Mammalian target of rapamycin and Rictor
control neutrophil chemotaxis by regulating
Rac/Cdc42 activity and the actin cytoskeleton
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ABSTRACT Chemotaxis allows neutrophils to seek out sites of infection and inflammation.
The asymmetric accumulation of filamentous actin (F-actin) at the leading edge provides the
driving force for protrusion and is essential for the development and maintenance of neutro-
phil polarity. The mechanism that governs actin cytoskeleton dynamics and assembly in neu-
trophils has been extensively explored and is still not fully understood. By using neutrophil-like
HL-60 cells, we describe a pivotal role for Rictor, a component of mammalian target of ra-
pamycin complex 2 (MTORC2), in regulating assembly of the actin cytoskeleton during neutro-
phil chemotaxis. Depletion of mTOR and Rictor, but not Raptor, impairs actin polymerization,
leading-edge establishment, and directional migration in neutrophils stimulated with chemoat-
tractants. Of interest, depletion of mSin1, an integral component of mMTORC2, causes no de-
tectable defects in neutrophil polarity and chemotaxis. In addition, experiments with chemical
inhibition and kinase-dead mutants indicate that mTOR kinase activity and AKT phosphoryla-
tion are dispensable for chemotaxis. Instead, our results suggest that the small Rho GTPases
Rac and Cdc42 serve as downstream effectors of Rictor to regulate actin assembly and orga-
nization in neutrophils. Together our findings reveal an mTORC2- and mTOR kinase-indepen-
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dent function and mechanism of Rictor in the regulation of neutrophil chemotaxis.

INTRODUCTION

Chemotaxis—the ability of cells to migrate up a gradient of
chemoattractant—is essential for many biological responses, includ-
ing the movement of neutrophils to the sites of infection and inflam-
mation and aggregation of Dictyostelium discoideum during mor-
phogenesis. As nature’s master migratory cells, neutrophils and
D. discoideum respond to chemoattractants by adopting a highly
polarized morphology, with filamentous actin (F-actin) in a protru-
sive leading edge. To interpret the chemoattractant gradient, a neu-
trophil requires a mechanism to compare signaling levels across the
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cell surface and restrict leading-edge activity to the most highly
stimulated region. This mechanism has been referred to as the
“compass” mechanism because of its ability to spatially direct actin
polymerization to the leading edge (pseudopod) of protruding neu-
trophils (Rickert et al., 2000; Bourne and Weiner, 2002; Weiner, 2002;
Wang, 2009). Studies over the past decade have begun to shed light
on the intracellular signals that control assembly of the actin cy-
toskeleton and establishment of the protruding leading edge. A
special role is assigned to the phosphatidylinositol 3-kinase (PI3K)
lipid product phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3)
in regulating chemotaxis of neutrophils and D. discoideum. Asym-
metric localization of PI(3,4,5)P3 at the leading edge was first docu-
mented in D. discoideum and later in neutrophils during chemotaxis
(Parent et al., 1998; Meili et al., 1999; Servant et al., 2000; Wang
et al., 2002). Experiments with pi3k1/2-null D. discoideum and neu-
trophils with pharmacological inhibition suggested that PI(3,4,5)P3 is
required for morphological polarity and chemotaxis (Knall et al.,
1997, Funamoto et al., 2001; Wang et al., 2002).

Although PI(3,4,5)P3 has been suggested as part of the compass
mechanism in neutrophils and D. discoideum during chemotaxis, it
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is also clear that cells still can move toward chemoattractants re-
gardless of whether this second messenger is depleted or in excess
(Hirsch et al., 2000; Li et al., 2000; Sasaki et al., 2000; Andrew and
Insall, 2007; Ferguson et al., 2007; Franca-Koh et al., 2007; Hoeller
and Kay, 2007; Nishio et al., 2007). Moreover, a study suggested
that PI3K accelerates, but is not required for, neutrophil chemotaxis
(Heit et al., 2008). Thus cells may use parallel or completely inde-
pendent pathways to direct chemotaxis. Indeed, in D. discoideum,
deletion of a patatin-like phospholipase A2 (PLA2) homologue and
two PI3Ks causes a strong defect in chemotaxis and a reduction in
receptor-mediated actin polymerization, suggesting that PLA2 acts
in parallel with PI3K pathways to mediate chemotaxis (Chen et al.,
2007). As such, neutrophils may exploit similar PI3K-independent
pathway(s) to control leading-edge establishment and directional
migration. The key mediators of these pathway(s) in neutrophils,
however, are not known.

TOR complex 2 (TORC2) has emerged as a key regulator of the
actin cytoskeleton. In budding yeast, TORC2 is resistant to rapamy-
cin treatment and regulates bud formation (Loewith et al., 2002).
The homologue of yeast Torc2, mTORC2, was identified in mam-
mals. Depletion of Rictor—a key component of mMTORC2—in Hela
cells and fibroblasts disrupts stress fiber formation and reduces Rac
activity (Jacinto et al., 2004; Sarbassov et al., 2004; Agarwal et al.,
2013). In D. discoideum, disruption of TORC2 does not affect cell
survival but impairs cAMP-induced actin polymerization and chemo-
taxis. At a molecular level, TORC2 acts downstream of Ras and
regulates phosphorylation of AKT/protein kinase B (PKB) in a
PI(3,4,5)P-independent manner (Lee et al., 2005; Cai et al., 2010).
Liu et al. (2010) used PLB-985 promyeloid leukemia cells as a neu-
trophil model and showed that Rictor is required for chemotaxis.
Surprisingly, Rictor depletion only impairs actin polymerization at
the late stage of chemoattractant stimulation, and instead exerts
much stronger impact on the RhoA-ROCK-myosin pathway (Liu
et al., 2010). In the present study, we use the commonly used neu-
trophil-like HL-60 cells and demonstrate that mTOR and Rictor are
necessary for chemoattractant-induced Rac/Cdc42 activity and actin
assembly during chemotaxis. Intriguingly, depletion of mSin1, an
integral component of mTORC2 (Frias et al., 2006; Jacinto et al.,
2006; Yang et al., 2006), causes no detectable defects in neutrophil
polarity and chemotaxis. In addition, mTOR kinase activity and AKT
phosphorylation are dispensable for neutrophil chemotaxis. To-
gether our results suggest that Rictor regulates neutrophil polarity
and chemotaxis through mTORC2- and mTOR kinase-independent
mechanism(s).

RESULTS
Rictor accumulates at the leading edge of chemotactic
neutrophils
Accumulating evidence has pointed to mTORC2 as an essential
regulator of the actin cytoskeleton, leading us to examine its func-
tion in neutrophils during polarization and chemotaxis. We used
neutrophil-like differentiated HL-60 (dHL-60) cells, which recapitu-
late the chemotactic responses of primary blood neutrophils. Unlike
primary neutrophils, which are short lived in culture and refractory to
genetic manipulations, HL-60 cells can be continuously cultured and
are genetically tractable and therefore have been widely used for
the study of neutrophil chemotaxis (Servant et al., 2000; Hauert
et al., 2002; Srinivasan et al., 2003; Xu et al., 2003; Gomez-Mouton
et al., 2004; Bodin and Welch, 2005; Schymeinsky et al., 2006;
Weiner et al., 2006; Nuzzi et al., 2007; Neel et al., 2009).

We assessed the expression of mTOR, Rictor, and Raptor in neu-
trophils. Undifferentiated HL-60 cells (uHL-60), dHL-60, and primary
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human neutrophils expressed mTOR, Raptor, and Rictor (Supple-
mental Figure S1A). Raptor is the major component of the mTORC1
(Wullschleger et al., 2006; Bhaskar and Hay, 2007). Immunofluores-
cence of Rictor in nonstimulated dHL-60 cells was diffusely distrib-
uted, with some cortical localization around the plasma membranes,
but was preferentially distributed to the leading edge of 71% of cells
(of 126 examined) treated with the bacteria-derived chemoattrac-
tant formyl-Met-Leu-Phe (fMLP), colocalizing with F-actin (Figure 1A
and data not shown). The immunofluorescence was specific for
Rictor, as verified by competition experiments with a blocking pep-
tide (Figure 1A; bottom). The asymmetric accumulation of Rictor
was confirmed by quantitative analysis of fluorescence intensity
across the cell, revealing a steep gradient of fluorescence signals
(86 £ 15% decrease; Figure 1B). Moreover, the ratio of mean inten-
sity of Rictor immunofluorescence between the leading and the
trailing edges was 1.89 + 0.09 (mean = SEM; Figure 1C). By contrast,
the ratio for green fluorescence protein (GFP) in polarized dHL-60
cells was 1.12 £ 0.11 (Figure 1C), indicating that the asymmetric
distribution of Rictor was not due to overall morphological changes
during neutrophil polarization.

mTOR and Rictor, but not mSin1, are required for neutrophil
polarization and chemotaxis

Rictor's subcellular localization in polarized neutrophils suggested a
potential role in controlling leading-edge protrusion and chemot-
axis. To test this possibility, we used a lentivirus-based system to
stably express small hairpin RNAs (shRNAs) that efficiently depleted
mTOR, Rictor, and Raptor in dHL-60 cells (Figure 2, A and B). To
ensure specificity, we used at least two shRNAs that deplete the
same target genes. The chemotactic behaviors of mTOR-, Raptor-,
or Rictor-depleted cells were examined by using a microfluidic gra-
dient device, which enabled us to watch populations of cells moving
in a highly stable gradient over a long distance (Herzmark et al.,
2007; He et al., 2011). In this assay, cells containing nontarget (NT)
shRNA polarized and moved rapidly in a concentration gradient of
fMLP (1.4 nM/um; Figure 2, C and D, Supplemental Figure S1B, and
Supplemental Movie S1), as described earlier (He et al., 2011). Of
interest, depletion of Raptor or treatment with rapamycin, a potent
and specific inhibitor for mTORC1, had little effect on cell polariza-
tion and migration, suggesting that mTORC1 is dispensable for
neutrophil chemotaxis (Figure 2C and Supplemental Figure S1B). By
contrast, cells with mTOR or Rictor depletion exhibited severe
chemotactic defects (Figure 2, C and D, Supplemental Figure S1B,
and Supplemental Movies S2 and S3). These cells failed to polarize
properly and instead formed small, poorly developed and unstable
leading edges (Figure 2, C and D, Supplemental Figure S1B, and
Supplemental Movies S2 and S3). Only 9% of Rictor-depleted cells
exhibited stable and persistent polarity during migration, in sharp
contrast to control cells (89%). Furthermore, Rictor-depleted cells
migrated much more slowly (Figure 2, C and D, and Supplemental
Figure S1B), resulting in a large fraction of cells in the lower end of
the fMLP gradient (Figure 2C). In addition, the chemotactic indices,
defined as the ratio of migration in the correct direction to the actual
length of the migration path (Xu et al., 2005; He et al., 2011), were
0.81 and 0.63 for control and Rictor-depleted cells, respectively,
suggesting defects in directional migration upon Rictor depletion
(data not shown). The chemotactic behaviors of mTOR and Rictor-
depleted cells were also examined by using the micropipette
chemotaxis assay. In this assay, mTOR- or Rictor-depleted cells
showed polarization and migration defects highly reminiscent of
those in the microfluidic assay (Supplemental Figure S1C; see Sup-
plemental Movies S4 and S5, which show the migratory behaviors of
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Rictor is recruited to the leading edge of polarized dHL-60 cells. (A) Immuno-
fluorescence of Rictor (red) and F-actin (green) in cells plated on fibrinogen without (top)
or with (middle) fMLP stimulation (100 nM, 2 min). Fluorescence images of Rictor (red),
F-actin (green), Rictor/F-actin merged images, and differential interference contrast (DIC)
images of cells. The Rictor immunofluorescence is specific because incubation with the
Rictor peptide completely abolishes the immunofluorescence (bottom). Bar, 10 pm.
(B) Fluorescence line profiles of Rictor (Red) and F-actin (green) in dHL-60 cells with or
without fMLP stimulation. The graph below the fluorescence image plots the fluorescence
intensity of each probe (y-axis) vs. distance (x-axis) for the corresponding cell. (C) Ratios of
mean fluorescence intensity of Rictor and GFP between the front and the back of cells. Left,
representative Rictor and GFP images; right, quantification of 41 cells (for Rictor) and 38
cells (for GFP) collected from four independent experiments. The front of the cell is defined
as the area within the first 3 um of the cell (indicated by the yellow line), as depicted earlier
(Shin et al., 2010), and the rest of the cell is defined as the back. Student’s t test was
performed. The asterisk indicates that the ratio for Rictor differs statistically from that of
GFP (*p < 0.01).
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cells in gradients created by the micropi-
pette). To further examine the specificity of
Rictor depletion, we ectopically expressed
wild-type Rictor in dHL-60 cells with Rictor
depleted (Figure 2E). We used shRNAs tar-
geting 3’-untranslated region (UTR) of Ric-
tor, which specifically deplete endogenous
Rictor, not the ectopic form. The endoge-
nous gene products were depleted, whereas
the exogenously expressed mRNAs devoid
of the 3-UTR were resistant. The ectopic ex-
pression of wild-type Rictor largely rescued
the polarization and migratory defects
caused by Rictor depletion (Figure 2, F and
G, and data not shown). Taken together,
these results suggest that mTOR and Rictor,
but not Raptor, are required for neutrophil
chemotaxis.

mTOR has a well-documented role in the
regulation of cell growth, survival, and dif-
ferentiation (Sarbassov et al., 2005a;
Waullschleger et al., 2006; Bhaskar and Hay,
2007). We asked whether the migratory de-
fect in cells with mTOR or Rictor depletion
might be attributed to compromised cell
survival and differentiation. We found that
Rictor-depleted cells exhibited a similar rate
of apoptosis (3.0 = 1.4%) to the control cells
(1.8 £ 0.7%), whereas mTOR depletion
slightly increased apoptosis (6.0 £ 2.4%)
(Supplemental Figure S1D). In addition, Ric-
tor depletion did not alter the level of B2
integrin, a marker for neutrophil differentia-
tion (Supplemental Figure STE). Of interest,
mTOR depletion significantly reduced the
level of B2 integrin (Supplemental Figure
S1E). Furthermore, when exposed to fMLP,
cells with Rictor depletion showed similar
levels of intracellular calcium release to the
control cells (Supplemental Figure S1F). Fi-
nally, Rictor depletion did not alter fMLP-in-
duced phosphorylation of AKT (at threonine
308; see the rest of this study; Supplemental
Figure S2A), again demonstrating that Ric-
tor depletion does not nonspecifically per-
turb the function of neutrophils. The differ-
ential effect of mTOR depletion on B2
integrin expression is probably mediated by
mTORC2/Rictor-independent signals and/
or other mechanisms.

To further test the potential role of
mTORC2 in controlling leading-edge pro-
trusion and chemotaxis, we depleted mSin1,
an indispensable component of mTORC2
necessary for AKT phosphorylation at serine
473 (S473; Frias et al., 2006; Jacinto et al.,
2006; Yang et al., 2006), using two separate
shRNAs (Supplemental Figure S2B). Surpris-
ingly, whereas the shRNAs substantially re-
duced the levels of mSin1 in dHL-60 cells
(Supplemental Figure S2B), we failed to
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FIGURE 2: Rictor depletion impairs dHL-60 chemotaxis. (A) Western blotting of mTOR, Raptor,
and Rictor in dHL-60 cells transfected with specific or NT shRNAs. GAPDH was a loading
control. HL-60 cells were infected with lentiviruses containing the various shRNAs and were
differentiated for 5 d in the presence of DMSO. (B) Relative levels of mTOR, Raptor, and Rictor
in cells with or without depletion. Values are normalized to the level in control cells (with the NT
shRNA, 100%) and are means + SEM (n = 4). (C) Chemotaxis of dHL-60 cells with various
treatments in a microfluidic gradient device. After adhering to the fibrinogen-coated surface of
the microfluidic chamber, cells (2 x 10%) were exposed to an fMLP gradient for 20 min. Phase-
contrast images of cells 10 and 910 s after fMLP stimulation. Bar, 50 pm. Supplemental Movies
$1-S3 are of cells with or without mTOR and Rictor depletion. (D) Images with higher
magpnification of cells with NT (1) and Rictor shRNA (ll) treatment, 910 s after exposure to fMLP
gradients. Bar, 10 pm. (E) Western blotting of Rictor in control and Rictor-depleted dHL-60 cells
with or without rescue. Rictor-depleted cells were differentiated and transfected with wild-type
(WT) Rictor. a-Tubulin was a loading control. (F) Wild-type Rictor rescues the migratory defects
of Rictor-depleted cells revealed with the micropipette assay. Time-lapse images of
representative cells for various conditions. The three images in each column show the positions
of individual cells (identified with a superimposed letter) after exposure to fMLP. Bar, 10 pm.
(G) Speeds of cell migration for control, Rictor-depleted, and rescued cells revealed with the
micropipette assay. Values are means = SEM (n = 21 for control, 16 for Rictor shRNA alone, and
15 for Rictor shRNA plus wild-type Rictor). The cells with Rictor rescue differ statistically from
the Rictor-depleted cells (p < 0.01).
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detect chemotactic defects in mSin1-de-
pleted cells: these cells migrated with simi-
lar degree of polarization (81 and 82% of
polarized cells formSin1 shRNAT and shRNA
2, respectively) and migration speeds (3.4
and 3.0 ym/min for shRNAT and shRNA2,
respectively) comparable to cells with NT
shRNAs (89% and 2.8 pm/min, respectively;
Supplemental Figure S2C and data not
shown). Furthermore, mSin1 depletion ro-
bustly decreased the level of S473-phos-
phorylated AKT (pS473-AKT) in cells stimu-
lated with fMLP (Supplemental Figure S2D),
indicating that the depletion effectively im-
pairs downstream signaling activities. Be-
cause Rictor, but not mSin1, is required for
neutrophil polarity and migration, our find-
ings suggest that Rictor regulates neutrophil
chemotaxis in an mTORC2-independent
manner.

mTORC2-mediated AKT
phosphorylation is not required

for neutrophils chemotaxis

The kinase activity of mTOR is responsible
for S473 phosphorylation of AKT in cells ex-
posed to nutrient signals (Sarbassov et al.,
2005b). In budding yeast, TorC2 regulates
actin polymerization through the ACG ki-
nase YPK2, the yeast AKT homologue
(Schmidt et al., 1996; Kamada et al., 2005).
Similarly, TORC2 in D. discoideum acti-
vates PKBR1 and PKBA, the AKT homo-
logues in D. discoideum, which in turn
regulate polarity and chemotaxis (Lee
et al., 2005; Kamimura et al., 2008). These
results led us to examine whether AKT
might mediate Rictor’s response in neutro-
phils during chemotaxis.

We first assessed the level of S473-phos-
phorylated AKT in control and Rictor-de-
pleted cells. Exposure of control dHL-60
cells to fMLP induced rapid and robust
phosphorylation of AKT, reaching a maxi-
mum at 60 s (Supplemental Figure S3, A
and B), in keeping with earlier reports (Wang
et al., 2002; He et al., 2011). Rictor deple-
tion markedly reduced S473-phosphoryla-
tion of AKT (to 12.4 £ 8.2% of control cells;
Supplemental Figure S3, C-D). In contrast,
threonine 308 (T308) phosphorylation of
AKT, which was reportedly catalyzed by
PDK1 (Alessi et al., 1997; Belham et al.,
1999), was unaltered in Rictor-depleted cells
(Supplemental Figure S2A). These data sug-
gested that Rictor is a key regulator of AKT
S473 phosphorylation in dHL-60 cells ex-
posed to fMLP.

We next asked whether inhibition of
AKT phosphorylation impaired chemotaxis.
We used a specific AKT inhibitor, AKTi-1/2,
which abolishes AKT phosphorylation at

Molecular Biology of the Cell
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rapamycin (100 nM), or Torin1 (250 nM) for 30 min and stimulated with fMLP (100 nM) for
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(National Institutes of Health, Bethesda, MD). (D) Western blotting of mTOR in control and
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expressed mTOR. GAPDH is the loading control. (E) Both wild-type mTOR and the kinase-
dead mTOR mutant rescue the migratory defects of mTOR-depleted cells revealed with the
micropipette assay. Time-lapse images of representative cells for various conditions. The two
images in each column show the positions of individual cells (identified with a superimposed
letter) after exposure to fMLP. Bar, 10 pm. (F) Speeds of cell migration for control, mTOR-
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both S473 and T308 in vitro and in vivo
(Barnett et al., 2005). This inhibitor potently
inhibited AKT phosphorylation in dHL-60
cells and human primary neutrophils (Sup-
plemental Figure S3E) but failed to affect
chemotaxis in experiments with both the
microfluidic (Supplemental Figure S3, F
and G) and the micropipette assays (data
not shown). The AKTi-1/2-treated cells po-
larized and migrated similarly to control
cells and exhibited similar chemotactic in-
dex (0.87 and 0.86, respectively; Supple-
mental Figure S3, F and G, and data not
shown). These data indicate that AKT phos-
phorylation is not responsible for Rictor's
function in neutrophil polarization and
chemotaxis.

mTOR kinase activity is dispensable

for chemotaxis

The lack of function for AKT phosphoryla-
tion in chemotaxis led us to ask whether
mTOR kinase activity was required for neu-
trophil polarization and chemotaxis. An ATP
analogue inhibitor of mTOR kinase, Torin1,
was developed and reportedly inhibits
mTORC1 and mTORC2 kinase activities in a
variety of cells (Thoreen et al., 2009). We as-
sessed the effect of Torin1 on neutrophil
chemotaxis.

We found that Torin1 treatment mark-
edly reduced the levels of both phosphory-
lated S6K1 (at threonine 389) and AKT (by
84 and 88%, respectively; Figure 3A and
Supplemental Figure S4, A and B). By con-
trast, rapamycin treatment reduced S6K1
phosphorylation by 79% but had little effect
on AKT phosphorylation (Figure 3A and
Supplemental Figure S4, A and B). Despite
its ability to inhibit S6K1 and AKT phospho-
rylation, Torin1 treatment had no detectable
effects on chemotaxis of dHL-60 cells and
primary neutrophils (Figure 3, B and C, Table
1, and data not shown).

To further determine whether the ki-
nase activity of mTOR was required for
chemotaxis, we ectopically expressed
wild-type mTOR and the kinase-dead mu-
tant (Asp2357-Glu; Vilella-Bach et al,
1999) in dHL-60 cells with endogenous
mTOR depleted (Figure 3D). As shown in
Figure 3, E and 3F, expression of either

depleted, and rescued cells revealed with
the micropipette assay. Values are means +
SEM (n = 18 for control, 19 for mTOR shRNA
alone, 17 for mTOR shRNA plus wild-type
mTOR, and 15 for mTOR shRNA plus mTOR
kinase-dead mutant). Asterisks indicate that
the cells differ statistically from the
mTOR-depleted cells (*p < 0.001).
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Cells Parameter DMSO Rapamycin Torin1

dHL-60 Speed (um/min) 4.36+0.16 4.39+0.12 4.67 £0.13
Chemotactic index 0.97 £0.01 0.95+0.01 0.96 £0.01

Primary neutrophil Speed (um/min) 7.05+£0.12 7.40£0.55 7.47 £0.21
Chemotactic index 0.96 +0.01 0.97 £0.01 0.96 £ 0.01

Cells were pretreated with DMSQO, Torin1 (250 nM, 30 min), and rapamycin (100 nM, 30 min) before chemotaxis assay. The chemotactic index is defined as the ratio
of migration in the correct direction to the actual length of the migration path (Xu et al., 2005).

TABLE 1: Effects of drug inhibition on dHL-60 cell and primary neutrophil chemotaxis.
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fMLP stimulation. Cells were plated on fibrinogen-coated coverslips for 20 min and stimulated
with uniform fMLP (100 nM) for 2 min. Images of F-actin and DIC. Bar, 10 pm. (C) Quantification
of the number of dHL-60 cells with polarized actin polymerization with and without Rictor
depletion. Cells were stimulated with uniform fMLP (100 nM) for 2 min, as described in B. Each
bar represents the mean + SEM (n = 4). (D) The dynamics of actin-YFP in dHL-60 cells exposed to
an fMLP gradient. HL-60 cells stably expressing actin-YFP were infected with lentivirus
containing NT shRNA or Rictor shRNA (shRNA-1) and subsequently differentiated for 5 d. Cells
were plated on fibrinogen-coated coverslips and stimulated with a chemotactic gradient
delivered by a micropipette containing 10 uM fMLP for the times indicated. Fluorescence

images of actin-YFP and the corresponding DIC images. Bar, 10 pm.

wild-type mTOR or the kinase-dead mTOR mutant largely res-
cued the chemotactic defects caused by mTOR depletion. To
specifically deplete endogenous mTOR, not the ectopic form, we
used shRNAs targeting 3’-UTR of mTOR. Together these data in-
dicate that mTOR kinase activity is dispensable for neutrophil
chemotaxis.
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lates fMLP-induced actin skeleton assembly
in neutrophils during chemotaxis.

We measured the level of F-actin in both
suspended and adherent cells with or with-
out Rictor depletion (Figure 4). As described
previously (Wang et al., 2002; Weiner et al.,
2006; Shin et al., 2010), exposure of sus-
pended control dHL-60 cells (i.e., containing
NT shRNAs) induced rapid and transient ac-
tin polymerization, which peaked at around
1 min (Figure 4A). Rictor depletion moder-
ately reduced the level of F-actin in cells
under resting conditions (by ~20%) and sub-
stantially abolished the transient accumula-
tion of F-actin in suspended cells after
exposure to chemoattractant (Figure 4A).
Similarly, mTOR depletion also substantially
decreased the level of actin polymerization
in suspended dHL-60 cells (Supplemental
Figure S5A). In addition, when plated on the
fibrinogen substrate and exposed to a uni-
form concentration of fMLP, control cells de-
veloped a polarized morphology with F-actin
concentrated at the leading edge, as re-
vealed by phalloidin staining (Figure 4B, top).
Rictor depletion in the adherent cells nearly
completely prevented polarized morphology
and F-actin  accumulation (Figure 4B).
Quantitative analysis revealed that only 12%
of Rictor-depleted cells showed asymmetric
accumulation of F-actin at the leading edge, in sharp contrast to con-
trol cells (78%; Figure 4C). Similar to Rictor depletion, mTOR deple-
tion markedly impaired F-actin accumulation in adherent cells, in
keeping with its effect on cell polarization and migration (Figure 4B).

To document the response of actin throughout fMLP stimulation,
we assessed the effect of Rictor depletion in live cells. We delivered
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(Figure 4D). Only 1 of 14 Rictor-depleted
cells showed actin accumulation, in contrast
to control cells (16 of 18).

We next asked whether Rictor depletion
also influenced the level of F-actin in neu-
* trophil-like PLB-985 cells. Two shRNAs ef-
I fectively depleted Rictor in differentiated
PLB-985 (dPLB-985) cells, consistent with
their effects in dHL-60 cells (Supplemental
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Figure S5B). Rictor depletion markedly re-
duced the migration speed of dPLB-985
cells and the level of actin polymers in re-
sponse to fMLP stimulation (Supplemental
Figure S5, C and D, and data not shown).
These effects were similar to those in
dHL-60 cells. Together our findings sug-
gest that Rictor acts to control assembly of
the actin cytoskeleton in neutrophils during
chemotaxis.
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FIGURE 5: Rictor depletion impairs Rac and Cdc42 activities in dHL-60 cells. (A) The levels of
Rac-GTP in suspended dHL-60 cells. dHL-60 cells with or without Rictor depletion were
stimulated with 100 nM of fMLP for various time points in suspension and lysed for the
pull-down assay. Levels of total Rac were used to show cell lysate input. (B) Quantification of
relative levels of Rac-GTP level in suspended dHL-60 cells with and without Rictor depletion 30 s
after fMLP stimulation. Each bar represents the mean + SEM (error bars). Values are normalized
to the level of Rac-GTP (= 100%) in cells without Rictor depletion (*p < 0.001). (C) The levels of
Rac-GTP in adherent dHL-60 cells. Control cells or Rictor-depleted cells plated on fibrinogen-
coated plates were unstimulated or stimulated for 1 or 5 min with a uniform concentration of
fMLP (100 nM) and lysed for pull-down assay. Levels of total Rac were used to show cell lysate
input. (D) Quantification of relative levels of Rac-GTP in adherent dHL-60 cells with and without
Rictor depletion. Each bar represents the mean + SEM (n = 4). Values are normalized to the level
of Rac-GTP (= 100%) in cells without Rictor depletion before fMLP stimulation (*p < 0.001).

(E) The levels of Cdc42-GTP in dHL-60 cells with or without Rictor depletion. dHL-60 cells with
or without Rictor depletion were stimulated with 100 nM of fMLP for 30 s in suspension and
lysed for the pull-down assay. Levels of total Cdc42 were used to show cell lysate input.

(F) Quantification of relative levels of Cdc42-GTP in suspended dHL-60 cells with and without
Rictor depletion. Each bar represents the mean + SEM (n = 4). Values are normalized to the level
of Cdc42-GTP (= 100%) in cells without Rictor depletion before fMLP stimulation (*p < 0.001).

NT shRNA or Rictor-specific shRNAs into dHL-60 cells stably ex-
pressing actin—yellow fluorescent protein (YFP; Shin et al., 2010) and
stimulated the cells with a point source of fMLP. As shown earlier
(Shin et al., 2010), control cells responded to fMLP stimulation by
translocating actin-YFP from the cytosol to the cell’s leading edge
(Figure 4D). By contrast, in Rictor-depleted cells actin-YFP remained
diffusely distributed through the entire course of fMLP stimulation
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and Cdc42 activities

If AKT does not mediate Rictor’s function in
neutrophils, how might Rictor regulate ac-
tin polymerization and organization during
neutrophil chemotaxis? Rac and Cdc42 are
members of the Rho GTPase family, which
have well established roles in the regulation
of actin dynamics in various cell types
(Sanchez-Madrid and del Pozo, 1999;
Etienne-Manneville and Hall, 2002). Rac2
deletion in mouse neutrophils or expres-
sion of dominant-negative Rac mutants in
human neutrophil cell lines markedly pre-
vents cell polarization and actin polymeriza-
tion (Roberts et al., 1999; Williams et al.,
2000; Srinivasan et al., 2003). Inhibition of
Cdc42 in neutrophils with dominant-nega-
tive mutants impairs leading-edge stability
and persistent motility (Srinivasan et al.,
2003). We therefore asked whether Rac
and/or Cdc42 might serve as downstream
targets to mediate the function of Rictor in
neutrophils (Figure 5).

We first assessed the level of Rac-GTP us-
ing a previously described pull-down method
(Benard et al., 1999) in suspended dHL-60
cells. When in suspension, cells are free of
other signaling input and provide a better
understanding of chemoattractant-induced
signaling activities. Under these conditions,
the level of Rac-GTP increased rapidly and
transiently after exposure to fMLP, reaching
a maximum at 30 s (Figure 5A), in keeping
with earlier reports (Benard et al., 1999; Xu
et al., 2003; Van Keymeulen et al., 2006). Rictor depletion reduced
the level of Rac-GTP by >60% (37.6 + 3.7% of control; Figure 5, A
and B). The inhibitory effect of Rictor depletion on Rac activity was
also observed in cells adhered to the fibrinogen-coated substrate
(Figure 5, C and D). Of note, in adherent cells Rictor depletion re-
duced the level of active Rac not only in cells stimulated with fMLP,
but also in those without fMLP stimulation (Figure 5, C and D).
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FIGURE 6: Actin polymers are not responsible for Rictor regulation of Rac activity.

(A) Quantification of F-actin levels in suspended cells. Cells with or without pretreatment of
latrunculin B (10 pg/ml, 10 min) were stimulated with fMLP (100 nM) for various times in
suspension and fixed for staining with fluorescently labeled phalloidin. (B) The levels of Rac-GTP
in suspended dHL-60 cells with or without latrunculin B pretreatment (10 min; 10 ug/ml, top;

20 pg/ml, bottom) were stimulated with 100 nM of fMLP (30 s) and lysed for the pull-down
assay. Levels of total Rac were used to show cell lysate input. (C) Quantification of relative levels
of Rac-GTP level in suspended dHL-60 cells with or without latrunculin B pretreatment 30 s after
fMLP stimulation. Each bar represents the mean + SEM (error bars). Values are normalized to the
level of Rac-GTP (= 100%) in cells without latrunculin B pretreatment (*p < 0.001). (D) The
fluorescence image of Rictor (green), F-actin (red), and merged Rictor and F-actin image and DIC
image of dHL-60 cells pretreated or not pretreated with latrunculin B (10 pg/ml, 10 min) and
stimulated with a uniform concentration of fMLP (100 nM, 1 min). The white arrows point to the

areas with Rictor cortical localization. Bar, 10 pm.

Furthermore, Rictor depletion substantially reduced the activity of
Cdc42 in dHL-60 cells (Figure 5, E and F). Similar to Rictor depletion,
depletion of mTOR also decreased the levels of active Rac and
Cdc42 in fMLP-stimulated cells (Supplemental Figure S6é). Therefore
Rac and Cdc42 might function as key effectors of Rictor to mediate
actin polymerization and organization in neutrophils during chemot-
axis. The relatively high level of Rac activity in adherent cells before
fMLP stimulation probably resulted from cell adhesion to the extra-
cellular matrix (ECM) substrate; it is well known that integrin-ECM
ligation can induce Rac activation (Price et al., 1998).

Liu et al. (2010) reported that in differentiated PLB-985 cells
mTORC2 primarily controls myosin Il activity through a cAMP/RhoA-
signaling axis. These findings prompted us to evaluate whether Ric-
tor depletion in dHL-60 cells also affected Rho activities. In sus-
pended cells, Rictor depletion in dHL-60 cells led to increased Rho
activation only after prolonged fMLP stimulation (Supplemental
Figure S7A). In adherent cells, however, no significant difference in
RhoA activity was observed between control and Rictor-depleted
cells (Supplemental Figure S7B). These results suggest that the
RhoA signaling pathway is probably not the main target of Rictor in
dHL-60 cells.

Rho-GDP dissociation inhibitor (RhoGDI) functions as an inhibitor
of the Rho family proteins. It was recently reported that Rictor regu-
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lates migration of mouse embryonic fibro-
blasts by suppressing the level of RhoGDI2
(Agarwal et al., 2013). Depletion of Rictor in
these cells thereby leads to increased
RhoGDI2 levels, which consequently de-
crease the activity of Rac and Cdc42. To
investigate whether Rictor also modulates
RhoGDI2 in dHL-60 cells, we assessed the
protein level of RhoGDI in Rictor-depleted
cells. We did not observe alterations in
RhoGDI2 protein levels upon Rictor deple-
tion (Supplemental Figure S7C). Thus it is
unlikely that RhoGDI2 is involved in Rictor
regulation of Rac and Cdc42 activities in
neutrophils.

Merge DIC

. Actin polymers are not responsible
for Rictor regulation of Rac activity
It was demonstrated that actin polymers
serve as a component of a feedback loop
containing PI(3,4,5P3 and Rac (Xu et al.,
2003) in chemotaxing neutrophils and that
inhibition of actin polymerization impairs
chemoattractant-induced Rac activation
(Van Keymeulen et al., 2006). Because Rictor
depletion markedly reduced the level of ac-
tin polymers (Figure 4A), these findings raise
the possibility that Rictor might regulate Rac
activity via actin polymerization. To test this,
we treated dHL-60 cells with latrunculin B, a
widely used inhibitor of actin polymeriza-
tion, and assessed the effect on fMLP-in-
duced Rac activation (Figure 6, A-C). As
shown in Figure 6, B and 6C, treatment of
cells with an intermediate concentration of
latrunculin B (10 pg/ml, 10-min pretreat-
ment) slightly reduced fMLP-induced Rac
activation (9% reduction compared with
control cells), whereas a higher latrunculin B concentration (20 pg/ml)
caused a stronger effect (~26% reduction). Of note, even at the con-
centration of 10 ug/ml, latrunculin B had a stronger inhibitory effect
on actin polymerization than Rictor depletion (Figure 6A; compare
with Figure 4A). Because Rictor depletion led to >60% reduction in
Rac-GTP (Figure 5, A and B), the decrease in actin polymerization
alone cannot account for Rictor’s effect on Rac activities. Therefore
actin polymerization might contribute to but is not responsible for
Rictor regulation of Rac activities in neutrophils during chemotaxis.
In keeping with these results, although dHL-60 cells with latrun-
culin B pretreatment (10 pg/ml, 10 min) failed to polarize and exhib-
ited little actin polymers to fMLP stimulation (Figure 6, A and D,
bottom), they nevertheless exhibited prominent cortical localization
of Rictor around the cell’s periphery (Figure 6D). Of 54 cells exam-
ined, 39 (72%) exhibited accumulation of Rictor immunofluores-
cence in cortical areas of fMLP-stimulated cells. These findings sug-
gest that Rictor likely acts upstream of actin assembly in the
chemotactic signaling cascade in neutrophils.

DISCUSSION

In conclusion, our results reveal a critical role for mTOR and Rictor in
the regulation of neutrophil chemotaxis. We found that depletion of
mTOR and Rictor in neutrophil-like dHL-60 cells impairs leading-
edge establishment, cell polarization, and directional migration.
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Our data suggest that Rictor regulates neutrophil polarity and
chemotaxis by primarily controlling the actin cytoskeleton assembly
and organization at the neutrophil’s leading edge. First, in response
to chemoattractant, Rictor translocates to the leading edge of polar-
izing neutrophils, colocalizing with F-actin. Second, depletion of
Rictor impairs chemoattractant-induced actin polymerization in
both suspended and adherent cells. Finally, depletion of Rictor sub-
stantially reduces activities of Rac and Cdc42, both of which are es-
sential regulators of actin dynamics and neutrophil chemotaxis. Our
results confirm and extend previous findings in budding yeast,
D. discoideum, 3T3 fibroblasts, and Hela cells, demonstrating that
Rictor is an essential regulator of the actin cytoskeleton in neutro-
phils during chemotaxis. In addition, we show, for the first time, that
Rictor regulates neutrophil chemotaxis through mechanisms inde-
pendent of MTORC2 and mTOR kinase activity.

How might mTOR and Rictor regulate the actin cytoskeleton in
neutrophils? Intriguingly, our experiments show that depletion of
mSinT, an integral component of mMTORC2, causes no detectable
defects in neutrophil polarization and migration, suggesting that
Rictor functions through an mTORC2-independent mechanism(s).
Our results are in keeping with a recent report, which demonstrated
that Rictor controls migration of mouse embryonic fibroblasts (MEFs)
in an mSin1-independent manner (Agarwal et al., 2013). These au-
thors, however, did not examine the function of mTOR in MEF mi-
gration. An mTORC2-independent function was also reported for
Rictor in promoting SGK1 ubiquitination and destruction (Gao et al.,
2010). In addition, we found that mTOR kinase activity is dispens-
able for chemotaxis, and in keeping with the lack of kinase function,
inhibition of AKT activity in neutrophils fails to affect cell polarization
and chemotaxis, indicating that, unlike in D. discoideum, AKTs are
not a major effector of Rictor in regulating chemotaxis. Instead, we
show that Rictor depletion markedly reduces Rac and Cdc42 activi-
ties, similar to earlier studies using fibroblasts (Jacinto et al., 2004;
Agarwal et al., 2013). Of interest, although inhibition of mTOR ki-
nase activity has little effect, depletion of mTOR significantly impairs
neutrophil polarity and migration, highly reminiscent of the defects
caused by Rictor depletion. Whether mTOR interacts with Rictor to
regulate neutrophil chemotaxis or these two molecules function in-
dependently remains to be defined.

Given the established roles of Rac and Cdc42 in the regulation
of actin assembly and organization in neutrophils, it is likely that
Rac and Cdc42, instead of RhoA, are the downstream targets that
mediate Rictor's function during chemotaxis. First, the difference in
RhoA activity between control and Rictor-depleted cells in suspen-
sion is very minimal at the early stage of fMLP stimulation (30 s;
Supplemental Figure S7A), whereas the decrease in Rac/Cdc42
activity and F-actin is much more significant at this time point. Fur-
thermore, Rictor depletion in adherent cells fails to reduce RhoA
activity (Supplemental Figure S7B) but significantly decreases Rac
activity throughout fMLP stimulation (Figure 5, C and D). Four pos-
sibilities, alone or in combination, could account for the actions of
Rictor on Rac/Cdc42. It might be that Rictor carries its mTORC2-
independent functions by binding to integrin-linked kinase
(McDonald et al., 2008), which can regulate Rac/Cdc42 activities
via the guanine-nucleotide exchange factor (GEF) PIXa, as re-
ported for mammary epithelial cells (Filipenko et al., 2005). In ad-
dition, Rictor could control the activity of Rac/Cdc42 via direct in-
teraction and regulation. Indeed, a study suggested that mTOR
binds directly to Rac1 (Saci et al., 2011), but there is no report of
Rictor interaction with the Rho GTPase. Alternatively, Rictor might
be directly involved in the activation of Rac/Cdc42 GEFs such as
DOCK2, PIXa, and P-Rex1. DOCK2 and PIXa regulate Rac/Cdc42
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activities in neutrophils (Li et al, 2003; Kunisaki et al., 2006),
whereas P-Rex1 coprecipitates with Rictor in Hela cells and may
link mTORC2/Rictor to activation of Rac signaling (Hernandez-
Negrete et al., 2007). Finally, Rictor might target negative regula-
tors of Rac/Cdc42 such as GTPase-activating proteins. Of impor-
tance, although Rictor depletion profoundly impairs actin
polymerization, it is unlikely that Rictor controls Rac activity via ac-
tin polymers. This is because an intermediate concentration of
latrunculin B exerts a stronger effect on actin polymerization than
Rictor depletion but only slightly reduces Rac activity (by ~10%).
More complete understanding of the detailed mechanisms by
which Rictor and mTOR regulates Rac/Cdc42 activity and the actin
cytoskeleton awaits future experiments.

Of note, although the polarization and migratory defects of
Rictor depletion in our study are very similar to those reported in an
earlier study (Liu et al., 2010), there are discrepancies with respect to
the effects of Rictor depletion at the molecular level. For instance,
Liu et al. (2010) showed that Rictor depletion in dPLB-985 cells re-
duces F-actin levels at later time points of fMLP stimulation (>1 min),
with little effect at the early stage. In contrast, we observed signifi-
cant decreases in F-actin levels throughout fMLP stimulation. The
variation cannot be simply attributed to the differences in cell types,
because we used both dHL-60 and dPLB-985 cells and obtained
similar results. Furthermore, whereas Liu et al. (2010) reported sig-
nificant increase in RhoA activity upon Rictor depletion with or with-
out fMLP stimulation, the increase in RhoA activity upon Rictor de-
pletion in our experiments is limited to suspended cells with
prolonged fMLP stimulation. The following factors might contribute
to the discrepancies between the two studies. First, clonal differ-
ences between the cell lines may result in the experimental varia-
tions. In addition, different shRNAs targeting Rictor were used in
these studies and could lead to differential effects in Rictor deple-
tion, as well as in Rictor-mediated signaling pathways. Furthermore,
promyeloid leukemia cell lines such as HL-60 and PLB-985 can give
rise to variations when induced to differentiate into neutrophil-like
cells and/or manipulated genetically, which may lead to the varia-
tions between the studies.

It is well established that Rho GTPases can regulate each other’s
activity through cross-talk during cell polarization and migration
(Iden and Collard, 2008). For instance, during migration of slow-
moving cells such as fibroblasts, activation of Rac and Cdc42 signal-
ing antagonizes RhoA activity (Sander et al., 1999). Of interest, al-
though depletion of Rictor significantly reduces the level of Rac and
Cdc42 in dHL-60 cells, the down-regulation of Rac and Cdc42 activ-
ity exerts little effect on RhoA activity, both at early time points after
fMLP stimulation in suspended cells and throughout fMLP stimula-
tion in adherent cells. The absence of a clear antagonistic pattern
between Rac/Cdc42 and RhoA activities can be attributed to the
complex interplay between Rho GTPase in neutrophils during
chemotaxis. Van Keymeulen et al. (2006) showed that pharmaco-
logical inhibition of PI3Ky in neutrophils not only prevents fMLP-
induced Rac and Cdc42 activation, but also significantly reduces
RhoA activities. They further proposed that Cdc42 maintains stable
polarity by strengthening the leading edge and also, at longer
range, by promoting RhoA-dependent actomyosin contraction at
the trailing edge (Van Keymeulen et al., 2006). In a separate study,
Pestonjamasp et al. (2006) used primary human neutrophils and
neutrophils derived from a Rac1/Rac2-null transgenic mouse model
to show that Rac1 is essential for Rho and myosin activation at the
trailing edge to regulate uropod function. Thus Rac and Cdc42 can
play both positive and negative roles in the regulation of the RhoA-
myosin program during chemotaxis.
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Our findings raise the interesting possibility that Rictor might
be involved in the compass mechanism that directs actin polymer-
ization at the neutrophil’s leading edge. In this highly putative sce-
nario, upon stimulation of chemoattractant, Rictor is recruited to
the leading edge, where it activates Rac and Cdc42 and conse-
quently induces localized actin polymerization. The asymmetric
accumulation of Rictor in polarized neutrophils and the profound
effects of Rictor depletion on neutrophil polarization and motility
support this notion. Of note, Rictor depletion in dHL-60 cells leads
to profound defects in cell polarization and motility. By contrast,
perturbations that lower PI(3,4,5)P3 production only have partial
effects on chemotaxis in human and mouse neutrophils. These re-
sults suggest that Rictor likely plays a more significant role in regu-
lating leading-edge establishment and polarization of neutrophils
than PI(3,4,5)P3. At this point, however, it is unclear whether Rictor
is also essential for chemotaxis of neutrophils in response to other
chemoattractants, such as C5a and IL-8. It is also unclear whether
Rictor plays an instructive or a permissive role in neutrophil pola-
rization. Future experiments should investigate whether localized
activation of Rictor is sufficient to induce actin polymerization and
neutrophil polarization. An approach that involves the use of ra-
pamycin-binding domain of mTOR (FRB), the protein of interest
conjugated with a FK506-binding protein, and the use of small-
molecule dimerizers (Inoue et al., 2005; Bayle et al., 2006; Inoue
and Meyer, 2008) can be potentially used to induce localized acti-
vation of Rictor. This approach was applied to the study of neutro-
phil polarity and chemotaxis (Inoue and Meyer, 2008).

MATERIALS AND METHODS

Reagents and plasmids

Human fibrinogen, human serum albumin (HSA), and fMLP were
from Sigma-Aldrich (St. Louis, MO). Rapamycin, Y-27632, and AKTi-
1/2 were from Calbiochem (La Jolla, CA). Torin1 was kindly provided
by Nathanael S. Gray (Dana-Farber Cancer Institute, Harvard
University, Cambridge, MA) and David M. Sabatini (Whitehead
Institute, MIT, Cambridge, MA). Rabbit anti-Rictor antibody, rabbit
anti-mSin 1 antibody, and Rictor blocking peptide were from Bethyl
Laboratories (Montgomery, TX). Rabbit anti-mTOR antibody, rabbit
anti-Raptor antibody, rabbit anti-Akt antibody, mouse anti-phospho
[Thr-389]-S6K1, mouse anti-phospho [Ser-473], and rabbit anti—
phospho [Thr-308]-Akt antibodies were from Cell Signaling Technol-
ogy (Beverly, MA). Rabbit anti-RhoGDI2 was from Spring Bioscience
(Pleasanton, CA). Alexa Fluor 488—phalloidin, Alexa Fluor 647-phal-
loidin, and Alexa Fluor 594—conjugated secondary antibodies were
from Invitrogen. Goat anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) polyclonal antibody and mouse anti—o-tubulin mono-
clonal antibody were from GenScript (Piscataway, NJ ) and Abcam
(Cambridge, MA), respectively. All secondary antibodies for Western
blotting were from Jackson ImmunoResearch Laboratories (West
Grove, PA). Other reagents if not mentioned specifically were from
Sigma-Aldrich.

Three  shRNA  constructs  targeting  human  mTOR
(TRCN0000039783, TRCN0000039784, and TRCNOO00039785; de-
noted as mTOR shRNA1T, shRNA2, and shRNA3, respectively) and
two shRNA constructs targeting human mSin1 (TRCNOO00003152
and TRCN0O000003153; denoted as mSin1 shRNA1T and shRNA2,
respectively) were from Sigma-Aldrich. Two shRNA constructs tar-
geting human Raptor (Id # 1857 and #1858; denoted as Raptor
shRNA1 and shRNA2, respectively) or Rictor (Id # 1853 and #1854,
denoted as Rictor shRNA1 and shRNA2, respectively) were from
Addgene (Cambridge, MA). The shRNA construct targeting the
3-UTR region of human Rictor (TRCN0O000074288) was from
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Sigma-Aldrich. pCDNA3 vectors containing wild-type mTOR and
the kinase-dead mutant are as previously described (Vilella-Bach
et al., 1999). The myc-tagged full-length Rictor was from Addgene.

Cell culture, lentiviral infection, and primary neutrophil
isolation
Cultivation and differentiation of HL-60 cells and PLB-985 cells were
described previously (Wang et al., 2002). Cells were used for experi-
ments on day é after dimethyl sulfoxide (DMSO) treatment, when
minimal cell death was observed (<1%). For lentiviral production,
shRNA-containing plasmids were cotransfected with three packag-
ing plasmids pPL1, pPL2, and pPL/VSVG (Invitrogen, Carlsbad, CA)
into HEK293T cells. After 3 d of transfection, supernatant containing
the lentiviral particles was concentrated by using Lenti-X concentra-
tor (Clontech, Mountain View, CA), added to HL-60 or PLB-985 cells
in the presence of 6 pg/ml Polybrene, and incubated with cells for
18-24 h. Infected cells were transferred to fresh culture medium
containing 1.3% DMSO and 0.25 pug/ml puromycin and differenti-
ated for 5 d.

Primary neutrophils were isolated from venous blood from
healthy human donors as described (Shin et al., 2010).

Immunofluorescence and live-cell imaging

Procedures for actin staining and immunofluorescence have been
described (Shin et al., 2010; He et al., 2011). For live-cell imaging,
cells were plated on a human fibrinogen-coated surface for
20 min, washed briefly, and subsequently stimulated with a point
source of 10 pM fMLP from a micropipette (Shin et al., 2010; He
etal., 2011) or in a microfluidic gradient device with cells attached
on the bottom of the entire chamber as described (He et al.,
2011).

Apoptosis assay

Apoptosis was measured using the Annexin V FITC Apoptosis
Detection Kit (BD Biosciences, Franklin Lakes, NJ) as described
(Zhou et al., 2009). Briefly, cells were washed with cold phosphate-
buffered saline (PBS) and then resuspended in binding buffer. A 5-pl
amount of annexin V-fluorescein isothiocyanate and propidium io-
dide (Pl) was added to and incubated with cells for 20 min at room
temperature and subsequently analyzed using a FACSDiva (BD
Biosciences). Cells that were annexin V positive and Pl negative
were counted as apoptotic cells.

Calcium flux

The procedure for measuring the intracellular calcium release after
fMLP stimulation was performed as reported previously (Colvin
et al., 2006). dHL-60 cells (5 x 10¢) were suspended in 1 ml of RPMI
medium with 1% bovine serum albumin. Cells were incubated with
Fura-2 AM (5 uM) at 37°C for 20 min. The cells were washed twice
with PBS and suspended in 1 ml of calcium flux buffer (145 mM
NaCl, 4 mM KCI, 1 mM NaHPO,4, 1.8 mM CaCl,, 25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 0.8 mM MgCl,,
and 22 mM glucose). Fluorescence readings were recorded at 37°C
in a fluorimeter (SpectraMax M5; Molecular Devices, Sunnyvale, CA)
before and after the addition of fMLP. Intracellular calcium concen-
trations are presented as the relative ratio of excitation fluorescence
intensity emitted at 510 nm in response to sequential excitation at
340 and 380 nm.

Actin polymerization assay

The procedure for measuring polymerized actin was performed as
described previously, with some modifications (Weiner et al.,
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2006). Briefly, 1 x 10° cells were starved in serum-free medium for
1 h at 37°C and suspended in modified Hanks’ buffered salt solu-
tion (MHBSS) as buffer. Cells were stimulated with 100 nM fMLP
for the indicated times. After stimulation, cells were fixed by add-
ing equal volume of 7.4% paraformaldehyde for 30 min at room
temperature. Fixed cells were permeabilized and stained in PBS
buffer containing 0.1% Triton X-100 and Alexa 488- or 647—con-
jugated phalloidin (1:100) for 30 min at 37°C in the dark. Stained
cells were washed once and suspended in ice-cold PBS, and fluo-
rescence was immediately determined by flow cytometry with a
BD Biosciences LSR Il System. The mean fluorescence intensity of
the cell population was determined. Differentiated PLB cells were
stimulated with two concentrations of fMLP (100 nM and 1 pM,;
the latter concentration was used in previous studies; Liu et al.,
2010).

Rac/Cdc42 pull-down assay

Glutathione S-transferase-tagged PAK1-PBD (p21-binding domain
of PAK1) fusion protein was prepared according to Benard et al.
(1999). dHL-60 cells (5 x 10%) containing NT shRNA or Rictor shRNAs
were starved in serum-free medium for 1 h at 37°C. Cells were then
suspended in mHBSS buffer and stimulated by 100 nM fMLP for
various times. Cell stimulation was stopped by the addition of 1.25x
lysis buffer (1x lysis buffer: 25 mM Tris-HCI, pH 7.5, 100 mM NaCl,
5 mM MgCly,, 1% NP-40, 5% glycerol, T mM phenylmethylsulfonyl
fluoride, 1 mM diisopropyl phosphorofluoridate, and a cocktail of
protease inhibitors). Cell lysates were immediately placed on ice.
For adhesion condition, cells were plated on fibrinogen (100 pg/ml)-
coated six-well plates for 30 min, stimulated with 100 nM fMLP, and
then lysed. The subsequent steps were performed as previously de-
scribed (Benard et al., 1999). Western blotting of Rac, Cdc42, and
other proteins was conducted as previously described (Xu et al.,
2003; Van Keymeulen et al., 2006; Shin et al., 2010; He et al., 2011).
For Rac pull down, the levels of both Racl1- and Rac2-GTP were
determined.

RhoA activation assay

An absorbance-based RhoA G-LISA kit (Cytoskeleton, Denver,
CO) was used to determine RhoA-GTP levels in dHL-60. Cells with
or without Rictor depletion were suspended in mHBSS (5 x
10¢ cells in 90 pl per condition) and stimulated or unstimulated
with 10 pl of 1 uM fMLP. The reaction was stopped by adding
100 pl of 2x lysis buffer (provided with the kit) at 4°C. For adhesion
condition, cells were plated on fibrinogen (100 pg/ml)-coated six-
well plates for 30 min and then stimulated with 100 nM fMLP for
various times. Subsequent steps were performed as described
(He et al., 2011).

Statistical analysis

Student's t test was used to compare two experimental groups, as-
suming unequal variances. Differences are considered significant
when p < 0.05.
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