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RhoG is a low-molecular-weight GTPase highly expressed in lymphocytes that activates gene transcription
and promotes cytoskeletal reorganization in vitro. To study the in vivo function of RhoG, we generated mice
homozygous for a targeted disruption of the RhoG gene. Despite the absence of RhoG, the development of B and
T lymphocytes was unaffected. However, there was an increase in the level of serum immunoglobulin G1 (IgG1)
and IgG2b as well as a mild increase of the humoral immune response to thymus-dependent antigens. In
addition, B- and T-cell proliferation in response to antigen receptor cross-linking was slightly increased.
Although RhoG deficiency produces a mild phenotype, our experiments suggest that RhoG may contribute to
the negative regulation of immune responses. The lack of a strong phenotype could indicate a functional
redundancy of RhoG with other Rac proteins in lymphocytes.

Lymphocyte selection and activation requires the integration
of the cell cycle, gene transcription, changes in the actin cy-
toskeleton, and cell adhesion and motility. Monomeric GTP-
ases of the Ras and Rho families have been shown to regulate
the survival, proliferation, and differentiation of multiple cell
types including lymphocytes (2, 15). At the biochemical level,
Rho GTPases function as molecular switches, shuttling be-
tween an inactive GDP-bound state and an active GTP-bound
state. GTP-bound Rho family proteins bind to and control the
activity of a great number of effector proteins (2, 32). Rho
GTPases are regulated by three classes of proteins: guanine
nucleotide exchange factors (GEFs) promote the transition
from the GDP-bound state to the active GTP-bound confor-
mation; GTPase-activating proteins stimulate the inactivation;
and guanine nucleotide dissociation inhibitors lock the
GTPases in either their active or inactive state.

Transgenic approaches have provided a number of insights
into the role of Rho family proteins in lymphocyte develop-
ment and function. Constitutively activated forms of Rac1 (12),
Rac2 (18) and Cdc42 (19) have been overexpressed as trans-
genes in the mouse thymus and result in a high degree of
thymocyte apoptosis. Furthermore, it was demonstrated that
active Racl could drive T-cell development through the devel-
opmental checkpoint that, in normal mice, is dependent upon
functional rearrangement of the T-cell receptor (TCR) B-chain
gene (B-selection) (12). Moreover, this active Racl allele was
able to complement deficiency in the Vav-1 GEF (12). By
contrast, an active allele of RhoA was unable to mediate this
rescue, suggesting that it is the GEF activity of Vav-1 towards
Rac family members that is critical for B-selection (5). In
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addition to this observation, through the use of a specific ef-
fector domain mutant of active Racl that cannot bind PAK, a
role for a Vav-1-Rac-PAK pathway in dominant-negative ex-
pansion was excluded (12). The function of the Rho family
proteins in T-lymphocyte development has been extensively
studied in mice that overexpress clostridium botulinum C3
toxin, which selectively inactivates most members of the Rho
family but has little effect on Rac and Cdc42. These studies
have demonstrated a role for Rho in both the differentiation
and survival of early T-lineage cells (10, 16). More recent
studies have defined a role for Rho in the inhibition of p53-
dependent apoptosis in early T cells and in the survival and
reactivity of T cells at later stages of development (5, 6). In
particular, T cells expressing a dominant active version of
RhoA were shown to proliferate substantially better than their
wild-type counterparts following antigen receptor cross-linking
(5).

An alternative approach to facilitate the understanding of
GTPase function in lymphocyte development and activation is
the generation of knockout mice. In this regard, a lack of
Cdc42 (4) and Racl (28) has yielded an embryonic lethal
phenotype and thus been uninformative with regard to lym-
phocyte function. The study of Rac2-deficient mice however
has revealed the nonredundant role of this GTPase in the
function of multiple hematopoietic cell types including neutro-
phils (25) and mast cells (36) as well as T (17) and B (7)
lymphocytes. T lymphocytes deficient in Rac2 are impaired in
their ability to polarize their cytokine transcription profile to-
wards the Thl lineage. In the case of B cells, Rac2-deficient
mice display a reduction of Bla and marginal zone B cells as
well as reduced humoral immune responses. Moreover, in both
thymocytes and B cells, Rac2 has been suggested to be re-
quired for optimal calcium release following antigen receptor
engagement (7, 17).

The Rho family member RhoG was identified as a serum-
inducible gene in fibroblasts and is most similar in structure to
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FIG. 1. Targeted disruption of the murine RhoG gene by homologous recombination. (A) Schematic representation of the RhoG genomic
locus, the targeting construct, and the mutated allele. The position of exon 2 is represented by a solid box. The arrows indicate the direction of
transcription of the Neo" gene. The external probes A and B were used for Southern blot analysis from BamHI-digested DNA. The predicted sizes
of the fragments generated by BamHI digestion in the wild-type and targeted alleles are indicated in the lower part. B, BamHI; Xb, Xbal; S, Sacl;
RI, EcoRI; K, Kpnl; X, Xhol. (B) Southern blot analysis of the RhoG mutation in embryonic stem (ES) cell clones using probes A and B. DNA
from wild-type 129/Sv (WT) and ES cell clones (C1 and C2) was analyzed by Southern blotting with probes A and B. The arrows indicate the size
of the DNA fragments observed. (C) Tail DNA isolated from wild-type (+/+), RhoG"'~ (+/—) and RhoG~'~ (—/—) mice was analyzed using
probe A as described above. (D) RhoG mRNA expression was analyzed from splenocytes of wild-type and RhoG /'~ mice by Northern blotting
with a RhoG cDNA probe which contains the entire RhoG coding sequence. RNA loading was controlled by assessing the levels of y-actin mRNA.

Racl, Rac2, and Rac3 (34). Functional studies indicate that an
active form of RhoG can cooperate with Ras and Rac to
mediate cellular transformation (26). RhoG can activate the
c-Jun N-terminal kinase but not the extracellular signal-regu-
lated kinase pathway (26) and induce morphological and cy-
toskeletal changes in fibroblastoid cells (11). Recent work from
our laboratory has shown that RhoG regulated gene transcrip-
tion in both B and T cells (33). RhoG also promoted cytoskel-
etal reorganization in T cells in response to fibronectin bind-
ing. These results implicated RhoG in leukocyte trafficking and
the control of gene expression. Little is known about RhoG
regulation, but it has been suggested that Vav proteins act as
exchange factors for RhoG (27). The essential role of Vav
proteins in lymphocyte development and function together

with the implication of RhoG in lymphocyte signaling
prompted us to study the role of RhoG in lymphocyte devel-
opment and homeostasis. To this end we have generated mice
in which the RhoG gene has been functionally inactivated by
homologous recombination in mouse embryonic stem cells.
RhoG deficiency does not have a major impact upon the de-
velopment of either B or T cells. However, RhoG-deficient
lymphocytes show a modestly enhanced response to antigen
challenge and respond better to in vitro stimulation than their
wild-type counterparts.

MATERIALS AND METHODS

RhoG gene targeting. Murine rio0g genomic clones were isolated from a 129/Sv
genomic N phage library (Stratagene). The targeting vector consists of a 6.3-kb
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TABLE 1. Lymphocyte populations in mice
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Tissue and cell type

No. of cells (SD)*

Wild-type mice

RhoG ™~ mice

RhoG ™/~ mice

Bone marrow
Fractions A to C”

8.7 X 10° (2.7)

8.4 X 10° (2.2)
7.2 % 10° (1.6)
2.6 X 10° (0.6)
2.0 % 10° (0.2)

1.8 X 107 (0.1)
7.0 X 10° (1.2)

7.8 X 10° (1.7)
4.9 % 10° (0.8)
1.7 % 10° (0.3)
0.9 X 10° (0.2)

2.4 X 10° (0.6)
1.8 X 107 (0.5)
3.2 % 10° (1.0)
1.5 % 10° (0.4)

2.0 X 107 (0.4)
6.7 X 10° (1.6)

Fraction D 7.2 X 10° (1.5)

Fraction E 2.4 X 10°(0.5)

Fraction F 1.7 X 10° (0.3)
Thymus

DP 1.9 X 108 (0.6)

CD4 1.5 X 107 (0.4)

CD8 2.9 X 10° (1.1)

DN 1.4 X 10° (0.4)
Spleen

CD4* 1.7 X 107 (0.1)

CD8™" 7.0 X 10° (1.7)

MZ 2.9 X 10° (1.0)

IgM™ IgD'® 6.7 X 10°(1.3)

IgM" TgDM 2.0 X 107 (1.1)

IgM™ IgD"™ 4.9 x 107 (1.1)
Lymph node (%)

CD4™" 39 (3)

CD8* 7(2)

B cells 39(8)
Peritoneum: IgM*CD5™" (%) 26 (5)

ND 2.4 % 10° (0.5)
ND 7.4 X 10° (1.9)
ND 1.3 % 107 (0.2)
ND 4.1 % 107 (0.6)
48 (2) 42 (8)
7(0) 6(1)
26 (2) 35 (11)
26 (8) 26 (5)

“ Values are the means (= SD) of flow cytometric analysis of 8-week-old mice. For determinantions of the number of cells in the bone marrow, T cells in the spleen,
and cells in the lymph node and peritoneum corresponding to wild-type and heterozygous mutant mice, the number of mice (n) is 3. For RhoG homozygous mutant
mice, n is 6; for determinations on the thymus, n is 10; and for B cell numbers in the spleen, n is 6. MZ, marginal zone B cells; ND, not done.

® Fractions were assessed using Hardy criteria (12).

Sacl genomic fragment inserted into the SacI site of pSC-3Z, a plasmid bearing
the origin of replication of pSC101 which is maintained at low copy number and
suitable for propagating otherwise unstable mammalian DNA sequences in bac-
teria (30). A 0.9-kb Kpnl-Xhol fragment spanning the majority of exon 2 was
removed and replaced with a 1.8-kb Kpnl-Xhol neomycin resistance cassette
purified from pPNT (9, 31). The targeting vector was linearized with Sacl and
electroporated into PC3 mouse embryonic stem cells (21). Following selection
with G418, colonies were picked, expanded, and analyzed for the targeting event.
For this purpose, BamHI-digested DNA was analyzed by Southern blotting
employing probe A (a 370-bp PCR product of the RhoG gene upstream of the
5" arm of homology which was not part of the targeting vector). Of 700 clones
screened, 5 were targeted. Positive clones were rescreened with probe A as well
as with probe B (a 550-bp PCR product derived from DNA downstream of that
included in the targeting vector). Correctly targeted clones were injected into
blastocysts from C57BL/6 mice and these were transferred to pseudopregnant
recipient mothers. The resulting chimeras were bred to obtain germ line trans-
mission, which was confirmed by analysis of tail biopsy DNA. Expression of
RhoG was analyzed by Northern blotting. Briefly, 10 ng of total RNA extracted
from murine splenic cells was denatured and blotted onto a Hybond N+ nylon
membrane (Amersham Pharmacia Biotech.). The blots were hybridized with a
32P-labeled cDNA probe. Subsequently, the membrane was washed once under
low-stringency conditions (2X standard saline citrate, 0.1% sodium dodecyl
sulfate) and twice under high-stringency conditions (0.1X standard saline citrate,
0.1% sodium dodecyl sulfate) at 55°C for 20 min before exposure to X-ray film.

Staining of cells with fluorescent antibodies. Bone marrow, spleen, and lymph
node cells were stained with monoclonal antibodies as previously described (13).
Cells were analyzed on a FACSCalibur flow cytometer with Cellquest software
(Becton-Dickinson). Dead cells were excluded on the basis of low forward light
scatter and only live cells falling within the lymphocyte scatter gate were enu-
merated. All antibodies were purchased from BD-Pharmingen (San Diego,
Calif.) except anti-immunoglobulin M (IgM)-Cy5 (Jackson Immunoresearch)
and anti-IgD-phycoerythrin (Southern Biotechnology). Biotinylated antibodies
were revealed with streptavidin-Quantum Red (Sigma).

Immunizations and Ig isotype-specific ELISA. Immunizations were carried
out with 8-week-old mice injected intraperitoneally with either 25 pg of 2,4-
dinitrophenol (DNP)-Ficoll in 100 pl of phosphate-buffered saline (PBS), 100
ng of DNP conjugated to keyhole limpet hemocyanin (KLH) in 100 pl of PBS,
or 20 g of DNP-lipopolysaccharide (LPS; Biosearch Technol.) in 200 pl of PBS.
Serum-specific anti-DNP antibody levels were determined by ELISA as previ-

ously described (8). The relative units of DNP-specific antibodies are shown as
optical density values. A dilution series of the serum samples was measured, and
for each isotype a single dilution factor which fell in the linear range of the curve
is represented for all time points. Serum Igs in naive mice were determined by
enzyme-linked immunosorbent assay (ELISA) using antibodies purchased from
BD-Pharmingen and quantified by using purified mouse isotype standards
(Sigma).

Lymphocyte proliferation assays. Splenic B and CD4" T cells were enriched
by negative selection via anti-Thy-1 antibody for B cells and a mixture of anti-
B220, anti-CDS, and anti-class II for T cells, followed by complement as previ-
ously described (13). The resulting cells were greater than 88% B220" or CD4"
for B- or T-cell preparations, respectively, as assessed by flow cytometry. Lym-
phocytes were cultured for 48 h at an initial concentration of 10 cells/ml with the
indicated doses of antibodies in RPMI 1640 supplemented with 10% fetal calf
serum, 2 mM glutamine, 100 U of penicillin/ml, 100 pg of streptomycin/ml, and
0.05 mM 2-mercaptoethanol. Proliferation was measured by incorporation of
[*H]thymidine following a 16-h pulse.

Antigen receptor internalization. Splenic cells were isolated on a lympholyte
gradient (Cerderlane) and stained either with biotinylated anti-kappa or anti-
CD3 antibodies for 30 min on ice. Subsequently, cells were incubated at 37°C for
the indicated times followed by the addition of ice-cold 0.5% bovine serum
albumin (BSA) in PBS containing 0.1% sodium azide. Cells were stained with
streptavidin-fluorescein isothiocyanate (FITC; Sigma) on ice and analyzed by
flow cytometry.

Capping analysis. Purified splenic B cells were incubated with 1 pg of biotin-
ylated anti-kappa per ml for 20 min on ice. Cells were washed in ice-cold PBS,
and the primary antibody was cross-linked with anti-rat IgG (Pierce) at 37°C for
20 min. B-cell receptor (BCR) capping was stopped by the addition of 1 volume
of 4% paraformaldehyde (PFA) in PBS; cells were stained with streptavidin-
FITC and Phalloidin Texas red (Molecular Probes) and mounted to slides. Cells
were considered to have clustered BCR if the staining pattern was polarized to
one side of the cell. Images were recorded with a SPOT digital camera connected
to an Axioplan 2 (Zeiss) microscope.

Calcium flux analysis. Purified splenic B cells were loaded for 30 min at room
temperature in the dark with 3 wM Fluo-4 AM (Molecular Probes, Inc.) at a
density of 6 X 10° cells/ml in 0.5% BSA-PBS. The cells were washed in indicator-
free medium and then resuspended at 3 X 10° cells/ml in 0.5% BSA-PBS
containing 1 mM CaCl, and 1 mM MgCl,. After a further incubation of 30 min
to allow complete de-esterification of intracellular Fluo-4 AM ester, the varia-
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FIG. 3. Proliferative responses of RhoG-deficient lymphocytes in vitro. (A) Purified splenic B cells were cultured with the indicated doses of
anti-IgM (B7.6) for 48 h with or without recombinant IL-4 or with LPS. (B) Purified splenic T cells were cultured with the indicated doses of a-CD3
or phorbol myristate acetate plus ionomycin (P+I) for 48 h. The numbers presented for each group represent counts per minute (cpm) plotted
as the means and standard deviations of three individual mice analyzed in triplicate. Closed symbols, wild-type cells; open symbols, Rhog-deficient
cells; circles, cells with anti-IgM and IL-4; squares, cells with anti-IgM without IL-4; bars, cells with LPS and IL-4.

tions in absorbance were measured with a Perkin-Elmer LS55 luminescence
spectrometer. The intracellular calcium concentration ([Ca®*];) was calculated
as previously described (29).

T-helper cell differentiation assays. Splenocytes (2 X 10° cells/ml) were cul-
tured on anti-CD3g antibody-coated plates (10 pg of clone 2C11 per ml; Pharm-
ingen) in the presence of exogenous cytokines or anti-cytokine antibody as
indicated. Interleukin-2 (IL-2) (10 ng/ml; R&D) was added to all cultures. Th2
cell differentiation was promoted in the presence of 50 ng of IL-4 (R&D) per ml
and anti-gamma interferon (IFN-vy) antibody (5 pg of clone XMG1.2/ml; Pharm-
ingen), while Th1 differentiation was promoted by anti-IL-4 antibody at a con-
centration of 10 pwg/ml (clone 11B11; DNAX Research Institute) and IL-12 (1
ng/ml; Genzyme, West Malling, United Kingdom). Cells were cultured for 5
days, washed, and resuspended at 2 X 10° cells/ml for 24 h in the presence of
anti-CD3. Supernatants were analyzed by cytokine ELISA using the sandwich
format with capture and detection antibodies purchased from Pharmingen ac-
cording to the manufacturer’s protocol.

T-cell stimulation. Splenocytes (2 X 10° cells/ml) were cultured on anti-CD3g
antibody-coated plates (10 g of clone 2C11 per ml; Pharmingen) plus anti-
CD28 antibody (1 pg of clone 37.51 per ml; Pharmingen) and supernatants were
sampled after 24, 48 and 72 h. Supernatants were analyzed by ELISA for the
presence of IL-4, IL-5, and IFN-y (IL-4 and IL-5 were below the level of
detection and are not shown).

Apoptosis. Thymocytes were -y-irradiated at the indicated doses using a cesium
137 irradiator unit, Gammacell 40 (Atomic Energy of Canada Limited). Subse-
quently, cells were cultured for 4 h in RPMI 1640 containing 5% fetal calf serum
at 37°C, stained with Annexin V-FITC (Caltag), and analyzed by flow cytometry.

Histology and immunohistochemistry. RhoG '~ mice and wild-type controls
were anesthetized by injection of pentobarbital (Sagatal) and perfused through
the ascending aorta with cold phosphate buffer (pH 7.4) and then with freshly
prepared 4% PFA in phosphate buffer (pH 7.4), and the brains were removed.
After further fixation in 4% PFA overnight, the brains were then immersed in
30% sucrose (for 24 h) and then sectioned at 30 wm on a sledge microtome.
Coronal sections were stained with 0.5% cresyl violet to demonstrate neural
organization. Additional sections were incubated in rabbit anti-calbindin D28k
serum (1) for 48 h in PBS containing 2% normal goat serum with 0.3% Triton
X-100 and then incubated in biotinylated anti-rabbit IgG followed by the Vec-
tastain ABC peroxidase reagent (Vector Laboratories, Peterborough, United
Kingdom). Sections were then washed and incubated in a Vector DAB peroxi-
dase kit to visualize the brown chromogen diaminobenzidine.

Statistical analysis. Significance of differences was evaluated with the Mann-
Whitney rank sum test for the Ig measurements and with the Student ¢ test for
the in vitro culture assays.

RESULTS

Generation of RhoG-deficient mice. To investigate the role
of RhoG in lymphocyte signaling and development, we gener-
ated RhoG-deficient mice by standard gene targeting methods
with mouse embryonic stem cells (Fig. 1A). We generated a

mutated allele in which the majority of exon 2, which contains
the entire open reading frame, was substituted with a neomycin
resistance cassette. This strategy removes both the 5’ splice
acceptor and 82% of the coding potential of RhoG and will
thus result in a null allele. Individual clones carrying the mu-
tation (Fig. 1B) were employed to generate heterozygous and
homozygous RhoG-mutant mice (Fig. 1C). Those mice were
generated at a frequency consistent with Mendelian inheri-
tance; they appeared healthy and reproduced normally. North-
ern blot analysis confirmed that the mutation lead to undetect-
able levels of RhoG mRNA (Fig. 1D).

Development of B and T cells is unaltered in RhoG-deficient
mice. To study the influence of RhoG deficiency on lympho-
cyte development and maturation, lymphocyte lineage cells
from the bone marrow, thymus, spleen, lymph node, and peri-
toneal cavity were analyzed by flow cytometry. No significant
differences were observed in the percentages or absolute num-
bers of the different developmental and maturation stages of B
cells in the bone marrow, spleen, or lymph nodes of RhoG ™/~
mice compared with wild-type mice as revealed in Table 1. A
similar picture was observed for T cells; no major differences
were found in the percentages or cell numbers between wild-
type and RhoG-deficient mice (Table 1). Taken together, these
results suggest that RhoG is dispensable for lymphocyte devel-
opment.

RhoG ™/~ mice have elevated levels of serum IgGl and
IgG2b and respond efficiently to T-cell-dependent and -inde-
pendent antigens. In nonimmunized RhoG '~ mice, the con-
centrations of serum IgG1l and IgG2b were significantly in-
creased compared to levels in control littermates, whereas
IgM, IgG2a, IgG3, and IgA levels were normal (Fig. 2A). We
next tested the ability of RhoG-deficient mice to respond to
thymus-independent antigens. For this purpose, mice were im-
munized with DNP-Ficoll, a type II antigen, and the levels of
IgM and IgG3 specific for the hapten were measured at days 7
and 14 following immunization. As shown in Fig. 2B, no sig-
nificant differences were observed between RhoG-deficient
and control mice. Similar results were observed with the levels
of DNP-specific IgM and IgG3 when mice were immunized
with DNP-LPS, a type I thymus-independent antigen (Fig. 2C).
Subsequently, thymus-dependent responses were evaluated by
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FIG. 4. Effect of RhoG on antigen receptor internalization and capping. (A and B) Splenocytes were stained with anti-kappa or anti-CD3
antibodies on ice, incubated for the indicated times at 37°C, and analyzed by a fluorescence-activated cell sorter. The numbers presented
correspond to the percentage decrease of the mean fluorescence for 4 mice of each group. In each set of graphs, control cells are represented by
filled symbols and RhoG-deficient cells are represented by the open symbols. (C) Purified B cells were incubated with biotinylated anti-kappa
antibodies on ice, followed by cross-linking with anti-rat antibodies at 37°C for 20 min. After fixation, cells were stained with streptavidin-FITC
and phalloidin Texas red to visualize cap formation (left panel) and actin polymerization (right panel). The graph shows the percentages of cells
that have developed cap structures after counting 100 cells of each genotype. Inter(n), internalized.

challenging mice with DNP-KLH at days 0 and 21. Hapten-
specific levels of IgM, IgG1, IgG3, 1gG2a, and IgG2b were
measured at days 0, 7, 14, and 28. Although no significant
differences were observed between RhoG-deficient mice and
their normal counterparts, there was a trend for the RhoG-

deficient mice to produce higher levels of specific antibodies
both for the primary and secondary responses (Fig. 2D).
RhoG-deficient lymphocytes respond to in vitro stimulation
and differentiation. In order to assess the requirement for
RhoG downstream of antigen receptor signaling, we first ex-
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FIG. 5. Calcium response of RhoG-deficient B cells to anti-IgM is partially reduced. (A) Intracellular calcium concentration ([Ca*"];) in splenic
B cells after the addition of 10, 3, or 1 pg of B7.6 anti-IgM (indicated by the arrows) per ml. (B) Intracellular calcium concentration in B cells after
the addition of 0.25 pg of BLC (indicated by the arrow) per ml. The black trace corresponds to wild-type cells, and the grey trace corresponds to

RhoG ™/~ cells.

amined the proliferative responses of RhoG™'~ B and T cells
to antigen receptor stimulation. RhoG-deficient B cells re-
sponded slightly better to antigen receptor-triggered stimula-
tion in the presence or absence of IL-4. By contrast, stimula-
tion of B cells with bacterial LPS showed no difference
between RhoG™/~ and wild-type cells (Fig. 3A). A similar
result was observed following activation of T cells with a mono-
clonal antibody to the CD3/TCR complex. RhoG ™/~ splenic T
cells proliferated somewhat better than controls in response to
TCR stimulation, whereas both types of cells proliferated at
similar levels in response to phorbol myristate acetate in com-
bination with ionomycin (Fig. 3B). Next, we tested the ability
of RhoG ™/~ Iymphocytes to internalize their antigen recep-
tors. Both the BCR and the TCR were internalized at normal
rates (Fig. 4A and B). Moreover, we assessed the ability of
RhoG-deficient B cells to form a cap structure. To this end,
BCR clustering was visualized after cross-linking and incuba-
tion at 37°C. In addition, polymerized actin was stained with
phalloidin. In this regard, cap formation by the BCR was un-
affected in the absence of RhoG (Fig. 4C, left panel). More-

over, increased actin polymerization was observed both in wild-
type and RhoG-deficient B cells in the area of the cap structure
(Fig. 4C, right panel). Subsequently, we studied the mobiliza-
tion of intracellular calcium (Ca*") in response to BCR stim-
ulation. We observed a modest defect in the Ca®" flux elicited
by BCR cross-linking of RhoG ™'~ B cells at the different doses
of the agonist tested (Fig. 5A). The defect was specific to BCR
cross-linking since no differences were detected in the Ca**
flux between RhoG-deficient and wild-type B cells in response
to the chemokine BLC (CXCL13), as shown in Fig. 4B.

To assess a role for RhoG in the regulation of gene expres-
sion, we looked at cytokine production under Th1 and Th2 cell
differentiation conditions. To this end, splenic cells were cul-
tured under conditions that promote Thl or Th2 differentia-
tion and the levels of IL-4, IL-5, and IFN-y were measured. A
slight decrease was observed in IL-5 production from Th2-
differentiated RhoG-deficient cells compared to wild type,
whereas no significant differences were observed in the pro-
duction of IL-4 or IFN-y (Fig. 6A). The ability of splenocytes
to produce IFN-y was further tested after CD3 and CD28
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FIG. 6. Regulation of gene expression in T and B cells in the absence of RhoG. (A) Cytokine production by Thl- and Th2-differentiated cells.
Splenocytes were stimulated with anti-CD3 antibodies, IL-12 and IL-2 (Thl), or IL-4 (Th2) for 5 days and then restimulated for 24 h. The
supernatants were harvested and analyzed for IL-4, IL-5, and IFN-y by ELISA. Values represent the means and standard deviations of 4 mice of
each genotype. Statistical analysis of the means was assessed by the Student ¢ test. For the IL-4 and IL-5 levels under Th2-differentiating conditions,
P = 0.5 and P = 0.03, respectively. In the case of IFN-y under Th1-differentiating conditions, P = 0.06. (B) IFN-y production by nondifferentiated
T cells. Splenocytes were treated with anti-CD3 and anti-CD28 antibodies, and the supernatants were analyzed at the indicated times for IFN-y
production. Values correspond to the means and standard deviations from 10 mice in each group. In panels A and B, control cells are represented
by filled bars, and RhoG-deficient cells are represented by open bars. The P values for the statistical analysis of the means for IFN-y production
after 24, 48, and 72 h, comparing wild-type and RhoG-deficient cells, were 0.18, 0.5, and 0.11, respectively. (C) Induction of CD86 and MHC class
II on B cells. Splenocytes were stimulated with 10 g of a-IgM per ml for 18 h; subsequently, cells were stained with anti-B220, anti-CD86, and
anti-MHC class II antibodies. The open histograms show the expression of CD86 or MHC class II antibodies on B220-positive cells after
stimulation; the filled histograms correspond to the resting cells.
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FIG. 7. Apoptosis induced by ~y-irradiation. Wild-type (filled bars)
and RhoG-deficient (open bars) thymocytes were treated with the
indicated doses of y-radiation, and apoptosis was measured after 4 h.
Values represent the means and standard deviations of 3 mice of each
genotype. Statistical analysis of the mean for wild-type and RhoG-
deficient cells gave the following P values: 0.67, 0.13, 0.03, 0.61, and
0.41 for 0, 1, 2.5, 5, and 10 Gy, respectively.

stimulation, but again no significant difference was found be-
tween RhoG-deficient and control cells (Fig. 6B). In the case
of B-cell activation, we looked at the induction of CD86 and
major histocompatibility complex (MHC) class II following
anti-IgM stimulation; similar results were observed in wild-
type and RhoG-deficient cells (Fig. 6C).

RhoG ™/~ thymocytes undergo apoptosis in response to y-
irradiation. The rate of apoptosis induced by y-irradiation was
determined in RhoG ™/~ thymocytes. For this purpose, thymo-
cytes were exposed to different doses of irradiation, and apo-
ptosis was measured after 4 h. As shown in Fig. 7, a minimal
decrease in the levels of apoptosis was observed in RhoG-
deficient thymocytes in comparison to wild-type thymocytes.

Neural organization of RhoG-deficient mice. The neural or-
ganization of the adult RhoG '~ mice brain was examined and
compared to that of wild-type controls. There were no obvious
structural abnormalities in the adult brain. Cresyl violet-
stained coronal sections at the level of the basal ganglia, hip-
pocampus (Fig. 8A to D), and cerebellum (Fig. 8E and F)
showed no organizational differences between RhoG ™/~ mice
and wild-type controls. Numbers and laminar and layer pat-
terns of neurones did not obviously differ between RhoG ™/~
mice and wild-type controls, and all the expected neuronal
types (e.g., Purkinje cells in the cerebellum, pyramidal cells in
the cerebral cortex, and hippocampus and granule cells in
cerebellum and hippocampus) were present (Fig. 8A, B, E, and
F). Use of an anti-calbindin D28k antiserum revealed the ex-
pected calbindin D28k-positive neurons in the cerebral cortex,
hippocampus, and cerebellum with no obvious differences be-
tween RhoG ™/~ and wild-type mice (Fig. 8C and D).

DISCUSSION

The present study describes the immunological aspects of
the phenotype of RhoG-deficient mice. We found that the
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absence of RhoG did not dramatically affect either B- or T-cell
development. Functionally, B1 cells and marginal zone B cells
seem to be normal, as the levels of serum IgM and IgG3 in
naive mice were not affected in the absence of RhoG. More-
over, antibody responses to DNP-Ficoll or DNP-LPS were
indistinguishable between RhoG-deficient and wild-type mice,
which is consistent with the functional properties of these B-
cell subsets. However, we found elevated levels of IgG1 and
IgG2b antibodies. Taken together with the tendency of
RhoG ™/~ mice to produce increased levels of antibodies to-
wards T downward antigens, our observation suggests a mild
hyperreactivity defect in the RhoG ™'~ B2 cells or T cells. In
agreement with this observation, in vitro proliferation of
splenic B and T lymphocytes in response to antigen receptor
cross-linking was slightly elevated. From a mechanistic per-
spective, it is not clear how these cells develop this phenotype,
as they showed slightly reduced Ca®* flux in response to anti-
gen receptor stimulation, and no changes were observed in the
level of expression or internalization of the antigen receptors.
In addition, BCR-induced capping formation and actin poly-
merization were not affected in the absence of RhoG.

It has been suggested that Rac2 is involved in T-helper cell
development (17). Dominant-negative Rac2-inhibited IFN-y
production in murine T cells and T cells from Rac2™/~ mice
produce decreased levels of IFN-y under Thl-differentiating
conditions in vitro. Our previous observations that constitu-
tively active RhoG potentiated transcription from an IFN-y
promoter reporter (33), taken together with our observation of
enhanced levels of serum IgGl, prompted us to study the
differentiation of RhoG-deficient T cells into Thl and Th2
subsets. However, we did not observe profound differences in
the production of Thl or Th2 cytokines. Thus, it may be con-
cluded that RhoG does not play a role in Th differentiation or,
alternatively, that RhoG function is redundant and compen-
sated by other proteins, possibly Rac2. Considering that RhoG
can potentiate NFAT activation in vitro, it is conceivable that
RhoG regulates the inhibitory form(s) of NFAT to some ex-
tent. Interestingly, deficiency of NFATp or NFAT-4 in mice
gives rise to modest inhibitory defects in B and T cells, but
hyperresponsiveness of B and T cells and extremely high levels
of Th2 cytokines and IgG1 antibodies were observed in double-
knockout mice (24). The effect of RhoG deficiency on thymo-
cyte apoptosis was evaluated. We found a minimal defect in
apoptosis induced by y-irradiation in vitro in RhoG-deficient
thymocytes. However, we do not have any evidence of its
physiological significance in vivo.

In addition to being expressed in lymphocytes, RhoG is
expressed in the central nervous system, in particular, in the
hippocampus and cerebellum (22). This fact is of particular
interest as mice deficient in Trio, an exchange factor for RhoG
(3), display aberrant organization in several regions within the
brain, including hippocampus formation (20). Our data show
no obvious changes in hippocampal organization or cerebel-
lum morphology in the absence of RhoG.

The experiments presented in this paper show a mild defect
in the immune system of RhoG-deficient mice characterized by
a trend of hyperresponsiveness of B and T lymphocytes to
antigen receptor engagement. Our previous study with mutant
forms of RhoG and a mutant form of a RhoG effector as a
dominant-negative inhibitor might have predicted a stronger
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FIG. 8. Comparison of the neural organization in wild-type normal (A, C, and E) and RhoG /" (B, D, and F) mice. (A and B) Coronal sections
show cresyl violet staining of the hippocampus with normal hippocampal organization in both normal wild-type and RhoG ™/~ mice. (C and D)
Hippocampal CA1 area visualized with an antibody raised against calbindin D28K. Note the strongly stained calbindin-positive pyramidal cells and
processes in both wild-type and RhoG ™/~ mice. (E and F) Coronal sections of the cerebellum stained with cresyl violet. There were no obvious
morphological differences in the cerebellum between wild-type and RhoG ™/~ mice and all other brain regions examined. Abbreviations: CC,
cerebral cortex; CAl and CA3, regions of the hippocampus; DG, dentate gyrus; PY, pyramidal cell layer of CA1; SR, stratum oriens; PjL, Purkinje
cell layer; Mol, molecular layer. Scale bars: for panels A and B, 100 pm; for panels C to F, 40 pm.

phenotype (33). However, while our RhoG effector mutant is
thought not to inhibit Rac and Cdc42 (35), it is relatively newly
discovered and may affect other pathways yet to be identified.
It is also important to point out that studies with activated and
dominant-negative GTPases do not always predict loss-of-
function phenotypes. Thus, dominant-mutant Racl has been
shown to regulate planar cell polarity and ommatidial orienta-
tion in the Drosophila eye, while combined loss of Racl, Rac2,
and Mtl had no effect on this process (14). In this context it is
worth noting that dominant-active RhoG has been found to
have a different subcellular localization from wild-type RhoG
(23). It is also highly possible that other small GTPases com-
pensate for the lack of RhoG. The most likely candidates are
members of the Rac family and possibly Cdc42, as these pro-

teins are the closest to RhoG in terms of structure. Analysis of
mice deficient in combinations of these proteins may elucidate
the role of RhoG in lymphocyte biology.
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