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Genetic deletion of the Rho GEF Net1 impairs mouse macrophage motility
and actin cytoskeletal organization
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ABSTRACT
Macrophages are innate immune cells that constantly patrol an organism to fulfill protective and
homeostatic roles. Previous studies have shown that Rho GTPase activity is required for macrophage
mobility, yet the roles of upstream regulatory proteins controlling Rho GTPase function in these cells are
not well defined. Previously we have shown that the RhoA GEF Net1 is required for human breast cancer
cell motility and extracellular matrix invasion. To assess the role of Net1 in macrophage motility, we
isolated bone marrow macrophage (BMM) precursors from wild type and Net1 knockout mice. Loss of
Net1 did not affect the ability of BMM precursors to differentiate into mature macrophages in vitro, as
measured by CD68 and F4/80 staining. However, Net1 deletion significantly reduced RhoA activation, F-
actin accumulation, adhesion, and motility in these cells. Nevertheless, similar to RhoA/RhoB double
knockout macrophages, Net1 deletion did not impair macrophage recruitment to the peritoneum in a
mouse model of sterile inflammation. These data demonstrate that Net1 is an important regulator of
RhoA signaling and motility in mouse macrophages in vitro, but that its function may be dispensable for
macrophage recruitment to inflammatory sites in vivo.

KEYWORDS
Net1; RhoA; actin;
macrophage; motility;
adhesion

Introduction

Macrophages are monocyte-derived innate immune cells
that patrol tissues for invading pathogens, contribute to
tissue homeostasis, and aid in wound repair.1 Thus, cell
movement is an essential aspect of macrophage function.

Rho GTPases are fundamental regulators of actin
cytoskeletal organization and cell motility, of which
Cdc42, Rac1, and RhoA are the most highly investi-
gated.2,3 A number of studies have demonstrated that
their function is required for macrophage motility. For
example, expression of dominant negative Cdc42 in
Bac1.2F5 cells, which are a transformed mouse macro-
phage cell line, prevents cells from polarizing toward a
CSF-1 gradient.4 In primary mouse bone marrow mac-
rophages (BMM), Rac1 deletion impairs cell spreading
and membrane ruffling, but does not affect chemotaxis
on glass or plastic.5 Rac2 deletion in mouse BMMs
inhibits haptotactic migration towards vitronectin or
fibronectin, as well as cell spreading on these sub-
strates.6 Deletion of both Rac1 and Rac2 results in an
increase in migration velocity due to a shift from clas-
sical lamellipodia driven motility to an alternating stel-
late and rounded cell motility. Rac1 was also shown to

be required for efficient invasion through a Matrigel
extracellular matrix.7

RhoA and RhoB are also important for macrophage
motility. RhoB deletion impairs mouse BMM adhesion
and inhibits migration on select substrates due to a
reduction in surface integrin expression.8 RhoA deletion
inhibits tail retraction, but surprisingly increases migra-
tion velocity. Deletion of both RhoA and RhoB dramati-
cally alters BMM morphology in resting cells, producing
a stellate morphology. During chemotactic migration
these cells move with even greater velocity than single
knockout cells.9

Taken together, these studies indicate that Rho
GTPases fulfill significant, non-overlapping roles in con-
trolling macrophage motility. An important, unresolved
question is the identity of Rho regulatory proteins con-
trolling their activation. Rho GTPase activation is con-
trolled by two families of enzymes known as guanine
nucleotide exchange factors (GEFs) and GTPase activat-
ing proteins (GAPs).2 GEFs catalyze GDP release by Rho
proteins, thereby promoting their GTP-bound, active
state.10 GAPs stimulate the intrinsic GTPase activity of
Rho proteins to terminate signaling.11 Most cells express
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multiple Rho GEFs and GAPs that control the spatial
and temporal activation of Rho GTPases. Recently we
created a mouse strain with a genetic deletion of Net1,
which is a GEF for RhoA and RhoB. Net1 KO mice are
viable and reproduce normally. However, they exhibit a
delay in mammary gland development during puberty
characterized by reduced invasion and branching of the
ductal tree. Importantly, ductal epithelial cells lacking
Net1 exhibited significantly reduced RhoA activation
and myosin light chain phosphorylation, indicative of
reduced actomyosin contractility.12

Because macrophage function is important for mam-
mary gland development and tumorigenesis,13,14 we
examined the effects of Net1 deletion on RhoA signaling,
cell adhesion, motility, and invasion in primary bone
marrow macrophages. We observed that loss of Net1 sig-
nificantly impaired RhoA activation, resulting in a
decrease in F-actin content within cells. Net1 deletion
also impaired macrophage motility and adhesion, but
did not affect their ability to invade a Matrigel extracellu-
lar matrix in vitro, or to be recruited to the peritoneum
in a sterile peritonitis mouse model. These data indicate
that Net1 contributes to macrophage motility in vitro,
but may be dispensable for macrophage recruitment to
sites of inflammation in vivo.

Results

Using a CRE-lox strategy we previously created mice
with whole body deletion of Net1, which eliminated the
expression of all Net1 isoforms.12 To assess the role of
Net1 in mouse macrophage function, primary bone mar-
row macrophage (BMM) precursors were isolated from
the femurs and tibia of wild type and Net1 KO mice, and
then incubated in the presence of M-CSF for a week to
promote macrophage differentiation. Using quantitative
real time PCR we confirmed that Net1 KO BMMs lacked
expression of Net1 mRNAs (Fig. 1A). Using flow cytom-
etry (Fig. S1), we observed that greater than 80% of the
cells were CD45+CD11b+CD68+F4/80+ mature macro-
phages. Importantly, using these markers we did not
detect a significant difference in macrophage differentia-
tion between wild type and Net1 KO BMMs (Fig. 1B-D).
Thus, loss of Net1 does not appear to affect macrophage
differentiation in vitro.

As Net1 is a GEF for RhoA, we then examined
whether Net1 contributed to RhoA activation in primary
macrophages. Whole cell lysates from serum-starved
BMMs were isolated and RhoA activation was assessed
using GST-RBD pulldown assays. We observed that Net1
deletion resulted in a significant decrease in RhoA activa-
tion (Fig. 1E, F). This is consistent with the requirement
for Net1 expression for full RhoA activation in mouse

mammary epithelial cells and human breast cancer
cells.12,15

RhoA controls actomyosin contraction by stimulating
ROCK-dependent phosphorylation of myosin phospha-
tase target subunit 1. This inhibits myosin phosphatase,
thereby increasing phosphorylation of myosin regulatory
light chain (MLC) and subsequent myosin activation.2,16

Thus, we examined whether loss of Net1 resulted in a
change in MLC2 phosphorylation by immunofluores-
cence microscopy and Western blotting. Using these
assays we did not observe a significant difference MLC2
phosphorylation between wild type and Net1 KO BMMs
(Fig. 2A-D). RhoA activation also increases F-actin con-
tent through a combination of actomyosin contraction,
formin-stimulated actin polymerization, and inhibition
of the F-actin severing activity of cofilin.3 Thus, we tested
for F-actin content in wild type and Net1 KO cells by
phalloidin staining. We observed that loss of Net1 signifi-
cantly reduced the amount of F-actin in these cells

Figure 1. Net1 deletion impairs RhoA activation in mouse bone
marrow macrophages. (A) Net1 mRNA expression in M-CSF differ-
entiated mouse bone marrow macrophages (BMMs). (B, C) Repre-
sentative examples of F4/80 and CD68 expression in wild type (B)
and Net1 KO (C) BMMs. (D) Quantification of the percent of cells
with CD68 and F4/80 expression in differentiated BMMs. (E) Rep-
resentative example of RhoA activity in BMMs, as measured by
GST-RBD pulldown. (F) Quantification of RhoA activity in BMMs.
For all plots, bars = median values. n.s. = not significant.
�� = p < 0.01. ��� = p < 0.001.
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(Fig. 2E, F). To determine whether an increase in cofilin
activity contributed to the decrease in F-actin content,
we tested for phosphorylation of cofilin on its inhibitory
phosphorylation site serine 3. We observed that there
was a significant decrease in cofilin Ser3 phosphorylation
in Net1 KO BMMs, suggesting that cofilin activity was
increased in response to Net1 deletion (Fig. 2G, H).
Taken together, these data indicate that Net1 is required
for RhoA signaling to control F-actin content in BMMs,
and that this may be due, in part, to control of cofilin
activity.

Because RhoA activation is required for cell adhe-
sion and motility, we examined whether loss of Net1

affected either of these functions. To measure effects
on adhesion, wild type and Net1 KO macrophages
were trypsinized and replated on glass coverslips
coated with fibronectin. After 30 minutes, unattached
cells were washed off and the attached cells were quan-
tified after staining with DAPI. These experiments
demonstrated that Net1 deletion significantly impaired
macrophage adhesion to fibronectin (Fig. 3A). We
then tested whether loss of Net1 affected macrophage
motility. Wild type and Net1 KO macrophages were
serum-starved and then placed in the upper well of a
transwell apparatus. Macrophage chemoattractant pro-
tein-1 (MCP-1) was added to the bottom well to

Figure 2. Net1 deletion reduces F-actin content in BMMs. (A) Representative images of pMLC2 staining of BMMs from wild type and
Net1 KO mice. Scale bar is 10 mm. (B) Quantification of pMLC2 staining in multiple fields from three different BMM isolates for each
genotype. (C) Western blot for pS19-MLC2 and total MLC2 in three different isolates of wild type and Net1 knockout BMMs. (D) Quantifi-
cation of pS19-MLC2/MLC2 Western blots. (E) Representative images of F-actin staining in BMMs from wild type and Net1 KO mice. Scale
bar is 10 mm. (F) Quantification of F-actin staining in multiple fields from three different BMM isolates for each genotype. (G) Western
blot for pS3 cofilin and total cofilin in three different isolates of wild type and Net1 knockout BMMs. (H) Quantification of pS3-cofilin/
cofilin Western blots. Bars are median values for all plots. n.s. = not significant. � = p < 0.05. ��� = p < 0.001.
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provide a motility stimulus. We found that loss of
Net1 significantly impaired macrophage movement
towards MCP-1 (Fig. 3B). We then assessed whether
Net1 was required for extracellular matrix (ECM)
invasion by testing cell movement through transwells
coated with Matrigel. We observed that Net1 was not
required for ECM invasion (Fig. 3C). This is consistent
with the work of others demonstrating a role for Rac1
but not RhoB in Matrigel invasion by BMMs.7,8

To determine whether Net1 was required for macro-
phage recruitment in vivo, we tested for peritoneal
recruitment of macrophages in a sterile peritonitis
model.17 Wild type and Net1 KO mice were injected in
the peritoneum with a sterile, 3% thioglycollate solution.

Three days later the peritoneal fluid was isolated and
tested for lymphocyte, monocyte, and macrophage con-
tent by flow cytometry. Three days was tested as this is
the peak time for macrophage accumulation in this
model. We observed that Net1 deletion did not
adversely affect the recruitment of F4/80+CD68+ macro-
phages to the peritoneum (Fig. 3D, E). Similarly, it did
not affect the overall populations of CD45+ cells or
CD45+CD11b+ monocytes (Fig. 3F, G). Taken together,
these data demonstrate that Net1 contributes signifi-
cantly to mouse BMM adhesion and motility in vitro,
but is dispensable for Matrigel invasion. These data also
suggest that Net1 may be dispensable for macrophage
recruitment to sites of inflammation.

Figure 3. Net1 deletion impairs BMM adhesion and motility, but does not affect Matrigel invasion or peritoneal recruitment. (A) Adhe-
sion of wild type and Net1 KO BMMs to fibronectin 30 minutes after plating. (B) Migration of wild type and Net1 KO BMMs in transwell
inserts with MCP-1 in the bottom well. (C) Invasion of wild type and Net1 KO BMMs through Matrigel coated transwell inserts with
MCP-1 in the bottom well. For all experiments, three different BMM isolates were assayed in triplicate for each genotype. (D) Represen-
tative examples of F4/80 and CD68 expressing cells in peritoneal isolates from wild type and Net1 KO mice three days after thioglycol-
late injection. (E, F, G) Quantification of F4/80+CD68+ (E), CD45+ (F), and CD45+CD11b+ cells in peritoneal isolates from thioglycollate
injected wild type and Net1 KO mice. For all plots, bars = median values. n.s. = not significant; �� = p < 0.01; ��� = p < 0.001.

Y. ZUO ET AL.296



Discussion

In this work we have shown that the RhoGEF Net1 con-
tributes to RhoA activation, F-actin content, adhesion,
and motility in primary mouse BMMs. However, it was
dispensable for Matrigel invasion in vitro and peritoneal
recruitment following an inflammatory stimulus in vivo.
Although Net1 expression has been reported to increase
during osteoclastogenesis and dendritic cell matura-
tion,18,19 both of which are monocyte-derived cells, to
our knowledge this is the first time that Net1 has been
functionally tested for regulation of innate immune cell
behaviors.

Net1 is a GEF for both RhoA and RhoB, but not Rac1
or Cdc42.20-22 Surprisingly, our results do not represent
an exact synthesis of prior work examining RhoA and
RhoB KO BMMs.8,9 For example, Konigs et al demon-
strated that RhoA deletion increased BMM migration
speed on fibronectin, even though the cells had signifi-
cant difficulty retracting their trailing edges. Similarly,
deletion of both RhoA and RhoB further increased
migration speed.9 In an earlier study by Wheeler et al,
RhoB deletion did not affect BMM adhesion and migra-
tion on fibronectin, but did reduce BMM adhesion and
motility on glass surfaces.8 Our data indicate that Net1
contributes significantly to BMM motility and adhesion.
These differences may reflect divergent experimental
approaches, as the prior studies used modified Dunn
chambers to measure motility. Alternatively, it is likely
that deletion of an upstream GEF such as Net1 is not
equivalent to deletion of the Rho genes themselves. Most
cells express multiple RhoGEFs, so loss of any one GEF
would be expected to only partially impair Rho protein
activation, as we observed for RhoA activation in Net1
deleted BMMs (Fig. 1E, F).

The roles of different RhoGEFs in controlling BMM
motility have not been extensively studied. Vav1, Vav2,
and Vav3, which are GEFs for the Rac1 and RhoA subfa-
milies in cells, have been shown to contribute to Rac1
and RhoA activation downstream of adhesion signaling,
but not in response to the chemoattractant CSF-1.23,24

The Cdc42 GEF DOCK8 forms a complex with LRAP35a
and MRCK to stimulate MLC2 phosphorylation and
BMM motility.25 Deletion of the Rac GAPs Abr and Bcr
resulted in an increase in Rac1 activation and BMM
motility towards CSF-1.26 Although this is only a small
sampling of the RhoGEFs and RhoGAPs that may be
expressed in BMMs, these data strongly suggest that
each family of regulatory proteins will function in spa-
tially and temporally regulated manners to coordinate
Rho GTPase activity to allow directed cell movement.

Because we observed a significant impairment of
BMM motility in vitro, it was surprising to find that Net1

did not contribute to peritoneal macrophage recruitment
in vivo. A possible explanation for these divergent effects
is the timing of the assays. Our in vitro transwell assays
were conducted over the span of two hours, while mac-
rophage recruitment in the sterile peritonitis model was
measured after three days. It is conceivable that if we had
measured macrophage recruitment sooner we would
have observed an effect of Net1 deletion, but there is a
limit to this approach as macrophages are only beginning
to accumulate in the peritoneum 24 hours after thiogly-
collate injection. Moreover, others have observed that
deletion of both RhoA and RhoB actually increased mac-
rophage recruitment 2 days after thioglycollate injection,
indicating that these Rho proteins are dispensable is this
assay.9 Thus, it seems more likely that loss of Net1 or
RhoA/RhoB will result in more subtle defects in vivo
than can be assessed with this type of assay. It is also pos-
sible that Net1 and RhoA subfamily proteins make more
important contributions to other macrophage functions,
such as phagocytosis of pathogens or cell debris.27 We
also cannot rule out a role for Net1 in other types of
monocytes. For example, RhoA function has been
reported to be important for the survival of dendritic cell
subtypes, as well as for migration from the skin to the
lymph node.28,29 In the future it will be important to
assess possible contributions of Net1 to these immune
cell phenotypes.

Materials and methods

Mouse husbandry and care

Mice were housed in the Center for Laboratory Animal
Medicine and Care within the Medical School at the Uni-
versity of Texas Health Science Center at Houston. All
studies were approved by the Institutional Animal Care
and Use Committee (protocol AWC 14-007) and were
conducted in accordance with the guidelines of the U.S.
Public Health Service Policy for Humane Care and Use
of Laboratory Animals.

Mouse strains used and genotyping

Net1¡/¡ mice in a C57BL/6 background were as previously
described.12 These mice were backcrossed to FVB/J mice for
10 generations to create a congenic FVB/J strain. Primers
for genotyping Net1 deficient mice were as follows: forward
primer 5GF3, 5 0-TGCTATGCTATTGCTGCTT-3 0, and
the reverse primer 3GR1, 5 0-AGAACACCACCAAGTAA-
CAA-3 0 (amplifies thewild typeNet1 allele); forward primer
5GF1, 5 0-TTGTTACTTGGTGGTGTTCT-3 0 and the
reverse primer TV3–1R, 5 0-AAGTGCTAACCTTCCTGC-
3 0 (amplifies theNet¡/¡ allele).12
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Isolation, culture, and differentiation of bone
marrow macrophage precursors

Mouse femurs and tibias were carefully separated from
the surrounding hair and skin, and the muscles were
removed. After a quick soaking in 30% ethanol, the
bones were transferred to sterile phosphate buffered
saline (PBS) in a tissue culture hood, and then further
cleaned by removing all connective tissue and remaining
muscle. Using a 27-gauge needle, the marrow was gently
flushed from the bone with warm Dulbecco’s modified
Eagle’s medium (DMEM)/F12 plus 100 U/ml Penicillin/
100 mg/ml Streptomycin (P/S) (Hyclone) and 10% fetal
bovine serum (FBS)(Sigma Aldrich) into a 50 ml tube
until the bones appeared white. Clumps were broken up
by trituration and washed twice with 20 ml of complete
DMEM/F12 medium (Hyclone). Bone marrow cells were
re-suspended in DMEM/F12 with P/S and 10% FBS, plus
10 ng/ml macrophage colony stimulating factor (M-
CSF) (R&D Systems), and seeded in two 6-well plates
per mouse. The cells were cultured at 37�C in a 5% CO2

incubator. Every two days, 2 ml complete medium with
M-CSF was added to the cells. Bone marrow macro-
phages were considered fully differentiated after Day 7.

Isolation of mouse peritoneal macrophages

Mice were injected into the peritoneal cavity with 5 ml of
3% sterile thioglycollate medium in PBS17 using a 25-G
needle. After 3 days, mice were euthanized and the outer
skin was gently peeled off to expose the peritoneum. The
peritoneal cavity was injected with 10 ml of cold PBS
using a 27-G needle. After massaging the peritoneum,
the peritoneal fluid was gently collected with a 25-G nee-
dle attached to a 10 ml syringe. A small incision was
then made in peritoneum and the remaining fluid was
collected with a plastic Pasteur pipette. Samples were dis-
carded if visible blood contamination was detected. The
cell suspension was pelleted at 600 £ g for 5 minutes at
4 �C and the cells were re-suspended in PBS for counting
and flow cytometry analysis.

Flow cytometry analysis

Cell suspensions were counted and 2–5 £ 106 cells were
used for flow cytometry analysis. Cells were rinsed with
ice cold fluorescence activated cell sorting (FACS)
buffer (PBS, 2% FBS, 0.1 mM EDTA). Each sample was
then incubated with blocking solution (1 ml mouse FC
block in 50 ml FACS) (eBioscience) for 10 minutes at
room temperature. After blocking, 500 ml cold FACS
buffer was added and samples were spun at 600 £ g for
5 minutes at 4�C. Supernatants were carefully removed

and the sample tubes were respectively incubated with
50 ml primary antibody-conjugated fluorophores (anti-
mouse CD45 efluor 450, anti-mouse CD11b APC-efluor
780, anti-mouse F4/80 PE/cy5, 1:50 in FACS) and FMOs
(fluorescence minus one) for 15 minutes at room tem-
perature. After staining, samples and FMO tubes were
rinsed with 1 ml PBS and single control tubes were
rinsed with 1 ml FACS buffer. Sample and FMO tubes
were incubated with 1 ml of Live/dead fixable Aqua stain
kit (L34957, ThermoFisher Scientific) for 10 minutes at
room temperature in the dark. After rinsing with 1 ml of
FACS buffer, sample and FMO tubes were incubated
with 250 ml permeabilization and fixation solutions
(554715, BD Biosciences) for 20 minutes at 4�C in the
dark. Sample and FMO tubes were rinsed with 1 ml of
1x permeabilization and wash buffer (554715, BD Bio-
sciences) twice. Samples and FMO tubes were incubated
with 50 ml anti-mouse APC-conjugated CD68 antibody
(1:50 in wash buffer) for 20 minutes at 4 �C in the dark.
Samples tubes were rinsed with 1 ml of wash buffer and
1 ml of FACS buffer subsequently. Data were acquired
on a CytoFLEX flow cytometer (Beckman Coulter) or
LSRFortessa flow cytometer (BD Biosciences) and ana-
lyzed using FlowJo software (Treestar Inc.). No less than
2£ 106 events were recorded for each sample. Cell spe-
cific fluorescence minus one controls were used to con-
firm individual antibody specificity. For single color
controls, one drop of compensation beads (01-1111-42,
eBioscience) dissolved in 50 ml FACS was incubated
with single antibody, respectively.

Quantitative real time PCR

Total RNA was extracted from bone marrow macro-
phages with on-column DNAse digestion (E.Z.N.A.®
Total RNA Kit I) and cDNA synthesized using Moloney
Murine Leukemia Virus reverse transcriptase (Life Tech-
nologies) and random primers. To quantify mRNA
expression of both isoforms, Net1-specific qPCR primers
were designed towards a region encoded by exons 9 and
10 that is located in the loxP flanked deletion region.
The primers were 5 0-ACATTCTCGTGAACTGGTTA-
3 0 (forward) and 5 0-GCTGGAGGAAGTCTTGGA-3 0
(reverse). The primers for mouse GAPDH were
5 0-AGGTCGGTGTGAACGGATTTG-3 0 (forward) and
5 0-TGTAGACCATGTAGTTGAGGTCA-3 0 (reverse).
Relative mRNA abundance was determined by real-time
PCR (Roche LightCycler 480) with SYBR green master
mix (Sigma) and normalized to Gapdh. Amplification
conditions included a preincubation at 95�C for 3 min
followed by amplification of the target DNA for 45 cycles
(95�C for 45 s, 57�C for 45 s and 72�C for 45 s) and fluo-
rescence collection at 60�C.
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Antibodies

The following antibodies were used. Anti-pSer19-MLC2
(3675); anti-MLC2 (8505); anti-pSer3-cofilin (3313);
anti-cofilin (5175) (Cell Signaling Technology). Anti-
CD68 (AB125212) (Abcam). Anti-GST (sc-138) (Santa
Cruz Biotechnology). Anti-RhoA (ARH03) (Cytoskele-
ton, Inc.). For flow cytometry, anti-CD45 (48-0451-82)
(eBioscience); anti-CD11b (47-0112-82) (eBioscience);
anti-F4/80 (123111) (Biolegend); anti-CD68 (137007)
(Biolegend).

GST-RBD assays

6£ 106 bone marrow macrophages were lysed in 0.6 ml
Triton lysis buffer with 10 mM MgCl2. The cell lysates
were centrifuged at 14,000 rpm at 4�C for 15 min to
pellet cell membranes and insoluble material. Equal
amounts of soluble lysate were incubated with 30 mg
of Glutathione-S-transferase-Rhotekin Rho binding
domain (GST-RBD) protein beads (Cytoskeleton, Inc.)
for 1 h at 4�C. Precipitates were washed three times
with wash buffer (25 mM Tris-HCl [pH 7.5], 30 mM
MgCl2, 40 mM NaCl), and resuspended in 50 ml of 2£
Laemmli sample buffer. Precipitates and cell lysates
were resolved by Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), transferred to
polyvinylidene difluoride (PVDF) membranes, and ana-
lyzed by Western blotting for RhoA and GST.

Immunofluorescent staining and microscopy

Bone marrow macrophages cells were plated on acid
washed glass coverslips, fixed in 4% paraformaldehyde in
PBS, and permeabilized with 0.2% Triton X-100 in PBS
+ 0.05% Tween 20 (PBST). Cells were incubated with the
relevant primary antibodies diluted in PBST plus 1%
bovine serum albumin fraction V (BSA) for 1 h at 37�C.
For anti-pMLC2 staining, Tween 20 was omitted for pri-
mary antibody incubation. After washing in PBST, cells
were incubated for 30 min at 37�C with secondary anti-
bodies diluted 1:1000 in PBST, plus 4 0, 6-diamidino-2-
phenylindole (DAPI) (1 mg/ml) (Sigma-Aldrich). Sec-
ondary antibodies were anti-mouse Alexa Fluor-488, and
anti-rabbit Alexa Fluor-594 (Life Technologies). For F-
actin staining, Acti-stain 670-Phalloidin (Cytoskeleton)
was used. Cells were then washed in PBST and coverslips
were mounted on glass slides with Fluormount reagent
(EMD Millipore Chemicals). Fluorescent staining was
visualized using a Zeiss Axiophot epifluorescence micro-
scope, and image acquisition was performed using Axio-
vision software. Intensity of fluorescent signals was
quantified using Image J software (NIH).

Western blot analyses

For Western blotting, cells were washed with PBS and
harvested in SDS lysis buffer (2.0% SDS, 20 mM Tris-
HCl [pH 8.0], 100 mM NaCl, 80 mM b-glycerophos-
phate, 1 mM Na3VO4, 20 mM NaF, 10 mg/ml leupeptin,
10 mg/ml pepstatin A, 10 mg/ml aprotinin, 1 mM PMSF
and 1 mM DTT). Harvested cells were sonicated and
boiled for 5 min in the presence of Laemmli sample
buffer. Equal volumes of cell lysates were resolved by
SDS-PAGE. Proteins were transferred to PVDF mem-
branes and blocked in 5% non-fat dried milk in TBST
for 1h at room temperature. Membranes were incubated
with the relevant antibodies diluted in TBST + 0.05%
milk, or 2% BSA, at 4�C overnight.

Cell motility and adherence assays

Bone marrow macrophages were starved in DMEM/
F12 plus 0.5% FBS for 16 h prior to trypsinization.
1£ 105 cells were placed in the upper chamber of a
Transwell insert with 5 mm pores (BD Biosciences).
Media in the bottom well was supplemented with
macrophage chemotactic protein 1 (50 ng/ml, R&D
Systems). Cells were allowed to migrate for 2 h, and
then the cells in the upper well were removed using a
cotton swab. Cells on the bottom of the membrane
were fixed and stained with DAPI (1 mg/ml; Sigma-
Aldrich). Cells that had traversed the membrane were
counted in 10 random fields using a 20£ objective
and a Zeiss Axiophot microscope. Ten images per
membrane were captured with an Axiocam MRm
camera and Axiovision software. Cell numbers were
quantified using ImageJ software.

Statistical analysis

Comparisons were made using unpaired Student’s t-
tests. P < 0.05 was considered statistically significant.
GraphPad Prism 5 software was employed for statistical
analyses. All experiments were repeated independently
at least three times. For immunofluorescence experi-
ments at least 20 cells per condition per experiment were
analyzed.
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