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Phosphoinositide lipid phosphatase SHIP1
and PTEN coordinate to regulate cell migration

and adhesion
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ABSTRACT The second messenger phosphatidylinositol(3,4,5)P3 (Ptdins(3,4,5)P3) is formed
by stimulation of various receptors, including G protein-coupled receptors and integrins. The
lipid phosphatases PTEN and SHIP1 are critical in regulating the level of PtdIns(3,4,5)P5 dur-
ing chemotaxis. Observations that loss of PTEN had minor and loss of SHIP1 resulted in a
severe chemotaxis defect in neutrophils led to the belief that SHIP1 rather than PTEN acts as
a predominant phospholipid phosphatase in establishing a PtdIns(3,4,5)P3 compass. In this
study, we show that SHIP1 regulates PtdIns(3,4,5)P3; production in response to cell adhesion
and plays a limited role when cells are in suspension. SHIP1~~ neutrophils lose their polarity
upon cell adhesion and are extremely adherent, which impairs chemotaxis. However, chemo-
taxis can be restored by reducing adhesion. Loss of SHIP1 elevates Akt activation following
cell adhesion due to increased Ptdins(3,4,5)P; production. From our observations, we con-
clude that SHIP1 prevents formation of top-down PtdIns(3,4,5)P3 polarity to facilitate proper
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cell attachment and detachment during chemotaxis.

INTRODUCTION

Neutrophils are responsible for controlling pathogen invasion and
are therefore an important component of the innate immune sys-
tem. Neutrophils are the most abundant cell type among circulating
white blood cells and are normally quiescent as they travel within
blood vessels (Borregaard, 2010). Neutrophils migrate into the in-
fected tissue by responding to a variety of chemokines (e.g., inter-
leukin-8 [IL-8]), cytokines (e.g., tumor necrosis factor o [TNFa), leu-
kotrienes (e.g., leukotriene B4 [LTB4]), complement peptides (e.g.,
C5a, C3a), and chemicals released by bacteria directly, such as pep-
tides bearing the N-formyl group (N-formyl-methionine-leucine-
phenylalanine [fMLP]), by a process known as chemotaxis. During
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chemotaxis, the cell becomes morphologically polarized, with the
front of the cell (pseudopod) constantly protruding and retracting
motile membranous structures toward the direction of the chemoat-
tractant gradient. This movement is largely driven by the outward
extension of actin filaments (Pollard and Borisy, 2003). Actin fila-
ments can also be associated through clutch-like complexes of pro-
teins to adhesion complexes at the base of the cell, against which
actin-polymerization-mediated protrusive forces can operate (Hu
et al.,, 2007; Hoffman et al., 2011). Studies on the mechanisms
of chemotaxis have shown that phosphatidylinositol(3,4,5)P3
(PtdIns(3,4,5)P3) plays a pivotal role in establishing cell polarity
(Stephens et al., 2002; Weiner, 2002). Phosphoinositide 3-kinases
(PI3Ks) are evolutionary conserved lipid kinases that convert phos-
phatidylinositol 4,5-bisphosphate (PtIns(4,5)P,) to PtdIns(3,4,5)Ps.
PI3Ke, B, and & (class 1a) isoforms are activated by tyrosine kinases,
whereas PI3Ky (class 1b) is activated by G protein-coupled recep-
tors (GPCRs). In neutrophils that sense a chemoattractant gradient
like fMLP, GPCRs and G proteins (Goij/,) downstream of these recep-
tors are activated, leading to formation of PtdIns(3,4,5)P3 at the
leading edge, predominantly by the activity of PI3Ky (Ferguson
et al., 2007; Stephens et al., 2008). However, class 1a PI3K$ activity
is also believed to be involved in fMLP-mediated responses
(Condliffe et al., 2005). In addition, cell adhesion resulting from the
interaction of integrins (o B, and oyBo) with extracellular matrix
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proteins, such as fibronectin and ICAM-1, can also lead to activation
of PI3K& and production of PtdIns(3,4,5)P3 through activation of the
Src family of tyrosine kinases (Axelsson et al., 2000; Puri et al., 2004).
Inhibition of PI3K$ using isoform-specific inhibitors demonstrated
that PI3K3 activity is required for neutrophil spreading and polariza-
tion on a fibrinogen-coated surface (Sadhu et al., 2003). Activation
of GPCRs also leads to activation of integrins by an inside-out mech-
anism (Ley et al., 2007). In the social amoeba Dictyostelium discoi-
deum, GPCR-mediated signaling and formation of a PtdIns(3,4,5)P3
gradient result in chemotaxis toward cAMP.

PtdIns(3,4,5)P3 is known to exert its function by recruiting pro-
teins that contain pleckstrin homology (PH) domains to the mem-
brane (e.g., Btk, PKB/Akt, PLC-y, Gab1, P-Rex1, PDK1, and Grp1;
Lemmon, 2007). PtdIns(3,4,5)P5 effectors lead to activation of Rac
GTPases and F-actin polymerization at the leading edge (Xu et al.,
2003). Although PtdIns(3,4,5)P; is synthesized by PI3K, its level can
also be regulated by two phosphatases—PTEN, a 3-phosphatase
that converts PtdIns(3,4,5)P3 to PtdIns(4,5)P,; and SHIP1, a 5-phos-
phatase that converts PtdIns(3,4,5)P3 to PtdIns(3,4)P,. Loss of PTEN
in Dictyostelium results in prolonged PtdIns(3,4,5)P3 production and
F-actin polymerization. As a result, the frequency of lateral pseudo-
podia was increased and chemotaxis was inefficient. PTEN localizes
to the rear of a migrating Dictyostelium cell. Thus PTEN is pro-
posed to be a primary driving factor in maintaining an anterior—
posterior PtdIns(3,4,5)P3 gradient, which acts as an internal cellular
compass necessary for determining the directionality of the cells
(lijima and Devreotes, 2002; Kriebel et al., 2003). It is surprising that
genetic disruption of PTEN in neutrophils resulted in only minor de-
fects in cell migration with slightly enhanced responsiveness to
chemokines and up-regulation of neutrophil functions (Heit et al.,
2008; Subramanian et al., 2007; Li et al., 2009; Schabbauer et al.,
2010). However, biochemical studies of neutrophil lysates show that
a large amount of the PtdIns(3,4,5)P3 phosphatase activity is also
contributed by 5-phosphatases (Stephens et al., 1991). Therefore
SHIPT may be an important regulator of PtdIns(3,4,5)P3-mediated
neutrophil function.

In neutrophils, it is reported that SHIP1 is essential for chemoat-
tractant-mediated neutrophil migration and is believed to be the
primary inositol phosphatase responsible for generating a Pt-
dIns(3,4,5)P3 gradient. Disruption of SHIP1 resulted in the accumula-
tion of green fluorescent protein (GFP)-PH-Akt (a PtdIns(3,4,5)P3
probe) and F-actin polymerization across the cell membrane. Con-
sequently, these neutrophils are extremely flattened and display im-
proper polarization and dramatically slower cell migration (Nishio
et al., 2007). Although PtdIns(3,4,5)P3 polarization is pivotal during
chemotaxis, neutrophils that lack the PtdIns(3,4,5)P3-metabolizing
enzyme PI3Ky, PTEN, or SHIP1 or have depletion of PtdIns(3,4,5)P;
by wortmannin were able to sense direction during chemotaxis
(Ferguson et al., 2007; Nishio et al., 2007).

SHIP1 was identified as a 5-phosphatase that dephosphory-
lates PtdIns(3,4,5)P5 to PtdIns(3,4)P, and Ins(1,3,4,5)P4 to Ins(1,3,4)
P3 (Damen et al., 1996). SHIP1 contains several interacting do-
mains, including a Src homology domain (SH2), an inositide lipid
phosphatase domain, two NPXY motifs that can be tyrosine phos-
phorylated, and a polyproline region in the C-terminus. SHIP1 has
been established as a key negative regulator of the immune sys-
tem. SHIP1 is known to negatively regulate various cellular pro-
cesses, such as phagocytosis, cell migration, degranulation, cell
survival, proliferation, differentiation, and sensitivity to chemok-
ines (Huber et al., 1998; Sly et al., 2007, Leung et al., 2009; Parry
etal., 2010). In addition, SHIP1 is crucial for regulation of chemot-
axis, but it has not been established how SHIP1 is regulated by
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chemoattractants and which receptors are involved in the pro-
cess. Cell adhesion is a critical component of chemotaxis and also
results in local PtdIns(3,4,5)P3 formation upon engagement of in-
tegrins. We hypothesized that if SHIP1 is the primary inositol
phosphatase involved in the generation of a PtdIns(3,4,5)P; gradi-
ent, then loss of SHIP1 would result in an elevation of Ptdins(3,4,5)
P3 functions in both suspension and adherent cells stimulated
with fMLP.

In this study, we show that SHIP1 regulates PtdIns(3,4,5)P3 pro-
duction following cell adhesion on a substrate. When the cells are
stimulated with fMLP in suspension, SHIP1 plays a rather insignifi-
cant role. SHIP17~ neutrophils are extremely adherent, which re-
sults in impaired cell migration. Reduction in cell adhesion can
rescue the defect in cell migration in SHIP1~~ neutrophils. We also
show that SHIP1 is localized to the membrane and is tyrosine
phosphorylated during cell adhesion. In addition, cell adhesion
results in excessive Akt activation in SHIP1~~ but not PTEN™~ neu-
trophils due to increased PtdIns(3,4,5)P3 production. From our ob-
servations, we conclude that during cell migration SHIP1 acts a
negative regulator of PtdIns(3,4,5)P3 formation at the cell-substra-
tum interface, preventing the formation of top-down PtdIns(3,4,5)
P3 polarity and facilitating proper cell attachment and detachment
during chemotaxis.

RESULTS

Cell adhesion causes altered cell polarity

in SHIP1~~ neutrophils

The inositol phosphatase SHIP1 has been shown to be important in
regulating cell polarity. SHIP1~~ neutrophils have decreased polar-
ization during cell migration toward a chemoattractant source with a
defect in spatially restricted F-actin polymerization (Nishio et al.,
2007). For this reason, we compared polarity of wild-type and
SHIP1~~ neutrophils in suspension and upon cell-substratum adhe-
sion. We stimulated wild-type and SHIP1~~ neutrophils in suspen-
sion with fMLP and fixed them with formaldehyde. fMLP stimulation
causes F-actin polymerization at the leading edge, which can be
detected by using fluorescein isothiocyanate (FITC)-labeled phal-
loidin. Analysis revealed that in suspension, both wild-type and
SHIP1~~ neutrophils can polarize and have F-actin enrichment at the
leading edge (Figure 1, A and C). Conversely, when neutrophils are
stimulated with fMLP and allowed to adhere on a fibronectin-coated
surface, wild-type neutrophils form a leading edge with polymer-
ized F-actin upon adhesion, but SHIP1~~ neutrophils do not, and F-
actin remains enriched throughout the cortex (Figure 1, B and C).
Therefore we infer that adhesion results in loss of polarity in
SHIP1~~ neutrophils.

To test this further, we analyzed the process of adhesion in fMLP-
stimulated neutrophils on a coverslip coated with fibronectin. Im-
ages were captured, and relative polarity (ratio of length/width) was
analyzed for each frame (Supplemental Videos S1 and S2). We found
that both wild-type and SHIP1~~ neutrophils were polarized when in
suspension (relative polarity ~1.3). However, upon adhesion, wild-
type neutrophils became polarized further with a relative polarity of
>2.0, whereas, SHIP1~~ neutrophils lost polarity, became flattened,
and were surrounded by a well-developed lamellipodia. Accord-
ingly, the relative polarity was reduced to ~1.0 in SHIP1~~ neutro-
phils (Figure 1D). These results indicate that SHIP17~ neutrophils
behave similar to wild-type neutrophils when in suspension, but
upon adhesion, polarity is lost. The broad, flattened appearance of
SHIP1~~ neutrophils was lost upon treatment with the pan-PI3K
inhibitor wortmannin, but no effect was observed upon treatment
with the PI3Ky-specific inhibitor AS-252424. This indicates that the
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FIGURE 1: Cell adhesion causes altered cell polarity in SHIP1~~ neutrophils. (A) Wild-type and SHIP1~~ neutrophils were
stimulated with fMLP in suspension and fixed with 3% paraformaldehyde (PFA), permeabilized, and stained with
FITC-labeled phalloidin (stains F-actin). (B) Neutrophils were plated on fibronectin-coated coverslips (10 pg/ml) and
allowed to adhere for 5 min prior to stimulation with 1 uM fMLP for 5 min. Cells were fixed using 3% PFA,
permeabilized, and then stained with FITC-phalloidin. Images were captured using a fluorescence microscope. Images
were analyzed using the ImageJ Plot Profile menu to quantify fluorescence intensities across the cell body. Analysis of
five representative cells is shown. Bar, 10 ym. (C) Values of FITC-phalloidin fluorescence intensities for wild-type and
SHIP1-/~ cells at the leading and rear edges for cells in suspension and upon adhesion. n = 5; **p < 0.0005.

(D) Neutrophils were stimulated in a tube (1 pM fMLP) and then plated on fibronectin-coated coverslips. Images were
recorded at every 10 s for 5 min, and the process of cell adhesion and polarization was recorded. Using ImageJ, polarity
index (length/width of cells) was plotted against time. Data are presented as mean * SD, and statistical significance was
assessed by two-tailed, paired Student’s t test (n = 7; *p < 0.01). (E) SHIP1~~ neutrophils were allowed to adhere to a
fibronectin-coated surface and treated with 50 nM wortmannin and 10 uM AS-252424.

defect in cell polarity is not mediated by PI3Ky (class 1B PI3K), which  Loss of SHIP1 enhances cell adhesion

signals through a GPCR, but possibly through PI3KS (or another ~ Because we observed that SHIP1~~ neutrophils lose cell polarity
class 1a PI3K), which is activated by integrin-mediated signaling  upon adhesion, we investigated the adhesive properties of SHIP1/~
(Figure 1E). neutrophils. Neutrophils were either unstimulated or stimulated with
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FIGURE 2: Loss of SHIP1 enhances cell adhesion. Neutrophils were either unstimulated or
stimulated with 1 pM fMLP and allowed to adhere to a fibronectin-coated surface for 5, 15, or
30 min. Nonadherent cells were removed by washing with PBS. Adherent cells were lysed using
0.5% CTAB and quantified by determining peroxidase activity using TMB as the substrate. The
reaction was stopped, and absorbance at 450 nm was measured. Total cells added was taken as
a positive control and was used to measure the relative cell adhesion. Cell adhesion of (A)
unstimulated and (B) fMLP stimulated wild-type and SHIP1~~ neutrophils. Cell adhesion of (C)

unstimulated and (D) fMLP stimulated wild type and PTEN~~ neutrophils.

1 puM fMLP for 2 min and allowed to adhere on a fibronectin-coated
surface for 5, 15, or 30 min. Nonadherent cells were washed off, and
the remaining adhered cells were lysed and quantified using peroxi-
dases activity in cell lysates, using 3,3’,5,5-tetramethylbenzidine
(TMB) as substrate. Analysis revealed that under unstimulated con-
ditions, SHIP1~~ neutrophils are more adherent than wild-type neu-
trophils (Figure 2A), but upon stimulation with 1 uM fMLP, both wild-
type and SHIP17~ neutrophils adhere with similar efficiency (Figure
2B). We then performed cell adhesion assays under similar condi-
tions using PTEN~- neutrophils. In contrast to SHIP1~~ neutrophils,
adhesion in PTEN™~ neutrophils was similar to that in wild-type neu-
trophils under both unstimulated and fMLP-stimulated conditions
(Figure 2, C and D). This indicates that the 5-PtdIns(3,4,5)P3 phos-
phatase SHIP1 acts as a negative regulator of cell adhesion, and loss
of SHIP1 leads to enhanced cell adhesion. Conversely, the 3-Pt-
dIns(3,4,5)P3 phosphatase PTEN does not regulate cell adhesion.

SHIP1 is localized to the membrane and is tyrosine
phosphorylated upon cell adhesion

PtdIns(3,4,5)P3, the substrate for SHIP1, is restricted to the plasma
membrane. Although SHIP1 is believed to be enzymatically active
while present in the cytosol, its activity is determined by its mem-
brane localization (Phee et al., 2000). Recruitment of SHIP1 to the
plasma membrane is regulated by its association with adapter pro-
teins (e.g., Shec, Grb2, Dok3), scaffolding proteins (e.g., Gab1/2),
and direct association with tyrosine-phosphorylated receptors
through its SH2 domain. These interactions require tyrosine phos-
phorylation of SHIP1 in the NPXY motif (Lamkin et al., 1997; Zhang
et al., 1999; Lemay et al., 2000; Tu et al., 2001). We examined
whether neutrophil adhesion on fibronectin or stimulation with fMLP
in suspension caused phosphorylation of SHIP1. For adhesion, wild-

1222 | S.Mondal etal.

where it can act on PtdIns(3,4,5)P3 produced
during cell adhesion. It was shown in plate-
lets that Lyn, a Src family tyrosine kinase,
regulates SHIP1 phosphorylation in integrin
oypPs—mediated adhesion and signaling
(Maxwell et al., 2004).

We then analyzed the relationship be-
tween SHIP1 phosphorylation and activity.
We immunoprecipitated SHIP1 from cell
lysates of neutrophils either in suspension or
adhered to fibronectin-coated surface and incubated with diC8
PtdIns(3,4,5)P3. The free phosphate generated was then analyzed
as a measure for SHIP1 phosphatase activity by malachite green.
From this analysis we observed that SHIP1 from lysates of suspended
and adherent cells showed considerable phosphatase activity, but
lysates from adherent cells showed significantly higher phosphatase
activity than lysates from suspended cells (Figure 3C). This indicates
that tyrosine phosphorylation of SHIP1 may contribute to increase in
SHIP1 activity during cell adhesion.

To analyze the localization of SHIP1 in suspension or upon cell
adhesion, we used differentiated HL-60 cells in suspension or al-
lowed them to adhere on fibronectin-coated glass coverslips. Cells
were fixed and stained for SHIP1 (clone P290; Cell Signaling Tech-
nology) and analyzed using high-resolution sectioning confocal mi-
croscopy. Suspended cells showed SHIP1 localization throughout
the cytosol (Figure 3, D and F). Adherent cells showed large accu-
mulation of SHIP1 throughout the cell cortex. Of interest, cross-sec-
tion projection images revealed that upon adhesion, SHIP1 is lo-
cated throughout the plasma membrane both at the cell-substratum
interface and at the top (Figure 3, E and F). This suggests that SHIP1
localizes to the membrane upon cell adhesion, where the SHIP1 in
the basal cell-substratum interface is responsible for dephosphory-
lating PtdIns(3,4,5)P3 formed during cell adhesion.

Adhesion-mediated PtdIns(3,4,5)P3 signaling is enhanced

in SHIP1~~ neutrophils

To study what causes SHIP17~ neutrophils to behave differently
when in suspension than when adhered on a surface, we first com-
pared phospho-Akt levels (as a marker of Ptdins(3,4,5)P3 level) in
neutrophils in suspension and upon adhesion. Akt activation in sus-
pension was studied by stimulating cells with fMLP, which induces

Molecular Biology of the Cell
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FIGURE 3: SHIP1 is localized to the membrane and is tyrosine phosphorylated upon adhesion. (A) Wild-type neutrophils
either in suspension or adhered to a fibronectin-coated surface or unstimulated or stimulated with 1 uM fMLP in
suspension were lysed using IP lysis buffer. The lysate was immunoprecipitated using a SHIP1 antibody (clone P1C1).
Pull-down eluates were analyzed using SHIP1 and phospho-Tyr (clone 4G10) antibodies. (B) Lysates from wild-type
neutrophils either in suspension or adhered to a fibronectin-coated surface were immunoprecipitated using a SHIP1
antibody (clone P1C1). Immunoprecipitates were analyzed using SHIP1, FAK, Lyn, and B3 integrin. (C) Lysates from
wild-type neutrophils either in suspension or adhered to a fibronectin-coated surface were immunoprecipitated using a
SHIP1 antibody. Immunoprecipitated SHIP1 was used to measure SHIP1 phosphatase activity by incubating with diC8
PtdIns(3,4,5)P3 and generation of free phosphate analyzed by malachite green. Data are presented as mean + SD, from
three independent experiments; p < 0.05. Cell lysates were analyzed for total amounts of SHIP1 and actin as input
controls. Differentiated HL-60 cells in suspension (D) or adhered on a fibronectin-coated surface (E) were fixed and
stained for SHIP1. Images were taken by confocal microscopy, and side-view projection cross-section images were
reconstructed using Volocity software. Fluorescence intensity across the z-axis was analyzed by ImageJ. Analysis of five
representative cells is shown. (F) Values of fluorescence intensities from side-view projection cross-section images of
SHIP1 staining of HL-60 cells in suspension or upon adhesion analyzed by ImageJ were plotted according to the bottom
surface touching the substratum, middle of the cell, and top part of the adhered cell. n = 5; *p < 0.001.

Akt activation through a GPCR-mediated pathway. Alternatively, Akt
activation following cell adhesion was studied upon adhesion to a
fibronectin-coated surface, which induces Akt activation through an
integrin-mediated pathway. Activation of neutrophils by fMLP in sus-
pension showed that Akt activation in wild-type and SHIP1~~ neu-
trophils was similar. In contrast, when neutrophils were allowed to
adhere on a fibronectin-coated surface for 15 min, the adhesion re-
sulted in a substantial increase in Akt phosphorylation in SHIP1~~
neutrophils. When adherent neutrophils were treated with fMLP, the
level of Akt phosphorylation was similar in wild-type and SHIP1-~
neutrophils (Figure 4A). These results indicate that SHIP1 regulates
adhesion-mediated (or integrin-mediated) Akt activation and plays
no role in fMLP-mediated Akt activation in suspension. Therefore
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SHIP1 activity is required in order to limit excessive PtdIns(3,4,5)P3
formation and Akt activation upon cell adhesion. We then per-
formed similar experiments in PTEN-depleted neutrophils. PTEN~~
neutrophils, unlike SHIP1~~ neutrophils, showed a greater increase
in Akt phosphorylation upon fMLP stimulation in suspension as
compared with wild-type neutrophils. However, adhesion on a fi-
bronectin-coated surface did not lead to a dramatic increase in Akt
phosphorylation in PTEN~~ neutrophils (Figure 4B). This further em-
phasizes the fact that PTEN is involved in chemoattractant signaling
mediated by GPCR activation, whereas SHIP1 regulates integrin-
mediated adhesive responses.

To investigate whether increased PtdIns(3,4,5)P3 is the reason
for increased Akt phosphorylation in SHIP1~~ neutrophils upon cell
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FIGURE 4: Adhesion-mediated PtdIns(3,4,5)P; signaling is enhanced in SHIP1-~ neutrophils. (A) Wild-type or SHIP1 or
(B) wild-type or PTEN~~ neutrophils were either unstimulated or stimulated with 1 pM fMLP in suspension or were first
allowed to adhere to a fibronectin-coated surface for 15 min, and nonadherent cells were removed and then stimulated

with fMLP for 2 min. The levels of phospho-Akt were analyzed in the cell lysates. Total Akt was used as a loading
control. (C) Wild-type or SHIP1~~ neutrophils were transfected with Akt-PH-EGFP and allowed to adhere on a
fibronectin-coated surface. Cells were fixed and analyzed using confocal microscopy, and side-view projection cross-
section images were reconstructed showing strong enrichment of Akt-PH-EGFP at the cell-substratum interface in
SHIP1~~ neutrophils. Fluorescence intensity across the z-axis was analyzed by ImageJ. Analysis of four representative
cells for each genotype is shown. (D) Values of fluorescence intensities from side-view projection cross-section images of
wild-type and SHIP1~~ cells expressing Akt-PH-EGFP analyzed by ImageJ were plotted according to the bottom surface
touching the substratum, middle of the cell, and top part of the adhered cell. n=5; *p < 0.05.

adhesion, we transfected Akt-PH-EGFP into neutrophils in order to
visualize PtdIns(3,4,5)P3-PtdIns(3,4)P; in wild-type and SHIP1~~ neu-
trophils. Cells were allowed to adhere on a fibronectin-coated
surface. Cells were fixed and analyzed using high-resolution section-
ing confocal microscopy. SHIP1~~ neutrophils had a large accumula-
tion of Akt-PH-EGFP throughout the cell cortex. Of interest, side-
view projection cross-section images revealed that upon adhesion,
Akt-PH-EGFP is located throughout the plasma membrane in wild-
type neutrophils, but in SHIP17~ neutrophils, there is a strong en-
richment at the cell-substratum interface (Figure 4, C and D). Be-
cause loss of SHIP1 would inhibit formation of PtdIns(3,4)P, from
PtdIns(3,4,5)P3, the Akt-PH-EGFP enrichment is primarily due to a
higher level of PtdIns(3,4,5)P3 formed at the site of adhesion. Ele-
vated PtdIns(3,4,5)P3 levels are indeed the driving factor for en-
hanced cell adhesion and Akt activation upon cell adhesion in
SHIP1~~ neutrophils. These results also suggest that during the pro-
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cess of cell migration that involves cell adhesion, signals from integ-
rin engagement would lead to formation of Ptdins(3,4,5)P; at sites
of attachment. Generation of excessive Ptdins(3,4,5P3; at the
bottom of a migrating cell could interfere with generation of the
anterior—posterior PtdIns(3,4,5)P3 gradient required for cell migra-
tion. Our observations indicate that SHIP1 plays a predominant role
in metabolizing PtdIns(3,4,5)P3 located at the site of cellular
attachment.

Defects in chemotaxis in SHIP1~/~ neutrophils

can be rescued by reducing cell adhesion

SHIP1~~ neutrophils display severely impaired migration toward a
chemoattractant source (Nishio et al., 2007). We then reasoned that
if the impaired chemotaxis is due to excessive cell adhesion, we can
improve chemotaxis by reducing surface adhesion. To address this,
we studied neutrophil chemotaxis toward fMLP using EZ-TAXIScan
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FIGURE 5: Defects in chemotaxis in SHIP1~/~ neutrophils can be rescued by reducing cell
adhesion. Neutrophils from wild-type and SHIP1~~ mice were plated on glass coverslips coated
with 0.1% or 2% BSA (A-C) or fibronectin in the presence or absence of RGD peptide in the
buffer (D-F) in a EZ-TAXIScan device and exposed to a shallow chemoattractant gradient
generated by addition of 1 pl fMLP (1 uM). (A, C, D, F) Migrating neutrophils were evaluated

(n =20 cells; **p < 0.05 vs. wild-type neutrophils) for directionality and migration speed as
described in Materials and Methods. (B, E) Cell tracks of migrating wild-type (left) and SHIP1-~
(right) neutrophils were traced from captured images, realigned such that all cells started from
the same starting point (0, 0), and plotted.

with high speed (11 pm/s) under both con-
ditions. In contrast, SHIP17~ neutrophils on
a 0.1% BSA-coated glass coverslip could
sense the chemoattractant gradient and at-
tempted migration, but chemotaxis was ex-
tremely inefficient, with a speed of 1.4 pm/s.
In contrast, when the surface was coated
with 2% BSA to reduce cell adhesion, the
impaired migration was partially rescued,
with a significant population of cells migrat-
ing the entire length of the channel at an
average speed of 5.67 pm/s (Figure 5, A-C,
and Supplemental Videos S3-S6).

fMLP stimulation by GPCR-mediated in-
side-out signaling leads to activation of inte-
grins. Activated integrins can then bind to
extracellular matrix proteins through inter-
actions with RGD motifs. To examine
whether decreased cell adhesion during cell
migration can rescue cell migration defects
in SHIP1~~ neutrophils, we tested the ability
of the neutrophils to migrate on an fMLP
gradient on a fibronectin-coated glass sur-
face in a buffer containing 1 pg/ml RGD.
The RGD peptide in the buffer reduced cell-
substratum adhesion by binding to acti-
vated integrins and preventing their associa-
tion with fibronectin. We found that in the
absence of RGD in the buffer, the migration
of SHIP1~~ neutrophils was highly impaired.
These cells could sense the chemoattractant
gradient and initiate chemotaxis, but the
adhesive forces restricted cell migration. In
contrast, in the presence of 1 ug/ml RGD
peptide in the buffer, SHIP1~7~ neutrophils
could migrate much more efficiently, with a
speed of 6.8 versus 2.9 pm/s in the absence
of the RGD peptide. The cell migration
speed for wild-type neutrophils in the ab-
sence or presence of RGD peptide in the
buffer was 10.2 and 8.75 um/s, respectively
(Figure 5, D-F, and Supplemental Videos
S7-510). These results indicate that the cell
migration defects in SHIP1~~ neutrophils are
an effect of enhanced cell adhesion and can
be rescued by reducing cell-substratum
adhesion.

Altered reactive oxygen species
production in SHIP1~~ neutrophils
Neutrophil NADPH oxidase is a multicom-
ponent enzyme that includes cytosolic and
membrane-bound proteins that remain
unassembled in resting cells. Membrane
components include heterodimeric flavo-
cytochrome b558, which is composed of
two subunits: gp91 (Nox2) and p22rhex,
Cytosolic components include four soluble
factors—p67°Pho%, p47°P"ox, 40PN, and Rac

assays on glass coverslips either coated with 0.1% bovine serum al-  GTPase (Rac1 and Rac2). On cell surface receptor activation, cyto-
bumin (BSA), which favors cell adhesion, or 2% BSA, which reduces solic factors translocate to the membrane, where NADPH oxidase
cell adhesion. We found that wild-type neutrophils could migrate s assembled and large quantities of superoxide anions, which are
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FIGURE 6: Altered ROS production in SHIP1~~ neutrophils. (A) ROS production in neutrophils (5 x 10°) from wild-type
or SHIP1~~ mice after stimulation with 1 uM fMLP was evaluated by monitoring chemiluminescence every 7 s for 200 s.
(B) PtdIns(3,4)P2 formation in neutrophils (5 x 10) from wild-type and SHIP1~~ mice after stimulation with 1 mM fMLP
measured using PtdIns(3,4)P2 mass ELISA (see Materials and Methods). Data are presented as mean * SD from three
independent experiments. *p < 0.01. (C) Wild-type or SHIP”~ neutrophils were stimulated with fMLP, and the level of
phosphorylated p40P">x in the cell lysates was analyzed by Western blot. Actin was used as a control. (D, E) Neutrophils
(5 x 10) from wild-type or SHIP1~~ mice were primed with TNFo. (D) or MIP2 (E), resuspended in a media containing
0.1 or 5% BSA, and allowed to adhere on a fibronectin-coated surface. ROS production was measured by monitoring

chemiluminescence every 30 s for 7000 s.

precursors for a variety of reactive oxygen species (ROS) that are
used to kill pathogens, are released (Groemping and Rittinger,
2005; Sumimoto, 2008). Common agents that activate neutrophils,
such as the chemoattractant-activated G protein—coupled recep-
tors, opsonized zymosan, or cell adhesion on extracellular matrix,
trigger different signaling pathways that result in NADPH oxidase
activation (Hirsch et al., 2000; Sasaki et al., 2000; Cross and Segal,
2004). fMLP stimulation results in a rapid, transient burst in ROS
production, peaking within 30 s of stimulation, whereas cell adhe-
sion induces a gradual production of ROS with a peak at 15-30
min. Products of phospholipid signaling PtdIns(3,4,5)P3, PtdIns(3,4)
P,, and PtdIns(3)P are important in ROS production, which medi-
ates membrane recruitment of p47°Phox and p40P"** through inter-
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action with their PX domains (Kanai et al., 2001; Ellson et al.,
2006).

We observe that when neutrophils are stimulated with fMLP,
SHIP1~~ neutrophils produce reduced levels of ROS compared with
wild-type neutrophils. Because the loss of SHIP1 does not cause
change in PtdIns(3,4,5)P3 levels in suspension, the level of Ptdins(3,4)
P, is possibly lower compared with wild-type neutrophils due to lack
of 5-phosphatase activity. Because PtdIns(3,4)P, can associate with
PX-domain protein p47P"°* and mediate its membrane translocation
for the activation of the NADPH oxidase complex, loss of SHIP1
leads to reduced production of ROS in suspension (Figure 6A). We
then analyzed the level of PtdIns(3,4)P2 formed in neutrophils upon
stimulation with 1 uM fMLP by PtdIns(3,4)P2 mass enzyme-linked
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immunosorbent assay (ELISA). On stimulation with fMLP, a transient
increase in PtdIns(3,4)P2 was observed in wild-type neutrophils, with
similar kinetics as for production of ROS, but SHIP1~~ neutrophils
showed a significant reduction in PtdIns(3,4)P2 levels upon fMLP
stimulation (Figure 6B). The reduced production of PtdIns(3,4)P2 in
SHIP1~~ neutrophils explains the reduced production of ROS when
stimulated with fMLP in suspension. Phosphorylation of p40rhox is
known to occur during activation of NADPH oxidase, peaking within
30 s of fMLP stimulation (Bouin et al., 1998). Analysis revealed that
phosphorylation of p40Phx upon fMLP stimulation was also signifi-
cantly reduced in SHIP1~~ neutrophils as compared with wild-type
neutrophils (Figure 6C).

Integrin-mediated neutrophil activation can be attained by plat-
ing neutrophils primed with proinflammatory stimuli (such as TNFo.
or MIP2) and allowed to adhere on a surface coated with integrin
ligand (such as fibronectin), which leads to the production of ROS
that requires integrin B, (Nathan et al., 1989; Mocsai et al., 2002).
Under these experimental conditions, SHIP1~~ neutrophils could
produce very high levels of ROS compared with wild-type neutro-
phils, but when the surface was coated with 5% BSA to inhibit cell
adhesion, the amount of ROS generated was reduced to normal
levels (Figure 6, D and E). Enhanced levels of PtdIns(3,4,5)P3 caused
by cell adhesion in SHIP1~~ neutrophils would override the defi-
ciency in PtdIns(3,4)P, (which leads to reduced ROS production in
suspension) and lead to activation of the NADPH oxidase complex,
causing enhanced ROS production. This suggests that the increased
adhesion-induced ROS production is mediated by the increased
PtdIns(3,4,5)P3 production upon cell adhesion in SHIP1~~ neutro-
phils, and this effect can be rescued by reducing cell adhesion.
However, fMLP stimulation in suspension causes reduced ROS
production due to decreased levels of PtdIns(3,4)P,.

DISCUSSION

Migration toward a chemoattractant requires proper sensing of the
chemoattractant gradient and appropriate cell attachment and de-
tachment during the migratory process. There is a great body of evi-
dence suggesting that PtdIns(3,4,5)P3, a second messenger gener-
ated by PI3K, is responsible for maintaining cell polarity in neutrophils
by regulating subcellular localization and activation of downstream
effectors essential for proper chemotaxis. During chemotaxis, an
anterior—posterior Ptdins(3,4,5)P3 gradient is generated inside the
cell that acts as a compass to facilitate directional movement along
shallow chemoattractant gradients. This compass is largely con-
trolled by the activity of PI3K that is recruited to the front of the cell
and by the 3-phosphatase PTEN in Dictyostelium that is recruited to
the back of the cell. Of interest, PTEN~~ neutrophils were able to
migrate effectively. However, loss of the 5-phosphatase SHIP1 re-
sulted in a dramatic defect in cell migration with enrichment of
PtdIns(3,4,5)P3 at the cell cortex, altered F-actin polymerization, and
loss of cell polarity. Dictyostelium does not contain the SHIP1 en-
zyme, so a parallel pathway involving the requirement of SHIP1 can-
not be drawn from Dictyostelium models. Neutrophils also have in-
tegrins, which are not present in Dictyostelium. In neutrophils,
integrins that bind to both the extracellular matrix and actin cy-
toskeleton have been suspected of functioning as an anchor
(Hu et al., 2007). During cell migration, new adhesive contacts
are formed at the front of the migrating cell and adhesive contacts
are broken at the rear end. Signals from integrin-mediated cell ad-
hesion also lead to the formation of PtdIns(3,4,5)P5 at the cell-sub-
stratum interface. We hypothesize that for proper chemotaxis
an anterior—posterior PtdIns(3,4,5)P; gradient is critical in driving
F-actin polymerization at the leading edge, and formation of top-
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down PtdIns(3,4,5)P3 polarity could cause an imbalance in the ante-
rior—posterior PtdIns(3,4,5)P3 gradient. For proper cell migration,
formation of a Ptdins(3,4,5)P3 gradient between the top and bottom
surfaces of the cell would be extremely limiting, as it would lead to
F-actin polymerization at the site of cell adhesion and loss of polar-
ity. This does not occur in normal cells. In this study, we identified
the 5-inositol phosphatase SHIP1 as the key regulator necessary for
abolishing the formation of a “top—bottom” PtdIns(3,4,5)P3 gradi-
ent upon cell adhesion and facilitate formation of new adhesive
contacts at the leading edge and loss of adhesive contacts from the
rear during cell migration toward a chemoattractant gradient.

We show that SHIP1~~ neutrophils respond to chemoattractant
stimuli in suspension similarly to wild-type neutrophils. SHIP1~~
trophils polarize F-actin at the leading edge (Figure 1A) upon fMLP
stimulation in suspension, producing similar levels of phosphory-
lated Akt (as a marker for the amount of PtdIns(3,4,5)P3) as wild-type
neutrophils (Figure 4A). However, upon cell adhesion to an extracel-
lular matrix protein (such as fibronectin), SHIP1~~ neutrophils lose
polarity and F-actin is no longer polarized at the leading edge but is
present throughout the cortex (Figure 1, B-D). Extensive Akt phos-
phorylation was observed in SHIP17~ neutrophils upon adhesion,
which correlated with the enrichment of PtdIns(3,4,5)P3 at the cell-
substratum interface. These observations are supported by the find-
ing that SHIP1~~ neutrophils under unstimulated conditions could
adhere to a fibronectin-coated surface much more efficiently than
wild-type neutrophils, but when stimulated with fMLP, which acti-
vates integrins by an inside-out signaling mechanism, both cell
types adhere with similar efficiency (Figure 2, A and B).

Although PtdIns(3,4,5)P3 is pivotal in proper cell migration, the
3-inositol phosphatase PTEN and 5-inositol phosphatase SHIP1,
which regulate Ptdins(3,4,5)P5 levels in the cell, have different roles
in regulating chemotaxis. The 3-inositol phosphatase PTEN is ex-
tremely important in regulating Ptdins(3,4,5)P3 levels in the cell
through antagonizing the activity of PI3K. The role of PTEN in
chemotaxis is well understood from studies in Dictyostelium, where
PTEN localized to the sides and rear of a migrating cell and thus
amplified the intracellular PtdIns(3,4,5)P3 gradient. As a conse-
quence, Dictyostelium lacking PTEN is defective in chemotaxis and
shows an increased frequency of spontaneous protrusions and mul-
tiple pseudopods (lijima and Devreotes, 2002). In some mammalian
cell lines, PTEN shows a similar pattern of localization in migrating
cells. However, deletion of PTEN in neutrophils demonstrated only
minor alterations during chemotaxis toward fMLP but was shown to
be involved in prioritizing end-target chemotactic cues (like fMLP
and C5a) and preventing distractions from intermediary molecules
(like IL-8, MIP2, and LTB4; Heit et al., 2008). When we analyzed the
role of PTEN in adhesion, we observed that PTEN~~ neutrophils
adhere to fibronectin-coated surfaces with similar efficiency as
wild-type neutrophils under both unstimulated and fMLP-stimulated
conditions (Figure 2, C and D). We also observed that unlike SHIP1-~
neutrophils, Akt phosphorylation is not increased in PTEN~- neutro-
phils upon cell adhesion (Figure 4B). From our studies it is apparent
that SHIP1 regulates PtdIns(3,4,5)P3 formation upon cell adhesion
and limits PtdIns(3,4,5)P3 accumulation upon stimulation through
integrin-mediated cell adhesion. We show that SHIP1 is present in
the cytosol in suspended cells and translocates to the cell mem-
brane and is tyrosine phosphorylated upon adhesion. SHIP1 also
associates with various signaling molecules present at the sites of
adhesion, such as the Src family kinase Lyn, FAK, and B3 integrin
(Figure 3). This indicates that SHIP1 activity is indeed present at
the site of cell adhesion and is important in preventing the forma-
tion of “top—bottom” PtdIns(3,4,5)P3 polarity. We also show that
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membrane recruitment followed by tyrosine phosphorylation of
SHIP1 upon cell adhesion increases the 5-phosphatase activity
toward PtdIns(3,4,5)P3 (Figure 3C). Thus this regulation is lost in
SHIP1~~ neutrophils, and PtdIns(3,4,5)P3 is enriched at the cell-sub-
stratum interface (Figure 4, C and D). The “top-bottom” PtdIns(3,4,5)
P3 polarity in the SHIP1~~ neutrophils causes increased cell attach-
ment (Figure 2) and is a driving factor for impaired chemotaxis.
Therefore, when we reduce cell attachment either by using excess
BSA or blocking integrins with an RGD peptide in the buffer, the
chemotaxis defect in SHIP1~~ neutrophils is rescued (Figure 5).

ROS production is regulated by the formation of phospholipids
through various receptors. SHIP1 does not play a role in fMLP-medi-
ated PtdIns(3,4,5)P3 formation in suspension, and as a result, we do
not see any alteration in the level of phosphorylated Akt. We also
show that upon stimulation of fMLP, loss of SHIP1 results in a re-
duced amount of PtdIns(3,4)P,, another important molecule in the
activation of the NADPH oxidase complex, and as a result we ob-
serve reduced ROS levels upon fMLP stimulation in suspension.
Conversely, upon adhesion, integrin-mediated PtdIns(3,4,5)P3 pro-
duction in SHIP1~~ neutrophils overrides the deficiency in PtdIns(3,4)
P, levels and results in an increase in ROS production compared with
wild-type neutrophils. The resulting increase in ROS production can
be reduced by using excess BSA to limit cell adhesion (Figure 6).

Recent studies using knockout mice established a role for both
3-phosphatase PTEN and 5-phosphatase SHIP1 in neutrophil func-
tions, but there is a lack of evidence showing the precise role of
PTEN and SHIP1 in specific receptor-regulated PtdIns(3,4,5)P3 syn-
thesis. We propose that the two inositol phosphatases act through
different receptor-regulated processes to control spatial accumula-
tion of PtdIns(3,4,5)P; and establish a proper anterior—posterior
PtdIns(3,4,5)P3 compass.

In this study, we show that SHIP1 acts as a negative regulator of
integrin-mediated cell adhesion in neutrophils. In wild-type neutro-
phils, integrin-mediated cell adhesion results in PtdIns(3,4,5)P3 pro-
duction at the sites of cell adhesion. Concurrently, SHIP1 at the cell-
substratum interface is engaged, phosphorylated, and activated.
This activity is crucial for dephosphorylating the PtdIns(3,4,5)P3
formed during cell adhesion.

With the combined actions of both SHIP1 and PTEN, Ptdins(3,4,5)
P3 polarity is maintained at the leading edge, neutrophils polarize
and there is effective cell migration. PTEN is localized to the rear
end of a migrating cell to facilitate the accumulation of PtdIns(3,4,5)
P3 at the anterior end, and SHIP1 is active at the cell-substratum
interface to abolish the PtdIns(3,4,5)P3 gradient being formed
by integrin activation. On loss of SHIP1, adhesion-mediated
PtdIns(3,4,5)P3 formation is uncontrolled, resulting in the formation
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of "top-down” PtdIns(3,4,5)P3 polarity. Increased PtdIns(3,4,5)P3 lev-
els enhance cell adhesion. This leads to activation of various
PtdIns(3,4,5)P3 effector proteins, including Akt, and various PH do-
main—containing Rac exchange factors that could potentially activate
Rac GTPases (Vedham et al., 2005; Ganesan et al., 2006). Activation
of Rac1 would lead to F-actin polymerization throughout the cortex
and loss of cell polarity. This impaired cell polarity and enhanced cell
adhesion would consequently result in impaired chemotaxis (Figure
7). It is of note that in Dictyostelium, which does not have integrin
molecules but can perform chemotaxis using a Gos-mediated
signaling process, lacks SHIP1 but contains a functional PTEN
(Eichinger et al., 2005). It is possible that SHIP1 evolved much later
during evolution along with integrins for their regulation.

MATERIALS AND METHODS

Mice

SHIP1+/~, a conditional PTEN-knockout mouse (PTEN/xF/oxP) gnd
the myeloid-specific Cre mouse were purchased from Jackson Lab-
oratories (Bar Harbor, ME). SHIP1~~ and SHIP*/* mice were gener-
ated through the mating of SHIP1*~ mice. Myeloid-specific PTEN-
knockout mice were generated as previously described (Subramanian
et al., 2007). All procedures involving mice were approved and
monitored by the Children’s Hospital of Boston Animal Care and
Use Committee.

Cells, plasmids, and reagents

Mouse bone marrow neutrophils were isolated using a neutrophil
enrichment kit (Stemcell Technologies, Vancouver, Canada) accord-
ing to the manufacturer’s protocol. The murine neutrophil isolation
protocol routinely yields cell suspension that are >90% neutrophils
with >98% viability as determined by Wright-Giemsa staining and
trypan blue exclusion, respectively. Mouse bone marrow neutrophils
were transfected with Akt-PH-EGFP using an Amaxa Nucleofector
Kit (Amaxa Biosystems, Lonza, Cologne, Germany), using program
Y001 according to the manufacturer’s instructions. HL-60 cells were
grown in RPMI + 20% fetal calf serum and differentiated into neutro-
phil-like cells with 1.3% dimethyl sulfoxide for 6 d.

Antibodies against phospho-Akt (Ser-473), phospho-Akt
(Thr-308), SHIP1 (clone P290), Lyn, FAK, total Akt, and actin were
obtained from Cell Signaling Technology (Beverly, MA). SHIP1
(clone P1C1) and B3 integrin antibodies were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA), and the phospho-tyrosine
antibody (clone 4G10) was obtained from Millipore (Billerica, MA).
Wortmannin and AS252424 were obtained from Cayman Chemi-
cal Company (Ann Arbor, Ml). RGD peptide was obtained from
AnaSpec (Freemont, CA).
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Cell adhesion assay

The 96-well plates were coated with 10 pg/ml fibronectin at 37°C for
1 h and were blocked with 1% BSA in phosphate-buffered saline
(PBS) for 1 h. Bone marrow neutrophils were isolated, resuspended
at a density of 1 x 10’/ml, and either left unstimulated or stimulated
with fMLP (1 pM) for 2 min. Bone marrow neutrophils were then
added (100 pl) to each well and allowed to adhere for 5, 15, or
30 min. Nonadherent cells were removed by washing thrice with
PBS. Cells were lysed using 20 pl of 0.5% hexadecyltrimethylammo-
nium bromide (CTAB). Peroxidase activity in the cell lysates was then
measured using TMB as a substrate to reflect the amount of cells
present. The reaction was stopped between 10 and 15 min, and
absorbance at 450 nm was read. Total input (100 pl cells) was used
as a control to determine relative cell adhesion for comparison.

Immunoprecipitation

Bone marrow neutrophils were either stimulated with fMLP for 2 min
or allowed to adhere on a fibronectin-coated surface for 30 min.
Unstimulated neutrophils in suspension were used as a control in
either case. Neutrophils were lysed in IP lysis buffer containing
20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 10% glycerol, 1% Triton
X-100, and 2 mM EDTA supplemented with protease inhibitors. Cell
lysates were incubated with SHIP1 antibody (clone P1C1; Santa Cruz
Biotechnology), and immune complexes were pulled down using
Protein A + G agarose beads (Santa Cruz Biotechnology). Pull-down
eluates were resolved by SDS-PAGE and probed for SHIP1 and
tyrosine-phosphorylated proteins using 4G10 (Millipore).

Chemotaxis assay

The EZ-TAXIScan MIC-1000 (Hirata Corporation of America, India-
napolis, IN) was used to investigate real-time horizontal chemotaxis
of mouse neutrophils. The EZ-TAXIScan consists of an etched silicon
substrate and a flat glass plate, both of which form two compart-
ments. Glass coverslips (Dow Corning, Midland, MI) coated with
0.1% or 2% BSA or 10 pg/ml fibronectin were placed on the glass
plate at the bottom of the compartment. Purified bone marrow-de-
rived wild-type and SHIP1~~ neutrophils in HBSS/Ca?* + Mg?* con-
taining 0.1% BSA, 2% BSA, or 0.1% BSA with 1 pg/ml RGD peptide
were added to the lower reservoir of each of the six channels and
allowed to line up by removing 18 pl of buffer from the upper reser-
voir. A 1 pl amount of chemoattractant was added to the upper res-
ervoir. Chemotaxis was recorded at 37°C for 20 min with 30-s inter-
vals using a charge-coupled device camera. For analysis of cell tracks,
(x, y) coordinates of migrating neutrophils were tracked from sequen-
tial images using DIAS imaging software (Soll Technologies, lowa
City, IA). Cell tracks were then realigned such that all of the cells
started from the same starting point (0, 0) and were plotted using
Matlab (MathWorks, Natick, MA). Directionality was calculated as the
straight-line migration distance from the origin divided by total mi-
gration length. Migration speed (um/min) was calculated as an aver-
age of cell speeds (migration distance between the current frame
and previous frame divided by time between sequential frames,
0.5 min) for each captured frame. Parameters were only calculated for
migrating cells during the 5- to 15-min time frame of each movie.

SHIP1 phosphatase assay

A total of 5 x 10¢ neutrophils either in suspension or adhered to fi-
bronectin coated surface was lysed in IP lysis buffer and SHIP1
pulled down using SHIP1 antibody (clone P1C1) and Protein A + G
agarose beads (Santa Cruz Biotechnology). Beads were washed
thrice with phosphatase reaction buffer containing 25 mM Tris-HClI,
pH 7.4, 140 mM NaCl, 2.7 mM KCl, and 10 mM dithiothreitol. SHIP1
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pulled down was incubated with 3000 pmol of water-soluble
PtdIns(3,4,5)P3 substrate (diC8 PIP3; Echelon Bioscience, Salt Lake
City, UT) for 30-60 min at 37°C. Free phosphate generated from
the SHIP1 activity was then quantified by malachite green phos-
phatase assay kit according to manufacturer’s protocol (Echelon Bio-
sciences). Percentage PtdIns(3,4,5)P3 conversion was determined
for each time point as [(free phosphate in test reaction, pmol) ~ (free
phosphate in background, pmol)] x 100%/3000 pmol. Free phos-
phate in background is the value of phosphate in “substrate-only
[PtdIns(3,4,5)P3]" controls. Cell lysates were also analyzed for the
levels of total SHIP1 and actin.

Ptdins(3,4)P, ELISA

Bone marrow neutrophils from wild-type and SHIP1~~ mice were
resuspended in PBS containing Ca?*’Mg?* and 0.1% BSA at a
density of 2 x 107 cells/ml. Cells (5 x 10° were stimulated with
1 uM fMLP for indicated times and immediately lysed in 0.5 M
trichloroacetic acid. PtdIns(3,4)P, was extracted from cells and
subjected to ELISA using a PtdIns(3,4)P, mass ELISA kit (Echelon
Biosciences). Briefly, lipids were extracted with 2.25 m| of MeOH,
CHCI3, and 12 M HCI (80:40:1) for 15 min at room temperature
and partitioned by centrifugation after the addition of 0.75 ml of
CHCl3 and 1.35 ml of 0.1 M HCI. The lower phase was vacuum
dried and dissolved in PtdIns(3,4)P, buffer. Controls, standards,
and samples were incubated with PtdIns(3,4)P, detector, second-
ary detection reagent, and TMB solution sequentially. The reac-
tion was terminated by adding stop solution (0.5 M H,SO,), and
the absorbance was measured at 450 nm. Experiments were
repeated twice, and all controls, standards, and samples were run
in triplicate per experiment. Data are presented as mean * SD,
and statistical significance was assessed by two-tailed, paired
Student’s t test.

/-

ROS measurement

To measure ROS upon fMLP stimulation in suspension, murine
neutrophils were resuspended in HBSS + 0.1% BSA after isolation
(3 x 10° cells/ml) and stimulated with fMLP using a computer-
programmed injector built into the luminometer (TriStar LB941;
Berthold Technologies, Oak Ridge, TN). To measure the levels of
ROS upon cell adhesion, plates were coated with fibronectin, and
neutrophils were resuspended in HBSS + 0.1% BSA or HBSS + 5%
BSA at 3 x 10¢ cells/ml. To detect extracellular ROS, 0.5 pM isolumi-
nol and 80 U/ul horseradish peroxidase were added to the cell sus-
pension. The production of ROS is determined by their ability to
catalyze the oxidation of isoluminol, which results in light emission
that can be detected using a luminometer.

Immunofluorescence microscopy

Differentiated HL-60 cells or mouse bone marrow neutrophils trans-
fected with Akt-PH-EGFP were allowed to adhere on a fibronectin-
coated glass surface and fixed. HL-60 cells were stained for SHIP1
(clone P290; Cell Signaling Technology). Images were acquired us-
ing a confocal microscope. Images were analyzed using Volocity
software (PerkinElmer, Waltham, MA) to generate side-view projec-
tion cross-section images. Images were further analyzed using
ImageJ (National Institutes of Health, Bethesda, MD) to determine
fluorescence intensities across the section.

Statistical analysis

Analysis of statistical significance for indicated data sets was
performed using the Student’s t test capability on Excel (Microsoft.
Redmond, WA).
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