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Racl Deletion in Mouse Neutrophils Has Selective Effects on
Neutrophil Functions®

Michael Glogauer?*' Christophe C. Marchal,* Fei Zhu," Aelaf Worku,* Bjérn E. Clausen,
Irmgard Foerster,T Peter Marks,* Gregory P. Downey! Mary Dinauer, * and
David J. Kwiatkowski*

Defects in myeloid cell function in Rac2 knockout mice underline the importance of this isoform in activation of NADPH oxidase
and cell motility. However, the specific role of Racl in neutrophil function has been difficult to assess since deletion of Racl results
in embryonic lethality in mice. To elucidate the specific role of Racl in neutrophils, we generated mice with a conditional Racl
deficiency restricted to cells of the granulocyte/monocyte lineage. As observed in Rac2-deficient neutrophils, Racl-deficient neu-
trophils demonstrated profound defects in inflammatory recruitment in vivo, migration to chemotactic stimuli, and chemoattrac-
tant-mediated actin assembly. In contrast, superoxide production is normal in Rac1-deficient neutrophils but markedly diminished

in Rac2 null cells. These data demonstrate that although Racl and Rac2 are both required for actin-mediated functions, Rac2 is
specifically required for activation of the neutrophil NADPH oxidase. The Journal of Immunology, 2003, 170: 5652-5657.
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members: Cdc42, Rac, and Rho (1). Within the Rac sub4ed to the hypothesis that these two proteins function interchange- =
class there are three members; Racl, Rac2, and Rac3 (2bly. Furthermore, in in vitro cell-free assays of the NADPH ox- %
Rac1l is ubiquitously expressed while Rac2 expression is restricteidiase, prenylated Racl and Rac2 are indistinguishable. Using pu-=
to cells of the hemapoietic lineage. Rac3, the most recently derified neutrophil membranes and recombinant Racl and RacZ,g'
scribed Rac isoform, is expressed in brain, lung, liver, and panHeyworth et al. (10) demonstrated that both isoforms have equal
creas (2) but not in neutrophils (U. Knauss, unpublished observaactivity in reconstitution of superoxide production, although Rac2
tions). Although Rac2 is the predominant isoform in humanwas more efficient in the presence of neutrophil cytosol. In per-
neutrophils (3), murine neutrophils express similar amounts ofeabilized human neutrophils, Racl and Rac2 activated actin as-
Racl and Rac2 (4). Racl and Rac2 share 92% amino acid identiembly similarly and catalytically inactive forms of Racl and Rac2
with the major divergence occurring in the C terminus. Impor-were equally effective at inhibiting fMLP-mediated actin assembly
tantly, this region determines the subcellular localization and in{15). However, the conditions used for all these in vitro systems
teractions of Rac with some downstream effector proteins (5, 6).may not replicate conditions present in intact cells.
Racs are known to be key regulators of the actin cytoskeleton Recent studies using Rac2-deficient neutrophils suggest that
and of the NADPH oxidase system in neutrophils (7-10). RecenRkac1 and Rac2 have discrete functions inasmuch as activation an

T he Rho family of small GTPases consists of three majorhigh degree of homology in the effector regions of Racl and 2 has g
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studies using Rac2-deficient mice and neutrophils from a patien§jgnaling profiles for each isoform in intact neutrophils are unique >
with a naturally occurring mutation in Rac2 have demonstrated(4). In fMLP-activated murine neutrophils, 4-fold more Rac2 is &
that this isoform is a key regulator of several antimicrobial func- 5tivated compared with Rac1. In addition, using Rac2 null and g
tions including dynamic alterations of the actin cytoskeleton re-gaco heterozygous mice, Li et al. (4) demonstrated that the level &
quired for cell migration, cell shape, and generation of reactivey activated Rac? is rate limiting for fMLP-induced F-actin poly- &
oxygen species by the NADPH oxidase complex (11-14). HoWyyeization, chemotaxis, and superoxide generation (4). However N

ever, the specific role of Racl in neutrophils remains obscure. Thfhe role of Racl in regulating neutrophil functions has not been
evaluated. Investigation of the specific roles of these two Rac iso-
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Rac2 null cells. These new data, combined with comparisons to
Rac2 null mice, are the first demonstration in functional primary
neutrophils that Rac2 is specifically required for superoxide gen-
eration in neutrophils, whereas Racl and Rac2 are both important
regulators of actin-mediated neutrophil functions.

Materials and Methods
Gene targeting in embryonic stem (ES)® cells

A 10-kb fragment of the murine Racl gene containing the first exon was
isolated from a A phage library made from J1 ES cell DNA (Fig. 1). This
fragment was cloned and engineered as shown to contain a loxP sequence
inserted at a Spel site and a loxP-flanked neomycin resistance-thymidine
kinase cassette inserted at a Stul site. Following electroporation of the
targeting construct into the J1 ES cell line, ~10% of clonal lines selected
with neomycin demonstrated evidence of homologous recombination using
aflanking Racl fragment in Southern blot experiments. One of these clones
was expanded and transfected with a cre recombinase expression cassette,
and subclones were isolated and analyzed to identify clones with either a
conditional, loxP-flanked allele or adeleted allele (Fig. 1). The integrity of
the Racl genomic region was assessed by multiple Southern blot analyses
(data not shown) and targeted ES cell clones were injected into blastocysts
for generation of chimeras and germline transmission. Genotyping of the
initial offspring was performed by Southern blot (data not shown), and later
by PCR genotyping, using the indicated primers (Fig. 1, B and C). Chi-
meras were bred to C57BL/6 mice and maintained as a mixed strain
population.

PCR genotyping analyses of ES cells and mice

Tail snips were used to prepare DNA for PCR analysis (17). PCR geno-
typing was performed by simultaneous amplification of the wild-type
(Rac1™), conditional (Rac1), and null (Rac1™) aleles using three primers:
PO33, TCCAATCTGTGCTGCCCATC; PO45, CAGAGCTCGAATCCA
GAAACTAGTA; and PO91, GATGCTTCTAGGGGTGAGCC (Fig. 1B).
All three primers were included in a single PCR and yielded products of
sizes 115 bp Racl", 140 bp Rac ™, and 242 bp Rac®, which were analyzed
on 3% agarose gels. The presence of the LysM®® allele was assessed by a
PCR using primers: cre-8, CCCAGAAATGCCAGATTACG and MLysl,
CTTGGGCTGCCAGAATTTCTC, which yielded a product of size 620 bp
(described previously in Ref. 18).

Animal care procedures

All procedures were conducted in accordance with the Guide for the Hu-
mane Use and Care of Laboratory Animals. These studies were approved
by the Harvard Medical Area Standing Committee on Animals, the Uni-
versity of Toronto Animal Care Committee, and the Indiana University
Animal Care and Use Committee.

Mouse breeding

Following establishment of Racl chimeras, germline transmission of both
Rac1® and Racl™ aleles was readily achieved. Breeding studies indicated
that no viable embryos at E8.5 (embryonic age in days) or later and no live
offspring with a Racl™/~ genotype were obtained, similar to a previous
study (16) indicating that the null allele was likely completely nonfunc-
tional. In contrast Rac1%® mice demonstrated no apparent pathology with
normal fertility and survival past 2 years of age. Breeding the Rac1®~ with
a mouse expressing the LysM“® allele (described previously in Ref. 18)
resulted in generation of mice with genotypes of Rac1®*LysM®®* and
Racl™/~LysM®®*. These mice were interbred to yield mice with the
genotype Rac1¥~LysM®* as well as littermate controls of several geno-
types. Rac1?*LysM*/* and Racl*/*LysM“®* were used exclusively as
controls. Rac2™'~ mice previously described (14) were backcrossed (>12
generations) into C57BL/6J mice (The Jackson Laboratory, Bar Harbor,
Me). All experiments were performed with mice 6—13 wk old.

Neutrophil preparations

Heterozygous and wild-type littermates were euthanized by CO, inhala-
tion. Femurs and tibias were removed and bone marrow was isolated.
Erythrocytes were lysed using E-Lyse (Cardinal Associates, Phoenix, AZ)
and the remaining bone marrow cells were layered onto discontinuous
Percoll (Sigma-Aldrich, Ontario, Canada) gradient of 82%/65%/55% (19).
Mature neutrophils were recovered at the 82%/65% interface and were

3 Abbreviation used in this paper: ES, embryonic cell.
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demonstrated to be positive for Gr-1 and Mac-1 by flow cytometry. More
than 85% of cells isolated were neutrophils as assessed by Wright-Giemsa
staining. Viability as determined by trypan blue exclusion was >90%.

Measurement of neutrophil NADPH oxidase activity

Neutrophil NADPH oxidase activity was measured as superoxide dis-
mutase-inhibitable superoxide production using an isoluminol chemilumi-
nescence assay for cells activated by 10 uM fMLP or the cytochrome ¢
reduction assay for cells activated with 200 ng/ml PMA (Sigma-Aldrich) as
described previously (4). NADPH oxidase activity was compared in neu-
trophils isolated from Rac1®~LysM“®* mice and control littermates. In
addition, neutrophils from Rac2 null and wild-type C57BL/6J mice were
assayed in paralel. There was no significant difference in neutrophil
NADPH oxidase activity between Racl colony control littermates and
C57BL/6J wild-type mice.

Chemotaxis assays

Bone marrow neutrophils were placed into the upper well of a Transwell
chamber which was separated from the bottom chamber, containing the
indicated fMLP (Sigma-Aldrich) concentration by a membrane with 3-um
pores (Corning, Corning, NY) (14). The Transwell plates were incubated at
37°C for 1 h and cells migrating through the membrane and onto the bot-
tom coverdlip were fixed with 3.7% paraformaldehyde. The number of
cells per field was counted for each condition. A checkerboard approach
was used which included having chemoattractant present only in the bot-
tom well (chemotaxis) or in the top and bottom wells (chemokinesis). This
approach verified that the fMLP-induced cell recruitment into the bottom
chamber was a result of chemotaxis and not chemokinesis.

F-actin assembly assay

Bone marrow neutrophils were incubated at 37°C for 30 min following
isolation in HBSS. One micromolar fML P was added for the indicated time
(0—30 min). Cells were immediately fixed with 3.7% paraformaldehyde,
permeabilized (0.1% Triton X-100), and stained with 1 U/500 ul of Alexa-
phalloidin (Molecular Probes, Eugene, OR) to detect F-actin content. Cel-
lular fluorescence intensity was measured with aBD Biosciences FACScan
flow cytometer (14) (BD Biosciences, Franklin Lakes, NJ). fMLP-medi-
ated F-actin assembly was completely inhibited by cytochalasin B in all
samples, verifying that we were observing actin assembly.

Sodium periodate peritonitis

To induce an experimental peritonitis, 1 ml of 5 mM sodium periodate
(Sigma-Aldrich) in PBS was injected i.p.. The mice were killed 3 h later
and the peritoneal exudate was collected by lavage with chilled PBS (20
ml/mouse). Neutrophils were counted by hemocytometer and electronic
cell counter (BD Biosciences).

Quantification of Racl and Rac2 by immunoblot assay

Cell lysates of murine bone marrow neutrophils were prepared and sub-
jected to 12% SDS-PAGE and immunoblotting as previously described (4).
For quantification of Racl levels in cells, serial dilutions of rRacl were
loaded in adjacent lanes. Blots were probed with a mouse mAb for Racl
and an anti-mouse secondary Ab conjugated with HRP and developed us-
ing ECL (Amersham Pharmacia Biotech, Piscataway, NJ). Densitometry
was used to determine the intensity of signals for scanned films using NIH
Image software (Research Services Branch, National Institute of Mental
Health, Bethesda, MD). Multiple exposures were analyzed to ensure that
relative signa intensities measured were in the linear range.

Satistics

ANOVA and Student’s t tests were performed. The Bonferroni test was
used for post hoc testing. All experiments were repeated on at least three
separate occasions and error bars in figures represent SEM. There were no
observed significant differences between the two wild-type control mouse
genotypes (Rac1®"LysM®®* or Rac1¥"LysM*'*) in any of the experi-
ments performed.

Results
Generation of mice with neutrophils lacking Racl expression

Toinvestigate the function of Racl in neutrophils, we bred Rac1¥©
mice (Fig. 1) with mice bearing a targeted insertion of the cre
recombinase cDNA into the LysM gene (LysM®®) (18). The LysM
gene encodes lysozyme, an enzymethat is expressed at high levels
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in myeloid cells. Previous studies have shown that the LysM®®
allele leads to deletion efficiencies of 83-98% in mature macro-
phages and near 100% in granulocytes of floxed aleles (18). Mice
were obtained with genotype Rac1® LysM®®™" (Racl null neu-
trophils) and were compared with littermate control mice of ge-
notypes Rac1®*LysM®®* or Rac1®*LysM*/*,

PCR analysis of genomic DNA from peritoneal neutrophils
from Rac1®*LysM®®" mice demonstrated near complete conver-
sion of the conditional allele into the null alele (Fig. 2A). Racl
protein expression was assessed by Western blots of bone marrow

A B

Brain PMM  PMN
Cre+ Cre- Cre+

Rac1
WT Null
ond Rap s—

Rac? w—  —

null
w-type

Actin w

FIGURE 2. Recombination of the Raclc allele to a null allele: geno-
typing and immunoblot analysis. A, PCR genotyping of DNA from peri-
toneal neutrophils and brain from Rac1®*LysM®®* mice and control
(Rac1%*LysM*/™) neutrophils using primers indicated in Fig. 1. In Rac1¥
+LysM®®* neutrophils, there is conversion of the Rac1® (conditional) al-
leletotheRacl™ (null) alele. Racl* denotes the wild-type (w-type) alele.
B, Representative immunoblot of Racl and 2 expression by peritoneal neu-
trophils. Note: Thereisno compensatory increase in Rac2 expression in the
Racl null neutrophils. Rac® designates the conditiona allele, Rac* desig-
nates the wild-type (WT) alele, and Rac™ designates the null alele.

Sp B
}l | null aliele, -
1 2 3 4 5 6 7 B 9
C.
S) condifional
null
wild-type
P9l P33

(data not shown) and peritoneal neutrophils (Fig. 2B). Western blot
analysis using rRacl as a standard demonstrated that wild-type
neutrophils contain 1.15 X 10~ * + 1.1 X 10~ ® ng of Rac1, similar
to previous reports (4). A very faint residual Racl band was de-
tected in lysates from Racl null (Rac1¥~ LysM®*) neutrophils
corresponding to 1.11 X 10~ ° + 1.2 X 10 ° ng of Racl. Since
recombination mediated by Cre recombinase either occurs or does
not occur, either neutrophils have no Racl or have normal Racl
expression. As described previously and shown here (Fig. 2A), the
LysM Cre mouse eliminates the flanked loxP DNA in >95% of
neutrophils (18). Theresidual Racl protein detected in the Western
blots is likely to result from a combination of non-neutrophil cell
contamination (as our isolation procedure has ~10% contamina-
tion of other cell types) or Racl Ab cross-reactivity with Rac2 (4,
14) and small numbers (<5%) of neutrophils that retain Racl
expression.

Deficient cellular inflammatory exudate and neutrophil
chemotactic responses

The number of circulating leukocytes and neutrophils were equiv-
alent in unstimulated wild-type and Rac1¥~ LysM®® *mice (Table
1). However, 3 h following induction of peritonitis, circulating neu-
trophil and corresponding leukocyte counts increased significantly
in wild-type controls but not in Rac1®~LysM®“™* mice (Table I;
p < 0.04). Whereas the peripheral blood neutrophil counts in-
creased more than 3-fold from 1.67 + 1.8 X 10°/L t06.2 = 1.2 X
10%L in wild-type mice, only a small change in the neutrophil
count was observed in the Racl1?~ LysM®®*mice from 1.57 =
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Table|. Circulating leukocytes and neutrophils before and 3 h after
sodium periodate injection (SP)

Leukocytes Neutrophils Leukocytes Neutrophils

(10°L) (10°L) (SP, 10°L) (SP, 10°L)

Controls 73*+15 167*+18 11.5 = 0.6* 6.2+ 1.2*
Racl null 74+ 45 157+10 80x16 28+ 06

%, p < 0.04: Racl null vs control leukocytes and neutrophils after SP injection
(n = 6 for al groups shown).

1.0 X 10%L t0 2.8 = 0.6 X 10%L (Table ). The acute increase in
peripheral blood neutrophil counts in response to an inflammatory
stimulus largely reflects mobilization from the bone marrow stor-
age pool (20). The impaired response of Rac1® ™~ LysM®®*mice
suggests that neutrophils lacking Racl are not able to leave the
bone marrow at the same rate as wild-type control neutrophils.
Since Rac2-deficient neutrophils have defects in their migratory
capacity (14), we assessed the ability of Racl null neutrophils to
migrate to a site of inflammation in vivo (14). In a peritoneal
inflammation model (14), we observed a >50% reduction in neu-
trophil accumulation 3 h after sodium periodate injection into the
peritoneum of Rac1® ~LysM*®*mice (Fig. 3A). This strongly sug-
gests that Racl plays an important role in the steps required for
neutrophil accumulation at sites of inflammation. Reduced num-
bers of peritoneal exudate neutrophils in Racl null mice could in
part reflect the smaller numbers of neutrophils seen in peripheral
blood following induction of peritonitis. To determine whether
impaired neutrophil migration might also contribute to residual
exudate formations, we assessed neutrophil chemotaxisto fMLPin
vitro. The fMLP-directed movement of Racl-deficient bone mar-
row neutrophils was reduced by amost 50% as compared with
control littermates both at 1 and 10 uM fMLP (Fig. 3B). This
result implicates Racl as a key mediator of neutrophil chemotaxis.

Altered F-actin generation

Since the Rac small GTPases have been implicated as key regu-
lators of the actin cytoskeleton and to determine the underlying
role by which Racl regulates the chemotactic process of neutro-
phils, we assessed fMLP-induced actin polymerization in Racl
null neutrophils using flow cytometry. Racl null neutrophils dem-
onstrated a significant reduction in fMLP-induced F-actin forma-
tion and the kinetics of assembly were delayed compared with
those of wild-type controls (Fig. 3C). This reduced early actin
polymerization, which is crucia to the chemotactic process (21),
may in part explain the observed defects in neutrophil chemotaxis
and in vivo recruitment to sites of acute inflammation.

Superoxide production is normal in Racl-deficient neutrophils

Since Racl and Rac2 have each been implicated as key regulators
of superoxide production in studies using cell-free assays and since
Rac2 null neutrophils have deficiencies in superoxide generation,
we assessed whether Racl is aso required for superoxide gener-
ation in intact primary neutrophils. Neutrophils from Rac2 null
mice previously described (14) along with C57BL/6J controls
were compared with Racl null neutrophils and matching littermate
controls. NADPH oxidase activity was measured in bone marrow
neutrophils stimulated with either PMA or fMLP. Racl null neu-
trophils demonstrated no significant impairment in superoxide pro-
duction in response to PMA when compared with wild-type litter-
mates in contrast to the marked defect observed in Rac2 null
neutrophils (Fig. 4A). fMLP-induced superoxide production was
also similar in wild-type and Racl null mice (Fig. 4). This again
contrasts with the substantially diminished NADPH oxidase activ-
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FIGURE 3. Analysis of Racl null neutrophil function. A, In vivo re-
sponse to sodium periodate-induced inflammation. Peritoneal neutrophils
were counted 3 h after i.p. injection of 1 ml of sodium periodate. Mean =
SD (n = 6; *, p < 0.01). B, Bone marrow neutrophil chemotaxis was
assessed in a Transwell migration assay using gradients of fMLP as de-
scribed (mean = SEM of five mice per group; *, p < 0.05). C, Reduced
fMLP-induced actin polymerization kinetics in mouse neutrophils lacking
Racl. Note the slower rate of actin polymerization in Racl null neutrophils
compared with control neutrophils (representative of three experiments;
*, p < 0.01)

ity in fMLP-stimulated Rac2 null neutrophils, which have both a
delay in reaching maximal enzyme activity (Fig. 4B) aswell asan
overall decrease in oxidant production (Fig. 4C). There was no
significant difference between wild-type littermate controls and
wild-type C57BL/6J controls, indicating that strain differences
were not important in these measurements (data not shown).

Discussion

Neutrophils are critical cells of the innate immune system carrying
out a coordinated set of functions following their recruitment and
migration to sites of infection which result in the elimination of
invading pathogens. Neutrophil migration and oxygen radical gen-
eration through the NADPH oxidase are regulated by two mem-
bers of the small GTPase Rac family, Racl and Rac2. The critical
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FIGURE 4. Raclisnot required for superoxide production. A, The rate
of superoxide production by bone marrow neutrophils following stimula-
tion with 0.2 uwg/ml PMA was monitored by the superoxide dismutase-
inhibitable reduction of cytochrome c. The units for V. are equa to
nanomoles of superoxide per minute per 107 cells (mean + SEM of five
mice per group (*, p < 0.01, Bonferroni’s test). Although the overall mag-
nitude of PMA-elicited NADPH oxidase activity was decreased in Rac2
null mice, the overall kinetics were not affected (data not shown). B, fMLP-
induced superoxide production in bone marrow neutrophils is only per-
turbed in neutrophils lacking Rac2 but not Racl. The time course of su-
peroxide production for neutrophils lacking Racl was similar to that of
wild-type cellsin contrast to Rac2 null neutrophils. A representative kinetic
plot for the fMLP-induced superoxide production is presented. RLU, Rel-
ative luminescence units. C, Data shows the relative luminescence units
integrated over 60 s as measured in fMLP-stimulated neutrophils using
superoxide dismutase-inhibitable isoluminol chemiluminescence. The
three neutrophil genotypes are as indicated (mean = SEM of six mice per
group; *, p < 0.01).

importance of Rac2 in neutrophil chemotaxis and NADPH oxidase
function has been established in vivo using Rac2 null mice (4, 14).
Because Racl and Rac2 have 92% homology (5) aswell as similar
biochemical functions in reconstituted systems in vitro (22), it has
been hypothesized that there is significant functional overlap be-
tween these two proteins. However, the level of in vivo redun-
dancy between these two proteins has not been studied previously.
In this report, we investigate the specific roles of Racl in neutro-

ROLE OF Racl IN NEUTROPHIL FUNCTIONS

phil function using a conditional gene targeting approach to gen-
erate mice with Racl null neutrophils.

Racl is a key regulator of neutrophil actin assembly and
migration

Our studies demonstrate that Rac1 null neutrophils have defectsin
regulation of the actin cytoskeleton and in neutrophil migration
similar to defects seen in Rac2 null neutrophils (14). However, our
data also confirm that Rac2 cannot compensate completely for
Racl deletion and vice versa. Although it is possible that the sim-
ilar phenotypes may be due to a reduction in total Rac (Racl and
Rac2), recent evidence (4) demonstrates that Racl and Rac2 are
differentially activated downstream of chemoattractant receptors,
suggesting that Racl and Rac2 may have nonoverlapping roles in
signaling pathways between membrane receptors and downstream
targets. The notion of distinct functions for Racl and 2 is further
supported by our observation that NADPH oxidase activity is nor-
mal in the absence of Racl, whereas Rac2 deletion results in se-
verely diminished oxidase activity (4).

It isimportant to note that although Rac2 is the predominant Rac
isoform in human neutrophils (10), it has recently been demon-
strated that between 20 and 25% of total Rac in human neutrophilsis
Racl (4). This suggests that athough Rac2 is the predominant iso-
form, Racl may aso participate in regulating neutrophil function.

Role of Rac in superoxide generation

Cell-free NADPH oxidase studies have used Racl and 2 inter-
changeably to reconstitute a functional oxidase complex (9, 10,
23). Dorseuil et al. (24), using a yeast two- hybrid system, dem-
onstrated that nonprenylated Rac2 has a 6-fold higher affinity for
p67P"°* akey oxidase complex protein, than nonprenylated Racl.
These data suggest that Rac2 may be the preferential Rac for reg-
ulating the NADPH oxidase complex. Heyworth et a. (10) also
demonstrated that recombinant prenylated Rac2 is more efficient at
regulating the NADPH oxidase complex than Racl in the presence
of neutrophil cytosol. This suggests that there could be a prefer-
ential interaction of Rac2 with cytosolic components that promote
assembly of the active NADPH oxidase complex. Our results dem-
onstrate for the first time, in primary intact neutrophils, that Racl
is not required for NADPH oxidase function in vivo.

Mechanisms for nonoverlapping functions

Two possible mechanisms may explain why Racl and Rac2 are
not able to completely compensate for the loss of the alternate
isoform in chemoattractant-activated F-actin assembly and chemo-
taxis. First, the mgjority of sequence heterogeneity between these
two proteins occursin the C-terminal hypervariable region that has
been implicated in the targeting of the small GTPases to subcel-
lular membrane domains (5). Michaglson et a. (5) have demon-
strated that activated Racl and 2 differentialy localize to unique
domains in fibroblast and epithelial cells, Rac2 accumulates pre-
dominantly on endomembranes whereas Racl is located predom-
inantly at the plasma membrane. Localized targeting of each Rac
isoform to unique membrane domains may be essential for normal
regulation of cell migration and chemotaxis since actin-mediated
cell locomotion is composed of a complex series of events involv-
ing cycles of actin polymerization and depolymerization localized
to discrete cellular domains. Although actin polymerization at the
leading edge is believed to drive membrane protrusion (21), actin
assembly in other cytoplasmic regions including at cell-extracel-
lular tissue matrix receptor sites (integrins) and rearward recycling
membrane domains are also critical to normal cell locomotion
(25). This may explain why these proteins have similar functional
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biochemical properties in vitro but are unable to compensate for
the others loss in vivo.

Another possibility is that Racl and Rac2 may have different
downstream targets. The C-termina domain of Rac is aso in-
volved in binding to downstream effector targets. Racl hasa 2-fold
greater ability to bind and a 5-fold greater ability to stimulate the
kinase activity of PAK1 compared with Rac2 (26). PAK1 trans-
locates to areas of active cytoskeletal rearrangement (27) and mi-
croinjection of active PAK1 resulted in the induction of lamelli-
podia and membrane ruffling in fibroblasts (28). Furthermore,
recent studies have demonstrated that the Rac2 C-terminal poly-
basic TRQQKRP motif is required for normal Rac2 localization
and function (6). These data suggest that differential targeting and
unique downstream protein targets may explain the nonoverlap-
ping roles of these isoforms.

In conclusion, this study demonstrates that in intact neutrophils,
Racl and 2 play significant roles in regulation of the actin cy-
toskeleton and neutrophil migration, but that Rac? is the isoform
responsible for regulating the NADPH oxidase complex. The lack
of balancing compensation by the remaining Rac isoform in the
knockout mice, the preferentia role of Rac2 as the isoform in-
volved in NADPH oxidase, and recent reports of the differentia
activation of Racl and Rac2 (4) strongly suggest that Racl and
Rac2 each have unique roles in neutrophil functions.

References

1. Hall, A. 1992. Ras-related GTPases and the cytoskeleton. Mol. Biol. Cell 3:475.

2. Haatagja, L., J. Groffen, and N. Heisterkamp. 1997. Characterization of RAC3, a
novel member of the Rho family. J. Biol. Chem. 272:20384.

3. Heyworth, P. G., B. P. Bohl, G. M. Bokoch, and J. T. Curnutte. 1994. Rac
translocates independently of the neutrophil NADPH oxidase components
p47Pho* and pB7P"°: evidence for its interaction with flavocytochrome b558.
J. Biol. Chem. 269:30749.

4, Li, S, A. Yamauchi, C. C. Marchal, J. K. Malitoris, L. A. Quilliam, and
M. C. Dinauer. 2002. Chemoattractant-stimulated rac activation in wild-type and
rac2-deficient murine neutrophils: preferentia activation of rac2 and rac2 gene
dosage effect on neutrophil functions. J. Immunol. 169:5043.

5. Michaelson, D., J. Silletti, G. Murphy, P. D’Eustachio, M. Rush, and M. R.
Philips. 2001. Differential localization of Rho GTPasesin live cells: regulation by
hypervariable regions and RhoGDI binding. J. Cell Biol. 152:111.

6. Tao, W., M. D. Filippi, J. R. Bailey, S. J. Atkinson, B. Connors, A. Evan, and
D. A. Williams. 2002. The TRQQKRP motif located near the C-terminus of Rac2
is essential for Rac2 biologic functions and intracellular localization. Blood
100:1679.

7. Dharmawardhane, S., and G. M. Bokoch. 1997. Rho GTPases and leukocyte
cytoskeletal regulation. Curr. Opin. Hematol. 4:12.

8. Abo, A., E. Pick, A. Hall, N. Totty, C. G. Teahan, and A. W. Segal. 1991.
Activation of the NADPH oxidase involves the small GTP-binding protein
p21"%€L, Nature 353:668.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

5657

. Knaus, U. G., P. G. Heyworth, T. Evans, J. T. Curnutte, and G. M. Bokoch. 1991.

Regulation of phagocyte oxygen radica production by the GTP-binding protein
Rac 2. Science 254:1512.

Heyworth, P. G., U. G. Knaus, J. Settleman, J. T. Curnutte, and G. M. Bokoch.
1993. Regulation of NADPH oxidase activity by Rac GTPase activating pro-
tein(s). Mol. Biol. Cell 4:1217.

Ambruso, D. R.,, C. Knal, A. N. Abell, J Panepinto, A. Kurkchubasche,
G. Thurman, C. Gonzalez-Aller, A. Hiester, M. deBoer, R. J. Harbeck, et al.
2000. Human neutrophil immunodeficiency syndrome is associated with an in-
hibitory Rac2 mutation. Proc. Natl. Acad. Sci. USA 97:4654.

Kim, C., and M. C. Dinauer. 2001. Rac2 is an essential regulator of neutrophil
nicotinamide adenine dinucleotide phosphate oxidase activation in response to
specific signaling pathways. J. Immunol. 166: 1223.

Williams, D. A., W. Tao, F. Yang, C. Kim, Y. Gu, P. Mansfield, J. E. Levine,
B. Petryniak, C. W. Derrow, C. Harris, et a. 2000. Dominant negative mutation
of the hematopoietic-specific Rho GTPase, Rac2, is associated with a human
phagocyte immunodeficiency. Blood 96: 1646.

Roberts, A. W., C. Kim, L. Zhen, J. B. Lowe, R. Kapur, B. Petryniak, A. Spaetti,
J. D. Pallock, J. B. Borneo, G. B. Bradford, et a. 1999. Deficiency of the he-
matopoietic cell-specific Rho family GTPase Rac2 is characterized by abnormal-
ities in neutrophil function and host defense. Immunity 10:183.

Glogauer, M., J. Hartwig, and T. Stossel. 2000. Two pathways through Cdc42
couple the N-formyl receptor to actin nucleation in permeabilized human neu-
trophils. J. Cell Biol. 150:785.

Sugihara, K., N. Nakatsuji, K. Nakamura, K. Nakao, R. Hashimoto, H. Otani,
H. Sakagami, H. Kondo, S. Nozawa, A. Aiba, and M. Katsuki. 1998. Racl is
required for the formation of three germ layers during gastrulation. Oncogene
17:3427.

Onda, H., A. Lueck, P. W. Marks, H. B. Warren, and D. J. Kwiatkowski. 1999.
Tsc2™/~ mice develop tumors in multiple sites that express gelsolin and are
influenced by genetic background. J. Clin. Invest. 104:687.

Clausen, B. E., C. Burkhardt, W. Reith, R. Renkawitz, and |. Forster. 1999.
Conditional gene targeting in macrophages and granulocytes using LysM € mice.
Transgenic Res. 8:265.

Allport, J. R., Y. C. Lim, J. M. Shipley, R. M. Senior, S. D. Shapiro, N. Mat-
suyoshi, D. Vestweber, and F. W. Luscinskas. 2002. Neutrophils from MMP-9-
or neutrophil el astase-deficient mice show no defect in transendothelial migration
under flow in vitro. J. Leukocyte Biol. 71:821.

Jagels, M. A., and T. E. Hugli. 1994. Mechanisms and mediators of neutrophilic
leukocytosis. Immunopharmacology. |mmunopharmacology 28:1.

Stossel, T. P. 1994. The machinery of cell crawling. Sci. Am. 271:54.

Dinauer, M. C. 2003. Regulation of neutrophil function by Rac GTPases. Curr.
Opin. Hematol. 10:8.

Diekmann, D., A. Abo, C. Johnston, A. W. Segal, and A. Hall. 1994. Interaction
of Rac with p67P"* and regulation of phagocytic NADPH oxidase activity. Sci-
ence 265:531.

Dorselil, O., L. Reibel, G. M. Bokoch, J. Camonis, and G. Gacon. 1996. The Rac
target NADPH oxidase p67°"° interacts preferentially with Rac2 rather than
Racl. J. Biol. Chem. 271:83.

Lauffenburger, D. A., and A. F. Horwitz. 1996. Cell migration: a physically
integrated molecular process. Cell 84:359.

Knaus, U. G., and G. M. Bokoch. 1998. The p21R&/Cdc42-activated kinases
(PAKY). Int. J. Biochem. Cell Biol. 30:857.

Dharmawardhane, S., L. C. Sanders, S. S. Martin, R. H. Daniels, and
G. M. Bokoch. 1997. Localization of p21-activated kinase 1 (PAK1) to pinocytic
vesicles and cortical actin structures in stimulated cells. J. Cell Biol.138:1265.

Sells, M. A., U. G. Knaus, S. Bagrodia, D. M. Ambrose, G. M. Bokoch, and
J. Chernoff. 1997. Human p21-activated kinase (Pak1) regulates actin organiza-
tion in mammalian cells. Curr. Biol. 7:202.

2202 ‘8 1snbny uo 1sanB Aq /B0’ jounwiwi:mmm//:dny wouy papeojumoq


http://www.jimmunol.org/

