
Contents lists available at ScienceDirect

Cellular Signalling

journal homepage: www.elsevier.com/locate/cellsig

PKCδ stimulates macropinocytosis via activation of SSH1-cofilin pathway
Bhupesh Singlaa, Hui-Ping Lina, Pushpankur Ghoshala, Mary Cherian-Shawa, Gábor Csányia,b,⁎

a Vascular Biology Center, 1460 Laney Walker Blvd., Augusta University, Medical College of Georgia, Augusta, GA 30912, USA
bDepartment of Pharmacology and Toxicology, 1460 Laney Walker Blvd., Augusta University, Medical College of Georgia, Augusta, GA 30912, USA

A R T I C L E I N F O

Keywords:
Macropinocytosis
Macrophages
Protein kinase C
SSH1
Cofilin
Actin remodeling

A B S T R A C T

Macropinocytosis is an actin-dependent endocytic mechanism mediating internalization of extracellular fluid
and associated solutes into cells. The present study was designed to identify the specific protein kinase C (PKC)
isoform(s) and downstream effectors regulating actin dynamics during macropinocytosis. We utilized various
cellular and molecular biology techniques, pharmacological inhibitors and genetically modified mice to study
the signaling mechanisms mediating macropinocytosis in macrophages. The qRT-PCR experiments identified
PKCδ as the predominant PKC isoform in macrophages. Scanning electron microscopy and flow cytometry
analysis of FITC-dextran internalization demonstrated the functional role of PKCδ in phorbol ester- and hepa-
tocyte growth factor (HGF)-induced macropinocytosis. Western blot analysis demonstrated that phorbol ester
and HGF stimulate activation of slingshot phosphatase homolog 1 (SSH1) and induce cofilin Ser-3 depho-
sphorylation via PKCδ in macrophages. Silencing of SSH1 inhibited cofilin dephosphorylation and macro-
pinocytosis stimulation. Interestingly, we also found that incubation of macrophages with BMS-5, a potent in-
hibitor of LIM kinase, does not stimulate macropinocytosis. In conclusion, the findings of the present study
demonstrate a previously unidentified mechanism by which PKCδ via activation of SSH1 and cofilin depho-
sphorylation stimulates membrane ruffle formation and macropinocytosis. The results of the present study may
contribute to a better understanding of the regulatory mechanisms during macrophage macropinocytosis.

1. Introduction

Macropinocytosis (also known as fluid-phase endocytosis) is a
highly conserved endocytic process utilized by various cell types to
internalize large amount of extracellular fluid and pericellular solutes
[1,2]. Macropinocytosis is a receptor-independent process that med-
iates non-specific internalization of extracellular molecules. Macro-
pinocytosis is initiated by submembranous activation of the actin cy-
toskeleton, leading to formation of plasma membrane ruffles on the
dorsal surface of the cell or the cellular periphery. Some of the mem-
brane ruffles circularize and close, while others fuse with the non-ex-
tended plasma membrane, leading to macropinosome formation and
fluid/solute internalization [3–5]. Macropinocytosis is exploited by
dendritic cells to sample their surroundings for antigens, utilized for
nutrient uptake by cancerous cells, and assists various viruses and
bacteria to invade host cells [3]. Previous studies reported that mem-
brane ruffle formation and macropinocytosis can be induced by growth

factors, including hepatocyte growth factor (HGF) [6,7] and epidermal
growth factor (EGF) [8] inflammatory cytokines [9,10], and phorbol
esters [10,11]. Increased rate of macropinocytosis is involved in pa-
thological processes, including tumor growth [12,13], neurodegenera-
tive disorders [14], and infectious diseases [15,16].

Our knowledge of the mechanisms regulating macropinocytosis has
significantly increased in recent years [3–5,17,18]. Spatiotemporal or-
ganization of phosphatidylinositol (PI) modifications by PI 3-kinase
(PI3K) and PI 4-phosphate 5-kinase (PI4P5K) play an important role in
membrane ruffling and macropinocytosis [17,19,20]. Phospholipase C-
γ (PLCγ)-mediated hydrolysis of PI 4,5-bisphosphate (PIP2) to inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) and subsequent
DAG-mediated PKC activation contribute to cup formation and closure,
respectively [1,20,21]. Phorbol ester- and growth factor-stimulated
macropinocytosis is blocked by pharmacological inhibition of PKC
[7,21] and macropinocytotic internalization is stimulated by PKC ac-
tivators [22]. The PKC family has been categorized into three groups: i)
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classical (α, β and γ), ii) novel (δ, ε, η and θ), and iii) atypical (λ, ι, μ and
ζ) PKC isoforms. Classical PKCs are DAG/Ca2+-dependent, novel PKCs
are DAG-dependent, and atypical PKC isoforms are independent of DAG
and calcium ions. PKC isoforms have different mechanisms of activa-
tion, substrate specificity and activate various downstream signaling
pathways [23–25]. The specific PKC isoform(s) mediating macrophage
macropinocytosis and the downstream signaling mechanisms remain
incompletely characterized.

Macropinocytosis is an actin-dependent process, which is demon-
strated by its sensitivity to actin polymerization inhibitors, such as la-
trunculin A and cytochalasin D [10,26,27]. Cofilin is an actin-binding
protein that severs filaments and accelerates actin assembly dynamics
by increasing the number of free barbed ends and ARP2/3 complex-
mediated actin branching [28]. A previous study by our laboratory
demonstrated that deletion of cofilin inhibits phorbol ester- and growth
factor-stimulated macropinocytosis [10]. Cofilin activity is regulated by
its phosphorylation at Ser-3 residue. Cofilin Ser-3 is phosphorylated
(inactivation) by LIM-kinases (LIMKs) and testicular protein kinases
(TESKs) [29–31] and is dephosphorylated (reactivation) by slingshot
protein phosphatases (SSHs) [32,33]. SSH1 has been reported to ac-
cumulate in membrane protrusions and mediate actin remodeling in
motile cells [34]. Furthermore, SSH1 is downstream of PI3K, which is
an essential mediator of macropinocytosis [35,36]. To our knowledge,
no prior studies have investigated the role of SSH1/LIMK pathway in
macropinocytosis stimulation.

The present study demonstrates the role of a previously unknown
mechanism by which PMA via PKCδ-mediated SSH1 activation stimu-
lates Ser-3 dephosphorylation of cofilin in macrophages, leading to
membrane ruffling and fluid-phase macropinocytosis. The role of
PKCδ/SSH1/cofilin signaling pathway in macrophage macropinocytosis
induced by a physiologically relevant stimuli (hepatocyte growth
factor) has been confirmed using various cellular and molecular biology
techniques, genetic knockout mice, gene-silencing, and pharmacolo-
gical approaches. Interestingly, we also found that pharmacological
inhibition of LIMK does not stimulate macropinocytosis. The results of
the present study may contribute to a better understanding of the
regulatory mechanisms during macrophage macropinocytosis.

2. Materials and methods

2.1. Reagents and antibodies

Mouse recombinant macrophage-colony stimulating factor (M-CSF)
was purchased from Miltenyi Biotec Inc. (San Diego, CA, USA).
Recombinant murine hepatocyte growth factor (HGF) was obtained
from Peprotech (Rocky Hill, NJ, USA). Calphostin C, 5-(N-ethyl-N-iso-
propyl) amiloride (EIPA), phorbol 12-myristate 13-acetate (PMA) and
Fluorescein Isothiocyanate (FITC)-dextran were procured from Sigma-
Aldrich (St. Louis, MO, USA). Protease and phosphatase inhibitor
cocktail tablets were bought from Roche Diagnostics GmbH
(Mannheim, Germany). LY333531 and BMS-5 were purchased from
Cayman Chemical (Ann Arbor, MI, USA). Phospho-PKCδ (Tyr-311), and
phospho-cofilin (Ser-3) antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA). Total PKCδ, total LIMK1, total cofilin,
total SSH1, Met, anti-GAPDH and anti-β-actin antibodies were procured
from Santa Cruz Biotechnology (Dallas, TX, USA). Phospho-SSH1 (Ser-
978) was purchased from ECM Biosciences LLC (Versailles, KY, USA).
Phospho-LIMK1 (Thr-508) was obtained from Thermo Fisher Scientific
(Waltham, MA, USA).

2.2. Cell culture

RAW 264.7 macrophages (ATCC TIB-71™, Manassas, VA, USA) were
grown in Dulbecco's Modified Eagle Medium (DMEM; GE Healthcare
Life Sciences, Pittsburgh, PA, USA) containing 10% heat-inactivated
fetal bovine serum, 100 IU/mL of penicillin and 100 μg/mL

streptomycin, and maintained in a humidified incubator at 37 °C. For
bone marrow-derived macrophages (BMDM), the femur and tibia of
sacrificed mice were cleaned of adherent muscle and connective soft
tissue and bone marrows were flushed into a 100 mm culture plate
using a 27-gauge needle syringe filled with Harvest Buffer [2% heat-
inactivated FBS in phosphate-buffered saline (PBS)]. Bone marrow-de-
rived monocytes were plated in complete RPMI-1640 culture medium
and differentiated into macrophages with M-CSF (20 ng/mL) for 7 days
[10]. After 7 days, adherent cells were trypsinized and seeded in new
cell culture plates or coverslips in complete culture medium without M-
CSF. Cells were used for experiments after overnight incubation.

2.3. Animals

Eight to ten weeks old male mice were used for obtaining bone
marrow-derived macrophages. Dr. Zheng Dong (Augusta University,
USA) kindly provided the breeding pairs of PKCδ+/− mice, which were
crossed to generate PKCδ−/− and PKCδ+/+ mice. C57BL/6 (wild type)
mice were purchased from the Jackson Laboratory (Bar Harbor, Maine,
USA). Mice were housed at constant temperature (21–23 °C) and pro-
vided ad libitum access to standard chow and water. Mice were an-
esthetized with 3–5% isoflurane inhalation and sacrificed by cervical
dislocation and exsanguinated. All experimental protocols were ap-
proved by the Institutional Animal Care and Use Committee of Augusta
University and conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

2.4. Flow cytometry

RAW 264.7 macrophages or BMDM were treated with vehicle or
PMA (1 μM) in the presence of FITC-dextran (70,000 MW, 100 μg/mL)
for 2 h. In separate experiments, macrophages were treated with or
without murine HGF or M-CSF (100 ng/mL, 2 h) and FITC-dextran in-
ternalization was determined. After incubation time, cells were washed
twice with ice-cold PBS, fixed in 2% paraformaldehyde (PFA), re-
suspended in FACS buffer (2% BSA and 0.01% sodium azide in PBS)
and analyzed for FITC-dextran uptake (Ex: 488 nm, Em: 530 nm) using
a Becton Dickinson FACSCalibur. Mean fluorescence intensity was used
to compare FITC-dextran internalization among groups.

2.5. Scanning electron microscopy

Macrophages grown on coverslips were treated as indicated and
processed for scanning electron microscopy (SEM) using a method de-
scribed previously [37]. Briefly, cells were fixed in SEM fixative (4%
paraformaldehyde, 2% glutaraldehyde in 0.1 M sodium cacodylate so-
lution) overnight at 4 °C. Cells were dehydrated through a graded
ethanol series (25%–100%) and critical point drying was performed
(Tousimis Samdri-790, Rockville, MD, USA). Coverslips were mounted
onto aluminum stubs, sputter coated with 3.5 nm of gold/palladium
(Anatek USA-Hummer, Union City, CA) and imaged at 20 KV using a
Philips XL30 scanning electron microscope (FEI, Hillsboro, OR, USA).

2.6. Real time PCR

The RNA purification kit from IBI Scientific (Peosta, IA, USA) was
employed to extract total RNA from cultured macrophages. TaqMan®
Reverse Transcriptase kit (Applied Biosystems, Carlsbad, CA, USA) was
used to generate complementary DNA (cDNA) from 500 ng of RNA, as
per the manufacturer's instructions. The quantitative real-time PCR was
done using SYBR Green Supermix (Applied Biosystems). GAPDH was
taken as internal control and ΔΔCt method was used to determine ex-
pression. The primer sequences used for real-time PCR are shown in
Table 1.
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2.7. Western blot

Cell lysates were subjected to western blotting as described pre-
viously using the Odyssey CLx Infrared Imaging System (Li-Cor
Biosciences, Lincoln, NE, USA) [37]. Briefly, protein concentrations in
cell lysates were quantified using the Pierce BCA Protein Assay Kit
(Thermo Scientific). Equal amount of proteins (30 μg) were separated
on SDS-PAGE gels and transferred onto nitrocellulose membranes (Li-
Cor Biosciences). The membranes were blocked and probed with the
following primary antibodies: phospho-PKCδ (Tyr-311), total PKCδ,
phospho-SSH1 (Ser-978), total SSH1, phospho-cofilin (Ser-3), total co-
filin, phospho-LIMK1 (Thr-508), total LIMK1, β-actin and GAPDH. The
IRDye-conjugated secondary antibodies (Li-Cor Biosciences) were uti-
lized to detect the primary antibodies bound to membranes.

2.8. Gene silencing

Smart pool of siRNA for SSH1 and a non-targeting control siRNA
were purchased from Dharmacon (Lafayette, CO, USA). PKCδ-specific
siRNA pool was procured from Santa Cruz Biotechnology. RAW 264.7
macrophages were transfected with PKCδ-siRNA, SSH1-siRNA or con-
trol siRNA using the TransIT-TKO transfection reagent (Mirus Bio LLC,
Madison, WI, USA) according to the manufacturer's instructions. Gene
silencing using siRNA was confirmed either by Western blot or qRT-
PCR. Cells were used 48 h post transfection.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism (La Jolla,
CA, USA). The data are expressed as mean ± SD/SEM. Student's t-test
and one or two-way ANOVA were used as appropriate for the particular
experiment and treatment groups. A p value < .05 was considered
statistically significant.

3. Results

3.1. PKCδ activation plays a key role in phorbol ester-stimulated
macropinocytosis

Previous studies demonstrated that pharmacological blockade of
PKC inhibits macropinocytosis in macrophages and other cell types
[7,10,21]. Despite this information, the specific PKC isoform(s) and
downstream signaling pathway involved in stimulation of macro-
pinocytosis remain largely uncharacterized. As internalization of ex-
tracellular fluid and associated solute is characteristic of macro-
pinocytosis, we used FITC-dextran (70,000 MW, 100 μg/mL) as a
fluorescent probe to study macropinocytosis [38]. Fluorescence-

activated cell sorting (FACS) analysis demonstrated that PMA treatment
(1 μM, 2 h) induced internalization of FITC-dextran in RAW 264.7
macrophages compared to vehicle-treated controls (Fig. 1A and B).
Pretreatment of macrophages with the macropinocytosis inhibitor EIPA
(25 μM, 30 min) completely blocked PMA-induced FITC-dextran inter-
nalization (Fig. 1A and B). Scanning electron microscopy shows that
PMA treatment stimulated membrane ruffle formation, a necessary first
step leading to macropinocytosis [Fig. 1F, PKCδ+/+ (WT), yellow ar-
rows]. As shown in Fig. 1C, pretreatment of macrophages with cal-
phostin C (1 μM, 30 min), a pharmacological inhibitor of classical and
novel PKC isoforms [10,21,39], completely abolished PMA-induced
FITC-dextran macropinocytosis. To determine the specific PKC isoform
(s) involved in PMA-induced macropinocytosis, we first investigated the
mRNA expression of classical (α, β, and γ) and novel (δ, ε, η, and θ) PKC
isoforms in wild type (WT, C57BL/6 J) bone marrow-derived macro-
phages (BMDM) using qRT-PCR. The results of qRT-PCR experiments
identified PKCδ, a DAG-dependent novel PKC isozyme, as the dominant
PKC isoform in BMDM followed by PKCβ and PKCη expression
(Fig. 1D). As PKCδ activity is controlled by tyrosine residue phos-
phorylation at position 311 [40], we investigated whether PMA treat-
ment induces phosphorylation of PKCδ at Tyr-311 in RAW 264.7
macrophages. Western blot data indicated phosphorylation of PKCδ
5 min after PMA (1 μM) stimulation (Fig. 1E). To investigate the role of
PKCδ in macrophage macropinocytosis, BMDM from PKCδ+/+ controls
and PKCδ−/− mice were treated with PMA for 30 min and SEM imaging
was used to quantify membrane ruffle formation. As shown in Fig. 1F
and G, PMA treatment stimulated ruffle formation in PKCδ+/+ BMDM,
but not in PKCδ−/− BMDM. The genotype of mice was established by
PCR analysis of genomic DNA as shown previously [7]. Consistent with
the SEM data, FACS analysis demonstrated that FITC-dextran inter-
nalization following PMA treatment is significantly decreased in
PKCδ−/− BMDM compared to PKCδ+/+ controls (Fig. 1H and I). Since
deletion of PKCδ attenuated (~55%), but not completely abolished
PMA-stimulated macropinocytosis in BMDM, we determined compen-
satory changes in other PKC isoforms in PKCδ knockout BMDM. The
qRT-PCR data revealed compensatory upregulation of PKCβ in PKCδ−/

− macrophages (Supplementary Fig. 1). Next, we investigated the role
of PKCβ in macrophage macropinocytosis. Pharmacological inhibition
of PKCβ using LY333531 (5 μM, 30 min) [41] pretreatment, did not
significantly inhibit FITC-dextran uptake in PKCδ+/+ BMDM, while in
PKCδ−/− BMDM, PKCβ inhibition abrogated residual PMA-stimulated
macropinocytosis (Fig. 1J). These data suggest that compensatory in-
crease in PKCβ is responsible for residual macropinocytosis in PKCδ−/−

macrophages. Taken together, these results suggest that PMA-stimu-
lated macrophage macropinocytosis primarily involves PKCδ activa-
tion.

3.2. PKCδ facilitates cofilin activation during macropinocytosis

Cofilin is a ubiquitous actin-binding protein that regulates the dy-
namics of actin filament assembly/disassembly in motile cells
[28,42,43]. Dephosphorylated cofilin at Ser-3 severs actin filaments
and creates new actin barbed ends for Arp2/3 to amplify local actin
polymerization [44]. A recent study by our group confirmed the func-
tional role of cofilin in membrane ruffle formation and macro-
pinocytosis [10]. The precise mechanisms, however, by which cofilin is
activated during macropinocytosis remain unknown. Western blot data
from time-course experiments demonstrated that PMA treatment ra-
pidly induces dephosphorylation of cofilin at Ser-3 in WT macrophages,
indicating its stimulated activity (Fig. 2A and B). In contrast, cofilin
dephosphorylation in response to PMA stimulation was significantly
attenuated in PKCδ−/− BMDM (Fig. 2C and D). Pharmacological in-
hibition of PKCβ using LY333531 did not inhibit cofilin depho-
sphorylation following PMA treatment in WT (PKCδ+/+) BMDM
(Supplementary Fig. 2). To our knowledge, these findings demonstrate
for the first time that PKCδ activation in macrophages mediates Ser-3

Table 1
List of primers used for mRNA quantitation using real-time-PCR.

Gene name Primer sequences

PKCα F 5′-CCCATTCCAGAAGGAGATGA-3′
R 5′-TTCCTGTCAGCAAGCATCAC-3′

PKCβ F 5′-TCCCTGATCCCAAAAGTGAG-3′
R 5′-AACTTGAACCAGCCATCCAC-3′

PKCγ F 5′-ACCAGGGCATCATCTACAGG-3′
R 5′-CTTCCTCATCTTCCCCATCA-3′

PKCδ F 5′-CAGACCAAGGACCACCTGTT-3′
R 5′-GCATAAAACGTAGCCCGGTA-3′

PKCε F 5′-GAGGACTGGATTGACCTGGA-3′
R 5′-ATCTCTGCAGTGGGAGCAGT-3′

PKCη F 5′-CATCCCACACAAGTTCAACG-3′
R 5′-ATATTTCCGGGTTGGAGACC-3′

PKCθ F 5′-ATGGACAACCCCTTCTACCC-3′
R 5′-GCGGATGTCTCCTCTCACTC-3′

GAPDH F 5′-AGGTCGGTGTGAACGGATTTG-3′
R 5′-GGGGTCGTTGATGGCAACA -3′
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dephosphorylation of cofilin, leading to its activation in response to
PMA treatment.

3.3. SSH1 activation is required for macrophage macropinocytosis

The next experiments were designed to investigate the signaling
mechanisms downstream of PKCδ activation, leading to cofilin Ser-3
dephosphorylation and macropinocytosis. Cofilin is inactivated by LIM
kinase (LIMK) 1-mediated Ser-3 phosphorylation and is reactivated by
slingshot phosphatase homolog 1 (SSH1) [29]. SSH1 dephosphorylation
at Ser-978 stimulates its dissociation from regulatory 14-3-3 proteins,
leading to increased SSH1 activity and cofilin activation [45]. Western
blot results show that incubation of macrophages with PMA depho-
sphorylates SSH1 at Ser-978 (Fig. 3A and B). To examine the role of

SSH1 in PMA-stimulated cofilin activation, SSH1 silencing was per-
formed in macrophages using SSH1-specific siRNAs and cofilin activa-
tion was analyzed following PMA stimulation. Successful silencing of
SSH1 was confirmed by Western blot (Fig. 3C). As shown in Fig. 3C and
D, siRNA-mediated knockdown of SSH1 inhibited PMA-induced cofilin
dephosphorylation. Next, we investigated the role of PKCδ in mediating
SSH1 activation following PMA treatment using Western blot and ob-
served no induction of SSH1 activation in PKCδ−/− BMDM compared
to PKCδ+/+ controls (Fig. 3E and F). Furthermore, silencing of SSH1 in
RAW 264.7 macrophages inhibited PMA-induced macropinocytosis
(Fig. 3G and H). These data suggest that PKCδ-mediated SSH1 activa-
tion stimulates cofilin dephosphorylation, leading to induction of
macropinocytosis in macrophages.
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3.4. Inhibition of LIMK1 does not stimulate macrophage macropinocytosis

LIMK1 directly phosphorylates and inactivates cofilin, resulting in
stabilization of filamentous actin and inhibition of lamellipodium for-
mation [29,30]. Next, we investigated whether inhibition of LIMK1
activity stimulates macropinocytosis. Interestingly, we found that in-
cubation of macrophages with BMS-5, a potent inhibitor of LIMK [46],
does not stimulate FITC-dextran internalization (Fig. 4A). Phosphor-
ylation of LIMK on the threonine residue 508 stimulates its cofilin
phosphorylating activity [47]. As shown in Fig. 4B, no significant
(p= .265 and 0.125 for 2 and 5 min treatment) changes in LIMK1 Thr-
508 phosphorylation in response to PMA treatment was observed.
These results suggest that a) stimulation of cofilin phosphatase activity
is sufficient to induce macropinocytosis and b) alternative cofilin ki-
nases (other than LIMK) may be involved in the regulation of macro-
phage macropinocytosis.

3.5. Hepatocyte growth factor-stimulated macropinocytosis involves PKCδ
and SSH1 activation

To investigate the physiological importance of PKCδ in macrophage
macropinocytosis, BMDM from PKCδ+/+ and PKCδ−/− mice were in-
cubated with hepatocyte growth factor (HGF), a physiologically re-
levant stimulator of macropinocytosis [6,7], and FITC-dextran inter-
nalization analyzed by FACS analysis. Supplementary data demonstrate
that the HGF receptor Met is expressed in PKCδ+/+ and PKCδ−/−

macrophages and Raw 264.7 cells (Supplementary Fig. 3A and B). HGF
treatment (100 ng/mL, 2 h) significantly stimulated FITC-dextran

internalization in RAW macrophages compared to vehicle control
(Fig. 5A). Pretreatment of macrophages with EIPA (25 μM, 30 min)
abolished HGF-induced FITC-dextran internalization, which is in com-
pliance with previous findings that HGF stimulates macropinocytosis
[6,7]. Protein kinase C inhibitor calphostin C (1 μM, 30 min) inhibited
HGF-induced FITC-dextran internalization, confirming the role of PKC
in HGF-induced macropinocytosis (Fig. 5B). Western blot data indicated
that HGF treatment leads to dephosphorylation of cofilin and SSH-1 in
PKCδ+/+ BMDM, however, no stimulated activation was observed in
PKCδ−/− BMDM (Fig. 5C and D). Next, PKCδ+/+ and PKCδ−/− BMDM
were treated with HGF or vehicle, incubated with FITC-dextran and
macropinocytosis determined. FACS analysis revealed induction of
macropinocytosis in response to HGF in PKCδ+/+ BMDM, but not in
PKCδ−/− BMDM (Fig. 5E). Finally, as shown in Fig. 5F, siRNA knock-
down of SSH1 in RAW 264.7 macrophages completely eliminated HGF-
stimulated macropinocytosis. Taken together, these results suggest that
the PKCδ-SSH1-cofilin signaling pathway plays an important role in
growth factor-stimulated macrophage macropinocytosis.

3.6. PKCδ, but not SSH1 activation, mediates M-CSF-stimulated
macropinocytosis

M-CSF is a widely used stimulator of macropinocytosis in macro-
phages [10,21,48,49]. Therefore, we also examined the role of PKCδ,
SSH1, LIMK, and cofilin in M-CSF-stimulated macropinocytosis. Time-
course Western blot experiments were performed to investigate the
phosphorylation status of PKCδ, SSH1, LIMK1, and cofilin in vehicle-
and M-CSF treated (100 ng/mL) cells. Our results confirmed that M-CSF

Fig. 1. PKCδ activation promotes macropinocytosis in macrophages. (A & B) RAW 264.7 macrophages were pretreated with vehicle or EIPA (25 μM) for 30 min and
stimulated with PMA (1 μM, 2 h) in the presence of FITC-dextran (FITC-Dx, 70,000 MW, 100 μg/mL). At the end of incubation, cells were fixed in 2% PFA, and FITC-
Dx internalization was analyzed by a Becton Dickinson FACSCalibur flow cytometer (n= 10). Data represent the mean ± SD. *p < .05 vs. vehicle, and #p < .05 vs
PMA.(C) RAW 264.7 macrophages were preincubated with vehicle or calphostin C (Cal. C, 1 μM, 30 min), challenged with PMA, and FACS was performed to analyze
FITC-Dx uptake as described above (n= 9). Data represent the mean ± SD. *p < .05 vs. vehicle, and #p < .05 vs PMA. (D) Wild type (WT) bone marrow-derived
macrophages (BMDM) were used to isolate RNA and qRT-PCR was performed for determination of classical and novel PKC isoforms. GAPDH was used as an internal
control. The transcript levels were calculated using delta-delta-CT method. Bar graph represents mRNA levels of classical and novel PKC isoforms in comparison to
PKCθ (gene with the lowest expression) (n= 3). Data represent the mean ± SEM. *p < .05 vs. PKCθ. (E) RAW 264.7 macrophages were incubated with vehicle or
PMA (1 μM) for the indicated time points (2 to 60 min). Cell lysates prepared in RIPA buffer supplemented with protease and phosphatase inhibitors were subjected to
Western blot analysis for phospho-PKCδ (Tyr-311), total PKCδ and GAPDH protein expression. Representative Western blot images are shown. Bar graph represents
mean protein levels calculated using densitometric analysis and expressed as a ratio of phospho- to total PKCδ in comparison to vehicle (n= 5). Data represent the
mean ± SEM. *p < .05 vs. control (ctrl). (F) PKCδ+/+ and PKCδ−/− BMDM grown on coverslips were treated with PMA for 30 min and cells were processed for
SEM imaging. Membrane ruffles (yellow arrows) and circularized C-shaped ruffles (red arrows) were observed on the dorsal surface of PMA-treated macrophages.
Scale bar: 10 μm. (G) Bar graph shows quantification of membrane ruffles normalized to total cell number (n= 3). Data represent the mean ± SD. *p < .05 vs.
vehicle, and #p < .05 vs. PKCδ+/+ PMA. (H & I) BMDM from PKCδ+/+ and PKCδ−/− mice were incubated with FITC-Dx (100 μg/mL) with or without PMA (1 μM)
for 2 h. FITC fluorescence was analyzed using FACS. (H) Representative FITC fluorescence histograms indicating FITC-Dx accumulation in vehicle- and PMA-treated
PKCδ+/+ and PKCδ−/− BMDM are shown. (I) Bar graph indicates fold change in mean fluorescence intensity in PKCδ+/+ & PKCδ−/− macrophages following
incubation with PMA (n= 10). (J) PKCδ+/+ BMDM were pretreated with LY333531 (5 μM, 30 min) and macropinocytosis was stimulated with PMA. FITC-Dx mean
fluorescence intensity was analyzed (n= 5). Data represent the mean ± SD. *p < .05 vs. vehicle, #p < .05 vs. PKCδ+/+ PMA and $p < .05 vs. PKCδ−/− PMA.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. PKCδ mediates cofilin activation during
macropinocytosis. (A & B) RAW 264.7 macrophages
were treated with vehicle or PMA (1 μM) for various
time points (2 to 60 min). Cells were lysed and sub-
jected to Western blotting for phospho- or total co-
filin, and GAPDH protein expression. (A)
Representative Western blot images are shown. (B)
Bar diagram represents averaged protein levels ex-
pressed as a ratio of phospho- to total proteins
(n= 8). (C & D) PKCδ+/+ and PKCδ−/− BMDM
were incubated with vehicle or PMA for 30 min and
cell lysates were utilized for determination of cofilin
activation. (C) Representative Western blot images
are shown. (D) Bar graph indicates mean ratio of
phospho-cofilin to total cofilin (n= 9). Data re-
present the mean ± SEM. *p < .05 vs. control
(ctrl)/vehicle, and #p < .05 vs. PKCδ+/+ PMA.
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stimulates PKCδ phosphorylation (Fig. 6A and B) and induces cofilin
activation (Fig. 6A and C) in macrophages. Furthermore, as shown in
Fig. 6G, M-CSF-stimulated macropinocytosis was significantly reduced
in PKCδ−/− BMDM compared to PKCδ+/+ controls. Interestingly, we
found that M-CSF treatment did not induce changes in SSH1 (Fig. 6A
and D) and LIMK1 (Fig. 6E and F) phosphorylation. These results sug-
gest that M-CSF-stimulated macropinocytosis is mediated by PKCδ, but

not SSH1 and LIMK1.

4. Discussion

The findings of the present study demonstrate a previously uni-
dentified mechanism by which PKCδ via downstream activation of
SSH1-cofilin signaling stimulates macrophage macropinocytosis.

Fig. 3. SSH1 activation plays an important role in macrophage macropinocytosiss. (A & B) RAW 264.7 macrophages were treated with or without PMA (1 μM) for
indicated time periods. Western blot images (A) and bar diagram (B) show activation of SSH1 following PMA treatment as indicated by its dephosphorylation at Ser-
978 (n= 9). (C & D) Control (Ctrl) and SSH1-siRNA transfected RAW 264.7 macrophages were incubated with vehicle or PMA (30 min) and Western blot performed
to investigate cofilin activation as described in Fig. 2. Silencing of SSH1 was confirmed via determination of total SSH1 protein levels. (C) Representative Western
blot images are shown. (D) Bar graph shows Ser-3 phosphorylation of cofilin in control and SSH1-silenced macrophages following PMA treatment (n= 3). Data
represent the mean ± SEM. *p < .05 vs. vehicle, and #p < .05 vs. control PMA. (E & F) PKCδ+/+ and PKCδ−/− BMDM were treated as described in Fig. 2C and
SSH1 activation was investigated using Western blot. (E) Representative Western blot images are shown. (F) Bar graph indicates mean ratio of phospho-SSH1 to total
SSH1 (n= 7). Data represent the mean ± SEM. *p < .05 vs. vehicle, and #p < .05 vs. PKCδ+/+ PMA. (G) Control and SSH1-silenced RAW 264.7 macrophages
were incubated with FITC-dextran, treated with vehicle or PMA (2 h) and FACS was performed. Silencing of SSH1 was confirmed with Western blot (inset).
Representative histograms indicating FITC-Dx internalization in vehicle- and PMA-treated cells are shown. (H) Bar graph indicates fold change in mean fluorescence
intensity in control and SSH1-silenced macrophages following PMA stimulation (n= 3). Data represent the mean ± SD. *p < .05 vs. vehicle, and #p < .05 vs.
control PMA.
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Fig. 4. Pharmacological inhibition of LIMK does not stimulate macrophage macropinocytosis. (A) RAW 264.7 macrophages were incubated with vehicle, PMA, or
BMS-5 in the presence of FITC-Dx. FITC fluorescence was analyzed using FACS (n= 6). Data represent the mean ± SD. *p < .05 vs. vehicle, and #p < .05 vs PMA.
(B) RAW 264.7 macrophages were treated with vehicle or PMA (1 μM) for indicated time periods and phosphorylation of LIMK1 and cofilin was determined using
Western blot. Bar diagram shows phosphorylated LIMK1 expression normalized to total LIMK1 protein (n= 6). Data represent the mean ± SEM.

Fig. 5. Physiological stimulation of macropinocytosis by HGF involves PKCδ and SSH1 activation. (A & B) RAW 264.7 macrophages were pretreated with vehicle or
EIPA (25 μM) (A) or calphostin C (Cal. C, 1 μM) (B) for 30 min and stimulated with hepatocyte growth factor (HGF, 100 ng/mL, 2 h) in the presence of FITC-dx
(100 μg/mL). Cells were fixed in 2% PFA, and FITC-Dx internalization was analyzed by FACS (n= 6). (C & D) PKCδ+/+ and PKCδ−/− BMDM were treated with
vehicle or HGF for 15 min and Western blotting was performed. (C) Representative Western blot images are shown. (D) Bar diagrams indicate mean ratio of phospho-
cofilin to total cofilin and phospho-SSH1 to total SSH1 (n= 3). Data represent the mean ± SEM. *p < .05 vs. vehicle, and #p < .05 vs PKCδ+/+ HGF. (E) Bar
diagram shows FITC-Dx internalization in PKCδ+/+ and PKCδ−/− BMDM in response to HGF treatment (100 ng/mL, 2 h) using FACS (n= 6). (F) Control and SSH1-
silenced RAW 264.7 macrophages were treated with vehicle or HGF (2 h) in the presence of FITC-Dx and FACS was performed. Bar diagram shows fold change in
mean fluorescence intensity in control and SSH1-silenced macrophages (n= 3). Data represent the mean ± SD. *p < .05 vs. vehicle, and #p < .05 vs PKCδ+/

+/control siRNA HGF.
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Although our understanding of the signaling mechanisms involved in
macropinocytosis has advanced significantly in the last decade
[3,21,37], the precise signaling pathways responsible for initiation of
macropinocytosis and macropinosome formation remain incompletely
understood. In the present study, we demonstrated that macro-
pinocytosis stimulators, PMA and HGF, induce activation of SSH1-co-
filin pathway via PKCδ and PMA/HGF-induced macrophage macro-
pinocytosis is dependent on PKCδ and SSH1 activation. Interestingly,
we found that inhibition of cofilin kinase, LIMK does not stimulate
macrophage macropinocytosis. These results may contribute to a better
understanding of the regulatory mechanisms during macropinocytosis.

Previous studies by our lab and others demonstrated that DAG-in-
duced PKC activation in macrophages stimulates macropinocytosis
[10,22]. Growth factors have been shown to activate DAG-dependent
PKCs, induce peripheral actin remodeling and stimulate macro-
pinocytosis [6,8,50]. However, the specific PKC isoform(s) and down-
stream effectors mediating macrophage macropinocytosis are in-
completely defined. Thus, the present study was designed to identify
the PKC isoform(s) and downstream mechanisms responsible for mac-
ropinocytosis stimulation. The PKC family consists of three groups,
namely classical (α, β and γ), novel (δ, ε, η and θ), and atypical PKC
isoforms (λ, ι, μ and ζ), which differ in their structure, mechanisms of

Fig. 6. PKCδ and cofilin but not SSH1 activation plays role in M-CSF-stimulated macropinocytosis. (A) RAW 264.7 macrophages were treated with or without M-CSF
(100 ng/mL) for 2 to 60 min and cell lysates were used for Western blot to investigate phosphorylation levels of PKCδ, SSH1, cofilin and β-actin protein expression.
Representative Western blot images are shown. (B-D) Bar graphs indicate averaged protein levels expressed as a ratio of phospho- to total PKCδ (B), phospho- to total
cofilin (C) and phospho- to total SSH1 (D) (n= 3). Data represent the mean ± SEM. *p < .05 vs. vehicle. (E & F) Raw macrophages were treated as in Fig. 6A and
phosphorylation of LIMK1 was determined. Representative Western blot images are shown (E). (F) Bar graph indicates averaged protein levels expressed as a ratio of
phospho- to total LIMK1. Data represent the mean ± SEM.. (G) Bar diagram shows FITC-Dx internalization in PKCδ+/+ and PKCδ−/− BMDM following M-CSF
stimulation (100 ng/mL, 2 h) using FACS (n= 5). Data represent the mean ± SD. *p < .05 vs. vehicle, #p < .05 vs. PKCδ+/+ M-CSF.
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activation and cofactor requirements [51,52]. Classical PKC isoforms
are activated by DAG and calcium ions, novel PKCs can be activated by
DAG only as they do not bind calcium [53], and atypical PKCs are DAG/
calcium-independent enzymes. We first confirmed the role of classical
and/or novel PKCs in PMA- and HGF-stimulated macrophage macro-
pinocytosis by using a pharmacological inhibitor of DAG-dependent
PKC isoforms, calphostin C. The qRT-PCR analysis revealed PKCδ as the
major PKC isoform in macrophages (PKCδ > PKCβ > PKCη) [54]. Next,
we investigated the role of PKCδ in ruffle formation and macro-
pinocytosis. Scanning electron microscopy imaging and FACS data de-
monstrated that loss of PKCδ in BMDM inhibits PMA-induced ruffle
formation and macropinocytosis (~55%). Compensatory upregulation
of PKCβ in PKCδ knockout macrophages was demonstrated by qRT-
PCR. Interestingly, pharmacological inhibition of PKCβ did not inhibit
PMA-induced macropinocytosis in wild-type macrophages, but led to
complete inhibition of macropinocytosis in PKCδ knockout macro-
phages. These results suggest that PKCδ is the major PKC isozyme in-
volved in PMA-induced macrophage macropinocytosis and PKCβ may
compensate its role in PKCδ knockout cells. Previous studies showed
that pharmacological inhibition of PKCδ with rottlerin inhibits virus-
induced macropinocytosis in endothelial cells [55] and attenuates
macropinocytic uptake of parasites in macrophages [56]. However, as
the selectivity of rottlerin for PKCδ is questionable, the role of PKCδ in
these studies remain elusive [57–59]. Interestingly, previous studies
also suggest a role for PKCα and PKCγ in macrophage (M-CSF-stimu-
lated) and cancer cell (phorbol ester-stimulated) macropinocytosis, re-
spectively [20,60]. Contrary to our observations, Ma et al. demon-
strated that pharmacological inhibition of PKCβ inhibits PMA-
stimulated cholesterol macropinocytosis by 55% [61]. We speculate
that these differences may be due to the different cell types used to
study macropinocytosis, different PKC isoform expression, stage of
macropinocytosis studied, and differences in the mechanisms of mac-
ropinocytosis induction.

Cofilin is an actin-binding protein that regulates actin filament dy-
namics [43,62]. Dephosphorylated cofilin at Ser-3 severs actin fila-
ments and creates new actin barbed ends for Arp2/3 to rebuild the actin
network and simulate formation of membrane protrusions. A previous
study by our group demonstrated that silencing of cofilin inhibits PMA-
and growth factor-induced membrane ruffling and macropinocytosis in
macrophages [10]. Recently, Zhong et al., using pharmacological and
genetic approaches have shown an important role for cofilin and actin
polymerization in macropinocytic entry of prion-like protein aggregates
in neuroblasts [63]. The results of the present study demonstrated that
PMA and HGF treatments dephosphorylate cofilin at Ser-3 in wild-type
macrophages and activation of cofilin is significantly attenuated in
PKCδ knockout macrophages. These results indicate the role of PKCδ in
phorbol ester- and growth factor-induced cofilin activation. In line with
this observation, Oh et al. demonstrated the role of PKCδ in cofilin
activation, leading to peripheral actin reorganization in rat intestinal
epithelial cells [64]. Furthermore, Djafarzadeh et al. reported the in-
volvement of Ca2+-independent PKC isoforms (novel) in PMA-induced
cofilin dephosphorylation in human neutrophils [65]. Consistent with
previous studies [10,21], our results demonstrated that M-CSF activates
PKCδ and stimulates cofilin dephosphorylation in macrophages. Our
FACS results showed that M-CSF-induced macropinocytosis is sig-
nificantly attenuated in PKCδ knockout macrophages.

The slingshot family of phosphatases dephosphorylate and therefore
activate cofilin [66]. SSH1 activity is regulated by dephosphorylation at
Ser-978 as phosphorylation at this position generates a binding site for
regulatory 14–3-3 proteins [67,68]. Once released from 14 to 3-3, SSH1
translocates to the leading edge of cells to activate cofilin and induce
actin remodeling [69]. Therefore, we next determined the phosphor-
ylation status of SSH1 at Ser-978 in response to macropinocytosis sti-
mulators. Our results demonstrated that PMA and HGF depho-
sphorylate SSH1 at Ser-978 in macrophages via PKCδ activation.
Additionally, siRNA silencing of SSH1 inhibited cofilin

dephosphorylation and macropinocytosis in response to PMA and HGF
treatments. Noteworthy, we found significant SSH1 activation after
15 min of PMA treatment, while cofilin was activated as early as 2 min.
It is tempting to speculate that dephosphorylation of other SSH1 re-
sidues may occur at earlier time-points, leading to increased SSH1 ac-
tivity and cofilin dephosphorylation. Indeed, SSH1 dephosphorylation
at Ser-402 and Ser-937 have been reported to stimulate SSH1 activity
[70,71]. SSH1-independent activation of cofilin at these early time-
points can also contribute to macropinocytosis stimulation. The me-
chanisms by which PKCδ activates SSH1 is currently unknown. Inter-
estingly, previous studies showed that NAPDH oxidase (Nox)-derived
reactive oxygen species (ROS) release SSH1 from the inhibitory inter-
action with 14-3-3 proteins, leading to cofilin dephosphorylation and
actin cytoskeleton reorganization [72]. PKCδ activation in phagocytes
stimulates phosphorylation of the Nox organizer subunit p47phox,
leading to Nox2 assembly and ROS generation [73]. A previous study
by our lab demonstrated stimulation of macropinocytosis via Nox2
activation in macrophages [10]. Based on these results and our current
study, we propose that PKCδ-mediated Nox2 activation in macrophages
contributes to the release of SSH1 from the inhibitory interaction with
14–3-3, leading to cofilin activation and macropinocytosis. This con-
ception is supported by previous observations showing that PI3K, an
upstream mediator of Nox enzymes and macropinocytosis, depho-
sphorylates cofilin via SSH1 activation [74]. It is also possible that
PKCδ via MAPK regulates SSH1 activation as PKC has been shown to
control MAPK activity [75,76].

The results of the present study also demonstrate that pharmaco-
logical inhibition of the cofilin kinase LIMK in macrophages does not
stimulate macropinocytosis. Also, stimulators of macropinocytosis did
not change LIMK phosphorylation in macrophages. These findings in-
dicate that stimulation of cofilin phosphatase activity is sufficient to
induce macropinocytosis and/or alternative cofilin kinases [i.e., TES
kinase [31]] are involved in the regulation of macrophage macro-
pinocytosis.

M-CSF is one of the most widely used physiological stimulators of
macropinocytosis [10,20,21]. In contrast to phorbol ester and HGF
treatments, we observed no stimulation of SSH1 activity in response to
M-CSF treatment. As M-CSF rapidly (< 2 min) dephosphorylated cofilin
at Ser-3 in macrophages, these results suggest an alternative, SSH1-in-
dependent mode of cofilin activation mechanisms by M-CSF, leading to
macropinocytosis.

In conclusion, our findings show that PKCδ, SSH1 and cofilin are
signaling partners that mediate macropinocytosis in response to
phorbol ester and growth factor stimulation (Fig. 7). These findings
provide a better understanding of the regulatory mechanisms of

Fig. 7. Schematic model of signaling events occurring during PMA/HGF-in-
duced macropinocytosis in macrophages. Treatment with PMA/HGF in mac-
rophages stimulates PKCδ phosphorylation (activation) which, in turn, induces
activation of SSH1 and causes cofilin dephosphorylation essential for actin re-
arrangement. This dynamic peripheral actin reorganization leads to membrane
ruffle formation and macropinocytosis.
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macropinocytosis and expected to have important implications in the
field of endocytosis and pathological conditions involving macro-
pinocytosis.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2018.09.018.
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