 for CTL,
capri*®, and capri*¥F cells, respectively.
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induced Ras activation by visualizing the membrane translocation
of a fluorescent, active Ras probe, the active Ras binding domain
of human Rafl tagged with RFP (RBD-RFP, red), in single live
cells using fluorescence microscopy (Fig. 1E). In the present study,
we used three plasma membrane (PM) markers, Mem-cerulean,
C1ACIA-YFP, and CAAX-mCherry, to track the cell membrane
in a live-cell experiment (SI Appendix, Fig. S4). We monitored
Ras activation in CTL and capri® cells expressing both PM marker
(green) and active Ras probe RBD-RFP (red) in response to uni-
formly applied 1-pM fMLP stimulation. We found that RBD-RFP
translocated to and colocalized with PM marker (green) and then
returned to the cytoplasm, followed by a second translocation to
the protrusion sites of CTL cells (Fig. 1E, Upper and refer to
Movie S1, Left for a complete, longer time period). In capri® cells,
the same fMLP stimulation induced persistent membrane translo-
cation and accumulation on the continuously expanding and
broadened leading front of the cell (Fig. 1E, Middle and Movie S1,
Right). To further examine CAPRI’s function in Ras deactivation,
we expressed CAPRI-tagged turboGFP (CAPRI tGFP), RBD-
RFP, and PM marker (Mem-cerulean) in capri*® cells (capri*®/°F)
and monitored fMLP-induced Ras activation in these cells. The
1-uM fMLP stimulation triggered a clear membrane translocation
of CAPRI-tGFP but much weaker or no membrane translocation
of RBD-RFP in capri*®/°F cells (Fig. 1E, Lower, Movie S2, and SI
Appendix, Fig. S5), suggesting that CAPRI translocates to the PM
to inhibit Ras activation (33). Quantitative measurement of RBD-
RFP membrane translocation confirmed that fMLP stimulation
induced a biphasic Ras activation in CTL cells, as previously
reported (30); a prolonged Ras activation in capnkd cells; and a
reduced Ras activation in capri*//°F cells (Fig. 1F). Taken together
our results indicate that CAPRI is a RasGAP protein and is
required for chemoattractant-mediated Ras adaptation in
neutrophils.

Membrane Targeting of CAPRI in Response to Chemoattractant
Stimulation. To reveal how CAPRI functions during neutrophil
chemotaxis, we examined cellular localization of CAPRI-tGFP
in HL60 cells. We found that CAPRI-tGFP colocalized with
active Ras (RBD-RFP) and actin at the leading edge of chemo-
taxing HL60 cells in an fMLP gradient (Fig. 24), consistent
with previous reports (16, 22, 35). Chemoattractant fMLP and
IL-8 induced the membrane translocation of CAPRI-tGFP
(Fig. 1E and SI Appendix, Figs. S5 and S6). The G protein
inhibitor pertussis toxin blocked the membrane translocation of
CAPRI (SI Appendix, Fig. S7), indicating that chemoattractant
GPCR/G protein—mediated signaling is required for CAPRI
membrane targeting. To reveal the molecular mechanism of
CAPRI membrane targeting, we investigated the domain
requirement for its membrane translocation and interaction
with Ras. We expressed tGFP-tagged wild type (WT) and
mutants of AC2, APH, and a GAP-inactive mutant R472A
and determined their ability for Ras interaction (Fig. 2 B and C
and SI Appendix, Fig. S8). We found that AC2 did not interact
with Ras, and R472A showed a decreased interaction with Ras
(Fig. 2C), consistent with previous reports (33, 38-41). We next
monitored the membrane translocation ability of CAPRI WT
and its mutant in response to fMLP stimulation (Fig. 2D).
Upon fMLP stimulation, WT and R472A clearly translocated to
and colocalized with PM marker (Fig. 2D, Top and Movie S3,
Top), while APH and AC2 showed significantly decreased or
little membrane translocation (Fig. 2D, Lower and Movie S3,
Bottom). Using total internal reflection fluorescent (TIRF)
microscopy, we confirmed the membrane translocation behav-
ior of CAPRI WT and its mutants (Fig. 2E and SI Appendix,
Fig. S9) (42). Our results indicate that both the C2 and PH
domains are crucial for chemoattractant-induced mem-
brane targeting.
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Chemoattractant Induces the Hyperactivation of Ras Effectors in
capri®? Cells. PI;K-y is a direct effector of Ras, which synthesizes
lipid phosphatidylinositol ~ (3-5)-trisphosphate  [PtdIns(3-5)Ps,
PIP;] and activates the PIPs-binding protein AKT in neutrophils
(21, 29, 43). To examine the consequence of nonadaptive Ras acti-
vation, we monitored fMLP-induced PIP; production using a bio-
sensor PH-GFP (PH domaln of human AKT tagged with GFP,
green) in both CTL and capri*® cells (Fig. 34) (44). We found that
1 uM fMLP trigged a robust translocation of PH-GFP to the
entire PM, followed by a partial return to the cytosol and a gradual
accumulation in the protrusion site of a CTL cell (Fig. 34, Upper
and Movie S4, Left). The same stimulation induced a stronger and
per51stent accumulation of PH-GFP all around the periphery of
capri*® cells (Fig. 34, Lower and Movie S4, Right), indicating a
hyperactivation of PISK in cells lacking CAPRI. We further deter-
mined the actrvatlon profile of PI;K-y downstream effectors in
CTL and capri*® cells. AKT and GSK are well-known effectors of
Ras/PI3K-y signaling and are critical for the reorganization of actin
cytoskeleton in neutrophil chemotaxis (22, 45). Therefore, we
examined fMLP-induced PI3K-y activation by measuring the phos-
phorylatlon of AKT on residues T308 and T473 in both CTL
and capri* cells. We found that 1 pM fMLP triggered a transient
phosphorylation on T308 and T473 of AKT in CTL cells, while it
induced a persistent and srgnlﬁcantly increased phosphorylation
on both residues of AKT in capri cells (Fig. 3 B and C and SI
Appendix, Fig. S10), consistent with previous reports (46—48). Cofi-
lin, an F-actin depolymerization factor, is essential for the depoly-
merization of F-actin in the dynamic reorganization of the actin
cytoskeleton during cell migration (49). Its activity is regulated
mainly through a phosphorylation event: phosphorylation on Ser-3
inhibits its actin binding, severing, and depolymerizing activities;
and dephosphorylation on Ser-3 by slingshot proteins reactivates
it. Slingshot 2 is a direct substrate of GSK3, and chemoattractants
induce phosphorylation and the inhibition of GSK-30/3p partially
through PI3K-y—AKT pathways in neutrophils (45). As previously
reported (45), GSK-3a/3p is constitutively active and dephosphory-
lated in resting cells, and fMLP induced a transient phosphoryla-
tion and deactivation of GSK-30/3p and led to a transient dephos-
phorylation of cofilin (Fig. 3 D and E and SI Appendix, Fig. S11).
We found that 1-uM fMLP stimulation triggered a significantly
stronger, prolonged phosphorylatlon of GSK-3a/3p and persistent
dephosphorylation of cofilin in capri* cells. Taken together, these
results indicate that CAPRI is essential for the proper activation/
deactivation dynamics of the PI3K-y/AKT/GSK3/cofilin signaling
pathway in response to chemoattractant stimulations.

fMLP Stimulation Induces Increased Activation of Rap1 and Its
Effector in capri*® Cells. Rapl is a close relative of Ras, initially
described as a competitor of Ras by directly interacting with Ras
effectors (50, 51). Later studies indicate that Rapl also functions
in independent signaling pathways to control diverse processes,
such as cell adhesion, cell-cell junction formation, and cell polar-
ity (52, 53). It has been shown that CAPRI also interacts with
Rapl in Chinese hamster ovary cells (54). We found that fMLP
stimulation promoted the interaction between CAPRI and Rapl
in neutrophils (Fig. 14) and that CAPRI was recruited to adhe-
sion sites and colocalized with the PM marker during cell migra-
tion (SI Appendix, Fig. S12). We also noticed that chemoattractant
stimulation induced the continuous expansion of capri*® cells on
the surface of the substratum, a typical feature of increased adhe-
sion in the cells (Figs. 1E and 3A4). To understand CAPRI’s
function in Rapl activation, we determlned fMLP-induced Rapl
activation in both CTL and capri*™® cells by a pull-down assay
using the Rap-GTP binding domain of human RalGDS
(RBDgacps) (Fig. 44). There was a higher level of active Rapl
in resting capri™® cells. fMLP stimulation (1 pM) induced a tran-
sient Rapl activation in CTL cells, while it triggered a significantly
increased and prolonged Rapl activation in capri*® cells (Fig. 4B
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Fig. 2. Chemoattractant-induced mem-
brane targeting of CAPRI. (A) Colocaliza-
tion of active Ras and Rac1 with CAPRI in
the leading edge of a chemotaxing cell.
HL60 cells expressed a PM marker (cyan),
both tGFP-tagged CAPRI (green), and RBD-
RFP (red) or actin-mCherry (red) were
exposed to a 100-nM fMLP gradient (dark
blue) generated from a micropipette on
the upper right side of the cells about 40
pm away. To visualize the fMLP gradient,
100 nM fMLP was mixed with Alexa 633
(dark blue). (Scale bar, 10 pm.) DIC (differ-
ential interference contrast) images are
also shown. (B) The scheme shows the
domain composition of tGFP-tagged WT or
mutants of CAPRI. (C) Domain requirement
for the interaction of CAPRI and Ras deter-
mined by coimmunoprecipitation. HL60
cells expressing either tGFP alone or tGFP-
tagged WT or mutants of CAPRI were lysed
with immunoprecipitation buffer with 1
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and SI Appendix, Fig. S13). We further monitored Rapl activation
using an active Rap1 probe, GFP-tagged RBDg.gps (RBDRraiGps-
GFP) (52), using live-cell fluorescence microscopy (Fig. 4C). We
found that RBDg,gps-GFP colocalized with PM marker at the
adhesion/protrusion sites of the resting cells (Fig. 4C), suggesting a
potential function of Rapl in the adhesion of neutrophils. Upon
1-uM fMLP stimulation, RBDragps-GFP (green) transiently
translocated to and colocalized with PM marker (red), then
returned to the cytoplasm, and then translocated to and colocalized
with the PM marker again at the protruding sites of CTL cells (Fig.
4C, Upper and Movie S5, Left). In resting capri® cells, there were
notably more membrane localizations of RBDggps-GFP, which is
consistent with the notion that there is a higher, basal Rap1 activity
in capri® cells (Fig. 4C, Lower). We further found that 1 pM fMLP
triggered the prolonged translocation of RBDg,gps-GFP (green)
to and colocalization with the PM marker (red) during a continu-
ous expansion of capri*® cells (Movie S5, Right), indicating a hyper-
activation Rapl and a consequently increased adhesion in the cells
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Time (s) described in Materials and Methods.
lacking CAPRI upon fMLP stimulation. To understand the effects
of Rapl hyperactivation, we examined Rapl effector Erk42/44
phosphorylation (Fig. 4D and SI Appendix, Fig. S14). We detected
higher, basal Erk42/44 phosphorylation in the nonstimulated capri*
cells. In contrast to a rapid maximum phosphorylation of Erk 42/44
at 30 s in CTL cells, the same stimulation induced increasing
dynamics of Erk42/44 phosphorylation in capri’ cells (Fig. 4E),
consistent with previous reports (33, 35, 54). Our results suggest
that CAPRI deactivates Rap1 activation to facilitate an appropriate
activation of Rapl and its effector in adhesion and chemotaxis of
neutrophils.

The Excessive Polymerization of Actin Impairs the Polarization and
Migration of capri® Cells. The chemoattractant GPCR/G protein
signaling regulates the spatiotemporal activities of Ras and Rapl
that mediate multiple signaling pathways to control the dynamics
of actin cytoskeleton that drives cell migration. To evaluate
the role of CAPRI in chemoattractant GPCR-mediated actin
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Fig. 3. Enhanced chemoattractant-induced activation of PIsK signaling in capri*? cells. (A) Montage shows the membrane translocation of PIP; biosensor
PH-GFP in CTL and capri“® cells in response to homogeneously applied 1-uM fMLP stimulation. Cells expressing PH-GFP (GFP-tagged PH domain of human
AKT, green) and PM marker (red) were stimulated with 1 uM fMLP at time 0 s. (Scale bar, 10 pm.) Movie S4 is CTL (Left) and caprikd (Right) cells, respec-
tively. (B) fMLP-induced phosphorylation of AKT in CTL and capri*? cells. A final concentration of 10-uM fMLP stimulation was added to the cells at time 0
s. Aliquots of cells were sampled at the indicated time points and subjected to the Western blot detection of the phosphorylated and total proteins of
interest in A and C. (C) Normalized quantitative densitometry of phosphorylated AKT by total AKT protein in B and two independent measurements
shown in S/ Appendix, Fig. $10. Mean = SD of the three independent experiments is shown. The intensity ratio of the phosphorylated versus total AKT in
CTL cells at time 0 s is normalized to 1. (D) fMLP-induced phosphorylation of GSK-30/3p and cofilin in CTL and capri“® cells. (E) Normalized quantitative
densitometry of the phosphorylated GSK-3w/3f and cofilin in D and two independent measurements shown in S/ Appendix, Fig. S11. The intensity ratio of
the phosphorylated versus total GSK-3a/3p and cofilin in CTL cells at time 0 s is normalized to 1. Mean = SD of three independent experiments is shown.

assembly in neutrophlls we determmed fMLP-mediated polymeri-
zation of actin in CTL and capri* cells using a centrifugation
assay of actin filaments (F-actin) (Fig. 54). In CTL cells, 10-uM
fMLP stimulation induced a transient polymerization of actin. In
capri® cells, the same stimulation also triggered the initial, tran-
sient actin polymerization followed by a much stronger and persis-
tent actin polymerization (Fig. 5 4 and B, and SI Appendix, Fig.
S15). To understand the temporospatial dynamics of actin poly-
merization, we next monitored actin polymerization using the
membrane translocation of an actin filament probe,
F-tractin-GFP, in live cells by fluorescence microscopy (55). We
found that, in response to uniformly applied 1 pM fMLP,
F-tractin-GFP (green) translocated to and colocalized with the
PM marker (red) along the entire periphery of CTL cells then
withdrew and accumulated at the protruding sites of CTL cells
(Fig. 5C, Upper and Movie S6, Left), indicating an initial, overall
actin polymerization on the entire periphery, followed by a
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localized polymerization on the protrusion sites. In capri*® cells,
the same stimulation trigged a stronger and prolonged membrane
translocation of F-tractin—-GFP, followed by a slight withdrawal
and then continuous accumulation on multiple expending/ruffling
sites of cells (Fig. 5C, Lower and Movie S6, Right). To understand
the effect of excessive actin polymerization on chemotaxis, we
visualized the distribution of F-actin in cells migrating toward a
1-uM fMLP gradient using another F-actin probe (SiR-actin, a
live-cell staining probe) (Fig. 5D). As expected, CTL cells dis-
played a clearly polarized actin polymerization: a protruding lead-
ing front (pseudopod) and a contracting trailing edge (uropod),
and they chemotaxed through the gradient and accumulated at
the source of the fMLP gradlent (Fig. 5D, Left and Movie S7,
Left). However, the capri*® cells, especially those close to the source
of the 1-uM fMLP gradient, displayed an overall excessive F-actin
distribution, poor polarization, and significantly slow migration dur-
ing chemotaxis (Fig. 5D, Right and Movie S7, Right). Notably, some
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of the capri®® cells located relatively far away from the source of
fMLP showed polarized morphology and migrated -effectively
toward the fMLP source but gradually expended their leading
front, eventually lost their polarity, and stopped moving when they
were close to the source of the fMLP. The above results together
indicate that chemoattractant stimuli at high concentrations induce
excessive polymerization of actin and increased adhesion that
impair the polarization and migration of capri*® cells.

capri*® Cells Display Improved Chemotaxis in Low- or Subsensitive-
Concentration Gradients of Chemoattractants but Defective Chemo-
taxis in High-Concentration Gradients. To further determine the func-
tion of CAPRI in the chemotaxis of neutrophlls we monitored the
chemotaxis behavior of CTL and capri*® cells in gradients of fMLP
at different concentrations usmg an EZTAXIScan analysis (56). In
a 1-uM fMLP gradient, capri™® cells, in a clear contrast to CTL cells,
displayed a significant decrease in migrating speed (CTL: 17.76 *
3.37 pm/min; caprikd: 13.82 £ 2.90 pm/min), directionality (CTL:
0.88 = 0.08; caprikd: 0.70 = 0.11 pm/min), total path length (CTL:
164.64 = 30.17 pm; caprikd: 90.70 = 17.91 pm), and polarity, mea-
sured as roundness of a cell (percent) (CTL: 80.76 * 8.12; caprikd:
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Fig. 4.
effector induced by fMLP stimulation in capri
cells. (A) fMLP-induced Rap1 activation in CTL
and capri“® cells determined by a pull-down
assay using GST-RBDgaigps agarose beads. (B)
Normalized quantitative densitometry of the
active Rap1 in A and two independent meas-
urements shown in S/ Appendix, Fig. S13. The
intensity ratio of active Rap1 and total Rap1 in
WT at time 0 s was normalized to 1. Mean =
SD from the three independent experiments is
shown. (C) fMLP-induced Rap1 activation mon-
itored by the membrane translocation of the
active Rap1 probe GFP-RBDg,igsp- Cells express-
ing RBDgragsp-GFP (green) and PM marker
(red) were stimulated with homogeneously
applied 1 pM fMLP at 0 s. (Scale bar, 10 pm.)
Movie S5 is a CTL (Left) and capri‘® (Right)
cells, respectively. (D) fMLP-induced phosphory-
lation of Erk42/44 in CTL and capri*? cells. (E)
Normalized quantitative densitometry of the
phosphorylated Erk42/44 in E and two inde-
pendent measurements shown in S/ Appendlix,
Fig. S14. The intensity ratio of the phosphory-
lated versus total Erk42/44 in CTL cells at time
0 s is normalized to 1. Mean = SD of the three
independent experiments is shown.

Increased activation of Rap1 and its
kd
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87.14 = 6.58) (Fig. 6 A and B and Movie S8). To understand che-
motaxis behavior over a large concentration range, we further moni-
tored the chemotaxis behavior of both CTL and capri cells in the
fMLP gradlents at lower concentratlon@ (Fig. 6C). We found that
severe defects in chemotaxis in capri*® cells were clearly observed
when they experienced fMLP gradients at high concentration (>100
nM). When exposed to a gradient generated from 2 lower concen-
tration (10 nM fMLP source), both CIL and capri*® cells displayed
similar directionality, although capri® cells still displayed decreased
speed and total path length (Fig. 6D and Movie S9). In Tesponse to
a gradient generated from a 1-nM fMLP source, capri®® cells dis-
played significantly better directionality but similar migration speed,
in comparison with CTL cells. In a 0.1-nM fMLP gradient, most
CTL cells displayed random migration, while the majority of capri®
cells displayed improved directionality and migration speed. With-
out a gradient, capri*® cells diigiayed a bigger random walk com-
pared to CTL cells. That is, capri™ cells display defective chemotaxis
in high-concentration gradients but improved chemotaxis in low- or
subsensitive-concentration gradients of chemoattractants. We also
observed this concentratlon-dependent change of chemotaxis capa-
bility of capri® cells in response to gradients of IL-8, another
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chemoattractant for neutrophils (SI Appendix, Fig. S16). The
above result indicates that CTL cells chemotaxed efficiently
through gradients of various chemoattractants ranging7 from 10~
to 10~ M, while capri* cells did so from 107 to 10~ M.

An Increased Sensitivity of capri®? Cells toward Chemoattractants.
Using TIRF imaging, we noticed that CAPRI-tGFP localized on
the membrane of resting cells, suggesting its potential role in inhib-
iting basal Ras activity (Fig. 74). As expected, fMLP stimulation
induced a strong, quick membrane translocation of CAPRI fol-
lowed by a slow, gradual withdrawal with a notable fraction of
CAPRI remaining on the PM for quite a long period of time. We
also observed a higher, basal Ras activity in capri*® cells (Fig. 1C),
indicating a potential role of CAPRI in maintaining a low, basal
Ras activity in the resting cells. The basal activity of Ras is part of a
positive feedback mechanism that promotes actin dynamics and,
more importantly, chemotaxis in a shallow chemoattractant gradi-
ent in D. discoideum (24). We speculated that the higher, basal Ras
activity in capri®® cells might contribute to their enhanced random
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0 Fig. 5. Elevated polymerization of actin in

CTL response to a high concentration of fMLP stim-
ulation impairs the polarity and migration of
capri*? cells. (A) The amount of globular (G)
and filamentous (F) actin in CTL and capri*?
cells was determined by a centrifugation assay
of F-actin. Cells were stimulated with 10 pM
fMLP at time 0 s, and aliquots of cells at the
indicated time points were analyzed. (B) Nor-
malized quantitative densitometry of the F/G-
actin ratio in the CTL and capri*® cells in A and
two sets of independent measurements shown
in SI Appendix, Fig. S15. Mean =+ SD from the
three independent experiments is shown. The
F/G ratio of CTL cells at 0 s was normalized to
1. (Q) fMLP-induced actin polymerization by
monitoring F-actin probe GFP-F-tractin using
live-cell confocal microscopy in CTL and capri*®
cells. Cells expressing tractin-GFP (green) and
PM marker (red) were stimulated with 1 pM
fMLP at time O s. (Scale bar, 10 pm.) Movie S6
is a CTL (Leff) and capri® (Right) cell, respec-
tively. (D) F-actin distribution in chemotaxing
CTL and capri*® cells in a 1-uM fMLP gradient.
The differentiated cells were stained with the
actin filament probe, SiR-actin (red). Cells were
exposed to a 1-uM fMLP gradient and allowed
to chemotax for 5 min. Arrows point to the
cells with a polarized, chemotaxing morphol-
ogy. To visualize the gradient, 1 uM fMLP was
mixed with fluorescent dye Alexa 488 (green,
1 pg/mL) and released from a micropipette at
the center of the green fluorescent signal.
(Scale bar, 20 um.) Movie S7 is CTL (Left) and
capri*? (Right) cells, respectively. (E) The graph
shows the roundness of CTL and capri*® cells
shown in D. The roundness was measured as
the ratio of the width versus the length of the
cell. That is, the roundness for a circle is 1 and
for a line is 0. Student’s t test was used to cal-
culate the P value.

caprikd
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walk without a gradient or to their improved chemotaxis in a low-
or subsensitive-concentration gradient (Fig. 6). To determine
whether capri® cells have become more sensitive to the stimulus,
we determined Ras and Rap1 activation in response to fMLP stim-
ulation at different concentrations using a pull-down assay (Fig.
7B). Comparing to the CTL cells, we detected a stronger Ras/Rapl
activation in capri™® cells in response to all three different concen-
trations (Fig. 7C and SI Appendix, Fig. S17). In response to 0.1-nM
fMLP stimulation, CTL cells did not show a clear Ras or Rap1 acti-
vation but displayed a weak oscillation, while capri*® cells showed a
clear, transient Ras activation. In response to 10-nM and 1-pM
fMLP stimulation, capri*® cells showed a stronger, longer activation
of both Ras and Rap1 than CTL cells did.

We further determined the responsiveness of both CTL and
capri*® cells to either 0.1-nM or 10-nM fMLP stimulation by mon-
itoring actin polymerization through the membrane translocation
of F-tractin-GFP (Fig. 8). In response to 0.1-nM fMLP stimula-
tion, most CTL cells (~90%) did not show the clear membrane
translocation of F-tractin-GFP to the PM, while they showed a
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Fig. 6. The concentration range of fMLP gradients in which neutrophils chemotax efficiently is upshifted in capri*? cells. (A) Montages showing the
travel path of chemotaxing CTL or capri*® cells in a gradient generated from a 1-uM fMLP source. The plain or shaded panels on top of the images in the
montage indicate either no gradient (NG) or 1-uM fMLP gradient. fMLP gradients generated on the terrace are linear gradients. The concentration on
the right side of the terrace is 0 and the concentration on the left side of the terrace is 1 pM. Movement of at least 60 cells in each group from multiple
independent experiments under the same condition was analyzed by DIAS software and is shown; also refer to Movie S8. The precise chemoattractant
concentration (C) of gradient a cell experienced at a given position in A and C depends on the concentration of the fMLP source (Csource) and the ratio
between the distance the cell traveled (the traveled length) from 0 concentration to the total distance (the total length) to the fMLP source. That is,
C = Csource X ratio of traveled length versus total length. (B) Chemotaxis behaviors measured from A are described as four parameters: directionality,
which is “upward” directionality, in which 0 represents random movement and 1 represents straight movement toward the gradient; speed, defined as
the distance that the centroid of the cell moves as a function of time; total path length, the total distance the cell has traveled; and roundness (percent)
for polarization, which is calculated as the ratio of the width to the length of the cell. Thus, a circle (no polarization) is 1 and a line (perfect polarization)
is 0. A total of 60 cells from each group were measured for 10 and 6.25 min in B and D, respectively. The mean + SD was shown. Student’s t test was
used to calculate the P values, which are indicated as **** (P < 0.0001). (C) Montages show the travel path of chemotaxing CTL or caprikd cells in response
to a wide range of fMLP gradients. The plain or shaded panels on the left side of the images in the montage indicate either NG or fMLP gradient sourced
from the indicated concentrations. The concentration on the top side of the terrace is 0, and the concentration at the bottom side of the terrace is as
indicated on the left side of the terrace. The movement of at least 60 cells in each group from multiple independent experiments under the same condi-
tions was analyzed by DIAS software and is shown; also refer to Movie S9. (D) Chemotaxis behaviors measured from C are described by three parameters:
directionality, speed, and total path length, as described in B. Student’s t test was used to calculate the P values, which are indicated as ns (not significant

P>0.1), * (P <0.1), ** (P < 0.01), *** (P < 0.001), or **** (P < 0.0001).

continuous translocation of F-tractin-GFP to the protrusion sites
(Fig. 84, Top and Movie S10, Left). In contrast, more than
80% of the capri* cells showed the clear membrane translocation
of F-tractin upon 0.1-nM fMLP stimulation (Movie S10, Right
and Fig. 8B), indicating a higher sensitivity of capri’ cells. Not
surprisingly, 10 nM fMLP induced the robust membrane translo-
cation of F-tractin in both CTL and capri®® cells with different
dynamics: CTL cells showed a clear, transient translocation of
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F-tractin-GFP to PM (~5 to 40 s), followed by a withdrawal of
most F-tractin from the PM (~50 to 60 s) and then a second
translocation to the protrusion sites (>60 s) (Movie S11, Left),
while capri“® cells showed a stronger and longer membrane translo-
cation of F-tractin-GFP to PM (~5 to 90 s) followed by a gradual
withdrawal (~90 to 130 s) (Movie S11, Right), indicating a stronger
response and a longer period of time required to adapt the
stimulation. Consistent with the results above, a prolonged,
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nonadaptive actin polymerization was observed in capri® cells in
response to stimuli at higher concentrations (Figs. 5 and 8C).
These results together demonstrate that capri*™ cells lacking a Ras
inhibitor are sensitive to subsensitive-concentration chemoattrac-
tant stimuli for CTL cells, while they fail to chemotax through a
high-concentration gradient, as CTL cells do.

Discussion

We have previously shown that C2GAP1, a locally recruited Ras
inhibitor, mediates Ras adaptation and long-range chemotaxis in
D. discoideum (16). Here, we show that CAPRI locally controls
both Ras adaptation and basal activity and enables human neutro-
phils to chemotax through a higher-concentration range of che-
moattractant gradients.

The Chemoattractant-Induced Deactivation of Ras/Rap1 Is Regu-
lated through Local Membrane Recruitment of CAPRI. CAPRI was
first characterized by its calcium dependency on the membrane
translocation of CAPRI and the deactivation of Ras (33). Consis-
tent with the above report, we found that CAPRI-AC2 did not
translocate in response to chemoattractant stimulation (Fig. 2F).
Like CAPRI, C2GAP1 without the C2 domain also does not trans-
locate in response to cAMP (cyclic AMP, or 3°,5-cyclic adenosine
monophosphate) stimulation (16), indicating an essential role of
calcium signaling in the membrane targeting of Ras inhibitors in
both Dictyostelium and human neutrophils. In addition, we found
that the APH mutant showed significantly decreased membrane
translocation in response to chemoattractant stimulation (Fig. 2 D
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normalized to 1. Mean * SD from the three
independent experiments is shown.

and E). This result is consistent with the previous reports that the
PH domain of the GAP1 family is responsible for, or plays an
important role, in their membrane translocation (34, 39, 57, 58).
We also found that the deactivation of GAP activity of the GAP
domain (R472A mutant) had no effect on CAPRI’s membrane tar-
geting (Fig. 2D), although it might affect its interaction with Ras
(Fig. 2E), consistent with the notion that the arginine residue of
the GAP domain not only is responsible for its GAP activity but
also stabilizes its interaction with Ras (41). We also found that
capri’/OF cells, which displayed little or no Ras activation, still
exhibited a strong CAPRI membrane translocation, indicating
that the active status of Ras is not required for CAPRI membrane
translocation. Unlike CAPRI (33), C2GAP1 without a GAP
domain does not translocate upon cAMP stimulation. Nor does
C2GAP1 translocate in the cells without interacting with Ras pro-
teins (16). It would be critical to investigate the role of the
physical interaction between the GAP domain and Ras in the
membrane targeting of C2GAP1 in Dictyostelium in the future.

Inhibitor for the GPCR-Mediated Adaptation Regulates the Sensitiv-
ity of a Eukaryotic Cell. Motile Escherichia coli provides the sim-
plest and the best understood model of the chemosensing
system that is also mediated by chemoreceptors (59, 60). The
modification of the chemoreceptors and interactions among the
chemoreceptors have been proposed for a robust response, a
precise adaptation, and a high sensitivity of chemoreceptors in
bacteria (61-63). However, the molecular mechanism by which
to control the GPCR-mediated adaption and the sensitivity of a
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eukaryotic cell in chemotaxis are not fully understood. A local
excitation and global inhibition model explained how a eukary-
otic cell responds to chemoattractant stimuli with a wide
concentration range, achieves adaptation, and establishes the
intracellular polarization (10, 64). Different from E. coli, che-
moattractant stimulation induces a persistent activation of het-
erotrimeric G protein in Dictyostelium (6, 11, 26), indicating
that adaptation occurs downstream of GPCR/G protein in the
eukaryotic cell. Recently, the regulators of heterotrimeric G
proteins, such as RICS (a nonreceptor GEF protein for the Ga
subunit) and Gipl in Dictyostelium, and their functions in
cAMP gradient sensing and chemotaxis have been revealed
(65, 66). We constructed a detailed model to explain the adap-
tation and chemosensing of Dictyostelium cells (15, 67), which
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t test was used to calculate the P value.

led us to uncover the essential role of RasGAPs, the Ras inhibi-
tors, in the GPCR-mediated adaptation (11, 16). Interestingly,
cells lacking Ras GAPs, both capri® and c2gapA~, show higher,
basal Ras activity and reach maximum response upon weaker
stimuli (Figs. 7 and 8) (16), while cells without essential compo-
nents for proper G protein activation, such as ric§~ or gipl~,
require stronger stimuli to reach maximum response (65, 66).
Recently, it has been shown that reducing the PI(3,4)P, level
on the PM increases Ras activity and enhances the excitability
in D. discoideum (18, 19) and that active Ras plays a role in
basal locomotion and in chemotaxing through very shallow gra-
dients (24). These reports inspired us to test the chemotaxis
capability of both CTL and capri*™ cells using wide concentra-
tion range gradients of various chemoattractants (Fig. 6 and S/
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Appendix, Fig. S16). In response to fMLP gradients, CTL cells
chemotaxed better than capri® cells did in gradients at high
concentrations (>100 nM), while they displayed similar chemo-
taxis capability to capri®® cells in mild gradients (10 nM fMLP).
In weak gradients (<1 nM), capri*® cells chemotaxed better
than CTL cells did. Similar chemotaxis behavior was also
observed when CTL and capri®® cells were exposing to gra-
dients of IL-8. Interestingly, capri cells sensed and responded
to weak gradients of fMLP and IL-8 at the concentration that
are subsensitive to CTL cells because of a higher sensitivity of
capri*® cells (Figs. 7 and 8). Thus, our study provides evidence
that human neutrophils locally recruit Ras inhibitor, CAPRI, to
regulate Ras adaptation and their sensitivity. CAPRI enables
human neutrophils to chemotax through a higher-
concentration range of chemoattractant gradients by lowering
its sensitivity and by mediating the GPCR-mediated adaptation.

Multiple RasGAP Proteins Might Be Involved in Ras Deactivation in
the Chemoattractant-induced Adaptation of Neutrophils. In the
present study, we have shown that CAPRI mediates the
chemoattractant-induced Ras adaptation and sensitivity of neutro-
phils. Similar to Dictyostelium cells lacking C2GAP1 (c2gapA~),
human neutrophils without CAPRI fail in chemoattractant-induced,
adaptive Ras activation; have significantly increased phosphorylation
of downstream effectors, such as AKT, and excessive actin polymeri-
zation; and exhibit an impaired chemotaxis in response to high
concentrations of chemoattractants. However, in response to a low-
concentration (either 0.1 nM or 10 nM fMLP) stimulation, capri*®
cells displayed transient Ras/Rapl activation and actin polymeriza-
tion, although they displayed prolonged, nonadaptive responses
upon stimulation with higher concentrations (Figs. 1, 7, and 8).
HL60 cells also expressed RASAL1 and RASAL2 (SI Appendix,
Fig. S2) (37), which also deactivate Ras (34, 39). In mouse and
human neutrophils, there are other RasGAP proteins expressed in
addition to CAPRI (SI Appendix, Fig. S2). p120 GAP is present in
both human and mouse neutrophils but absent in HL60 cells (68),
and its role has been implicated in cell migration (69, 70). While we
revealed a major role of CAPRI in mediating the GPCR-mediated
Ras adaptation in HL60 cells, it is also crucial to determine the
potential roles of other RasGAP proteins in Ras adaptation and
chemotaxis in primary mammalian neutrophils.

Materials and Methods

Cells, Cell Lines, Cell Culture, and Differentiation. Cells were maintained in
RPMI 1640 culture medium (RPMI medium 1640 with 10% [volume/volume],
fetal bovine serum [FBS], and 25 mM Hepes [Quality Biological, Inc.]) (36).
HL60 cells were differentiated in RPMI 1640 culture medium containing 1.3%
DMSO for 5 d before the experiments. The cells were incubated at 37°Cin a
humidified 5% CO, atmosphere.

Plasmids and Transfection of Cells. The plasmids encoding complementary
DNA of tGFP-tagged human WT and mutant R472A, AC2, and APH of CAPRI,
and control tGFP alone were from OriGene. The plasmids of active Ras sensor
Raf-binding domain tagged with mRFP (RBD-RFP), GFP-PH-AKT, and PM
markers of mem-cerulean, CAAX-mCherry, and C1AC1A-EYFP were from
Addgene. F-actin sensor tractin-GFP was obtained from John Hammer, The
National Heart, Lung, and Blood Institute (NHLBI), Bethesda, MD (55). The
transfection procedure was as previously described (27).

Imaging and Data Processing. Cells were plated and allowed to adhere to the
cover glass of a 4-well or a 1-well chamber (Nalge Nunc International) pre-
coated with fibronectin (Sigma-Aldrich) for 10 min and then covered with
RPMI medium 1640 with 10% FBS and 25 mM Hepes. For confocal microscopy,
cells were imaged using a Carl Zeiss Laser Scanning Microscope Zen 780 (Carl
Zeiss) with a Plan-Apochromat 60x/1.4 Oil DIC M27 objective. For the uniform
stimulation experiment of membrane translocation assays, the stimuli were
directly delivered to the cells, as previously described (27). The micropipette
chemotaxis assay was as previously reported (71). To establish a gradient, a

1. S. Nourshargh, R. Alon, Leukocyte migration into inflamed tissues. Immunity 41,
694-707 (2014).
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Femtotip micropipette is filled with 30 pL of solution containing chemoattrac-
tant and a desirable fluorescence dye (either Alexa 488 or Alexa 633) and then
attached to the FemtoJet microinjector and micromanipulator. The output
pressure of the FemtoJet is set at Pc = 70 hPa to release a constant and tiny vol-
ume of the mixture into a 1-well chamber that is filled with 6 mL buffer and
cells. Under these conditions, a gradient can be established within 100 pm
from the tip of the micropipette and is usually stable for more than 1 h. Images
were processed and analyzed with Zen Black software. Images were further
processed in Adobe Photoshop (Adobe Systems). The membrane translocation
of the indicated protein was measured by the depletion of the interested pro-
tein in the cytoplasm. The data obtained were further analyzed with Microsoft
Office Excel. For a quantitative analysis of membrane translocation dynamics
of the indicated molecules, the cytosolic depletion of the indicated molecule
was measured. Regions of interest (ROIs) in the cytoplasm (avoiding the
nucleus area as much as possible) were within the cells throughout the time
period of the measurements. The periphery of the cell was marked by the
membrane markers. For data analysis, to normalize the effect of photobleach-
ing during data acquisition, the intensity of ROIls in the cytoplasm was first
divided by the intensity of whole cells at each given time point. To normalize
the effect of morphological change during the time period, the above result-
ing data were divided by the intensity of ROIs in PM marker channel. Lastly,
the resulting data were divided by that at time 0 s; consequently, the relative
intensity of any cells at time 0 s became 1. The graph of mean + SD is shown.
TIRF microscopy was done using a Nikon microscope, as previously described,
to image GFP- and mCherry-tagged proteins (15). GFP and mCherry were
excited by the 488-nm and 561-nm laser lines, respectively. The evanescent
field was obtained by an HP Apo TIRF 100x objective lens with a numerical
aperture 1.49 (Nikon). Fluorescence emission was collected through band-pass
filters: a 525/50-nm emission filter for GFP and a 600/50-nm emission filter for
mCherry, respectively, onto an Andor iXon Ultra CCD camera. Imaging data
were acquired by software, NIS (Nikon Imaging System), and further analyzed
using Image J-Fuji.

TAXIScan Chemotaxis Assay and Data Analysis. The procedure was as previ-
ously reported (56). Briefly, differentiated cells were loaded onto one side of
fibronectin-coated 4-pm EZ-TAXIScan chambers. The chemoattractants at the
indicated concentrations were added to the other side of the well across the
terrace to generate a liner gradient in which the cells chemotax through. The
traveled distance is the traveled length (micrometers). The length of terrace is
the total length of the gradient generated (260 pm). The chemoattractant
concentration of gradient (C) cell experienced at the each give position
depends on both the concentration of fMLP source (Csource) and the distance
they traveled (the traveled length) from no gradient to the total distance (the
total length) to the fMLP source. That is, C = Cyource X ratio of the traveled
length versus the total length. The cells migrated for 30 min at 37 °C. Images
were taken for 30 min at 15-s intervals. For chemotaxis parameter measure-
ments, 20 cells in each group were analyzed with DIAS software (72). Chemo-
taxis behaviors measured from Fig. 6A are described as four parameters :
directionality, which is “upward” directionality, in which 0 represents random
movement and 1 represents straight movement toward the gradient; speed,
defined as the distance that the centroid of the cell moves as a function of
time; total path length, the total distance the cell has traveled; and roundness
(percent) for polarization, which is calculated as the ratio of the width to the
length of the cell. Thus, a circle (no polarization) is 1 and a line (perfect polari-
zation) is 0. A total of 20 cells from each group were measured and the mean
+ SD was shown. Student’s t test was used to calculate the P values. In Fig. 6
A-D, cells were traced for 10 and 6.26 min, respectively. The bar graphs of che-
motaxis parameters in mean and SD were plotted with Microsoft Office Excel.
Detailed descriptions of the establishment of stable capri knockdown cell,
the purification of human and mouse neutrophils, reagents and antibodies,
plasmids and the transfection of cells, immunoblotting of fMLP-mediated sig-
naling components, Ras and Rap1 activation assay, actin polymerization assay,
immunoprecipitation assay, and SiR-actin staining are provided in S/
Appendix. To access CAPRI-related plasmids and the data in the paper, please
address requests to addgene.com and xxu@niaid.nih.gov, respectively.

Data Availability. Some study data are available.
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