
874 | X. Xu et al. Molecular Biology of the Cell

MBoC | ARTICLE
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ABSTRACT Chemotaxis requires precisely coordinated polymerization and depolymerization 
of the actin cytoskeleton at leading fronts of migrating cells. However, GPCR activation-con-
trolled F-actin depolymerization remains largely elusive. Here, we reveal a novel signaling 
pathway, including Gαi, PLC, PKCβ, protein kinase D (PKD), and SSH2, in control of cofilin 
phosphorylation and actin cytoskeletal reorganization, which is essential for neutrophil che-
motaxis. We show that PKD is essential for neutrophil chemotaxis and that GPCR-mediated 
PKD activation depends on PLC/PKC signaling. More importantly, we discover that GPCR 
activation recruits/activates PLCγ2 in a PI3K-dependent manner. We further verify that PKCβ 
specifically interacts with PKD1 and is required for chemotaxis. Finally, we identify slingshot 
2 (SSH2), a phosphatase of cofilin (actin depolymerization factor), as a target of PKD1 that 
regulates cofilin phosphorylation and remodeling of the actin cytoskeleton during neutrophil 
chemotaxis.

INTRODUCTION
Chemotaxis, a chemoattractant gradient–directed cell migration, 
plays critical roles in many physiological processes, such as neuron 
patterning, immune response, angiogenesis, and metastasis of can-
cer cells. Eukaryotic cells detect many chemoattractants by G pro-
tein–coupled receptors (GPCRs). Activation of chemokine GPCRs 
promotes the dissociation of heterotrimeric G proteins into Gα and 
Gβγ subunits, which, in turn, activate downstream signal transduc-
tion pathways that ultimately regulate the spatiotemporal organiza-
tion of the actin cytoskeleton (Jin et al., 2008). In fast-migrating 
amoeba-like cells such as human neutrophils, the actin network 

forms branched filaments leading to sheet-like protrusions at the 
leading edge of chemotaxing cells. Chemokine GPCRs control mul-
tiple signaling pathways to activate the Rho family of small GTPases 
(cdc42 and Rac1/2) and promote the growth of “new” F-actin fila-
ments by removing capping proteins and stimulating the Arp2/3 
complexes that initiate the formation of new actin branches from 
existing ones (Li et al., 2000, 2003, 2005; Servant et al., 2000; Welch 
et al., 2002; Sun et al., 2007; Gan et al., 2012). Whereas the front of 
the actin sheet continuously extends by forming a “new” dendritic 
actin network, the “old” F-actin meshwork at the rear of the leading 
edge depolymerizes F-actin to provide actin monomers for rapid 
and continuous assembly of the F-actin network in the leading front 
of chemotaxing cells. Compared to the extensive studies that have 
been done on the signaling pathway and molecular mechanism of 
actin polymerization, little is known about how chemokine GPCRs 
control the depolymerization of actin cytoskeleton in neutrophils.

Cofilin is one well-known F-actin depolymerization factor (ADF; 
Mizuno, 2013). The activity of cofilin is regulated mainly through 
phosphorylation and dephosphorylation: phosphorylation at Ser-3 
by LIM kinases and testicular protein kinases (TESKs) inhibits its actin-
binding, -severing, and -depolymerizing activities (Arber et al., 1998; 
Yang et al., 1998; Toshima et al., 2001a,b), and dephosphorylation at 
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panel of leukocyte cell lines (Figure 1A). We found that human 
leukocyte cell line HL60 expressed all three PKD isoforms (Figure 1A 
and Supplemental Figure S1), and other cell lines expressed one or 
more isoforms. HL60 is a well-established cell line for leukocyte che-
motaxis assay (Millius and Weiner, 2009). Using the EZ-TAXI Scan 
assay (Supplemental Figure S2), we showed that HL60 cells dis-
played robust chemotaxis in a 100 nM f-Met-Leu-Phe (fMLP) gradi-
ent (Figure 1B). We also found that chemotaxis of HL60 cells was 
severely impaired by either of two PKD inhibitors (CID755673 or Gö 
6976; Gschwendt et al., 1996; Sharlow et al., 2008; Figure 1, B and 
C). Treatment of PKD inhibitors did not block fMLP-induced Ca2+ 
responses in HL60 cells (Supplemental Figure S3 and Supplemental 
Figure S3 Supplemental Movies 1–6), indicating that PKD inhibitors 
did not abolish chemoattractant-induced GPCR signaling in 
general.

We next examined the role of PKDs in the chemotaxis of the 
murine leukemia cell line Raw 264.7, which expresses predomi-
nantly PKD1 but little of the other isoforms (Figure 1A and Supple-
mental Figure S1). We established a stable PKD1-knockdown 
clone (pkd1kd) using short hairpin RNA interference (shRNAi) tech-
nology (Figure 1D). Knocking down PKD1 expression did not af-
fect the expression profile of either PKD isoforms or the chemo-
kine receptor CXCR4 in pkd1kd cells (Supplemental Figure S4). 
Control Raw264.7 cells displayed a clear dose-dependent chemo-
taxis in response to a gradient of CXCR4 ligand SDF1α (stromal 
cell–derived factor-1α), using a Transwell assay (Supplemental 
Figure S5). Decreased expression of PKD1 in pkd1kd cells resulted 
in reduced cell migration in SDF1α gradient (Figure 1E). We also 
found that treatment with PKD inhibitor Gö 6976 or CID755673 
significantly impaired chemotaxis of Raw 264.7 cells (Figure 1, F 
and G). However, Raw 264.7 cells, unlike HL60 cells, did not dis-
play robust chemotaxis behavior in the EZ-TAXI Scan assay, which 
provides detailed measurements of multiple chemotaxis parame-
ters, including total travel path, speed, and directionality. There-
fore, we chose HL60 cells to further study the role of PKDs in 
chemotaxis.

Chemoattractants trigger dynamic membrane translocation 
and activation of PKDs
To study the function of PKDs in leukocyte chemotaxis, we ectopi-
cally expressed PKD1–green fluorescent protein (GFP), PKD2–cyan 
fluorescent protein (CFP), or PKD3-GFP in HL60 cells (Figure 2A) 
and examined their cellular localization in response to chemoattrac-
tant stimuli. We found that all three PKDs mainly localized to the 
cytosol in resting cells and transiently translocated to the plasma 
membrane in response to a uniformly applied fMLP stimulus and 
then localized at the leading edge of polarized HL60 cells (Figure 2, 
B and C, and Figure 2 Supplemental Movies 1–4). We also observed 
similar membrane-targeting dynamics upon uniform stimulation 
with SDF1α (Figure S6, A and B, and Figure S6A Supplemental 
Movies 1–4), indicating that the activation of chemoattractant Gαi-
GPCRs generally controls the membrane translocation of PKDs. A 
previous study showed that activation of a Gαq-coupled GPCR in-
duced PKD1 phosphorylation, a critical marker of PKD1 activation 
(Jacamo et al., 2008). We found that fMLP stimulation also trig-
gered phosphorylation of PKD1 (Figure 2D). In either an fMLP or an 
SDF1α gradient, chemotaxing cells actively recruited all three PKD 
proteins to the leading edge (Figure 2E, Figure 2 Supplemental 
Movies 5–8, Supplemental Figure S6C, and Figure S6 Supplemen-
tal Movies 5–8), suggesting that chemoattractant GPCRs control 
the spatial localization and activation of PKD in chemotaxing 
neutrophils.

Ser-3 by slingshot proteins (SSHs) and chronophin reactivates cofilin 
(Niwa et al., 2002; Ohta et al., 2003; Gohla et al., 2005). In neutro-
phils, chemoattractants induce rapid dephosphorylation/activation 
of cofilin (van Rheenen et al., 2009). A PLCβ/phosphoinositide 
3-kinase γ (PI3Kγ)-GSK3 signaling pathway was recently discovered 
to regulate cofilin phosphatase slingshot 2 (SSH2), which in turn reg-
ulates cofilin dephosphorylation (Tang et al., 2011). In spite of this 
progress, we still do not fully understand the signal transduction 
pathways that link a chemokine GPCR to the phosphorylation/
dephosphorylation of cofilin in neutrophils.

Phospholipase C (PLC) activation is a key event in response to a 
wide range of chemoattractants and generates two important sec-
ond messengers: diacylglycerol (DAG) and inositol-3,4,5-triphos-
phate (IP3; Suh et al., 2008). The role of PLCs in neutrophil chemo-
taxis has been studied (Jiang et al., 1997; Li et al., 2000; Tang et al., 
2011). An early study reported that PLCβ2/3 activation is essential 
for Ca2+ signaling and oxidative burst in neutrophils, whereas mu-
rine neutrophils deficient in both PLCβ2/3 were still able to 
chemotax (Li et al., 2000). It thus appeared that PLC signaling is not 
essential for neutrophil chemotaxis. However, a later report 
indicated that PLCβ plays a role upstream of the GSK3 signaling 
pathway in regulating SSH2 activity in neutrophil chemotaxis (Tang 
et al., 2011). Although PLCγ2 is highly expressed in neutrophils (Suh 
et al., 2008), its role in neutrophil chemotaxis is not known. There-
fore, the role of PLC signaling in neutrophil chemotaxis requires 
further investigation.

The protein kinase D (PKD) family of serine/threonine kinases 
plays critical roles in many physiological processes, including cell 
growth, protein trafficking, and lymphocyte biology (Wang, 2006). A 
study showed that PKD1 phosphorylates SSH1 and regulates cofilin 
to mediate F-actin depolymerization in slow-moving breast cancer 
cells (Eiseler et al., 2009). PKD isoforms are also highly expressed in 
immune cells, including neutrophils (Balasubramanian et al., 2002). 
However, it is not clear whether PKD activation plays a role in neu-
trophil chemotaxis and whether or how PKD is controlled by che-
moattractant GPCR signaling.

In the present study, we show that PKDs are required for neutro-
phil chemotaxis. We find that chemoattractant GPCR controls spa-
tiotemporal activation of PKDs and that GPCR-mediated PKD acti-
vation requires PLC/PKC signaling. GPCR activation recruits PLCγ2 
to the leading edge of neutrophil cells and activates PLCγ2 in a 
PI3K-dependent manner. We show that PLC signaling is required for 
chemoattractant GPCR-mediated activation of PKC and PKD and 
also important for chemoattractant-induced PKD activation in neu-
trophils. Inhibitors that block PLC, PKC, or PKD abolish neutrophil 
chemotaxis, indicating that the signaling of PLC, PKC, and PKD is 
required for neutrophil chemotaxis. Furthermore, we show that 
PKCβ specifically interacts with PKD and is essential for neutrophil 
chemotaxis. Finally, we find that PKD1 interacts with SSH2 to regu-
late cofilin activity. Integrating this new information, we identify a 
novel signaling pathway consisting of a chemoattractant GPCR/Gαi 
protein, PLC, PKCβ, and PKDs that regulates SSH2/cofilin activity in 
neutrophil chemotaxis. We propose that this pathway transduces 
signals from the chemoattractant GPCR to promote F-actin polym-
erization and thus coordinates the directional assembly of the actin 
cytoskeleton that drives neutrophil chemotaxis.

RESULTS
PKDs contribute to GPCR-controlled chemotaxis  
of leukocytes
To examine the role of PKDs in leukocyte chemotaxis, we deter-
mined the expression profile of PKDs (PKD1, PKD2, and PKD3) in a 
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FIGURE 1: The PKD plays essential roles in neutrophil chemotaxis. (A) Expression profile of PKD family members in 
variant cell lines. (B) Scheme showing the chemotaxing paths of HL60 cells in variant conditions monitored by EZ-
TaxiScan. (C) Quantification of chemotaxis parameters as total travel path, speed, and directionality using DYIS 
software. (D) Establishment of a stable pkd1-knockdown clones (pkd1kd) using shRNA virus particles. (E) Decreased 
expression of PKD1 is correlated with a decreased chemotaxis capability of Raw 264.7 cells. (F, G) Dose-dependent 
inhibitory effect of PKD1 inhibitors (CID755673 and Gö 6976) on Raw 264.7 cell chemotaxis. SDF1α 100 nM was used 
for the Transwell chemotaxis assay presented.
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translocate to the membrane in response to fMLP stimulation 
(Figure 3, B–D, and Figure 3 Supplemental Movies 1–6). Mem-
brane translocation of PKD1(K612W)-GFP was not affected upon 
fMLP stimulation. Consistent with this observation, the PKD1 
inhibitor did not block membrane translocation of WT PKD1-GFP, 
indicating that PKD kinase activity is not essential for membrane 
targeting. Of interest, the DAG low-affinity mutant C1a-GFP, but 
not C1b-GFP, failed to translocate to the membrane, indicating 
that C1a is required for the binding of DAG and the subsequent 
translocation of PKD1 to the membrane. This result is consistent 
with a previous report showing that the C1a domain of PKD binds 
to DAG analogues with 48-fold-higher affinity than the C1b do-
main and is mainly responsible for the binding of DAG in intact 
cells (Chen et al., 2008). Our data suggest that the C1a domain 
and its binding ability to DAG are required for the membrane 
translocation of PKD1.

PKD1 is activated through the PLC signaling pathway
Our results suggest that the binding of the C1a domain and DAG is 
essential for the chemoattractant GPCR-induced membrane target-
ing of PKD1. It is well known that the activation of chemoattractant 
GPCR induces the dissociation of heterotrimeric proteins into Gα 
and Gβγ subunits, which, in turn, activate PLC to generate DAG on 
the plasma membrane (Li et al., 2000). We therefore reasoned that 
chemoattractant GPCR-induced PLC activation is essential for regu-
lating the spatiotemporal activity of PKD. To test this idea, we exam-
ined the effect of the PLC inhibitor U73122 (Smith et al., 1996) on 
the cellular localization and phosphorylation of PKD1 in response to 
fMLP stimulation (Figure 4 and Figure 4 Supplemental Movies 1–12). 
We first monitored fMLP-induced DAG production using a fluores-
cence probe for DAG production (GFP-tagged DAG receptor 
[DAGR-GFP]) and subsequently examined the effect of the PLC in-
hibitor U73122 (Figure 4A and Figure 4 Supplemental Movies 1–3). 
fMLP stimulation triggered membrane translocation of DAGR-GFP, 
consistent with chemoattractant GPCR-mediated PLC activation. 
The PLC inhibitor U73122 completely blocked fMLP-induced mem-
brane translocation of DAGR-GFP (Figure 4A and Figure 4 Supple-
mental Movies 1–3) and its localization to the leading edge in che-
motaxing cells (Figure 4B and Figure 4 Supplemental Movies 4-6) at 
1 μM but not at a lower concentration (100 nM). U73122 at a con-
centration of 1 μM also abolished fMLP-induced PKD1 membrane 
translocation (Figure 4, C and D, and Figure 4 Supplemental Movies 
7–9), its leading-edge localization (Figure 4E and Figure 4 Supple-
mental Movies 10–12), and fMLP-triggered PKD1 phosphorylation 
(Figure 4, F and G), suggesting that chemoattractant GPCR-trig-
gered and PLC-dependent DAG production is required for PKD1 
activation. When PLC activity was blocked, neither DAGR-GFP nor 
PKD1-GFP localized to the leading front of chemotaxing cells, indi-
cating that PLC activation is required for the chemoattractant gradi-
ent–induced spatial localization of DAG and PKD1 in chemotaxing 
cells.

PLC activation is required for chemotaxis
Neutrophils express multiple PLC isoforms, including PLCβ2, -β3, 
and -γ2 (Li et al., 2000; Suh et al., 2008). We found that treatment 
with PLC inhibitor U73122, which blocks the activation of all PLC 
isoforms, resulted in clear chemotaxis defects in both HL60 and Raw 
264.7cells (Figure 5, A and B, and Supplemental Figure S7). How-
ever, no significant chemotaxis defect was observed in murine neu-
trophils lacking both PLCβ2 and PLCβ3 (Li et al., 2000), suggesting 
that other PLC isoform(s) besides PLCβ2 and PLCβ3 may play a role 
in human neutrophil chemotaxis. PLCγ2 is highly expressed in 

FIGURE 2: Chemoattractant-induced GPCR signaling activates PKD. 
(A) Transient expression of GFP- or CFP-tagged PKD1 (PKD1-GFP), 
PKD2 (PKD2-CFP), or PKD3 (PKD3-GFP) (green) in HL60 cells. 
(B) Montage shows the membrane translocation of PKD members 
(green) upon uniform application of 1 μM fMLP. Also see Figure 2 
Supplemental Movies 1–4 (fMLP was mixed with Alexa 594 and 
consequently appears red in the videos to indicate homogeneously 
applied uniform stimulation). (C) Quantitative measurement of 
normalized membrane translocation of PKD members in response to 
1 μM fMLP stimulation. (D) Activation profile of PKD1 upon fMLP 
stimulation. (E) Leading edge localization of PKD members (green) in 
1 μM fMLP gradient. Also see Figure 2 Supplemental Movies 5–8. 
Alexa 594 (red) was mixed with 1 μM fMLP to visualize the gradient. 
Scale bar, 10 μm.
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C1a domain of PKD1 is required for its membrane 
translocation
To understand how chemoattractant GPCR signaling controls 
PKD function, we determined which domain of PKD1 is essential 
for fMLP-induced membrane translocation. For this, we com-
pared four GFP-tagged PKD1 constructs: wild type (PKD1-GFP); 
PKD1-C1a(P157G) (C1a-GFP; proline at position 157 mutated to 
glycine in the C1a domain); PKD1-C1b(P281G) (C1b-GFP; proline 
at position 281 mutated to glycine in C1b domain); and kinase-
inactive mutant PKD1(K612W)-GFP (Figure 3A). These constructs 
were expressed in HL60 cells and assessed for their abilities to 
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leading edge of chemotaxing cells (Figure 5E and Figure 5 
Supplemental Movie 4). Our results indicate that chemoattractant 
GPCR/Gαi signaling spatially controls activation of not only PLCβ2/3 
but also PLCγ2, to produce DAGs as an intracellular cue to control 
the temporal-spatial activation of its downstream effectors, such as 
PKCs and PKDs, in chemotaxing cells.

PKCβ activation is required for chemotaxis
DAG is the physiological activator of PKCs, and some PKC isoforms 
can activate PKDs (Wang, 2006). We found that the PKC inhibitor 
Gö 6983 significantly inhibited phosphorylation of PKD1 (Figure 6, 
A and B), suggesting that PKCs play a role in chemoattractant 
GPCR-mediated PKD activation. Human neutrophils express five 
PKC isoforms: PKC-α, -βI, -βII, -δ, and -ζ (Bertram and Ley, 2011). 
To identify the PKC isoform that activates PKD, we carried out 

human neutrophils (Suh et al., 2008). To test the function of PLCγ2 in 
neutrophil chemotaxis, we expressed GFP-tagged PLCγ2 in HL60 
cells and examined its cellular localization upon fMLP stimulation 
(Figure 5, C and D, and Figure 5 Supplemental Movies 1–3). We 
found that uniform fMLP stimulation induced clear membrane trans-
location of PLCγ2-GFP. Treatment with Gαi inhibitor pertussis toxin 
abolished fMLP-induced membrane translocation of PLCγ2-GFP, 
indicating that chemoattractant GPCR-triggered Gαi signaling is re-
quired for membrane recruitment of PLCγ2. More important, PI3K 
inhibitor LY294002 blocked membrane translocation of PLCγ2-GFP, 
indicating that PIP3 binding by the PH domain of PLCγ2 is required 
for its membrane targeting. This result is consistent with the finding 
that PLCγ1, an isoform of PLCγ2, is recruited to the membrane 
through PIP3 binding of its PH domain and consequently activated 
(Falasca et al., 1998). We also found that PLCγ2-GFP localized to the 

FIGURE 3: Molecular mechanism of PKD1 membrane targeting upon chemoattractant stimulation. (A) Scheme showing 
the domain composition of GFP-tagged mutants and wild-type (WT) PKD1 (more explanation of the mutant constructs). 
(B) Protein levels of the mutant GFP-PKD1 in HL60 cells, as detected using anti-PKD1 antibodies. (C) Membrane 
translocation of GFP alone or GFP-tagged WT PKD1 and its mutants (green) upon uniformly applied 1 μM fMLP (red) 
stimulation (Figure 3 Supplemental Movies 1–6). fMLP 5 μM was mixed with Alexa 594 (red) to indicate homogeneously 
applied uniform stimulation. Scale bar, 10 μm. (D) Quantitative measurements of normalized membrane translocation of 
WT PKD1 or its mutant upon uniform 1 μM fMLP stimulation.
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FIGURE 4: PLC activation is required for PKD1 membrane targeting and activation. (A) Transient activation of PLC and 
dose-dependent inhibition of PLC activation by PLC inhibitor U73122 upon uniformly applied fMLP stimulation (Figure 4 
Supplemental Movies 1–3). (B) Montage showing the enriched PLC activation (green) and dose-dependent inhibitory 
effect of U73122 on leading edge activation of PLC in chemotaxing cells in 1 μM fMLP gradient (red; Figure 4 
Supplemental Movies 4–6). In A and B, HL60 cells expressed YFP-tagged DAG receptor (DAGR-GFP). In B and E, 1 μM 
fMLP was mixed with Alexa 594 (red) to indicate fMLP stimulation. Scale bar, 10 μm. (C) Montage showing that PLC 
inhibitor U73122 blocked PKD1 membrane translocation upon uniform 1 μM fMLP stimulation in a dose-dependent 
inhibition manner (Figure 4 Supplemental Movies 7–9). (D) Normalized membrane translocation. (E) Montage showing 
blockage of the leading edge localization of PKD1-GFP by the PLC inhibitor U73122 (Figure 4 Supplemental Movies 
10–12). (F) Western blot shows the activation profile of PKD1 and the inhibitory effects of PLC inhibitor (U73122).  
(G) Quantitative measurement of PKD1 activation with or without the treatment of PLC inhibitor. Data were obtained 
from three independent experiments.
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PLC/PKC/PKD1 axis is required for peripheral neutrophil 
chemotaxis
To understand whether a similar signaling pathway that regulates 
chemotaxis in the foregoing cell lines also acts in polymorphonu-
clear neutrophils (PMNs), we determined the inhibitory effects of 
PLC, PKC, and PKD inhibitors on PMN chemotaxis by Transwell as-
say (Figure 8). We found that all three groups of PLC, PKC, and PKD 
inhibitors significantly blocked the chemotaxis of PMN toward 
SDF1α (p < 0.001), indicating a general function of the PLC/PKC/
PKD signaling pathway in neutrophil-like cell lines and PMN 
chemotaxis.

DISCUSSION
In the present study, we revealed a novel signaling pathway in which 
the PKD family serves as the direct downstream target of a PLC/
PKCβ signaling axis to regulate SSH2 activity and control cofilin ac-
tivity in neutrophil chemotaxis (Figure 9).

PLC signaling is required for neutrophil chemotaxis
We demonstrated the essential role of PLC signaling in neutrophil 
chemotaxis. There are 13 phosphatidylinositide-specific PLCs, di-
vided into six subgroups: -β, -γ, -δ, -e, -ξ, and -η (Suh et al., 2008). 
Chemoattractants activate PLCβ2, -β3, and -e (Jiang et al., 1994; Li 
et al., 2000; Kelley et al., 2006). Neutrophils express three PLC iso-
forms, namely PLCβ2, -β3, and -γ2 (Suh et al., 2008). Deficiency of 
both PLCβ2 and β3 did not affect chemotaxis of murine neutrophils 
(Li et al., 2000). This result leads to the assumption that PLCβ2/3 
signaling might not play an essential role in neutrophil chemotaxis. 
However, in this study, we first revealed that PLC signaling is essen-
tial for neutrophil chemotaxis (Figure 5, A and B). Furthermore, we 
discovered that chemokine stimulation triggers dynamic membrane 
translocation of PLCγ2, a highly expressed PLC isoform in neutro-
phils. Membrane targeting of PLCγ2 depends on Gαi signaling, 
more specifically PI3K activation, indicating that PIP3 binding by the 
PH domain of PLCγ2 serves as the major determinant of its mem-
brane targeting (Figure 5C). This result is consistent with the finding 
that activation of PLCγ1 is a consequence of its PH domain binding 
to PIP3 produced on the membrane by multiple signaling pathways 
(Falasca et al., 1998). Although PLCe is also activated by GPCR sig-
naling (Kelley et al., 2006), peripheral blood leukocytes express little 
PLCe (Suh et al., 2008), indicating that it might not be a major player 
in leukocyte chemotaxis. In conclusion, PLCγ2, in addition to 
PLCβ2/β3, can be activated by chemokine GPCR activation, and 
PLC signaling is required for neutrophil chemotaxis.

Chemoattractant-mediated PLC/PKCβ/PKD signaling 
is essential for neutrophil chemotaxis
In addition to the essential role of PLC signaling, of greater impor-
tance, our study revealed the connection between PLC/PKCβ/PKD 
signaling and the regulation of cofilin activity in neutrophil chemo-
taxis. Several signaling pathways activate PLCs to generate DAGs, 
physiological activators of PKCs (Wang, 2006). We also observed 
that, in neutrophils, fMLP stimulation induces both DAG production 
(Figure 4A) and membrane translocation of PKCβII-GFP (Figure 6E). 

coimmunoprecipitation experiments using PKD1 as bait (Figure 6C). 
Using an anti–phospho-PKC (pan) antibody that recognizes all PKC 
isoforms, we detected only one band, at ∼75 kDa, indicating that 
either PKCα or β, both of which are ∼75 kDa, interacts with PKD1. 
Next we used Western blotting analysis with anti-PKCα or -β–
specific antibodies and confirmed that PKCβ was the major PKC 
isoform that interacted with PKD1. Because PKCβI and PKCβII dis-
play overall sequence and domain similarity and identical mem-
brane translocation behavior upon fMLP stimulation (Supplemental 
Figure S8 and Figure S8 Supplemental Movies 1–3), we reported 
only on the dynamics of GFP-tagged PKCβII upon fMLP stimulation. 
In a fMLP gradient, PKCβII-GFP localized to the leading edge of 
chemotaxing cells (Figure 6D and Figure 6 Supplemental Movie 1). 
Uniform fMLP stimulation induced robust membrane translocation 
of PKCβII-GFP (Figure 6, E and F, and Figure 6 Supplemental Movies 
2–4). We also found that inhibiting PLC activation blocked PKCβII 
membrane translocation, consistent with the notion that PKC is re-
cruited and activated at the membrane via PLC-generated DAG 
(Wang, 2006). We then examined the role of PKCβII in neutrophil 
chemotaxis (Figure 6, G and H, and Supplemental Figure S9). Abro-
gation of PKCβII activity by either treatment of a PKC inhibitor (Gö 
6983) or overexpression of a dominant-negative PKCβII mutant 
(PKCβII-DN) or a constitutively active PKCβII mutant (PKCβII-CA) 
impaired chemotaxis of HL60 cells. Taken together, our data sug-
gest that PLC-mediated PKCβ activation is required for neutrophil 
chemotaxis.

PKD1 interacts with SSH2 to regulate cofilin activity
F-actin depolymerization factor ADF/cofilin is a key regulator of cell 
migration (Mizuno, 2013). The activity of cofilin is mainly regulated 
by phosphorylation and dephosphorylation events. Cofilin is de-
phosphorylated and consequently activated by the phosphatase 
slingshot protein family (SSHs). SSH1 has been identified as the sub-
strate of PKD1 that regulates cofilin activation during breast cancer 
cell migration (Eiseler et al., 2009). Here we first determined which 
slingshot protein interacts with PKD1 by immunoprecipitation, using 
PKD1-GFP as bait. We found that SSH2, but not SSH1, interacts with 
PKD1, consistent with the observation that SSH2 is the dominant 
isoform of slingshot proteins expressed in neutrophils (Tang et al., 
2011). As previously reported (Eiseler et al., 2009), we found that 
GPCR-mediated PKD1 activation increased its interaction with SSH2 
(Figure 7, A and B). PKD1 activation also increased the interaction 
between SSH2 and 14-3-3, consistent with the findings that activa-
tion of PKD1 facilitates its interaction with SSH1 and also SSH1/14-3-3 
interaction (Eiseler et al., 2009). Hence PKD1 activation results in 
decreased phosphatase activity of SSH2 toward cofilin. Thus we 
next examined the effect of PKD inhibitors on cofilin phosphoryla-
tion and found that PKD1 inhibitors caused a decreased level of 
cofilin phosphorylation in cells treated with PKD1 inhibitors 
(Figure 7C). We found that PKD inhibitors did not change the level 
of actin amount in the cells (Figure 7D) but changed the ratio of F-
actin to global actin with or without activation (Figure 7, E and F). 
These results together indicate that PKD1 interacts with SSH2 to 
regulate cofilin activity in the cells.

FIGURE 5: PLC activation is required for chemotaxis. (A) Montage showing the traveling path of chemotaxing cells 
under different concentration of PLC inhibitor U73122 monitored using EZ-TaxiScan chemotaxis assay. (B) Quantitative 
measurements of chemotaxis index. (C) Gαi signaling and PI3K dependence of PLCγ2-GFP (green) membrane 
translocation in response to chemoattractant fMLP stimulation (red; Figure 5 Supplemental Movies 1–3). Cells were 
treated with the indicated inhibitors for 30 min before the experiments. (D) Normalized quantitative measurement of 
PLCγ2-GFP membrane translocation. (E) Leading edge localization of PLCγ2-GFP (green) in chemotaxing cells in 1 μM 
fMLP (red) gradient (Figure 5 Supplemental Movie 4).
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FIGURE 7: PKD1 interacts with SSH2 to regulate cofilin activity. 
(A) GPCR activation enhances the interaction between PKD1 and 
SSH2. Raw 264.7 cells transiently expressed GFP only or GFP-tagged 
PKD1 protein. Immunoprecipitation was carried out with anti–GFP-
agarose beads. (B) Quantitative measurement of the activation and 
interaction of indicated molecules. Intensity of PKD1 without GTPγS 
treatment was normalized by 1. (C) Treatment of PKD inhibitor 
increased cofilin activity in the Raw 264.7 cells. (D) Treatment of PKD 
inhibitors does not affect the actin level in the Raw 264.7 cells. (E) In 
vivo assay to determine the ratio of filamental (F) and globular 
(G) actin amounts with or without PKD inhibitor treatments. 
(F) Quantification of F/G actin ratio in the Raw 264.7 cells.
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FIGURE 8: PLC/PKC/PKD signaling pathway plays an essential role in 
chemotaxis of PMNs. Inhibitory effect of PLC (1 μM U73122), PKC 
(100 nM Gö 6983), and PKD (1 μM CID755673 and 100 nM Gö 6976) 
inhibitors on PMN chemotaxis determined by Transwell assay. 
Transwell chemotaxis assays were performed with 100 nM SDF-1α 
gradient. Data were obtained from three independent experiments.
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Consistent with the previous observation that PKC activation re-
quires PLCβ in murine neutrophils (Tang et al., 2011), we found that 
a PLC inhibitor abolished the membrane translocation of PKCβII, 
indicating that PLC activation acts upstream of PKCβ.

Chemoattractants triggered membrane translocation of all three 
PKD isoforms (Figure 2). Specifically, the DAG-binding domain (C1a) 
is required for membrane translocation of PKD1 (Figure 3), indicating 
that PLC activation is necessary for PKD1 membrane translocation. 
Moreover, PLC inhibitor abrogated fMLP-induced membrane trans-
location and phosphorylation (activation) of PKD1 (Figure 4, E–G) at 
a concentration that completely inhibited DAG production (Figure 
4A) and membrane translocation of PKCβII-GFP (Figure 6, E and F). 
PKC is a physiological activator of PKDs (Wang, 2006). PKC inhibitors 
also impaired PKD1 phosphorylation/activation (Figure 6, A and B). 
We further identified PKCβ, which specifically interacts with PKD1 
and plays an essential role in neutrophil chemotaxis (Figure 6, G 
and H). In an fMLP gradient, PLCγ2-GFP (Figure 5E), PKCβII-GFP 
(Figure 6D), and PKD1-GFP (Figure 4E) are all enriched at the lead-
ing front of neutrophils. PLC inhibitors abolished the localization of 
PLC, PKC, or PKD to the leading front of a cell in a chemoattractant 
gradient. All of these results suggest that chemoattractant GPCRs 
activate PLC to generate DAGs as an intracellular cue that guides 
activation of PKCβ and PKD in chemotaxing neutrophils.

FIGURE 6: PLC-dependent PKCβ activation is required for chemotaxis. (A) Gö 6983 (PKC inhibitor) inhibits PKD1 
phosphorylation. (B) Quantitative measurements of PKD1 phosphorylation profile with or without PKC inhibitor 
treatment from three independent experiments. (C) Identification of PKCβ as the major PKC isoform interacting with 
PKD1 by immunoprecipitation using PKD1-GFP as bait. Western blot detection of PKD and PKC isoforms with anti-GFP, 
anti–phospho-PKC(pan) (βII-Ser-660), and anti-PKCα. (D) Leading edge localization of PLCβII-GFP (green) in the 
chemotaxing cells in response to 1 μM fMLP gradient (red; Figure 6 Supplemental Movie 1). (E) Montage showing 
PLC-dependent activation and membrane translocation of PKCβII upon 1 μM fMLP stimulation. GFP-tagged PKCβII 
(green) was transiently expressed in HL60 cells. Cells were treated with PLC inhibitor U63122 at indicated concentration 
for 30 min before experiments. Alexa 594 (red) was mixed with 1 μM fMLP to indicate uniform application of fMLP or 
gradient stimulations in D and E; also see Figure 6 Supplemental Movies 1-4. Scale bar, 10 μm. (F) Quantitative 
measurement of PKCβII membrane translocation with or without PLC inhibitor treatment. (G) Montage showing the 
traveling path of chemotaxing cells either treated with PKC inhibitor Gö 6983 or transiently overexpressing a dominant-
negative (PKCβII-DN) or constitutively active mutant (PKCβII-CA) of PKCβII, as monitored by EZ-TaxiScan chemotaxis 
assay. (H) Quantitative measurements of chemotaxis indexes as total path, speed, and directionality.
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level of cofilin (Figure 7C) and significantly altered F-actin dynamics 
upon GPCR activation (Figure 7, E and F). Although all three PKD 
proteins have also been reported to regulate LIMK activity by direct 
phosphorylation and activation of upstream kinase p21–activated 
kinase 4 (PAK4) in order to indirectly regulate cofilin activity (Spratley 
et al., 2011), we did not detect the interaction between PAK4 and 
PKD1. Instead, chemoattractant-induced PKD1 activation increased 
the interaction between SSH2 and 14-3-3 (Figure 7, A and B). This 
result is consistent with the finding that binding of 14-3-3 to phos-
phorylated SSH1 alters SSH1 subcellular localization and F-actin 
binding capability, consequently decreasing its cofilin-phosphatase 
activity (Eiseler et al., 2009). These results together indicate that 
chemoattractant-mediated PKD activation regulates SSH2 activity 
to control cofilin activity and reorganization of F-actin cytoskeleton 
upon chemoattractant stimulation in neutrophils.

The other important mechanism of cofilin regulation is through 
PIP2. PIP2 binds to dephosphorylated cofilin to inhibit the actin-sev-
ering activity of cofilin (van Rheenen et al., 2007). In carcinoma cells, 
epidermal growth factor–induced rapid loss of PIP2 through PLCγ2 
activation results in a release of membrane-bound active cofilin (van 
Rheenen et al., 2007). In neutrophils, chemoattractant triggers 
PLCβ2/3 activation (Li et al., 2000). In the present study, we showed 
that the chemoattractant fMLP also induces PLCγ2 activation 
(Figure 5). However, it is not clear whether a rapid loss of PIP2 on the 
membrane by PLCβ/γ activation in neutrophils also releases cofilin. 
If so, the released dephosphorylated cofilin might serve as a fast-
activation loop of cofilin in neutrophils (van Rheenen et al., 2009). 
Future study may reveal how these pathways function together to 
facilitate the temporal and spatial coordination of actin polymeriza-
tion and depolymerization processes during chemotaxis.

MATERIALS AND METHODS 
Cell lines, cell culture, and differentiation
All the cell lines were obtained from the American Type Culture Col-
lection (ATCC) and cultured according to the supplied protocol. 
IC21 and U937 cells were maintained in RPMI 1640 growth medium 
(Gibco, Grand Island, NY) supplemented with 10% (vol/vol) fetal bo-
vine serum (FBS; Invitorgen, Grand Island, NY), 0.1 mM sodium py-
ruvate, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES; Gibco). HL60 cells were maintained in RPMI 1640 me-
dium supplemented with 10% (vol/vol) FBS, 0.1 mM sodium pyru-
vate, and 25 mM HEPES. Raw 264.7 cells were maintained in DMEM 
medium supplemented with 10% (vol/vol) FBS. The cells were incu-
bated at 37°C in a humidified 5% CO2 atmosphere. HL60 cells were 
passaged in RPMI 1640 medium supplemented with 10% FBS and 
25 mM HEPES. HL60 cells were differentiated in their culture me-
dium containing 1.3% dimethyl sulfoxide (DMSO) for 5 d before the 
experiment.

Purification of polymorphonuclear neutrophils
Whole blood (150 ml) was drawn from healthy volunteers at the 
Blood Bank of the National Institutes of Health. Coagulation was 
prevented by heparin. The majority of the red blood cells were re-
moved by dextran (0.2 g/l; GE Healthcare, Pittsburgh, PA) sedimen-
tation (30 min, room temperature). Upper phases containing white 
blood cells were collected and washed twice in phosphate-buffered 
saline (PBS). Cells were resuspended in PBS and layered on top of a 
five-step Percoll gradient (65, 70, 75, 80, and 85%; Sigma-Aldrich) in 
15-ml conical tubes. After centrifugation (800 × g, 20 min, room tem-
perature), the 70/75/80% Percoll layers containing granulocytes 
were collected and washed twice in PBS. The collected neutrophils 
were resuspended in PBS, the cell concentration was determined, 

Regulation of cofilin activity in neutrophil chemotaxis
The coordinated polymerization and depolymerization of F-actin–
based cytoskeleton in chemotaxing cells require temporal and 
spatial regulation of cofilin activity. The most important and best-
studied mechanism of cofilin activity regulation is through phos-
phorylation: LIMK and TESK phosphorylate and deactivate cofilin; 
slingshot proteins and chronophin dephosphorylate and reactivate 
cofilin (Mizuno, 2013). In neutrophils, chemoattractants mediate the 
rapid dephosphorylation of cofilin (van Rheenen et al., 2007). The 
chemoattractant-mediated PLCβ/PI3Kγ/GSK3 signaling pathway 
has been found to increase SSH2 activity to regulate dephosphory-
lation of cofilin (Tang et al., 2011). It is not clear whether the che-
moattractant activates LIMK or TESKs to phosphorylate/deactivate 
cofilin in neutrophils. Recent studies identify PKDs as the kinase that 
phosphorylates SSH1 at multiple Ser residues to inhibit its cofilin 
phosphatase activity (Barisic et al., 2011; Eiseler et al., 2009; Nagel 
et al., 2010). In the present study, we showed that PKD1 interacts 
with SSH2—the major isoform of SSH protein in neutrophils—to 
regulate cofilin phosphorylation (Figure 7, A and B). More impor-
tant, the inhibition of PKD1 resulted in decreased phosphorylation 

FIGURE 9: GPCR-mediated PLC/PKCβ/PKD/SSH2 signaling pathway 
to regulate cofilin activity. The Gβ-dependent PLCβ2/3 and PI3K-
dependent PLCγ2 activation of PLC family members upon chemokine 
stimulation functions as the upstream activator of the PKC/PKD 
signaling pathway to regulate SSH2/cofilin dynamics.
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TaxiScan chemotaxis assay. HL60 cells were maintained in RPMI 
1640 medium supplemented with 10% heat-inactivated FBS and 
25 mM HEPES at 37°C with 5% CO2. Cells were differentiated 
according to published methods (Millius and Weiner, 2009). Briefly, 
cells under passage 10 were incubated with 1.3% DMSO at 1.5 × 
105 cells/ml for 6 d. Differentiated cells were incubated with U73122 
at different concentrations for 1 h at 37°C before being loaded onto 
fibronectin-coated, 4-μm EZ-TaxiScan chambers. Cells were allowed 
to migrate toward 100 nM fMLP or no chemoattractant control for 
30 min at 37°C. Pictures were captured at 15-s intervals. The image 
data were analyzed with DYIS software. Each treatment group con-
tained ∼15 different cells, and data are shown as mean and SEM. 
The bar graphs were plotted with Excel (Microsoft).

PKD1 activation profile
About 3 × 106 cells were seeded and starved in six-well plates 
with RPMI medium with 25 mM HEPES for 3 h. Cells were col-
lected and resuspended at 2 × 106 cell/ml and then stimulated 
with 1 μM fMLP, 100 nM CSF-1α, or 100 ng/ml SDF-1α for 0, 1, 5, 
10, 30, and 60 min. The cells were then centrifuged and lysed 
with 100 μl lysis buffer containing 25 mM Tris, 150 mM NaCl, 
1 mM EDTA, 1 mM NaVO3, 10 μM NaF, proteinase inhibitor, and 
1% Triton X for 30 min on ice. Cell lysates were then centrifuged 
at 100,000 × g for 30 min, and 90 μl of the supernatant was mixed 
with 75 μl of SDS loading buffer for further detection of the pro-
tein by Western blot.

Calcium response
HL60 cells were treated with Fluo-4 (Invitrogen) at a final concen-
tration of 100 ng/ml and incubated in a 37°C culturing hood for 
30 min. To remove unstained Fluo-4, the cells were washed with 
RPMI 1640 medium without FBS twice and then subjected to 
experiments.

Confocal imaging and data analysis
To facilitate live-cell imaging, one- or four-well glass chambers 
(NUNC, Germany) were coated with 0.2% freshly prepared gelatin 
in PBS at 37°C for 30 min of incubation. The chambers were then 
washed with room temperature RPMI 1640 medium three times 
before the cells were seeded. Confocal images were collected us-
ing a Zeiss 510 META NLO microscope (Carl Zeiss, Thornwood, 
NY) with Zeiss Plan-Apochromat 63×/1.4 numerical aperture oil 
objective. Images were exported with Zeiss 510 META software 
and further analyzed with Photoshop (Adobe). The intensity 
change of whole cells or cytoplasm was measured and exported 
with Zeiss 510 META software. For quantitative measurements of 
the membrane translocation of indicated protein, we first mea-
sured the intensity change of the cytoplasm in response to uni-
formly applied stimuli over time. To obtain the relative intensity 
change of each individual cell during the time lapse, we divided its 
intensity at given time (It) by its intensity at time 0 (I0); conse-
quently, relative intensity of any cells at time 0 became 1. Then we 
divided the normalized intensity at time 0 (I0) by the normalized 
intensity at given time (It) to convert the normalized intensity 
change of the cytoplasm to membrane translocation. Finally, we 
calculated and present mean ± SD of peak membrane transloca-
tion from more than five independent cells.

and the cells were kept at room temperature until use. Cell viability 
was determined by trypan blue dye extrusion, and the results were 
>98% viable neutrophils. The purity of the preparations was deter-
mined by Wright–Giemsa staining, and the yield was >95% neutro-
phil granulocytes.

Establishment of stable PKD1-knockdown cells
On day 1, 2.5 × 105 cells were seeded in a six-well plate. On 
day 2, the culture medium in the six-well plate was replaced by 
1 ml of infection cocktail (complete culture medium containing 
12 μg/ml Polybrene). We added 10 μl of virus particle encoding 
to the six-well plate. After 6 h, the infection cocktail of each well 
was replaced by complete culture medium without Polybrene. 
On day 3, 10 μg/ml puromycin was added to select positively 
virus-infected cells. Culture media were changed every 2–3 d 
until the infected cells proliferated into enough cells to allow for 
the detection of endogenous PKD1 expression and the other 
experiments indicated.

Reagents and antibodies
SDF-1α and CSF-1 were purchased from R&D Systems (Minneapolis, 
MN) and Pepro Tech (Rocky Hill, NJ), respectively. Gö 6976, Gö 
6983, and U73122 were purchased from Calbiochem (Billerica, 
MA). CID755673 was purchased from Tocris (United Kingdom). 
fMLP and DMSO were purchased from Sigma-Aldrich (St. Louis, 
MO). Antibodies anti–phospho-PKD/PKCmu(S744/748), anti–phos-
pho-PKD1(Ser-916), and anti-PKD/PKCμ were from Cell Signaling 
(Danvers, MA). Anti-SSH2 antibody was from Novus Biologicals. 
Anti–14-3-3 antibody was from Santa Cruz Biotechnology. Anti-GFP 
antibody was from BD Bioscience (San Jose, CA). Horseradish per-
oxidase (HRP)–conjugated anti-actin was from Santa Cruz Biotech-
nology (Dallas, TX). HRP-conjugated anti-mouse or anti-rabbit im-
munoglobulin G was obtained from Jackson Immuno Research 
(United Kingdom). All tissue culture reagents were purchased from 
Invitrogen.

Plasmids and transfection of cells
The plasmids encoding cDNA of PKCβI–yellow fluorescent protein 
(YFP), PKCβII-YFP, dominant-negative PKCβII-YFP (DN-PKCβII-YFP), 
constitutive active PKCβII-YFP (CA- PKCβII-YFP), and DAGR-YFP 
were purchased from Addgene (www.addgene.org/). The plasmid 
encoding PLCγ2-GFP was from Origene. The procedure used to 
transfect HL60 cells mostly followed the manufacturer’s instructions. 
Briefly, 2 × 106 cells were centrifuged at 100 × g for 10 min and 
resuspended in 100 μl of nucleofection solution V at room tempera-
ture. A total of 6 μg of plasmid DNA encoding the desired protein 
was used for a single transfection reaction using T-019 on the Amaxa 
Nucleofector II (Lonza).

Chemotaxis assays
Transfilter chemotaxis assay. Cells were collected and resus-
pended in RPMI 1640 medium containing 1% BSA and 25 μM 
HEPES at a cell density of 107 cells/ml. The desired concentra-
tion of SDF-1α (R&D Systems) or CSF-1 (PeproTech) containing 
RPMI medium was applied to the lower part of the transfilter cas-
sette. A total of 50 μl of cells was added to the top part of the 
transfilter assay cassette and incubated at 37°C for 90 min. Non-
transfiltered cells were wiped away with a cotton applicator. The 
membrane along with the transfiltered cells was washed with 
phosphate buffer (PB), pH 7.2, and fixed, and the cells were 
counted. Each experiment was performed in three independent 
wells.
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