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Key Points

• SRF is essential for neutrophil
migration in part by regulation
of integrin homeostasis.

• Several genes located on
chromosome 5q are part of
the SRF signaling pathway
implicating dysfunction of
SRF in myelodysplasia.

Serum response factor (SRF) is a ubiquitously expressed transcription factor andmaster

regulator of the actin cytoskeleton. We have previously shown that SRF is essential for

megakaryocyte maturation and platelet formation and function. Here we elucidate the

role of SRF in neutrophils, the primary defense against infections. To study the effect of

SRF loss in neutrophils, we crossed Srffl/fl mice with select Cre-expressing mice and

studied neutrophil function in vitro and in vivo. Despite normal neutrophil numbers,

neutrophil function is severely impaired in Srf knockout (KO) neutrophils. Srf KO

neutrophils fail to polymerize globular actin to filamentous actin in response to N-formyl-

methionine-leucine-phenylalanine, resulting in significantly disrupted cytoskeletal

remodeling. Srf KO neutrophils fail to migrate to sites of inflammation in vivo and along

chemokine gradients in vitro. Polarization in response to cytokine stimuli is absent and

Srf KO neutrophils show markedly reduced adhesion. Integrins play an essential role in

cellular adhesion, and although integrin expression levels are maintained with loss of SRF, integrin activation and trafficking are

disrupted.Migrationandcellular adhesionare essential for normal cell function, but also formalignantprocessessuchasmetastasis,

underscoring an essential function for SRF and its pathway in health and disease. (Blood. 2014;123(19):3027-3036)

Introduction

Neutrophil function is impaired in inherited disorders such as in
leukocyte adhesion deficiency and in acquired disorders such as
myelodysplasia, resulting in severemorbidity andmortality resulting
from infectious complications. In myelodysplasia, genetic abnor-
malities are frequent and can include loss of part or all of chromosome
5. Chromosome 5q contains several genes that are part of the “serum
response factor (SRF) pathway.” The diaphanous-related formin
mDIA and catenin a-1 are upstream regulators of SRF-mediated
transcriptional regulation, whereas early growth response gene 1,
which has been implicated in both neutrophil function and tumor
suppression, lies downstream of SRF.1-4 The commonly deleted
region on 5q also includes microRNAs 143 and 145,5 which are
both directly regulated by SRF.6,7 MicroRNAs 143 and 145 have
been implicated as tumor suppressors in epithelial and hematopoi-
etic cells by modulating the MDM2-p53 pathway8 and may regulate
neutrophil differentiation.9

SRF is ubiquitously expressed and, as master regulator of the
actin cytoskeleton, performs critical functions in cellular migration,
contractility, cell growth, and differentiation.10,11 Specificity of SRF-
mediated transcriptional regulation is achieved by recruitment of
different transcriptional cofactors belonging to 2 families of proteins:

the myocardin-related family of transcription factors and ternary
complex factors. The myocardin family includes myocardin and
megakaryoblastic leukemias 1 and 2. The ternary complex factors
include the ETS domain–containing proteins ELK1, ELK3, and
ELK4.12 Cell- and context-dependent recruitment of SRF itself to
different genomic regions, such as gene promoters or enhancers, by
lineage-specific transcription factors, provides an additional layer of
transcriptional regulatory specificity.13

SRF is widely expressed in the hematopoietic system and we and
others have characterized its essential role in megakaryopoiesis and
platelet formation and function.14,15 Deletion of SRF specifically in
themegakaryocytic lineage leads to decreasedmegakaryocyte ploidy
and defective proplatelet formation and platelet function. Loss of SRF
impairs the interaction between hematopoietic stem cells and their
niche,16 lymphocyte development,17 and macrophage function.13

Here we show that SRF is also critical for neutrophil function. SRF-
deleted neutrophils fail to migrate to sites of inflammation in vivo.
They fail to chemotax in vitro and exhibit markedly abnormal
polarization and cellular adhesion. Importantly, although reduced
expression of integrins has been postulated to be the underlying
mechanism for defective adhesion in stem cells, we identify a novel
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role here for SRF in integrin homeostasis. In the absence of SRF, 1 of
the 2 major neutrophil integrin complexes, Mac1, which consists of
a CD11b/CD18 heterodimer, upon neutrophil activation, exhibits
markedly reduced ligand binding and trafficking that are essential to
directional migration. We thus identify a novel role for SRF in
regulation of cell–cell and cell–extracellular matrix interactions.

Methods

Mice

All procedures were performed in compliance with relevant laws and
institutional guidelines and approved by the Yale University Institutional
AnimalCare andUseCommittee.Micewereobtained fromJacksonLaboratory
(Bar Harbor, ME). Srffl/fl mice18 were crossed with mice expressing Cre-
recombinase under the Vav promoter19 for deletion in the hematopoietic stem
cell or under the tetracycline-inducible Rosa26 promoter20 B6.Cg-Tg(tetO-cre)
1Jaw/J x B6.Cg-Gt(ROSA)26Sortm1(rtTA*M2)Jae/J. A third transgene, Cre-
inducible YFP expression, was crossed as reported previously to allow tracking
of Srf-deleted cells.14,21 Mice were kept in microisolator cages, given auto-
claved food and water, and handled only with gloves in a biological safety
cabinet. Mice were maintained on Sulfatrim in drinking water for 14 days
after transplantation.

Hematologic parameters

Complete blood counts were performed on a Hemavet (Drew Scientific,
Waterbury, CT) according to the manufacturer’s instructions.

Neutrophil isolation

Whole bone marrow (BM) was subjected to discontinuous Percoll (GE
Healthcare,Waukesha,WI) gradient centrifugation.Neutrophils were collected
from the band between the 81% and 62% Percoll layers.

Western blot

Whole cell lysates from isolated neutrophils were used with standard western
blotting techniques. Neutrophils were stimulated with N-formyl-methionine-
leucine-phenylalanine (fMLP; Sigma-Aldrich, St. Louis, MO) with or without
fibrinogen (Sigma-Aldrich) or vehicle for indicated times. Antibodies against
SRF (G-20x), integrin a-M (M-19), glyceraldehyde-3-phosphate dehydroge-
nase (FL-335) were from Santa Cruz Biotechnology (Dallas, TX), and ERK
(137F5) and P-ERK (E-10) from Cell Signaling.

Neutrophil migration in transwell assay

Neutrophil migration in a transwell system in response to fMLP and
chemokine (CXCmotif) ligand 1 (CXCL1) (PeproTech, Rocky Hill, NJ) was
assessed as described previously.22

LPS nebulization and BAL

Srf wild-type (WT) and knockout (KO) mice (transplant recipients of
tetOCre2/RTTA/SRFfl/fl or tetOCre1/RTTA/Srffl/fl BM treated for 8 days
with doxycycline) were nebulized with 12.5 mg lipopolysaccharide (LPS;
Sigma-Aldrich) in 5 mL phosphate-buffered saline for 15 minutes and
analyzed at indicated time points as previously described.23 Bronchoalveolar
lavage (BAL) was performed with phosphate-buffered saline supplemented
with protease inhibitor cocktail (Roche, Basel, Switzerland). BAL specimens
were analyzed morphologically by Wright Giemsa stain on cytospins and
by flow cytometry. Donor cells were identified by CD45.2 vs CD45.1 and
neutrophil- (Gr-1, 7/4) and macrophage- (F4/80) specific surface antigen
staining.

In vivo neutrophil peritonitis assay

Srf WT and KO neutrophils were labeled with either far-red or violet cell
tracking dyes (1.25 mM; Life Technologies, Grand Island, NY). WT and KO
neutrophils were mixed 1:1 and injected retroorbitally into WT congenic
recipient mice injected intraperitoneally 1.5 hours earlier with 1 mg mono-
sodium urate crystals (Santa Cruz Biotechnology). Two hours after the
intravenous neutrophil injection, mice were euthanized, and peritoneal

Figure 1. White blood cell counts and differential in

Srf WT and KO mice and efficiency of Srf deletion.

(A) WBC and white cell differential in primary Vav-Cre/

Srf WT and KO mice. PB from Vav-Cre/Srf WT and KO

mice aged 3-12 days was obtained and WBC and

WBC differential assessed on Hemavet. (B) qRT-PCR

on neutrophils flow sorted based on Gr-1high 7/4high

granularityhigh criteria from Vav-Cre/Srf WT and KO

mice. Srf expression is successfully abrogated in Vav-

Cre/Srf KO neutrophils (100-fold, P , .0005; n 5 4).

*P , .05, **P , .005, ***P , .0005.
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lavage fluid (lavage), peripheral blood (PB), and BM were collected for
analysis.

G- and F-actin formation assays

Neutrophils were incubated at 37°C with addition of 10 mM fMLP or vehicle
for indicated times and stained with Alexa Fluor 647–conjugated Phalloidin
and Alexa Fluor 488–conjugated deoxyribonuclease I (DNase I; Life
Technologies) in the presence of 20 mg/mL L-lysolecithin (Sigma-Aldrich)
and analyzed by flow cytometry.

Flow cytometry, cell sorting, and ICAM-1 binding assay

Neutrophils were isolated by flow-sorting as described previously.22

Isolated neutrophils were stained with antibodies against CD11a (BD
Biosciences), CD11b (eBioscience, San Diego, CA), CD18 (BioLegend,
San Diego, CA), CXCR2 (BioLegend), and Gr-1 (BD), 7/4 (Cedarlane,
Burlington, ON, Canada). For intercellular adhesion molecule-1 (ICAM-1)
binding, primary neutrophils were isolated, treated with vehicle or fMLP
while incubated with antigen-presenting cell–conjugated ICAM-1, fixed after
2 or 5 minutes, and assessed by flow cytometry with concurrent staining for
CD11b and CD11a.

DNA and RNA analysis and RNA sequencing

DNA and RNAwere extracted and complementary DNA prepared according
to standard methods. Quantitative reverse-transcription polymerase chain
reaction (qRT-PCR) was performed on a CFX96 C1000 thermal cycler (Bio-
Rad, Berkeley, CA) with Taqman Gene Expression Assays (Life Technol-
ogies) or specific primers (CXCR2 F-59-AGCAAACAC CTCTACTA
CCCTCTA-39 and R-59-GGGCTGCATCAATTCAAATACCA-39, fMLP

receptor1 (FPR1) F-59-GGTTCTCTCCTTTGTTGTGGCT-39 and
R-59GATTGTGGATATGAGGGCCACT-39 with 18S as internal control
F-59-ATGGCCGTTCTTAGTTGGTG-39R-59CAATCTCGGGTGGCTG
AA-39), or gene-specific Taqman Probes (Life Technologies). Library
preparation and sequencing were performed by the Yale Stem Cell
Genomics Core Facility using the Illumina TruSeq RNA Sample
Preparation Kit (Illumina, San Diego, CA). Samples were sequenced on
an Illumina HiSequation 2000 using 50-cycle single-end sequencing. Fastq
format sequencing reads were aligned to the mm10 genome using TopHat
(version 2.0.0) software (http://tophat.cbcb.umd.edu). The cufflinks and
cuffdiff (version 2.0.0) programs were used to identify differentially expressed
transcripts (http://cufflinks.cbcb.umd.edu/). Data are publicly available through
Gene Expression Omnibus (GSE55090).

Immunofluorescence and confocal imaging

Isolated neutrophils adhered to glass coverslips were stimulated with fMLP
or vehicle for indicated times. Neutrophils were fixed, permeabilized with
saponin 0.5%, and stained with respective antibodies and mounted with
ProLong Gold Antifade Reagent with 496 diamidino-2-phenylindole (DAPI;
Cell Signaling), and imaged with a Ti-E Eclipse confocal microscope (Nikon,
Waltham, MA) equipped with Velocity software (Perkin Elmer, Waltham,
MA). Neutrophils were stained with Phalloidin-Alexa Fluor 647 and anti-
bodies against CD11b (BD Biosciences), clathrin (C-20, Santa Cruz
Biotechnology), and kindlin (Abcam, Cambridge, MA). For internalization,
neutrophils were stained with rat anti-CD11b fluorescein isothiocyanate
(BioLegend), stimulated with 10mM fMLP or vehicle, and incubated at 37°C
for indicated times. Cells were fixed with addition of 4% paraformaldehyde
and directly stained without permeabilization with wheat germ agglutinin
conjugate 647 (Invitrogen) to label the membrane.

Figure 2. Assessment of neutrophil recruitment in

vivo secondary to LPS-induced inflammation in the

lung in Srf WT and KO mice. BAL was performed in

Srf WT and KO mice before and 4 and 24 hours after

LPS nebulization. Total (A), neutrophil (B), and macro-

phage (C) cell numbers were determined in BAL.

(Combined data from 2 independent experiments:

0 hours, n 5 4; 4 hours, n 5 5; 24 hours, n 5 4;

*P , .05; **P , .005; ***P , .0005). Macrophage and

neutrophil percentages were determined on Wright

Giemsa–stained cytospins and by flow cytometry. (D-F)

Migration of Srf WT and KO neutrophils in vitro in a

transwell assay and chemokine receptor expression.

Srf WT and KO neutrophils were allowed to migrate

across 3-mm pore membrane toward an fMLP (D) and

CXCL1 (E) gradient at indicated concentrations. Repre-

sentative experiments performed in triplicate of at least

3 independent experiments (**P , .005; ***P , .0005).

mRNA expression of chemokine receptors was assessed

in Srf WT and KO neutrophils (F).
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Statistics

Where indicated, statistical analysis was performed by calculating means and
standard error of the mean; differences between groups were evaluated with
the multiple Student t tests using GraphPad Prism 5; a P value ,.05 was
considered to be statistically significant.

Results

Srf2/2 mice have normal neutrophil numbers and morphology

We have previously shown that loss of Srf restricted to the mega-
karyocytic lineage leads to thrombocytopenia and platelet dysfunction.
Deletion of Srf in the hematopoietic stem cell by Vav-Cre–mediated
excision recapitulates the severe platelet defect with thrombocy-
topenia and bleeding diathesis, but in addition leads to early death in
the newborn period resulting from profound anemia (data not
shown). Because SRF has been shown to regulate cell migration, we
decided to look at the role of SRF in neutrophil function and
specifically in neutrophil migration.10,13,24 Analysis of the white
blood cell count (WBC) and morphology did not show significant
differences in neutrophils between Vav-Cre-/Srffl/fl (Vav-Cre/SrfWT)
and Vav-Cre1/Srffl/fl (Vav-Cre/Srf KO) mice (Figure 1A; supple-
mental Figure 1A on the BloodWeb site); although this is consistent
with a previous report,17 lymphocyte numbers were decreased in
Vav-Cre/Srf KO mice (Figure 1A).

Because early postnatal death in Vav-Cre Srf KO mice posed
difficulty in studying the role of SRF in the myeloid lineage in vivo,
we devised a strategy to circumvent this limitation.We crossed Srffl/fl

micewithmicewithdoxycycline-inducibleCre expression, performed
BM transplantations, and administered doxycycline for 8-12 days to
induce Srf deletion restricted to the hematopoietic system in the adult

recipient mice, engrafted for at least 6 weeks before treatment with
doxycycline.

In both models, we verified highly efficient deletion of Srf in
neutrophils by YFP reporter gene expression as shown previously14,25

and qRT-PCRandwestern blot analysis for Srf expression (Figure 1B;
supplemental Figure 1). Slight differences in WBC differential in the
Dox-inducible Srf KO mice compared with Vav-Cre/Srf KO mice
are likely because of persistent recipient lymphocytes, the adult vs
newborn age, and that Srf deletion is of shorter duration than in
Vav-Cre/Srf KO mice in which Srf is deleted during embryogenesis.
All future studieswere thusperformed inDox-inducibleSrfWTandKO
littermate–derived BM recipients (referred to hereafter as Srf KO and
WT mice).

Srf KO mice have decreased cellular response to

lung inflammation

To assess whether Srf KO neutrophils could be recruited to inflam-
matory sites in vivo, we challenged SrfWT and KO mice with LPS
via nebulization, initiating an innate immune response analogous to
that induced by gram-negative infection of the lung. To assess the
cellular response to LPS, we collected BAL specimens from animals
that underwent control or LPS nebulization and assessed total cell
numbers and cellular composition by morphology and flow cytom-
etry. Without LPS nebulization, neutrophils were absent from Srf
WT and KO BAL samples (Figure 2A-B; supplemental Figure 2).
Four and 24 hours after LPS nebulization, Srf WT mice showed a
significant increase in total BAL cell numbers with marked predo-
minance of neutrophils (Figure 2A-C). In contrast, LPS did not induce
significant recruitment of neutrophils to the lungs of Srf KO mice
(total cells inBAL: 0.5686 0.0933 106 vs 0.1286 0.0243 106 at 4
hours and 1.3376 0.3693 106 vs 0.3476 0.0453 106 at 24 hours

Figure 3. In vivo peritonitis model. (A) Peritonitis was induced in WT recipients and Srf WT, and KO neutrophils labeled with membrane dyes of 2 different colors were

simultaneously injected intravenously and allowed to localize to tissues. PB, BM, and lavage fluid were harvested and percentages of donor WT vs KO neutrophils determined

by flow cytometry detecting differential membrane staining (B-C). The experiment shown in panel B is representative of 4 independent experiments with n5 4 recipient mice of

WT and KO neutrophils from 2 donors per experiment. Membrane dyes were alternated for WT and KO cells; **P, .005. (C) Primary flow data from 1 recipient showing donor

KO and WT neutrophil distribution.
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in WT vs KO mice, respectively; P5 .0026 at 4 hours, P5 .04 at
24 hours). Although WT mice showed a significant shift in the
macrophage/neutrophil ratio in favor of neutrophils after exposure
toLPS (neutrophil%: 79.264.85 and 86.7564.73at 4 and 24hours,
respectively), KO mice maintained an abnormally low total number
and percentage of neutrophils throughout (neutrophil %: 5.8 6 5.8
and 48.256 10.84). Neutrophils exit the blood stream by an intricate
mechanismconsisting of engagementwith the endothelium, followed
by rolling and transmigration from the vascular lumen into the tissue
to reach the site of inflammation. The decreased neutrophils in BAL
from LPS-treated Srf KO mice could be due to decreased neutrophil
recruitment to infectious sites secondary to a monocyte/macrophage
defect, a decrease in cytokine production to LPS, a primary neutrophil
defect, or a combination of defects.We therefore chose to directly test
neutrophil migration in vitro and in vivo.

Srf KO neutrophils have a migratory defect in vitro

We analyzed chemotaxis of Srf WT and KO neutrophils in vitro in
response to 2 chemotactic agents, fMLP, which binds to FPR, and
CXCL1, which binds to CXCR2, using a standard transwell assay.
Significantly fewer mature primary Srf KO neutrophils migrated
across the membrane at all concentrations of fMLP and CXCL1
compared with WT neutrophils (Figure 2D-E). To ensure that the
migratory defect was not due to lack of either FPR or CXCR2, we
verified receptor expression levels in SrfWT and KO neutrophils by
qRT-PCR. We detected equal messenger RNA (mRNA) expression
of FPR1 and a small but significant decrease in CXCR2 (Figure 2F),
prompting analysis of CXCR2 protein expression on the cell
surface, which was equal in WT and KO neutrophils (supple-
mental Figure 3A). To better understand the nature of the migratory
defect, we performed real-time imaging using a Dunn chamber,
confirming the migratory defect in Srf KO neutrophils (supple-
mental Figure 3B-C; supplemental Videos).

Lack of Srf KO neutrophils at inflammatory sites in vivo is due

to a migratory defect

Our in vitro data suggest that the defect observed inSrfKOmice is due
to a migratory defect, but we cannot exclude failure of neutrophils to
egress from the BM or defective cytokine production at the site of
inflammation. We thus tested neutrophil migration in a peritonitis
model, in which isolated, differentially labeled mature WT and KO
neutrophils are simultaneously injected into the blood stream of WT
animals after peritonitis is induced. This model has the advantage of
specifically testing neutrophil transmigration in an otherwise normal
host. Neutrophils isolated from Srf WT and KO mice were labeled
with either far-red or violetmembrane dyes and injected retroorbitally
into WT recipients with monosodium urate crystal–induced in-
flammatory peritonitis. Injected neutrophils were allowed to reach the
site of inflammation for 2 hours after which lavage, PB, and BMwere
harvested for analysis by flow cytometry (Figure 3A). As shown in
Figure 3B, fewer SrfKOneutrophilswere recovered in blood andBM
compared with WT neutrophils. Although WT neutrophils success-
fully migrated to the peritoneal cavity, Srf KO neutrophils were
almost completely lacking from the site of inflammation in the
peritoneal cavity (lavage). This decrease in KO cells in the
peritoneal fluid is out of proportion to the reduced recovery of
neutrophils in blood and BM, consistent with a defect in
transmigration.

Reorganization of actin in neutrophils in response to

cytokine stimulation

Rapid polymerization and depolymerization of actin (actin treadmil-
ling), essential to cellmigration (reviewed inPollard andCooper26 and
Pick et al27), is dependent on several genes regulated by SRF.10,28 To
elucidate the mechanism underlying the decreased migration of Srf
KO neutrophils, we assessed actin polymerization in Srf WT and

Figure 4. Srf KO neutrophils lack polarization with

decreased f-actin polymerization when activated

with fMLP. Srf WT and KO neutrophils were allowed to

attach to poly-L-lysine–coated coverslips and stimu-

lated with fMLP for 2 minutes. (A) F-actin was stained

with phalloidin (middle) in Cre-expressing neutrophils

marked by YFP (bottom); merge with DAPI is shown in

the top panels. Quantification of polarized cells from 3

independent experiments; SrfWT, n5 71; Srf KO, n5 91

(B). G-actin (C) and F-actin (D) were assessed at 0, 30,

60, and 90 seconds after stimulation with fMLP by

staining with DNAse I (G-actin) and phalloidin (F-actin)

and mean fluorescence intensity (MFI) determined by

flow cytometry. Representative of 3 independent ex-

periments performed in triplicate.
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KO neutrophils in response to fMLP. In Srf WT neutrophils, actin
rapidly polymerized at the leading edge after stimulationwith fMLPas
shown by phalloidin staining of F-actin. Such organized accumulation
of F-actin was absent from Srf KO neutrophils (Figure 4A-B).
Quantitation of G- (Figure 4C) and F-actin (Figure 4D) by DNAse1
andphalloidin staining, respectively, revealedno significant difference
in G-actin in unstimulated and fMLP-stimulated Srf KO neutrophils
when compared with WT. However, total F-actin increased
significantly in Srf WT neutrophils within 30 seconds of fMLP
stimulation. In SrfKOneutrophils, F-actinwasmarkedly reduced not
only before fMLP stimulation, but also failed to increase upon fMLP
stimulation, corroborating the confocal imaging data.

Srf controls integrin function in neutrophils via

inside-out signaling

We have previously identified novel targets of SRF essential for
megakaryocyte differentiation and function and thus established
an essential role for SRF-mediated transcriptional regulation in
myelopoiesis.14 To identify potential downstream targets of SRF in
neutrophils that may be responsible for the observed phenotype, we
performed RNA deep sequencing on Srf WT and KO neutrophils
isolated via fluorescence-activated cell sorting as described pre-
viously.22 More than 800 genes were significantly (P , .005)
downregulated.2-fold in Srf KO compared with WT neutrophils.
As expected, a significant number of actin cytoskeletal genes,
known to be direct targets of SRF, were downregulated (Table 1 ;

supplemental Table 1). In addition, the Janus kinase-signal tran-
sducer and activator of transcription,mitogen-activated proteinkinase,
focal adhesion kinase, and Toll-like receptor signaling pathways were
enriched for significantly downregulated genes (Table 1; supplemental
Table 2), suggesting alteration of lineage-specific gene expression as
previously suggested by Sullivan et al.13 A previous study had shown
downregulation of integrin expression in Srf KO hematopoietic stem
cells resulting in loss of Srf KO stem cells from the BM niche.16

CD11a/CD18 (LFA1) and CD11b/CD18 (Mac1) represent the
major integrin complexes responsible for neutrophil adhesion and
trafficking.27,29,30 Although in our neutrophil data set, expression of
Itgal (CD11a), Itgam (CD11b), and Itgb2 (CD18), the predominantly
expressed integrins in neutrophils, were modestly downregulated
(0.6- to 2-fold) (supplemental Table 3) qRT-PCR on additional sets
of sorted neutrophils showed maintained integrin expression (sup-
plemental Figure 4A). We assessed cell surface expression of these
key integrins by flow cytometry in Srf WT and KO neutrophils.
Surprisingly, CD11b expression was significantly increased on
Srf KO neutrophils (Figure 5A).

Integrins assume a high-affinity conformation secondary to inside-
out signaling upon fMLPstimulation.31,32We therefore testedwhether
the increased Itgam cell surface expression would translate into in-
creased ICAM-1 binding. However, ICAM-1 binding was signifi-
cantly reduced in Srf KO neutrophils upon fMLP stimulation
(Figure 5B) despite increased Itgam cell surface expression
(Figure 5C-D; supplemental Figure 4). This suggests that the

Table 1. Deletion of Srf affects key signaling pathways

Down-regulated genes Up-Regulated genes

Pathways Genes Pathways Genes

Regulation of actin cytoskeleton ACTB, ITGAL, SSH1, SSH2, PIK3CD,

WASF2, RAF1, ACTN1, PIP5K1A, MYH9,

IQGAP1, ACTG1, CHRM3, ITGA8, SOS2,

PPP1R12A, FGD3, DIAP1, PIK3R2, MYH10

Natural killer cell mediated

cytotoxicity

PRF1, KLRA18, KLRK1, KLRA33, GZMB,

NCR1, LAT, SH2D1A, KLRA9, KLRA8,

IFNG, KLRA4, KLRA7, FASL, KLRD1,

KLRB1C, KLRC1

Jak-STAT signaling pathway IL9R, SOCS3, IL4RA, CREBBP, PIK3CD,

STAT5B, CBL, IL6RA, AKT1, PIAS4, SOS2,

JAK1, CSF2RB, CSF3R, IL13RA1, PIK3R2

Cytokine-cytokine receptor

interaction

IL2RB, IL1R1, CXCL9, CCL8, PF4, CCL5,

KDR, TNFSF8, CCR9, VEGFC, TNFRSF9,

CXCL16, IFNG, PDGFC, EPOR, FASL,

XCL1, MPL

MAPK signaling pathway IL1R2, TGFBR2, MAP4K2, RAF1, MKNK1,

HSPA1A, SRF, FLNA, AKT1, FOS,

MAP4K4, RPS6KA3, CASP3, DUSP1,

MAP3K3, ARRB1, RASGRP4, RPS6KA2,

JUN, SOS2, IL1B, MAP3K14

Graft-versus-host disease PRF1, KLRA9, KLRA8, IFNG, KLRA7, GZMB,

FASL, KLRD1, KLRC1, CD28

Focal adhesion ACTB, TLN1, PIK3CD, RAF1, ACTN1, HGF,

FLNA, ACTG1, AKT1, ITGA8, JUN, SOS2,

PPP1R12A, ZYX, THBS1, COL11A2,

DIAP1, PIK3R2

Hematopoietic cell lineage IL1R1, GP5, CD3G, CD8A, CD3E, CD59A,

CD4, ANPEP, EPOR, CD5

Toll-like receptor signaling pathway AKT1, FOS, CD80, JUN, PIK3CD, TLR2, IL1B,

TLR4, TLR5, TLR6, TLR8, PIK3R2

T cell receptor signaling pathway PRKCQ, LAT, CD3G, CD8A, CD3E, ICOS,

IFNG, CTLA4, CD4, PDCD1, CD28

Renal cell carcinoma AKT1, HIF1A, JUN, SOS2, PIK3CD, CREBBP,

SLC2A1, RAF1, HGF, PIK3R2

Cell adhesion molecules (CAMs) CADM1, CD8A, ICOS, CTLA4, CD4, ESAM,

CD226, PDCD1, SDC3, CD28

Acute myeloid leukemia AKT1, PPARD, SOS2, STAT5B, PIK3CD,

RAF1, RARA, ZBTB16, PIK3R2

Complement and coagulation

cascades

VWF, C3AR1, HC, C4B, CD59A, C2, F2R

Cytokine-cytokine receptor

interaction

IL1R2, IL18RAP, IL9R, CCR1, IL4RA,

TGFBR2, BMPR2, CXCR1, CXCR2,

TNFRSF14, HGF, IL17RA, IL6RA, CCL6,

INHBA, IL1B, CSF3R, CSF2RB, IL13RA1,

LTB

Vascular smooth muscle contraction PRKCQ, ADORA2A, MYLK3, CALD1, ADCY6,

MRVI1, GUCY1A3, GUCY1B3

Pathways in cancer DVL2, PPARD, PTGS2, TGFBR2, CREBBP,

PIK3CD, STAT5B, CBL, RAF1, HGF,

ZBTB16, AKT1, FOS, CASP3, HIF1A,

PIAS4, JUN, SLC2A1, SOS2, JAK1,

CSF3R, RARA, TRAF5, PIK3R2

Chemokine signaling pathway CCR9, CXCL16, ADCY6, CXCL9, CCL8, PF4,

GNG11, XCL1, CCL5
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Itgam/Itgb2 heterodimer fails to assume an activated configuration
upon fMLP stimulation. We verified intact signaling downstream
of fMLP by determination of Erk phosphorylation (Figure 5D). We
assessed expression of several genes essential to integrin activation,
such as Kindlin (Fermt3),33,34 Talin,35,36 L-plastin (Lcp1),37,38 and
cytohesin39 without differences between WT and KO neutrophils.
Interestingly, confocal imaging reveals focal accumulation ofKindlin
(leading edge, Figure 6C; supplemental Figure 5) and Talin (leading
and trailing edges, data not shown) in WT and KO neutrophils,
suggesting that their polarization is independent of Srf regulation.

Srf affects integrin trafficking. To ensure spatiotemporally
regulated localization of activated integrin complexes at both the
leading and trailing edges with cell migration, integrins are in-
ternalized and either recycled or degraded via clathrin-dependent or
clathrin-independent mechanisms (reviewed in Caswell et al40). We
therefore assessed CD11b integrin localization in neutrophils in
response to fMLP activation. As shown in Figure 6A, in response to
fMLP activation, CD11b clusters at the leading and trailing edges in
WT neutrophils, whereas in KO neutrophils CD11b remains
localized uniformly in the cell membrane. Clustering of clathrin at
the leading and trailing edges and colocalization with CD11b
integrin at the leading edge in WT cells (Figure 6B) suggests, as
shown previously (reviewed in Caswell et al40), that active
endosomal recycling may be necessary to allow spatiotemporal
localization of integrins. Such clustering is absent in Srf KO
neutrophils pointing toward deficient integrin trafficking.

Discussion

SRF is considered a master regulator of the actin cytoskeleton. SRF
functions downstream of several pathways, including the r-A and
mitogen-activated protein kinase pathways, fulfilling essential roles

in cell-cycle regulation and cell division, cell differentiation, and
tissue-specific cell function (reviewed in Miano et al10).

We show here that SRF is essential for mature neutrophil mi-
gration without significant defects in neutrophil differentiation. Srf
KO neutrophils show normal morphology, and neutrophil numbers
are preserved early upon SRF deletion. Srf KO neutrophils fail to
migrate in vitro and in vivo toward chemotactic stimuli. Induction
of lung inflammation via LPS nebulization results in significantly
reduced neutrophil recruitment to inflamed lungs 4 and 24 hours after
LPS stimulation in Srf KO mice. Because all immune cells are
defective in Srf KO mice, we first assessed neutrophil migration in
vitro.WT neutrophils efficientlymigrate toward a chemokine gradient,
whereas significantly fewer Srf KO neutrophils migrate through the
3-mm pore membrane into the bottom well. Direct visualization in the
Dunn chamber confirms this in vitro migration defect. In an in vivo
peritonitis model, where except for the injected neutrophils, all
other immune cells are host-derived and thus normally express Srf,
WT neutrophils migrate rapidly into the inflamed peritoneal space,
whereas significantly fewer Srf KO neutrophils migrate into the
inflamed peritoneal cavity. There is also a decrease in Srf KO
neutrophils recovered from the PB and BM relative to injected cells
compared with WT cells. Because mature neutrophils are injected
into the retroorbital sinuses ofWT recipients, this is independent of
BM production or endothelial “transmigration.” To ensure that
differential cell labeling had no effect on detection of WT or KO
neutrophils, each experiment was performed in duplicate with
labeling of WT and KO cells with far-red and violet cell dyes. This
suggests that KO neutrophils harbor an additional defect that
potentially compromises their behavior in vivo, such as a defect in
adhesion (supplemental Figure 4C).

To assess the mechanism by which lack of Srf leads to the
neutrophil migration defect, we assessed the actin cytoskeleton.10

Expression analysis revealed reduced mRNA expression of G-actin,

Figure 5. Integrin homeostasis in Srf WT and KO

neutrophils. (A) Expression of integrin CD11b, CD18,

and CD11a on the cell surface of Srf WT and KO

neutrophils by flow cytometry. Srf WT and KO neu-

trophils were incubated with fluorescently labeled

ICAM-1 (B) and stimulated with fMLP for 0, 2, and

5 minutes; (C) CD11b surface expression was de-

termined at the same time. (Representative experiment

of 3 independent experiments performed in triplicate;

**P , .005, ***P , .0005.) (D) Srf WT and KO neu-

trophils were stimulated with vehicle or fMLP for 15

minutes at 37°C and lysates probed for Itgam, Erk, and

P-Erk, and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) as loading control. Lysates are from 1 ex-

periment; vertical lines have been inserted to indicate

a repositioned gel lane. Neg ctrl, negative control.
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a known direct transcriptional target of SRF, whereas flow-cytometric
quantitation ofG-actin protein byDNAse 1 staining revealed abundant
G-actin in both WT and KO cells. However, F-actin polymerization,
essential to cellular movement, was reduced in KO neutrophils,

confirming a defect in actin polymerization. Confocal imaging con-
firmed the quantitative defect in F-actin polymerization in addition
to markedly reduced polarization in response to fMLP activation in
Srf KO neutrophils.

Figure 6. Integrin localization in Srf WT and KO

neutrophils. Srf WT (left) and KO (right) neutrophils

were (A) allowed to adhere to glass coverslips, stained

with CD11b fluorescein isothiocyanate, and then

stimulated with fMLP for 0 (none) and 15 (fMLP)

minutes and stained with wheat germ agglutinin

antibody as a membrane stain (without permeabiliza-

tion) and DAPI (A). (B-C) Srf WT and KO neutrophils

were allowed to adhere to glass coverslips, stimulated

with fMLP for 0 (none) and 15 (fMLP) minutes and

stained with antibodies against CD11b and Clathrin (B)

and CD11b and Kindlin (C). (A-B) The top 3 panels

show single sections of the Z-stack; the bottom panel

shows a merge of the Z-stack. (C) Three sequential

Z-stack sections for each image. DAPI stains nuclei.

Scale bar 5 6 mm; >, leading edge; *, trailing edge.
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ByRNA sequencing, we confirmed that numerous known targets
of SRF essential to actin polymerization and depolymerization are
significantly downregulated in Srf KO neutrophils10,11,41 and we
identified additional potential targets within the actin cytoskeletal
and inflammatory pathways.

LFA1 (CD11a/CD18) and Mac1 (CD11b/CD18) represent the
major integrin complexes in neutrophils and are essential to neutrophil
adhesion, rolling, arrest, and directional migration. The defects in
adhesion andmigration in SrfKOneutrophils are likely to be in part
the result of lack of focal adhesion formation and cell polarization
from defects in the actin cytoskeleton. Although downregulation of
integrin expression has been suggested to lead to defective hema-
topoietic stem cell adhesion with loss of SRF,16 we observe here an
increase in CD11b/CD18 on the cell surface of Srf KO neutrophils
despite normal mRNA expression. This led us to hypothesize that
integrin homeostasismust be disruptedwith loss of SRF.We show that
despite upregulation of CD11b on the plasma membrane, ICAM-1
binding is reduced. This suggests that CD11b fails to assume the
activated conformation secondary to inside-out signaling upon fMLP
stimulation, despite focal accumulation of kindlin and talin. It has been
previously suggested that the cytoskeleton actively regulates the
binding conformation of CD11b/CD18 and its mobility within the
membrane, and inactivation of RhoA inhibits chemokine-induced
neutrophil adhesion.42,43 Because Srf transcriptional activity is
regulated downstream of RhoA, loss of SRF is likely to affect inside-
out signaling-mediated activation of integrins.

Integrin complexes in both the inactive and activated state
undergo endocytotic recycling via clathrin-dependent and clathrin-
independent mechanisms to direct integrins to the leading edge of
the cell or to lysosomes for degradation, both essential to allowing
forward movement of the cell (reviewed in Caswell et al40 and
Margadant et al44). Our data suggest that such directional trafficking
of CD11b does not occur in Srf KO neutrophils. Before stimulation
with fMLP, CD11b in WT neutrophils is localized circumferentially
on the plasma membrane. After fMLP stimulation, CD11b clusters
predominantly at the leading edge. This clustering of CD11b is
accompanied by polarized localization of clathrin and endosomes
(data not shown), suggesting active trafficking of integrins to and
from the leading and trailing edges. In KO neutrophils, clustering
of integrins and clathrin-coated vesicles at the leading or trailing edges
is near absent. Clathrin-mediated endocytosis is highly dependent on
tightly regulated recruitment, activity, and disassembly of many
proteins. Actin and other cytoskeletal proteins such as actin-binding
protein 1, coronin, cofilin, and profilin are needed to provide force
to pull the formed vesicle out from the planar plasma membrane,
allowing a final scission step to occur (reviewed in Weinberg and

Drubin45). Thus deregulated expression of these key actin regulatory
proteins is likely to compromise clathrin-mediated endocytosis.

In summary, we have shown a severe neutrophil function
defect from loss of Srf in mice. SRF directs a gene network in-
cluding several genes on chromosome 5q, one of the most common
cytogenetic abnormalities in myelodysplasia. We have extended the
known function of SRF in hematopoiesis to 1 of the key cells of the
innate immune response. We have identified a mechanism, namely
integrin activation and trafficking, in addition to the known function
in actin polymerization by which loss of SRF contributes to lack
of cell migration and by which it may affect cell–cell and
cell–microenvironment interactions.
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